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Abstract

Pulmonary arterial hypertension (PAH) in congenital cardiac shunts can be reversed by
hemodynamic unloading (HU) through shunt closure. However, this reversibility potential is lost
beyond a certain point in time. The reason why PAH becomes irreversible is unknown. In this
study, we used MCT+shunt-induced PAH in rats to identify a dichotomous reversibility response
to HU, similar to the human situation. We compared vascular profiles of reversible and irreversible
PAH using RNA sequencing. Cumulatively, we report that loss of reversibility is associated with a
switch from a proliferative to a senescent vascular phenotype and confirmed markers of
senescence in human PAH-CHD tissue. In vitro, we showed that human pulmonary endothelial
cells of patients with PAH are more vulnerable to senescence than controls in response to shear
stress and confirmed that the senolytic ABT263 induces apoptosis in senescent, but not in normal,
endothelial cells. To support the concept that vascular cell senescence is causal to the irreversible
nature of end-stage PAH, we targeted senescence using ABT263 and induced reversal of the
hemodynamic and structural changes associated with severe PAH refractory to HU. The factors
that drive the transition from a reversible to irreversible pulmonary vascular phenotype could also
explain the irreversible nature of other PAH etiologies and provide new leads for pharmacological
reversal of end-stage PAH.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive vasculopathy of the pulmonary
arteries that has no cure. The disease is characterized by a process of occlusive arteriolar
remodeling that causes increased pulmonary vascular resistance culminating in symptoms of
right ventricular (RV) failure (1). Contemporary vasodilator therapies may improve
pulmonary hemodynamics and decelerate progression by alleviating RV afterload but cannot
reverse the arteriopathy (2).

PAH associated with congenital heart disease (CHD) with a left-to-right shunt has a distinct
reversible stage (3) during which shunt closure [hemodynamic unloading (HU)] restores
normal pulmonary blood flow and reverses the vasculopathy. However, there is a point
beyond which the potential benefit of HU is lost, and pathologic remodeling and the
elevation in pulmonary vascular resistance persist or progress (3). These observations have
led to the recommendation that CHD associated with PAH (PAH-CHD) should be repaired
in early infancy. However, not all children with PAH-CHD are referred for a surgical
intervention in a timely manner, and for many of those, even for some infants, it has been
difficult to clearly distinguish those with irreversible from reversible PAH on the basis of
hemodynamic assessment (4). The specific factors that drive the transition from reversible to
irreversible PAH-CHD could also explain the irreversible nature of other PAH etiologies,
potentially providing new leads for pharmacological reversal of end-stage PAH (3).
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Multiple preclinical studies have thus far confirmed that HU can reverse vascular changes
associated with PAH (5-7). Our study design was based on previous work, in which
pulmonary hypertension (PH) was induced in rats by the pyrrolizidine alkaloid
monocrotaline (MCT; 60 mg/kg) and HU was carried out 28 days after MCT injection by
transplanting the left lung with MCT-PH into a normotensive recipient (5). The latter study
showed that the vascular changes induced by MCT at 28 days, medial hypertrophy and
endothelial cell (EC) proliferation, are reversed by HU after 14 and 28 days.

Here, we used an established PAH rat model that combines an MCT (60 mg/kg) injection
with an aortocaval shunt, which doubles pulmonary blood flow (8, 9), leading to a
neointimal-type of vascular remodeling that is similar to human PAH. HU was carried out at
different time points during the progression of PAH (14, 21, and 28 days after MCT
injection) by transplanting the left lung with PAH into a normotensive recipient without a
shunt (Fig. 1A). In partial contrast with aforementioned preclinical research (5-7), but
similar to clinical observations in PAH-CHD (3, 10), we found that HU could reverse the
early, but not the late, stages of MCT+shunt PAH. This enabled us to characterize
transcriptomic and vascular expression profiles that distinguish a reversible from an
irreversible response to HU. RNA sequencing (RNA-seq) indicated that a pattern of cellular
senescence was associated with HU irreversibility of PAH. By targeting senescence using
the senolytic ABT263, we reversed MCT+shunt-induced PAH that was refractory to HU.

MCT+shunt-induced PAH and HU in rats

According to a previously published protocol (9), MCT+shunt-induced PAH was created in
35 adult male syngeneic Lewis rats (200 g) by a subcutaneous injection of MCT (60 mg/kg,
TO), followed by aortocaval shunt surgery 7 days later (8, 9). We used three time points of
PAH progression previously defined (11) to establish the following groups: MCT+shunt day
14 (MS14) (n=10), MS21 (n=15), and MS28 (n= 10). Six rats were injected with saline
and served as sham-operated controls. For full hemodynamic characterization of these time
points, five PAH rats per group and three controls were evaluated by echocardiography
(echo) and right heart catheterization before sacrifice (9). The other MS14, MS21, and
MS28 rats (n=5, n=10, and n= 5, respectively) and controls (r7= 3) served as donors for a
unilateral orthotopic left lung transplantation (LTx) (12) into a syngeneic recipient rat
without a shunt (Fig. 1A). Recipient rats are referred to as hemodynamically unloaded (HU)
by their transplanted lung disease stage at LTx: HU14 (n=5), HU21 (n= 10), HU28 (n=5),
and HUcon (n=3).

First, an echo was performed in the donor rats. Then, the left donor lung with PAH was
transplanted into a healthy recipient Lewis rat (250 g). The middle lobe of the right donor
lung was used to assess baseline vascular morphology at HU. One recipient rat of the HU14
group was sacrificed 1 week after LTx because of surgical complications. This rat and its
donor were excluded from all analyses. All other recipients fully recovered within 2 days
after LTx. Twenty-one days after LT, all recipients underwent hemodynamic evaluation by
echo and heart catheterization, followed by sacrifice. The left transplanted lung was used to
assess the effect of HU on vascular morphology.
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HU reverses early but not late stages of MCT+shunt-induced PAH

MCT+shunt progressively increased systolic RV pressure (SRVP) and mean pulmonary
artery pressure (mPAP). Pulmonary artery acceleration time (PAAT) was decreased at MS21
and MS28, also indicating pulmonary hypertension (Fig. 1B). At MS14, cardiac output (CO)
and tricuspid annular plane systolic excursion (TAPSE) were increased compared to
controls, indicating adequate ventricular adaptation to volume overload. CO decreased after
MS21, which, combined with the increased sSRVP and mPAP, reflects elevated pulmonary
vascular resistance. TAPSE also decreased after MS21, reflecting RV dysfunction. The
relative RV weight and liver wet-dry ratio progressively increased during PAH progression,
indicating RV hypertrophy and decompensation. Severe dyspnea, fatigue, pleural edema, and
ascites were observed in 60% of the rats at day 28. All recipient rats (without a shunt and
with a left lung with different PAH stages) had normal sRVP, mPAP, and CO at sacrifice, 21
days after HU. PAAT and TAPSE were decreased and relative RV weight was increased at
HU28 versus HU14, which might reflect residual pulmonary hypertension (Fig. 1B).

In control donors, most intra-acinar vessels were nonmuscularized. LTx did not affect the
normal aspect of the vascular morphology. In MS14 donors, vascular occlusion was
increased compared to control, most intra-acinar vessels (83 + 13%) were muscularized, but
neointimal lesions were scarce (5 + 7%). HU at day 14 reversed vascular occlusion in the
transplanted lung, which was associated with a decreased percentage of muscularized
vessels (Fig. 1, C and D). In MS21 donors, vascular occlusion further increased compared to
MS14. Vessels (67 £ 15%) showed isolated muscularization, and in 30 £ 17%, a neointima
was observed. The effect of HU at day 21 was dichotomous. In 7 of 10 HU21 recipients,
vascular occlusion and the percentage of vessels with muscularization or a neointima
decreased, indicating reversal in this subgroup. Conversely, in the other 3 of 10 HU21
recipients, vascular occlusion and the percentage of vessels with a neointima increased,
indicating progression of PAH. In MS28 donors, vascular occlusion and the percentage of
vessels with a neointima further increased compared to MS21. The percentage of vessels
with isolated muscularization decreased compared to MS21, which can be attributed to
internal elastic laminae disintegration and lack of a separate, discernible media layer. HU at
this stage did not reverse vascular remodeling: Rather, the percentage of vessels with a
neointima further increased (Fig. 1, C and D). In conclusion, HU led to partial reversal or
complete normalization in all MS14 and 7 of 10 MS21 donors. HU did not lead to reversal
in all MS28 and 3 of 10 MS21 donors.

Vascular profiles associated with the reversibility of MCT+shunt-induced PAH

To study profiles associated with PAH reversibility, rats were reassigned on the basis of
response to HU, leading to the following groups: normal controls (1= 5), reversible PAH at
HU (right donor lung, 7= 11), irreversible PAH at HU (right donor lung, n = 8), reversed
PAH 21 days after HU (transplanted lung, 7= 11), and nonreversed/progressed PAH after
HU (transplanted lung, 7= 8). Next-generation RNA-seq was performed on all donor right
lung tissue. One irreversible PAH sample was excluded after quality control. Principal
components analysis (Fig. 2A) showed differential clustering of reversible versus
irreversible PAH in component 1 and clustering of controls versus both PAH stages in
component 2. At cutoffs of >1 log, fold change (LogFC) and ¢ < 0.05, a total of 751 genes

Sci Transl Med. Author manuscript; available in PMC 2021 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Feen et al.

Page 5

were differentially expressed, of which 82 were increased, and 9 were decreased in
reversible PAH only; 150 were increased and 298 were decreased in irreversible PAH only;
and 181 were increased and 31 were decreased in both PAH stages compared to control (Fig.
2B). Pathways and biological processes associated with reversible PAH included those
related to proliferation and DNA repair. Pathways and biological processes associated with
irreversible PAH included those related to immunologic responses, tissue remodeling, aging,
and cell survival-associated pathways such as Rap1, PI3k-Akt, and HIF1 signaling (Fig. 2C).
Pathways related to inflammatory responses, chemokine signaling, AGE-RAGE, and p53
pathways were observed in reversible and irreversible stages of PAH.

Using cellular deconvolution, a method to assess the proportion of specific cells in mixed-
cell tissue (13), we found a decrease in the EC proportion in reversible PAH versus control,
which further decreased in irreversible PAH, indicating EC death. The smooth muscle cell
(SMC) proportion was increased in both PAH stages versus control, indicating
neomuscularization and medial hypertrophy. The proportion of fibroblasts was increased in
reversible PAH and increased further in irreversible PAH, indicating progressive fibrosis
(Fig. 2D). Deconvolution for immune cells showed an increased CD4*/CD8* T cell ratio in
reversible PAH, which inverted in irreversible PAH (Fig. 2E). CD4*/CD8" inversion is
associated with HIV infection, autoimmunity, and immunosenescence (14, 15). There were
no differences in proportions of other immune cells.

Pathway analysis indicated that reversible PAH is characterized by increased proliferation
and DNA repair. Cellular deconvolution additionally indicated increased endothelial
apoptosis in reversible PAH. The differentially expressed genes (DEGs; g < 0.05;
>1.5log,FC) associated to these processes (cell proliferation, GO:0008283; apoptotic
processes, GO:0006915; DNA repair, GO:0006281) are visualized in Fig. 3 (A to C). The
expression of BMPRZ, a hallmark gene of PAH, was down-regulated upon transition toward
irreversible PAH (Fig. 3D). We confirmed and quantified the roles of proliferation,
apoptosis, and DNA damage by immunohistochemistry (Fig. 3, E and F).

The expression of Ki67 (proliferation) and cleaved caspase 3 (apoptosis) was increased in
the endothelium of reversible PAH compared to control and irreversible PAH, reflecting high
EC turnover. Survivin, a protein associated with apoptosis resistance, was increased in
irreversible versus reversible PAH. Survivin expression was also located in the endothelium.
Rad51, the top DEG for DNA repair, was increased in reversible PAH compared to control
and irreversible PAH. Nuclear Rad51 foci were present in the endothelium of reversible PAH
and absent in irreversible PAH.

In reversible PAH, all proteins that were induced during PAH development were normalized
by HU, except for cleaved caspase 3, which was decreased but remained higher than
controls. Cleaved caspase 3 was located predominantly in the media (Fig. 3, E and F),
possibly reflecting regression of medial muscularization. In irreversible PAH, HU did not
affect the expression of the proteins that were assessed.

This transition from a hyperproliferative, proapoptotic phenotype to a growth-arrested,
apoptosis-resistant, and proinflammatory milieu in the context of DNA damage suggested a
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role for cellular senescence in the irreversibility of PAH. DEGs associated with cellular
senescence (G0:0090398) and the senescence-associated secretory phenotype (SASP) (16,
17) were up-regulated in irreversible PAH (Fig. 4, A and B). We confirmed this by
immunohistochemistry for the senescence markers p16"4A and p21°iP and SASP markers
matrix metalloproteinase 2 (MMP2) and interleukin-6 (IL6), which were all increased in
irreversible compared to reversible PAH (Fig. 4, C and D). p21 was located in the ECs and
adventitia. p16 was mainly located in the adventitia. MMP2 was located in the endothelium
and the adventitia. IL6 was mainly located in the adventitia and showed diffuse staining in
the media/neointima. In addition, we assessed the expression of tumor necrosis factor-a
(TNFa), as both vascular remodeling in PAH and EC senescence are known to be driven by
TNFa (18-20). TNFa was increased in the endothelium of reversible PAH compared to
control. Expression further increased in irreversible PAH where it was located in the
neointima and adventitia (Fig. 4, C and D).

A similar senescent vascular profile in human irreversible PAH-CHD

The vascular profile of irreversible shunt-induced PAH in rats was corroborated in human
lung explant tissue from patients with irreversible PAH-CHD versus controls (Fig. 5).
Patient 1 is a 16-year-old female with repaired ventricular septal defect (VSD; postoperative
PAH-CHD); patient 2 is a 30-year-old male with unrepaired atrial septal defect (ASD;
Eisenmenger PAH-CHD). Ki67 and cleaved caspase 3 were not present in the vessel wall in
controls nor in patients. Rad51 was not observed in controls, but Rad51 foci were present in
the luminal cells of mild lesions in PAH (Fig. 5) and in more severe lesions. Survivin was
largely absent in controls but stained intensely in the luminal cells of severe lesions in PAH.
In patients with PAH, p21 was expressed in plexiform lesions lining the plexus channels.
Whereas p16 localized predominantly in the luminal cells and in the adventitia. Vascular p21
and p16 expression was not observed in controls.

Shear stress induces DNA damage in PAH ECs and a phenotypic switch in SMCs

To investigate the effect of disturbed blood flow on the possible development of senescence
in PAH, we cultured pulmonary microvascular ECs (pMVECS), isolated from patients with
idiopathic PAH (n7=5) or control patients (n7=5), under static conditions or low shear stress
(2.5 dyne/cm?) and high shear stress (HSS; 15 dyne/cm?). In static conditions, BMPRZ2
expression was twice as low in isolated PAH pMVECs compared to control cells (Fig. 6A).
Staining for yH2A.X, a marker for DNA double-strand breaks, showed increased pMVEC
DNA damage under HSS in control and even more in PAH cells compared to static
conditions (Fig. 6B). In PAH pMVECs, HSS increased pZ6and PA/I mRNA. These markers
were largely unaffected by shear stress in control cells (Fig. 6C), whereas KLF2, a positive
control for shear stress, was increased by shear stress in both PAH and control pMVECs.
These data indicated that disturbed blood flow can induce DNA damage and p16 expression,
possibly leading to senescence, and that PAH pMVECs are more vulnerable to this than
control cells.

We further aimed to assess the possible effect of the SASP of senescent pMVECs on SMCs.
To this end, we first induced senescence in pMVECs from controls (7= 3) and patients with
PAH (n=3) by (i) 10-gray (Gy) y-irradiation and (ii) a 10-day stimulation with 10 pM
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TNFa (19). Sham-irradiated, unstimulated cells served as a control. After 4 and 11 days,
respectively, irradiation and TNFa both increased p16, p21, and /L6 mRNA and caused the
cells to become multinucleated, flat, and enlarged, indicating senescence (Fig. 7A). Cell
medium preconditioned by senescent versus nonsenescent pMVECs was then used to culture
naive pulmonary vascular SMCs. We observed that the conditioned medium from senescent
pPMVECs increased proliferation of SMCs (Fig. 7B). /L6 mMRNA was also increased in
SMCs cultured with SASP medium, whereas CNN1, a marker of SMC contractile function,
was decreased (Fig. 7C). These data indicated a role for the endothelial SASP in SMC
function and vascular remodeling.

As proof of the concept that cellular senescence is causally involved in the transition toward
irreversible PAH, we investigated specific elimination of senescent cells using the senolytic
agent ABT263. ABT263 treatment specifically decreased cell viability in the senescent
control and PAH pMVECs, whereas viability remained intact in the sham-irradiated
PMVECs (Fig. 7D). ABT263 treatment (2.5 uM) also normalized the hyperproliferative
phenotype in sham-irradiated PAH pMVECs, which was 1.5x higher than controls at
baseline. These data indicate that ABT263 both effectively eliminates senescent cells and
allows for normal but not hyper-proliferation of pMVECs.

Reversal of shunt-induced PAH by targeted apoptosis of senescent cells

To confirm the selectivity of ABT263 for senescent cells in vitro and that cellular
senescence is causally involved in the transition toward irreversible experimental end-stage
MCT+shunt-PAH, we first performed a dose-response study in rat ECs. Senescence was
induced in rat ECs using 10-Gy y-irradiation as described above. Irradiation increased p21
and /L6 mRNA,; decreased proliferative potential [laminB1 and 5-ethynyl-2”-deoxyuridine
(EdU) staining]; and caused multinucleation, cellular flattening, and enlargement (Fig. 8A).
pl6was not detected in these cells. Four days after irradiation, treatment with ABT263
(1.25, 2.5, and 5 pM for 24 hours) selectively decreased cell viability up to 20% in the
senescent cells, whereas viability remained intact in control ECs (Fig. 8B).

To investigate whether ABT263 can reverse MCT+shunt PAH in vivo, we induced MCT
+shunt PAH in 20 Wistar rats and administered daily intraperitoneal injections with ABT263
(10 mg/kg; n=10) or vehicle [n= 10; 5% dimethyl sulfoxide (DMSO) and +3.5% Tween
20] from days 25 to 32, an advanced-stage PAH that we characterized as HU irreversible
(Fig. 8C). The shunts in these rats remained functional during treatment, driving disease
progression during the treatment period. One rat died postoperatively because of a leaking
shunt. In both groups, two rats died of severe right heart failure that occurred before or 1 day
after treatment initiation at day 25 (indicating severe end-stage PAH) and were therefore
excluded from all analyses. Dyspnea, pleural edema, and ascites occurred in five of seven
vehicle-treated rats versus zero of eight in the ABT263 group. sSRVP, mPAP, pulmonary
vascular resistance, and relative RV weight were decreased, and CO, PAAT, and TAPSE
were increased by ABT263 treatment (P < 0.05) (Fig. 8D), indicating disease regression.
ABT263 significantly decreased luminal occlusion, reduced the percentage of vessels with a
neointima, and increased those with a normal morphology (£ < 0.05), indicating reversed
remodeling or potential vascular regeneration (Fig. 8, E and F). ABT263 treatment
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decreased pZ6and p21 mRNA, the number of p16-positive adventitial cells, and the number
of p21- positive endothelial and adventitial cells, indicating clearance of senescent cells (Fig.
8G). The SASP marker /L6 was also decreased by ABT263. MMP2mRNA, however, was
increased by ABT263. In this context of regressing PAH, this may indicate a physiological
role for MMPZ2, which is also implied in vascular development or neovascularization (21).
We therefore also assessed BMPRZand Klotho, both associated with vascular regeneration,
which were also increased by ABT263 treatment (Fig. 8H). Together, these data show that
ABT263 reduces the senescence burden in vivo, which is asso ciated with reversed vascular
remodeling, evidence for a proregenerative milieu, and improved pulmonary hemodynamics.

DISCUSSION

Using experimental shunt-induced PAH, here, we showed that HU can reverse pulmonary
vascular remodeling but not beyond a certain point of no return. The dichotomous response
to HU enabled us to identify and compare vascular profiles of reversible and irreversible
PAH using RNA-seq. We found that loss of reversibility is associated with a switch from a
proliferative to a senescent vascular phenotype. To support the concept that vascular cell
senescence is causal to the irreversible nature of end-stage PAH, we targeted senescence
using ABT263 and induced reversal of the hemodynamic and structural changes associated
with severe PAH refractory to HU. This class of drugs may represent a new line of treatment
for advanced PAH.

The pulmonary vascular histomorphology associated with the (ir)reversibility of PAH-CHD
has been described extensively in clinical studies (22). Several decades ago, it was shown in
patients with open-shunt PAH-CHD that HU by banding of the main pulmonary artery can
reverse structural changes like medial hypertrophy and intimal hyperplasia. Acellular
neointimal fibrosis, degradation of the elastic laminae, and the formation of plexiform
lesions were associated to disease progression (10). Several preclinical studies have since
then confirmed that medial hypertrophy can be reversed by HU. In rats with PH induced by
MCT and right, middle, and lower lobectomy, both medial hypertrophy and increased EC
proliferation were normalized by HU through transplantation into a normotensive recipient
at 28 days after MCT injection (5). Note that pulmonary blood flow in latter study is
increased because about one-third of lung tissue is removed but not to the same magnitude
as in our shunted rats, in which pulmonary blood flow is increased two- to threefold,
explaining the difference in PAH severity between MCT+pneumonectomy versus MCT
+shunt in rats. Pigs with an aortocaval shunt that was closed after 5 weeks show a similar
pattern of reversed medial hypertrophy and normalized EC proliferation (7). These two
studies performed HU in a stage of PH wherein neointimal lesions are not yet present. A
recent study in the Sugen 5416+hypoxia rat model, however, showed that HU by left
pulmonary artery banding (PAB) at 5 weeks can also reverse established neointimal lesions
(6). Our study describes both a reversible and an irreversible stage of vascular remodeling in
a PAH model that has features of neointimal vascular remodeling that do not change after
HU and may progress, consistent with a severe rise in PAH. These observations suggest that
the reversibility of PAH is governed not only by the presence but also by the molecular
characteristics of neointimal lesions.
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We described that the progression from reversible to irreversible PAH with HU coincides
with three distinct changes in the pulmonary vasculature that are consistent with senescence:
(i) a switch from a proliferative and/or regenerative state into growth arrest; (ii) a shift from
proapoptosis to apoptosis resistance, as also previously described in human PAH-CHD (23);
and (iii) a marked increase in proinflammatory cytokines accompanied by inversion of the
CD4*/CD8* T cell ratio in the lung. Furthermore, we observed an initial increase followed
by a substantial reduction in genes associated with DNA damage repair. We confirmed
senescence by demonstrating increased pulmonary vascular expression of p16!"k4A and
p21CiPL hoth in rats and in human end-stage PAH-CHD. The vascular expression pattern of
p16 in PAH-CHD is consistent with previous observations in idiopathic PAH (24). In vitro,
we showed that pulmonary MVECs isolated from patients with PAH are more prone to
develop senescence via increased sensitivity to DNA damage in response to HSS compared
to control cells. We hypothesize that this effect may be due to decreased expression of
BMPR2 in PAH MVECs, which was recently shown to compromise genomic integrity of
ECs (25). We also found that the SASP of senescent MVECs stimulates proliferation and
causes a phenotypical switch of SMCs in culture, providing insight into mechanisms of
vascular remodeling beyond the EC. Moreover, we showed that low-dose treatment with the
senolytic ABT263 selectively induces apoptosis in senescent MVECSs in vitro and reversed
advanced vascular remodeling and shunt-induced PAH in rats. Combined, these data serve as
proof of the concept that cellular senescence contributes critically to the transition from
reversible to irreversible PAH. After this transition has occurred, we hypothesize that the
SASP may exacerbate the end-stage vascular sclerotic phenotype by promoting medial
hypertrophy, suppressing vascular regeneration, maintaining inflammation, promoting
fibrosis, and degrading elastin (fig. S1).

A central role for cellular senescence in the pathology of various degenerative vascular and
pulmonary pathologies has become apparent in recent years. In atherosclerosis, senescent
ECs and SMCs were shown to accumulate in plaques, which typically occur in areas where
flow is disturbed (26). Senescent ECs in plaques produce less nitric oxide and prostacyclin
and develop a proinflammatory SASP, leading to vascular dysfunction, constriction, and
sclerosis (27). Clearance of senescent cells improved vascular function in atherosclerotic
mice (28). Senescence was also described in degenerative pulmonary diseases such as
idiopathic pulmonary fibrosis (IPF) (29) or chronic obstructive pulmonary disease (30), both
of which are also associated with vascular remodeling and pulmonary hypertension (31).
Accumulating evidence, including this study, indicates that DNA damage and insufficient
DNA repair are early and central phenomena in PAH as well (32). Many triggers linked to
the development of PAH are also genotoxic, such as treatment with dasatinib, chronic
inflammation, or oxidative stress. Moreover, it was shown recently that reduced BMPR2
signaling, a critical feature of all PAH etiologies and a genetic cause, impairs normal DNA
damage repair mediated by BRCA1 and BRCAZ (33) and Rad51 (25). DNA damage was
also shown to cause BMPRZ2loss itself, which suggests a vicious cycle that could account
for DNA damage accumulation (33). These data are consistent with the decrease in
BRCA1/2and Rad51, as well as in BMPRZ2that we observed upon transition from reversible
to irreversible PAH in vivo, and the increased DNA damage in PAH MVECs with halved
BMPR2 expression upon shear stress in vitro. Excessive DNA damage can eventually lead to
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either apoptotic cell death, reflected here in the decreased proportion of ECs in reversible
PAH, or survival of cells with genomic abnormalities, causing dysfunction,
hyperproliferation, or, lastly, senescence (17). Disturbed blood flow can further regulate the
development of EC senescence via p53, a context-dependent mediator for cell fate, that
decides between apoptosis or senescence (26). The presence of increased TNFa in this
context appears to shift this balance toward senescence (26). The heightened expression of
neointimal TNFa observed in this study indicates that this process may also play a role in
the induction of vascular cell senescence in PAH.

In MCT+shunt rats, senescence did not appear to be limited to the ECs, as we also observed
senescence markers in adventitial cells, likely fibroblasts or immune cells. The role of
fibroblast senescence is well described, for example, in IPF (29) and systemic sclerosis (34),
pathologies also both associated with PAH. Immunosenescence, induced by aging or
oxidative stress, is characterized by chronic low-grade inflammation (35) and a reduced
CD4/CD8 ratio (36). These hallmarks are also consistent with our observations in the
transition toward irreversible PAH. In macrophages, p16 expression is associated with
proliferation and differentiation toward the proinflammatory M1 macrophage (37), leading
to increased IL6 secretion. Senolytic drugs can eliminate these p16-positive macrophages
(38) and senescent vascular cells, indicating a possible dual mode of action to reverse
vascular remodeling. Moreover, senolytics such as ABT263 or the forkhead box protein O4
peptide Foxo4-DRI have shown to promote tissue regeneration after clearance of senescent
cells (39). The increased expression of BMPR2, Klotho, and MMP2 after ABT263 treatment
in this study suggests that regeneration of lung vasculature occurs after clearance of
senescent cells. This aspect could additionally benefit patients with PAH in whom vascular
loss or the inability to recruit vessels during exercise contributes to the severity of the
disease. Given a favorable safety profile, these agents may have a place in the future
treatment of PAH-CHD and, perhaps, other forms of PAH as well. ABT263 has already been
evaluated in multiple phase 2 clinical trials for different malignancies (small-cell lung
cancer, NCT00445198). Senescence is associated with a distinct secretome that could be
investigated as a peripheral blood biomarker to identify PAH that is refractory to HU and
select patients that may respond to senolytics.

A limitation of this study is that the individual contribution of either MCT or the shunt to the
development of irreversible PAH cannot be discerned. Single hit models such as MCT-only,
shunt-only, or hypoxia-only models, however, are characterized only by medial hypertrophy-
type vascular remodeling and lack the neointimal lesions reminiscent of PAH. All of these
models are deemed reversible and, therefore, not suitable to investigate the (ir)reversibility
of severe, neointimal PAH (40-42). It is likely that the combination of hits (MCT and shunt,
Sugen 5416, and hypoxia) causes the occurrence of neointimal lesions. Likewise, in human
PAH-CHD, it is also the combination of increased flow and increased pressure (as in a VSD)
that leads to irreversible PAH within 2 years, whereas increased flow alone (as in an ASD)
causes irreversible PAH in only 20% of patients after more than 30 years (3). A second
limitation is that LTx, used here as a surrogate for HU, may also contribute to the
reversibility of vascular lesions because it places a diseased lung into a healthy,
noninflammatory environment. Still, it is apparent from the rat groups that were not
reversible by LTx (which also showed the most inflammation), that this effect is not leading.
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The fact that MCT+pneumonectomy is reversible by LTx at day 28 (5), while MCT+shunt at
day 28 is not, does make it plausible that volume loading/offloading is important, as the
degree of pulmonary overflow (1.5-fold versus 2- to 3-fold increase) is the only variable that
is changed between these setups. Human and animal studies that use methods of HU without
transplantation, such as shunt closure or PAB, also support the fact that pulmonary vascular
lesions can be reversed just by reducing pulmonary blood flow (6, 7, 10). Unfortunately,
shunt closure is not technically feasible in this model nor is performing PAB surgery during
advanced PAH (due to RV dysfunction) (6). Another question that remains uncertain is in
which cell type senescence is first induced, or which senescent cell type contributes
primarily to irreversibility in MCT+shunt-PAH. We chose to focus on the ECs because of
their sensitivity to disturbed flow, but senescence in tissue usually involves multiple cell
types as was also observed in the pulmonary vasculature of rats with irreversible PAH in this
study.

Here, using HU, we identified a reversible and an irreversible stage of vascular remodeling
in experimental shunt-induced PAH. We report that loss of PAH reversibility by HU is
associated with a senescent vascular phenotype. Targeted senolysis reversed vascular
remodeling and improved pulmonary hemodynamics in the end stage of experimental shunt-
induced PAH. This serves as proof of the concept that senescence contributes critically to the
transition of reversible to irreversible disease and indicates senolytic class drugs as a new
line of treatment for end-stage PAH.

MATERIALS AND METHODS

Study design

The goal of this study was to identify histological and molecular characteristics related to
the reversibility of severe PAH and to elucidate the mechanisms associated to the transition
from reversible to irreversible disease. The study design was based on the clinical
observation that PAH in congenital cardiac shunts can be reversed by HU through shunt
closure, but this potential is lost beyond a certain point of no return. To reproduce this
clinical phenomenon, we used an established shunt-associated rat model for severe PAH that
combines an MCT injection (60 mg/kg) with an aortocaval shunt, which doubles pulmonary
blood flow and leads to a neointimal type of vascular remodeling. HU was carried out at
different time points during the progression of PAH (14, 21, and 28 days after MCT
injection) by transplanting the left lung with PAH into a normotensive recipient without a
shunt. Similar to clinical observations in PAH-CHD, we found that HU could reverse the
early, but not the late, stages of MCT+shunt PAH. We could then characterize transcriptomic
and vascular expression profiles that distinguish a reversible from an irreversible response to
HU using RNA-seq and immunohistochemistry, which indicated that a pattern of cellular
senescence was associated with HU irreversibility of PAH. In vitro, we further investigated
the role of cellular senescence in vascular remodeling and evaluated the senolytic drug
ABT263 in its selectivity to induce apoptosis in senescent versus healthy pMVECs. Last, to
support the concept that vascular cell senescence is causal to the irreversible nature of end-
stage PAH in vivo, we treated rats with advanced MCT+shunt PAH with ABT263 and
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induced reversal of the hemodynamic and structural changes associated with severe PAH
refractory to HU.

All experimental protocols were approved by the Dutch National, and Institutional Animal
Care And Use Committee of the University of Groningen, Netherlands and were conducted
according to published guidelines for animal and translational research in PAH (43).
Prospectively selected primary and secondary end points for all animal studies were vascular
occlusion score and mPAP, respectively. Animal experiments were terminated at the defined
time point or when severe dyspnea developed, as assessed twice a day by ABCDE criteria
defined previously (11). Sample sizes were based on previous research in our laboratories,
reporting occlusion scores around 60 + 10% in end stage PAH and an effect size of £20-
point reduction in vascular occlusion (associated with hemodynamic improvement). Rats
were randomly assigned to each experimental group and were housed randomly in group
cages to ensure blinding for the researcher when conducting the in vivo analyses. Ex vivo,
all samples were renumbered randomly for further blinding. The MS21/HU21 group (n=5)
was replicated once. All in vitro experiments were replicated three times.

MCT+shunt PAH in rats

MCT+shunt-associated PAH was induced in adults male rats (200 to 250 g) by a
subcutaneous injection (60 mg/kg) of MCT at TO (Sigma-Aldrich), followed by aortocaval
shunt surgery 7 days later, described in detail previously (9). Control rats were injected with
saline and sham-operated (NaCl+sham). Syngeneic Lewis rats (Envigo) were used for the
transplantation experiments and Wistar rats (Charles River Laboratories) for the ABT263
experiment. MCT+shunt rats are referred to as MCT+shunt followed by the time point of
PAH progression in days after MCT.

HU by single LTx

Lewis rats in which PAH was induced by MCT+shunt up to the predefined time points of
PAH progression (MS14, MS21, and MS28) served as donors for a syngeneic unilateral
orthotopic LTx (12) into a healthy recipient Lewis rat without a shunt (Fig. 1A). NaCl+sham
donors were used as control. Recipient rats are referred to as hemodynamically unloaded
(HU) by their disease stage at LTx. Recipient rats (250 to 300 g) were anesthetized using 3%
isoflurane, intubated, and ventilated mechanically at 21% O,. The left lung was explanted
via a lateral thoracotomy. Simultaneously, the donor rats were intubated and anesthetized
using 3% isoflurane. After echo, a sternal thoracotomy was performed. The lungs were
heparinized and flushed with cold saline via a cannula in the RV. The left donor lung was
wrapped in foil with 4°C saline, explanted, and transplanted into the recipient. Cold
ischemic time to reperfusion was 30 to 40 min. The lungs were reinflated using positive
pressure ventilation. The donor rat was sacrificed after left lung explantation. The lower and
middle lobes of the right donor lung were infused with 4% paraformaldehyde and paraffin-
embedded for histomorphology to assess baseline disease stage at HU. The upper right lobe
was snap-frozen for RNA extraction. The heart and liver of the donor were harvested for
evaluation of PAH-associated sequelae. Twenty-one days after LTx, all recipients underwent
hemodynamic evaluation by echo and right heart catheterization, followed by sacrifice. The
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left transplanted lung was infused with 4% paraformaldehyde and paraffin-embedded for
histomorphology to assess the effect of HU.

Hemodynamic evaluation

Hemodynamic evaluation was performed using echo and closed-chest right heart
catheterization, using a standardized protocol described previously (9, 11).

In vivo intervention in MCT+shunt PAH with ABT263

Twenty Wistar rats were acquired from Charles River Laboratories (France). PAH was
induced by MCT+shunt. From day 25 to day 32, daily intraperitoneal injections were given
with either vehicle [5% DMSO and +4% Tween in phosphate-buffered saline (PBS)] or
ABT263 (10 mg/kg) in vehicle (7= 10 per group). Rats were sacrificed at day 32 or in pairs
upon development of severe dyspnea. Hemodynamic and histopathologic evaluation were
carried out as described above.

Human PAH lung tissue

Sections from lung explant tissue of patients with end-stage PAH-CHD and controls were
acquired from the Biobank at the Pulmonary Vascular Research Institute at Stanford
University, Palo Alto, CA, USA. Patient characteristics are listed in table S1.
Immunohistochemistry was carried out for Ki67 (1:75), cleaved caspase 3 (1:150), Rad51
(1:1200), survivin (1:50), p21 (1:100), and p16 (1:100). Species-specific G coupled to
peroxidase were used as secondary or tertiary antibody and then stained by
diaminobenzidine. Slides were scanned on x40 magnification and used for qualitative
analysis.

Real-time polymerase chain reaction

Total RNA was extracted from MVECs using NucleoSpin RNA Il (Macherey-Nagel, Diiren)
and from rat lung tissue using TriPure (Roche), and cDNA was synthesized using iScript
(Bio-Rad). Real-time quantitative polymerase chain reaction (QPCR) was performed with
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and run in triplicate on a
QuantStudio 7 Flex Real-time PCR System (Applied Biosystems). Analysis of gPCR results
was done using the AACt method. Glyceraldehyde-3-phosphate dehydrogenase and rTUB1
were used as internal controls. Amplification specificity was controlled by postamplification
melting curve analysis. In addition, gPCR products were electrophoresed on 2% agarose gels
(w/v) to confirm the presence of a single band of expected size. Primer sequences are listed
in table S2.

Statistical analyses

Statistical analyses were performed using SPSS. For all variables, normality was assessed
using the Shapiro-Wilk test. a < 0.05 was considered significant. To assess differences
between time points within the pre- or post-HU groups, we used one-way analysis of
variance (ANOVA) with Bonferroni correction for parametric and Kruskal-Wallis for
nonparametric variables. We used a two-sided 7 test or Mann-Whitney U'test to assess the
effects of HU on lung morphology or the effect of ABT263 versus vehicle. Transcriptomic

Sci Transl Med. Author manuscript; available in PMC 2021 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Feen et al.

Page 14

data were analyzed using R. All data are reported as means + SD. Individual data for animal
experiments are provided in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study design and hemodynamic and vascular mor phologic evaluation.
(A) Experimental design. Step 1: PAH was induced by an injection of monocrotaline [MCT;

60 mg/kg, day 0 (TO)] and creation of an aortocaval (AC) shunt, which increases cardiac
output (CO) twofold [see (B)]. Step 2: Donor rats developed early, advanced, and end-stage
PAH after 14, 21, and 28 days, respectively. Step 3: The left lung of a normotensive, healthy
recipient rat was explanted (LR). Step 4: To mimic hemodynamic unloading (HU), the left
donor lung (LD) with different PAH stages was transplanted into the recipient. Step 5: The
right donor lung (RD) was explanted and used to assess the PAH stage at HU. The donor rat
was sacrificed. Step 6: 21 days after transplantation, the recipient rat was sacrificed. The
transplanted lung (LTx) was used to assess the effect of HU of lungs with the different stages

Sci Transl Med. Author manuscript; available in PMC 2021 February 18.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van der Feen et al.

Page 19

of PAH. RV, right ventricular; RR, right lung of recipient rat. (B) Hemodynamic evaluation.
The variables measured in the donor rat at the time point of HU are indicated in black; those
in the recipient 21 days after HU are indicated in teal. V=5 per PAH group, n= 3 for
controls. SRVP, systolic RV pressure; mPAP, mean pulmonary artery pressure; TAPSE,
tricuspid annular plain systolic excursion; PAAT, pulmonary artery acceleration time; RV/LV
+IVS, RV to left ventricular plus septal weight ratio. The red dotted line in mPAP panels
indicates pulmonary hypertension. (C) Quantification of vascular remodeling and (D)
representative examples of Verhoeff staining. Left: Representative examples of the intra-
acinar vessels at the different time points of PAH progression, showing progressive medial
hypertrophy (MS14 and MS21) and the development of a neointima (MS21 and MS28).
Right: Representative examples of the effect of HU after 21 days, showing normalization of
the MS14 and some MS21 stages, and progressive remodeling, leading to acellular
neointimal fibrosis of the other MS21 and all MS28 PAH stages. Data are reported as means
+ SD. Statistics by one-way ANOVA with Bonferroni correction or Kruskal-Wallis with
Dunn’s correction. Relevant significant differences are indicated with a black bar and
asterisk. *P< 0.05, **P< 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. RNA-seq analysis and cellular deconvolution of rat lung tissue.

(A) Principal components analysis showing clustering of reversible versus irreversible PAH

in component 1. (B) Venn diagram of differentially expressed genes (DEGs) at ¢ < 0.01 and
>2log,FC cutoffs. (C) List of 20 most enriched biological processes associated to reversible
or irreversible PAH only (pathway analysis). (D) Deconvolution for vascular cells, analyzing
endothelial cell (EC) versus smooth muscle cell (SMC) and fibroblast (Fibrobl) proportions.
Con, N =5; reversible, N=11; irreversible, N=7. (E) Deconvolution for immune cells,
showing CD4* T cells versus CD8" T cells (left) and CD4*/CD8* T cell ratios (right). Con,
N=5; reversible, V=11, irreversible, /= 7. Statistical analyses (A to C) performed on raw
reads using pathway analysis algorithm in R. Cellular deconvolution analyses (D and E)
performed on raw reads using the support vector regression algorithm in R; also, see cellular
deconvolution (Materials and Methods). Data are reported as means + SD. Statistical

differences in (D and E) were assessed by one-way ANOVA with Bonferroni correction.
Relevant significant differences are indicated with a black bar and asterisk. *~< 0.05, **P<

0.01, ***P<0.001, and ****P< 0.0001.
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Fig. 3. Vascular profiles associated to the reversibility of PAH in MCT+shunt rats.
(A to D) Functional categorization of DEGs at ¢ < 0.01 and >1log,FC cutoffs in lungs from

controls and rats with reversible or irreversible PAH, made using the heatmap algorithm in
R. (E) Representative immunohistochemistry of the intra-acinar vessels stained for Ki67,
cleaved caspase 3, survivin, and Rad51 in lungs from controls and rats with reversible PAH
and irreversible PAH at HU and 21 days after HU. (F) Quantification of vascular expression
from (E). Black bars represent the expression at HU; green bars represent the expression 21
days after HU. Vascular localization of expression per group is represented in the pie charts
[white, no expression; light gray, intima (i); dark gray, media (m); black, perivascular/
adventitia (a)]. Con, n= 3; reversible, n7=7; irreversible, n= 7. Data are reported as means +
SD. Statistics by one-way ANOVA with Bonferroni correction or Kruskal-Wallis with
Dunn’s correction. Relevant significant differences are indicated with a black bar and
asterisk. *P< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 4. Vascular profiles associated to theirreversibility of PAH.
(A and B) Functional categorization of DEGs at ¢ < 0.01 and >1log,FC cutoffs in lung

tissue from controls and rats with reversible or irreversible PAH, made using the heatmap
algorithm in R. SASP, senescence-associated secretory phenotype. (C) Representative
immunohistochemistry of the intra-acinar vessels stained for expression of p16!nk4A
p21¢iPl MMP2, IL6, and TNFa in lungs of controls and rats with reversible PAH and
irreversible PAH at HU and 21 days after HU. (D) Quantification of vascular expression
from (C). Black bars represent the expression at HU; green bars represent the expression 21
days after HU. Vascular localization of expression per group is represented in the pie charts
[white, no expression; light gray, intima (i); dark gray, media (m); black, perivascular/
adventitia (a)]. Con, n= 3; reversible, 7=7; irreversible, 7= 7. Data are reported as means +
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SD. Statistics by one-way ANOVA with Bonferroni correction or Kruskal-Wallis with
Dunn’s correction. Relevant significant differences are indicated with a black bar and
asterisk. *£< 0.05, **P< 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 5. A senescent vascular profilein human irreversible PAH-CHD.
Immunohistochemistry of Ki67, cleaved caspase 3, Rad51, survivin, p21€!P1, and p16/NK4A

expression in human pulmonary arteries (<150 pm) in explant tissue of a patient without
PAH (control 1), a pediatric patient with end-stage PAH-CHD (PAH 1), and an adult patient
with end-stage PAH-CHD (PAH 2). Positive (Pos) controls (human tissue) were added when
no vascular expression was expected. Arrowheads in Rad51 denote positive Rad51 nuclear
foci. The inset is shown at higher magnification.
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Fig. 6. Prosenescent effects of shear stress on human pulmonary microvascular ECs.
Pulmonary microvascular ECs (pMVECs) isolated from patients with idiopathic PAH (PAH,

n=75) and controls (con, n=5). (A) BMPR2 expression in control and PAH MVECs in
static and low shear stress (2.5 dyne/cm?) and HSS (15 dyne/cm?) conditions. (B)
Quantification (left) and representative images (right) of DNA damage (yH2A.X staining) in
control and PAH MVECs cultured under static and shear stress conditions. (C) Effect of
shear stress on the expression of senescence and DNA damage markers in control and PAH
MVECs. Data are reported as means = SD. Statistics by two-sided ¢test or Kruskal-Wallis
test. Relevant significant differences are indicated with a black bar and asterisk. *~< 0.05,
**p<0.01, ***P<0.001, and ****P < 0.0001.
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Fig. 7. Effects of the human MVEC SASP on SM Csand targeted apoptosis of senescent MVECSs.
PMVEC:s isolated from idiopathic PAH and control patients. (A) Experimental schematic

(left), mMRNA expression analysis (middle), and microscopy (right) of human PAH and
control pulmonary MVEC senescence, induced by irradiation or TNFa. Experiments were
repeated three times. (B) Proliferation of naive SMCs cultured with medium preconditioned
by senescent or nonsenescent control or PAH MVECs. Experiments were repeated five to
seven times. (C) IL6 and CNN1 expression in SMCs from (B) assessed by PCR.
Experiments were repeated three times. (D) MTS assay of MVEC viability with or without
ABT263. MVECs were isolated from controls and PAH, with or without irradiation or
TNFa-induced senescence; experiments were repeated three times. Data are reported as
means £ SD. Statistics by two-sided #test or Kruskal-Wallis test. Relevant significant
differences are indicated with a black bar and asterisk. *~< 0.05, **P< 0.01, ***P < 0.001,
and ****pP < 0.0001.
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Fig. 8. Targeted senolysisby ABT 263 rever ses established experimental PAH.
(A) Characterization of rat EC senescence induced by irradiation, measured by mRNA

expression (left) and microscopic phenotype (right) including EdU. Experiments were
repeated three times (B) MTS assay of rat EC viability with or without irradiation-induced
senescence, treated with or without ABT263. Experiments were repeated three times (C)
Experimental design. ABT263 (10 mg/kg) or Vehicle (5% DMSO and +4% Tween in PBS)
was administered to MCT+shunt rats (7= 10 per group) daily via an intraperitoneal injection
(10 mg/kg) from days 25 to 32. (D) Hemodynamic parameters in rats treated with vehicle (n
=7) or ABT263 (n=8). (E) Verhoeff staining of remodeled vessels in ABT263-treated rat
lung (right) versus vehicle-treated lung (left). (F) Semiquantification of (C). (G) Vascular
p16 and p21 mRNA and protein expression in ABT263- and vehicle-treated rat lungs.
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Representative immunohistochemistry images are shown below. (H) Vascular 1L6, MMP2,
BMPR2, and Klotho mRNA in ABT263- and vehicle-treated rat lungs. Data are reported as
means + SD. Statistics by one-way ANOVA with Bonferroni correction or Kruskal-Wallis
with Dunn’s correction. Relevant significant differences are indicated with a black bar and
asterisk. *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.

Sci Transl Med. Author manuscript; available in PMC 2021 February 18.



	Abstract
	INTRODUCTION
	RESULTS
	MCT+shunt-induced PAH and HU in rats
	HU reverses early but not late stages of MCT+shunt-induced PAH
	Vascular profiles associated with the reversibility of MCT+shunt-induced PAH
	A similar senescent vascular profile in human irreversible PAH-CHD
	Shear stress induces DNA damage in PAH ECs and a phenotypic switch in SMCs
	Reversal of shunt-induced PAH by targeted apoptosis of senescent cells

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	MCT+shunt PAH in rats
	HU by single LTx
	Hemodynamic evaluation
	In vivo intervention in MCT+shunt PAH with ABT263
	Human PAH lung tissue
	Real-time polymerase chain reaction
	Statistical analyses

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

