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Hypoxia-induced pulmonary vascular constriction and struc-
ture remodeling are the main causes of hypoxic pulmonary hy-
pertension. In the present study, an adeno-associated virus vec-
tor, containing Tie2 promoter and hypoxia response elements,
was designed and named HTSFcAng(1-7). Its targeting, hypox-
ic inducibility, and vascular relaxation were examined in vitro,
and its therapeutic effects on hypobaric hypoxia-induced
pulmonary hypertension were examined in rats. Transfection
of HTSFcAng(1-7) specifically increased the expression
of angiotensin-(1-7) in endothelial cells in normoxia. Hypoxia
increased the expression of angiotensin-(1-7) in HTSFcAng(1-
7)-transfected endothelial cells. The condition medium from
HTSFcAng(1-7)-transfected endothelial cells inhibited the hyp-
oxia-induced proliferation of pulmonary artery smooth muscle
cells, relaxed the pulmonary artery rings, totally inhibited hyp-
oxia-induced early contraction, enhanced maximum relaxa-
tion, and reversed phase II constriction to sustained relaxation.
In hypoxic pulmonary hypertension rats, treatment with
HTSFcAng(1-7) by nasal drip adeno-associated virus signifi-
cantly reversed hypoxia-induced hemodynamic changes and
pulmonary artery-wall remodeling, accompanied by the
concomitant overexpression of angiotensin-(1-7), mainly in
the endothelial cells in the lung. Therefore, hypoxia-inducible
overexpression of angiotensin-(1-7) in pulmonary endothelial
cells may be a potential strategy for the gene therapy of hypoxic
pulmonary hypertension.

INTRODUCTION
Hypoxic pulmonary hypertension is highly prevalent in advanced
chronic obstructive pulmonary diseases and chronic high-altitude
hypoxia.[1],[2] The main pathophysiological characteristics of hyp-
oxic pulmonary hypertension are hypoxia-induced pulmonary
vascular constriction and structure remodeling, which are mainly
caused by the abnormal activation of local vascular constriction sys-
tems in lungs and the aberrant proliferation of pulmonary artery
smooth muscle cells (PASMCs), respectively. Although there has
been intensive research on hypoxic pulmonary hypertension, the pre-
sent pharmacological agents can only moderately improve the symp-
toms and hemodynamic parameters, and there is still a lack of effec-
tive agents to improve the long-term prognosis or reduce the
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mortality. Therefore, it is highly needed to explore novel agents for
hypoxic pulmonary hypertension.

The intrapulmonary renin-angiotensin dual-axis system, including
vasoconstrictor axis and vasodilatory axis, plays an important role
in hypoxic pulmonary hypertension.3–5 The vasoconstrictor axis is
composed of angiotensin-converting enzyme, angiotensin II, and
angiotensin II type 1 receptors, whereas the vasodilatory axis is
composed of angiotensin-converting enzyme 2 (ACE2), angio-
tensin-(1-7), and Mas receptors. The inappropriate activation of
the vasoconstrictor axis and a lack of compensatory activation of
the vasodilatory axis promote the development of hypoxic pulmo-
nary hypertension.6 In the renin-angiotensin system, angiotensin-
(1-7) is the main effect molecular to dilate in the renin-angiotensin
system. Angiotensin-(1-7) also opposes the trophic, proliferative,
and prothrombotic actions of angiotensin II.7 In pulmonary hy-
pertension patients, plasma angiotensin-converting enzyme 2 ac-
tivity is reduced, and infusion of recombinant human angio-
tensin-converting enzyme 2 improves pulmonary hemodynamics
and reduces the markers of oxidant and inflammatory mediators.8

Therefore, angiotensin-converting enzyme 2/angiotensin-(1-7)
may be a potent target for the treatment of hypoxic pulmonary hy-
pertension.3,9–12

Gene therapy is emerging as an alternative for refractory diseases,
such as hypoxic pulmonary hypertension. However, it is troubled
by the bottleneck, lacking suitable target genes and effective
methods to regulate the expression of transgenes accordingly and
specifically.

To determine whether hypoxia-inducible overexpression of angio-
tensin-(1-7) in the lung can reverse hypoxic pulmonary hypertension,
we constructed an adeno-associated virus (AAV) vector, named
HTSFcAng(1-7), with the promoter Tie2, hypoxia response elements,
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Figure 1. HTSFcAng(1-7) Exhibited Specific Overexpression in Pulmonary

Endothelial Cells and Hypoxic Inducibility in Hypoxia

(A) Diagram of the constructed HTSFcAng(1-7) and HTSFc. (B) Effects of

HTSFcAng(1-7) or HTSFc transfection on the expression of angiotensin-(1-7) in

A549 cells, HEK293 cells, NIH 3T3 cells, pulmonary artery smooth muscle cells

(PASMCs), pulmonary microendothelial cells (PMVECs), rat peripheral blood neu-

trophils, monocytes, NR8383 cells, and primary bone mesenchymal stem cells

(MSCs). (C and D) Effect of oxygen concentration on the expression of angiotensin-

(1-7) (C) and the increment rate of the expression of angiotensin-(1-7) (D) in PMVECs

transfected with HTSFcAng(1-7). *p < 0.05. Data are represented as mean ± SD

from three replicated experiments (B and C, respectively).
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and angiotensin-(1-7). Then we explored the endothelial targeting,
hypoxic inducibility, and vasodilatory action in vitro and the treat-
ment effect on hypobaric hypoxia-induced pulmonary hypertension
in rats. The results showed that HTSFcAng(1-7) exhibited the hypox-
ia-inducible overexpression of angiotensin-(1-7), mainly in pulmo-
nary endothelial cells, and significantly reversed hypoxic pulmonary
hypertension in rats.

RESULTS
HTSFcAng(1-7) Exhibited the Specific Overexpression in

Pulmonary Endothelial Cells and Hypoxic Inducibility in Hypoxia

First, we tested the target cell specificity and hypoxic inducibility of
the HTSFcAng(1-7) vector in the cultured cells. The HTSFcAng(1-
7) or HTSFc was transfected into HEK293 cells, NIH 3T3 cells,
A549 cells, NR8383, primary rat pulmonary microendothelial cells
976 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
(PMVECs), primary pulmonary artery smooth muscle cells
(PASMCs), primary bone mesenchymal stem cells (MSCs), periph-
eral blood neutrophils, and monocytes via Lipofectamine 2000.
ELISA was used to measure the content of angiotensin-(1-7) in the
cell supernatant, 24 h after transfection. Figure 1B showed that
HTSFcAng(1-7) transfection significantly elevated the content of
angiotensin-(1-7), only in PMVEC supernatants (p < 0.05, n = 3)
but not in the other cell supernatants or after the control vector
HTSFc transfection, indicating the targeted expression of
HTSFcAng(1-7) in PMVECs.

The effects of hypoxia on the expression of angiotensin-(1-7) in
PMVECs were shown in Figure 1C. In the untransfected
PMVECs, hypoxia (5% and 1% O2 concentration) significantly
decreased the content of angiotensin-(1-7) in the supernatant
of PMVECs (n = 3, p < 0.05), showing that hypoxia inhibited
the endogenous expression of angiotensin-(1-7) in PMVECs.
HTSFcAng(1-7) transfection significantly increased the expres-
sion of angiotensin-(1-7) in PMVECs, both in normoxia and
hypoxia (all n = 3, p < 0.05).

The effect of oxygen concentration on the increment rate of the
expression of transgene angiotensin-(1-7) was presented in Fig-
ure 1D. The increment rate is calculated by normalizing the content
of angiotensin-(1-7) in the supernatant of transfected cells to the
content of angiotensin-(1-7) in the supernatant of untransfected
cells in each oxygen concentration, respectively. The increment
rate was shown in an oxygen concentration-dependent manner:
the lower oxygen concentration, the higher increment rate of
expression of angiotensin-(1-7) (all n = 3, p < 0.05). Therefore,
the transgene HTSFcAng(1-7) exhibits the distinct hypoxic induc-
ibility in PMVECs.

Effects of the ConditionMedium fromPMVECs Transfectedwith

HTSFcAng(1-7) on Hypoxia-Induced Proliferation of Rat Primary

PASMCs In Vitro

Then we assessed the effects of the condition medium from PMVECs,
which were transfected with HTSFcAng(1-7) and cultured in 10% O2

concentration, on the proliferation of rat primary PASMCs cultured
in normoxia (20% O2) and in hypoxia (10%, 5% and 1% O2).

3-(4, 5-Dimethylthiazal-2-yl)-2,5-diphenyltetrazoliumbromide (MT
T) experiments showed that hypoxia significantly promoted the
proliferation of PASMCs in an oxygen concentration-dependent
manner (all p < 0.05, n = 3; Figure 2A). The condition medium
from PMVECs, transfected with HTSFcAng(1-7), had no significant
effect on the proliferation of PASMCs cultured in normoxia; how-
ever, it significantly inhibited the hypoxia-induced proliferation of
PASMCs cultured in 10%, 5%, or 1% O2 concentration (p < 0.05,
n = 3; Figure 2B), and the inhibition effect was dose dependent (Fig-
ures 2C and 2D). Moreover, the condition medium from PMVECs
transfected with control vector HTSFc had no such effect. Cell-
counting experiments showed the similar results with MTT experi-
ments (Figures S1A–S1D).
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Figure 2. Effects of the Condition Medium from

PMVECs Transfected with HTSFcAng(1-7) on

Hypoxia-Induced Proliferation of Primary PASMCs

PASMC proliferation was measured by the 3-(4, 5-dime-

thylthiazal-2-yl)-2,5-diphenyltetrazoliumbromide (MTT)

assay. (A) Effects of oxygen concentration on the prolif-

eration of rat primary PASMCs. (B) Inhibition effects of the

condition medium from PMVECs transfected with

HTSFcAng(1-7) on the proliferation of PASMCs cultured in

normoxia (20% O2) and in hypoxia (10%, 5%, and 1%O2).

(C and D) Concentration (v/v)-dependent inhibition effects

of the condition medium, from the PMVECs transfected

with HTSFcAng(1-7), on the proliferation of PASMCs

cultured in 10%O2 concentration. CM, conditionmedium.

*p < 0.05. Data are represented as mean ± SD from three

replicated experiments in each panel.
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Effects of the ConditionMedium fromPMVECs Transfected with

HTSFcAng(1-7) on the Constriction and Relaxation of the

Isolated Pulmonary Artery Rings in Hypoxia

Then we tested the vascular effects of the condition medium from
PMVECs transfected with HTSFcAng(1-7) on the isolated pulmo-
nary artery rings in hypoxia. The experiments were done in the endo-
thelial cell-denuded, phenylephrine-precontracted pulmonary artery
rings.

Figure 3A is the representative curve for the effects of acute hypoxia on
phenylephrine-precontracted pulmonary artery rings. Acute hypoxia
resulted in biphasic vasocontractions: an initial transient contraction
(phase I constriction), then a transient relaxation (maximum dilation),
and finally, a delayed, sustained contraction (phase II constriction).
The effect of acute hypoxia on pulmonary artery ring is consistent
with the previous result.13 Figure 3B shows the typical effects of condi-
tion medium from PMVECs transfected with HTSFcAng(1-7) pre-
treatment on the artery ring in hypoxia. The condition medium totally
inhibited the hypoxia-induced early contraction, enhanced the
following maximum dilation, and reversed the phase II constriction
to the sustained relaxation (phase II dilation). The Mas receptor antag-
onist A-779 at 1 mM eliminated the effects of the condition medium
from PMVECs transfected with HTSFcAng(1-7) on pulmonary artery
rings in hypoxia (Figure 3C). However, the condition medium from
PMVECs transfected with control HTSFc or along with A-779, did
not affect the effects of hypoxia on the artery rings (Figures 3D and
Molecular Therapy: Methods &
3E). The summarized data of maximum dilation,
phase II constriction, and phase II dilation were
shown in Figures 3F and 3G.

HTSFcAng(1-7) Reversed Hypobaric

Hypoxia-Induced Pulmonary Hypertension

in Rats

We then explored the therapeutic effects of
HTSFcAng(1-7) administration on hypoxic pul-
monary hypertension in rats. Figure 4 showed the dynamic changes of
hemodynamic and pulmonary vascular remodeling during 4 weeks of
hypoxia exposure in rats. Hypoxia for 4 weeks had no significant ef-
fect on the carotid pressures (mean carotid artery pressure [mCAP];
Figure 4A). However, the right ventricle systolic pressure (RVSP; Fig-
ure 4B), the ratio of right ventricle weight to left ventricle plus septum
weight (RV/(LV + S); Figure 4C), and the pulmonary artery percent
wall thickness (WT%) and wall area (WA%; Figures 4D and 4E) pro-
gressively and significantly increased during hypoxia exposure (all p <
0.05; n = 6 for RVSP and RV/(LV + S); n = 60 [muscular arteries] for
WT% andWA%). The representative hematoxylin and eosin staining
of the lung vessels were shown in Figure 4F. Figure 4 showed that hyp-
oxia for 2 weeks induced significant pulmonary hypertension in rats;
therefore, to test the therapeutic effect, HTSFcAng(1-7) or HTSFc was
administrated 2 weeks after hypoxia, and the rats were kept in hypox-
ia for another 2 weeks.

Figures 5B and 5C showed that HTSFcAng(1-7) treatment signifi-
cantly reduced the increased RVSP and RV/(LV + S) (all p < 0.05;
n = 6). The representative hematoxylin and eosin staining of lung ves-
sels was shown in Figure 5D. The summarized data of MT% and MA
% of pulmonary artery were shown in Figures 5E and 5F. Hypoxia
significantly increased MT% and MA%. HTSFcAng(1-7) treatment
significantly reduced the increased MT% and MA% (all p < 0.05;
n = 60). However, administration of HTSFc had no such effects. In
addition, administration of HTSFcAng(1-7) had no significant effects
Clinical Development Vol. 17 June 2020 977
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Figure 3. Effects of the Condition Medium from

PMVECs Transfected with HTSFcAng(1-7) on the

Constriction and Relaxation of the Isolated

Pulmonary Artery Rings in Hypoxia

(A) The representative curve for the effects of acute hyp-

oxia on phenylephrine-precontracted pulmonary artery

rings. Acute hypoxia resulted in vascular biphasic con-

tractions: an initial transient contraction, then a transient

relaxation (maximum dilation), and finally a delayed, sus-

tained contraction (phase II constriction). (B–E) The

representative curve for the effect of the condition

medium, which was from PMVECs transfected with

HTSFcAng(1-7) (B and C) or HTSFc (D and E), on the

artery ring in hypoxia (% O2) with (C and E) or without (B

and D Mas receptor antagonist A-779 (1 mM). (F and G)

The summarized data of maximum vasodilation (F)

and phase II vasoconstriction and phase II vasodilation

(G). CM, condition medium. *p < 0.05 versus control

and HTSFcAng(1-7). Data are represented as mean ±

SD, n = 6.
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on the mean carotid artery pressure (Figure 5A), and the same dose of
HTSFcAng(1-7) or HTSFc did not induce alveolitis in the lungs from
rats in normoxia (Figure S2; Table S1). These results demonstrated
that HTSFcAng(1-7) significantly reversed hypoxic pulmonary hy-
pertension in rats.

HTSFcAng(1-7) Specifically Increased the Expression of

Angiotensin-(1-7) in the Lung Endothelial Cells in Hypoxic

Pulmonary Hypertension Rats

Further, we tested the level of angiotensin-(1-7) in lungs, hearts,
livers, and kidneys from hypoxic pulmonary hypertension rats
administrated with HTSFcAng(1-7) or HTSFc. As shown in Fig-
ure 6A, hypoxia progressively and significantly decreased the level
of angiotensin-(1-7) in lungs (p < 0.05; n = 6). Hypoxia also signifi-
cantly decreased the level of angiotensin-(1-7) in hearts, livers, and
kidneys (p < 0.05; n = 6) (Figure 6B). However, administration of
HTSFcAng(1-7) only significantly increased the level of angio-
tensin-(1-7) in lungs (p < 0.05; n = 6) and not in livers, hearts, and
kidneys. Similarly, administration of the control virus HTSFc did
not increase the level of angiotensin-(1-7) in the other four organs.
978 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
In the present study, we used the Tie2 pro-
moter to drive the expression of angio-
tensin-(1-7) in the endothelial cells, but the
Tie2 gene also expresses in monocyte, macro-
phage, and other bone marrow-derived cells.
To determine whether HTSFcAng(1-7) specif-
ically increased the expression of angiotensin-
(1-7) in the endothelial cells in lungs in hyp-
oxic pulmonary hypertension rats, immuno-
fluorescence costaining was used to detect
the colocalization of angiotensin-(1-7) and
cluster of differentiation (CD)31 (a PMVEC
marker) or CD11b (a marker of monocytes,
macrophages, and bone marrow-derived hematopoietic cells). Fig-
ure 7A showed that hypoxia decreased the expression of angio-
tensin-(1-7) and CD31 in the lung endothelial cells (pulmonary
alveoli and vessel), which were markedly increased by
HTSFcAng(1-7) administration. Angiotensin-(1-7) and CD31
were colocalized mainly in the endothelial cells. Whereas hypoxia
had no effect on the expression of CD11b (Figure 7B),
HTSFcAng(1-7) only raised the expression of angiotensin-(1-7)
but not CD11b, and angiotensin-(1-7) and CD11b had no signif-
icant colocalization. Therefore, HTSFcAng(1-7) exhibited target-
able overexpression in the pulmonary endothelial cells but not
monocytes, macrophages, and bone marrow-derived hematopoiet-
ic cells in hypoxic pulmonary hypertension rats.

DISCUSSION
In the present study, we developed a novel adeno-associated vi-
rus vector composed of endothelial cells promoter Tie2, hypoxia
response elements, and target gene angiotensin-(1-7). The con-
structed vector exhibited specific hypoxia-inducible overexpres-
sion of angiotensin-(1-7) in pulmonary endothelial cells



Figure 4. Dynamic Changes of Hemodynamic and

Pulmonary Vascular Remodeling during 4 Weeks of

Hypoxia Exposure in Rats

(A–E) The dynamic changes of the carotid pressure (A), the

right ventricle systolic pressure (RVSP; B), the ratio of right

ventricle weight to left ventricle plus septum weight (RV/

(LV + S); C), the pulmonary artery percent wall thickness

(WT%; D), and percent wall area (WA%; E) during nor-

moxia or hypoxia exposure in rats. (F) Representative

hematoxylin and eosin staining of pulmonary vessels. *p <

0.05 versus normoxia; n = 6 for RVSP and RV/(LV + S); n =

60 (muscular arteries) for WT% and WA% (for details,

see Materials and Methods). Data are expressed as

mean ± SD.
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in vitro. We first demonstrated that hypoxia-inducible overex-
pression of angiotensin-(1-7) in pulmonary endothelial
cells reversed hypobaric hypoxia-induced pulmonary hyperten-
sion in rats.
Molecular Therapy: Methods &
Gene transferring by viral vector is intensively
used in gene therapy research and clinic trials
for their high transduction efficiency.14–17 Len-
tiviral or adenoviral vector delivery of angio-
tensin-converting enzyme 2 or bone morphoge-
netic protein receptor type II prevented and
reversed monocrotaline-induced or hypoxia-
induced pulmonary hypertension in mice or
rats.18,19 Adenovirus-mediated knockdown of
pulmonary endothelial Tph1 attenuates hypox-
ia-induced pulmonary hypertension in rats.14

Vascular sarcoplasmic reticulum Ca(2+)-
ATPase 2a (SERCA2a) overexpression by
airway-based delivery of AAV vectors amelio-
rates chronic postcapillary pulmonary hyper-
tension in swine.20

Many of these viral vectors are designed using
the universal strong promoter, such as cytomeg-
alovirus (CMV) and thymidine kinase (TK);
therefore, the expression of the target gene lacks
targetability and inducibility. Some researchers
combined the universal strong promoters with
hypoxia response elements specifically to
enhance the target gene expression in hypoxic
cells.21,22 These hypoxia-responsive vectors
showed significant hypoxia responsiveness
in vitro and in vivo.21–23

Previously, we constructed a lentiviral vector
specifically to drive the expression of the target
gene in vascular smooth muscle cells, according
to oxygen concentration, by combining hypoxia
response elements with the smooth muscle-spe-
cific promoter.24 The constructed vector ex-
hibited hypoxic inducibility and relatively targetable expression in
pulmonary artery smooth muscle cells. It inhibited the hypoxia-
induced proliferation of pulmonary artery smooth muscle cells
in vitro and prevented the development of hypoxic pulmonary
Clinical Development Vol. 17 June 2020 979
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Figure 5. Therapeutic Effects of HTSFcAng(1-7)

Administration on Hypobaric Hypoxia-Induced

Pulmonary Hypertension in Rats

(A–C) Administration of adeno-associated virus 9 con-

taining HTSFcAng(1-7) had no significant effects on the

mean carotid artery pressure (mCAP; A) but significantly

reduced the hypoxia-increased right ventricle systolic

pressure (RVSP; B) and the ratio of right ventricle weight to

left ventricle plus septum weight (RV/(LV + S); C). (D)

Representative hematoxylin and eosin staining of pulmo-

nary vessels. (E and F) The summarized data of pulmonary

artery percent wall thickness (WT%; E) and percent wall

area (WA%; F). *p < 0.05. Data are expressed as mean ±

SD, n = 6.
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hypertension in mice.24 In the present study, we adopted the similar
strategy to construct an adeno-associated viral vector, named
HTSFcAng(1-7), to drive the overexpression of angiotensin-(1-7) in
pulmonary endothelial cells in hypoxia by combining hypoxia
response elements with promoter Tie2 (Figure 1A). In vitro
HTSFcAng(1-7) specifically increased the expression of angio-
tensin-(1-7) in endothelial cells and showed hypoxic inducibility (Fig-
ures 1B–1D). In vivo, treatment with HTSFcAng(1-7) by nasal drip
980 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
AAV(serotypes 9) significantly reversed hypo-
baric hypoxia-induced pulmonary hypertension
in rats (Figure 5). Therefore, it may be a feasible
design to combine the hypoxia response element
with the tissue-specific promoter to control the
expression of the target gene in the specific tis-
sue or organ in hypoxia.

We determined the content of angiotensin-
(1-7) in the tissue homogenate from the
heart, liver, kidney, and lung in
HTSFcAng(1-7)-treated pulmonary hyper-
tension rats and found that only the angio-
tensin-(1-7) in the lung was significantly
increased (Figure 6). It is interesting to
argue that HTSFcAng(1-7) specifically over-
expressed in the lung but not in other or-
gans. In the present study, the adeno-associ-
ated virus containing HTSFcAng(1-7) was
delivered to rats by nasal drip. It may be
the main cause for the vector specifically ex-
pressed in lungs. In addition, these results
may also reflect one of the different charac-
teristics between pulmonary and system cir-
culation when exposed to moderate hypoxia.
It is well known that the response of pulmo-
nary vessels to hypoxia is very different to
that of circulation vessels. We also found
that the proliferation of PASMCs differed
from aortic SMCs in moderate hypoxia
(5%–10% O2 concentration). Moderate hyp-
oxia significantly promotes the proliferation of PASMCs but
not aortic SMCs (unpublished data). It will be explored in our
future work.

In the present study, the Tie promoter is used to drive the expres-
sion of the target gene in endothelial cells. However, the Tie pro-
moter is not an endothelial cell-specific promoter, because Tie2 is
also expressed in the monocyte or macrophage and other bone



Figure 6. HTSFcAng(1-7) Increased the Expression

of Angiotensin-(1-7) in the Lungs in Hypobaric

Hypoxia-Induced Pulmonary Hypertension Rats

(A) Dynamic changes of the expression of angiotensin-(1-

7) in lungs during the development of hypoxic pulmonary

hypertension rats. *p < 0.05 versus normoxia. (B) Effects

of administration of adeno-associated virus 9 containing

HTSFcAng(1-7) and HTSFc on the expression of angio-

tensin-(1-7) in lungs, livers, hearts, and kidneys. *p < 0.05

versus normoxia-corresponding organ; #p < 0.05 versus

hypoxia lung. Data are expressed as mean ± SD, n = 6.
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marrow-derived cells. We did in vitro and in vivo experiments to
determine the targeting of HTSFcAng(1-7). In vitro HTSFcAng(1-7)
transfection significantly elevated the content of angiotensin-(1-7)
only in PMVECs but not in HEK293 cells, NIH 3T3 cells, A549 cells,
NR8383, primary PASMCs, primary MSCs, peripheral blood neutro-
phils, and monocytes (Figure 1); in vivo HTSFcAng(1-7) administra-
tion induced the obvious colocalization between angiotensin-(1-7)
and CD31, a PMVEC marker, but not between angiotensin-(1-7)
and CD11b, a marker of monocytes, macrophages, and other bone
marrow-derived hematopoietic cells. Therefore, HTSFcAng(1-7) spe-
cifically increased the expression of angiotensin-(1-7) in the lung
endothelial cells in hypoxic pulmonary hypertension rats. With the
consideration that HTSFcAng(1-7) administration did not induce
obvious alveolitis (Figure S2; Table S1) so the bone marrow-derived
monocytes were not many in lungs, the beneficial effects of
HTSFcAng(1-7) were mediated mainly by the lung endothelial cells
but not the hematopoietic cells in the present study.

Previous studies have shown that the plasma ACE2 activity is
reduced in human pulmonary arterial hypertension;8 however, in
the present study, the level and activity of plasma ACE2 were not
measured in an animal model, so it is unknown whether the plasma
ACE2 activity is reduced in the present animal model. In addition,
the hypoxia-induced overexpression of angiotensin-(1-7) was
observed only in cultured primary pulmonary endothelial cells
transfected with HTSFcAng(1-7). It has not been proven at a pul-
monary endothelial layer in treated model animals, although there
was the increased production of angiotensin-(1-7) in lungs. Howev-
er, in another ongoing study, we designed a similar vector contain-
ing the TIE2 promoter and HRE to drive the overexpression of
angiotensin-converting enzyme 2, and we found that the overex-
pression of angiotensin-converting enzyme 2 is mainly distributed
in pulmonary endothelial cells in hypoxic pulmonary hypertension
rats (unpublished data). Therefore, HTSFcAng(1-7) may work simi-
larly in vivo with in vitro experiments. We hope to explore these
questions in future work.

Previous studies showed that endogenous estrogen may attenuate
hypoxic pulmonary hypertension,25–28 and phenobarbital is a poten-
tial cardiodepressant.29 In the present study, we chosemale animals to
Molecul
avoid the effect of estrogen on the results and used phenobarbital to
anesthetize animals for measuring RVSP in all groups. However, it is
not known whether animal sex influences the effects of HTSFcAng(1-
7) in vivo and whether phenobarbital affects the absolute value of
RVSP, so the use of male animals rather than animals of both sexes
and phenobarbital as an anesthetic are two limitations of this study.
In addition, HTSFcAng(1-7) was constructed with the mouse Tie2
promoter, due to lacking the reference on the rat Tie2 promoter.
However, the in vitro experiments showed that the vector worked
well in cultured primary rat pulmonary artery endothelial cells (Fig-
ure 1B). Therefore, the conclusion from the animal experiment is
reliable.

Conclusions

In summary, our study indicates the therapeutic potential of hypoxia-
inducible overexpression of angiotensin-(1-7) with the Tie2 promoter
and hypoxia response elements in hypoxic pulmonary hypertension
and provides evidence supporting angiotensin-(1-7) as a target of
gene therapy for hypoxic pulmonary hypertension.

MATERIALS AND METHODS
Vector Construction and Adeno-Associated Virus Production

The designed sequence is composed of six copies of HREs (derived
from the 50 untranslated region of rat vascular endothelial growth fac-
tor), and the sequence is 50-GACTCCACAGTGCA-
TACGTGGGCTTCCACAGGTCGTCTC-30), the mouse Tie pro-
moter (Mus musculus receptor tyrosine kinase TIE2 gene, 50-
flanking region, access number AF022456.1, location:
AF022456.1:1-223), SPFc (50-ATGAAACATCTGTGGTTCTTCCTT
CTCCTGGTGGCAGCTCCCAGATGGGTCCTGTCC-30), and the
coding region of rat angiotensin-(1-7) (50-GACCGGGTGTACATA-
CACCCC-30). The designed sequence is synthesized and cloned into
the backbone vector pAAV-MCS. Therefore, the expression of angio-
tensin-(1-7) is under the control of HREs and the TIE2 promoter
(pAAV-HRE-TIE2-SPFc-ANG-(1-7), referred to as HTSFcAng(1-
7)). The vector without the coding sequence of angiotensin-(1-7)
was used as the control vector (HTSFc) for the vehicle group. The di-
agram of the vectors is shown in Figure 1A. The AAV (serotype 9)
particles, containing HTSFcAng(1-7) or HTSFc, were packaged by
biotechnology company Biowit Technologies (Shenzhen, China).
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 981
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Figure 7. Angiotensin-(1-7) Colocalized with CD31 in

the Lung Endothelial Cells in Hypobaric Hypoxia-

Induced Pulmonary Hypertension Rats

(A and B) Immunofluorescence costaining of angiotensin-

(1-7) and CD31 (A) and angiotensin-(1-7) and CD11b (B)

was measured in lungs in hypobaric hypoxia-induced

pulmonary hypertension rats. Angiotensin-(1-7) is stained

green; CD31 and CD11b are stained red. The nucleus

was stained blue by DAPI. The images are acquired using

a confocal laser microscope with the same exposure time

during the same imaging session. Scale bars, 20 mM.
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Animal Experiments

All animals were maintained in a 12- to 12-h light-dark cycle in an
air-conditioned room (25�C) and had free access to food and water.
All of the experiments were approved by the Animal Care and Use
Committee of the Fourth Military Medical University and complied
with the Declaration of the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

Male Sprague-Dawley rats (200–210 g) were randomly divided into
four groups (normoxia, hypoxia, hypoxia + HTSFcAng(1-7), and
hypoxia + HTSFc; all n = 6) and accordingly maintained in a nor-
moxia (21% O2) or hypobaric hypoxia (depressurized to
380 mmHg corresponding to 10% O2) environment for 28 days. A
982 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
single injection of the adeno-associated virus
(serotype 9) particle (3 � 109 transduction
units) containing HTSFcAng(1-7) or HTSFc
was given via nasal drop at day 15 accordingly.

Pulmonary Hemodynamics

The rats were anesthetized with phenobarbital
(30 mg/kg intraperitoneally [i.p.]). The RVSP
was measured according to a right cardiac cathe-
terization procedure and used as an indicator of
pulmonary artery pressure. A polyethylene cath-
eter was inserted into the right ventricle via the
right external jugular vein. The other end of the
catheter was connected to a transducer, and the
pressure tracings were simultaneously recorded
on a physiologic recorder (PowerLab System;
AD Instruments). The data were analyzed using
the Chart program supplied by the system. After
measurement, ratswere euthanized, and the lungs,
hearts, kidneys, and livers were harvested for sub-
sequent experiments. The right ventricle and the
left ventricle with septum were isolated and indi-
vidually weighted to calculate RV/(LV + S).

Hematoxylin and Eosin Staining

The left lung was fixed in 4% (w/v) paraform and
processed into 5 mm paraffin sections used for
morphometric analysis with hematoxylin and
eosin staining and immunofluorescence costaining.Then, thewall thick-
ness of pulmonary arterioles with a diameter between 20 and 80 mmwas
analyzed, according to the previously reported method.18,30–32 The
external diameter and medial wall thickness were measured in 60
muscular arteries from six animal lungs (10 arteries/lung) for each group
for analysis ofWT% andWA%of the pulmonary arterioles, which were
calculated as the following, respectively: WT% = 100 � (medial wall
thickness)/(vessel semi-diameter), and WA% = 100 � (cross-sectional
medial wall area)/(total cross-sectional vessel area).32

Immunofluorescence Costaining

Immunofluorescence costaining was used to detect the colocalization
of angiotensin-(1-7) and CD31 or CD11b. CD31 is regarded as a
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PMVEC marker and CD11b as the marker of monocytes, macro-
phage, and many bone marrow-derived hematopoietic cells. The sec-
tions were deparaffinized and rehydrated by xylene, ethanol, and wa-
ter. Antigen retrieval was performed in 10 mM citrate buffer (pH 6.0)
at a constant pressure of 20 cm H2O. Subsequently, the sections were
blocked with 5% serum in PBS for 20 min at room temperature, fol-
lowed by incubation with the mixture of anti-angiotensin-(1-7) (Life-
span Bio Sciences, WA, USA; 1:200 dilution) and anti-CD31 (Bio-
world Technology, MN, USA; 1:200 dilution) antibodies or anti-
angiotensin-(1-7) (1:200 dilution) and anti-CD11b (Proteintech
Group, Rosemont, IL, USA; 1:200 dilution) antibodies overnight at
4�C. Anti-angiotensin-(1-7) was detected using a secondary antibody
(goat anti-rabbit IgG, Alexa Fluor 488; Abcam, MA, USA; at 1:500
dilution); anti-CD31 and anti-CD11b were detected by the secondary
antibody of goat anti-mouse IgG (Alexa Fluor 594; Abcam, MA, USA;
at 1:500 dilution). 40,6-Diamidino-2-phenylindole (DAPI) was used
as a nuclear counterstain. PBS, instead of the primary antibody, was
used as the secondary antibody-only control. Images were acquired
using confocal laser microscope (Leica TCS SP5) with the same expo-
sure time during the same imaging session.

Cell Culture

Rat primary PMVECs and primary PASMCs were cultured by the tis-
sue explant method.33 Rat primary pulmonary microendothelial cells
were isolated, according to Sobczak et al.34’s metal method, and
cultured in the specific endothelial cell medium (ScienCell Research
Laboratories, USA). The PASMCs were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco; Thermo Fisher Scientific, Wal-
tham, MA, USA), supplemented with 10% (v/v) fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific). Both cells were cultured in
5% CO2 and 20%O2 at 37�C. At confluence, the cells were trypsinized
and split in a 1:3 ratio and recultured in the corresponding medium.
The 2nd to 3rd passage PASMCs and the 3rd to 5th passage PMVECs
were used for the subsequent experiments. The identity of cultured
PASMCs and PMVECs was verified by positive staining for alpha
smooth muscle actin and CD31, respectively (>90% of cells stained
positive). HEK293, A549, NIH 3T3, and rat alveolar macrophage
(NR8383) cell lines were obtained from ATCC (Rockville, MD,
USA) and grown in DMEM, supplemented with 10% FBS in 5%
CO2 and 20% O2 at 37�C.

The neutrophils and monocytes were isolated from the rat’s periph-
eral blood samples by using Histopaque 1083 (density = 1.083 g/
mL; Sigma-Aldrich, St. Louis, MO, USA), according to the manufac-
turer’s protocols. Then, monocytes were purified by negative selection
with magnetic beads (Monocyte Isolation Kit II; Miltenyi Biotec, Bis-
ley, UK). The purity of isolated neutrophils and monocytes was
greater than 95%, as assessed by H&E staining and flow cytometry.
The neutrophils and monocytes were cultured with DMEM, supple-
mented with 10% (v/v) FBS in 5% CO2 and 20% O2 at 37�C for the
follow-up experiments.

Primary bone MSCs were isolated and cultured, as previously
described.35 Briefly, rats were sacrificed, and bone marrow-derived
Molecul
MSCs (BMSCs) were collected from the femur and tibia by flushing
the shaft with chilled complete medium, which consisted of DMEM
supplemented with 10% FBS. Cells were washed, centrifuged, resus-
pended, and then cultured with complete medium in 5% CO2 and
20% O2 at 37�C. Nonadherent cells were discarded after 72 h, and
the adherent cells were added with fresh DMEM, supplemented
with 10% FBS and replaced every 2–3 days. When 80%–90% conflu-
ence was reached, BMSCs were trypsinized and passaged. The expres-
sions of cell surface markers, including CD29, CD90, CD45, and
CD44, was subsequently analyzed by flow cytometry.

Finally, all of these cells were transfected with HTSFcAng(1-7) or
HTSFc via Lipofectamine 2000, respectively. The cell supernatants
were collected to measure the content of Ang (1-7) by ELISA, 24 h af-
ter transfection. The condition medium preparation from HEK293
cells, NIH 3T3 cells, A549 cells, PMVECs, or PASMCs was seeded
in 6-well plates at a density of 105 cells for each well and cultured
in 2 mL medium in normoxia (20% O2). At 80% confluence, the cells
were transfected with the vector of HTSFcAng(1-7) or HTSFc, respec-
tively. The transfection was performed using Lipofectamine 2000 re-
agent (Invitrogen, USA). After transfection, the cells were incubated
in normoxia (20%O2) or hypoxia (1%, 5%, 10%O2) for 24 h, and then
the condition medium was collected to measure the content of angio-
tensin-(1-7) or immediately used in the PASMC proliferation assay or
artery ring experiments.

PASMC Proliferation Assay

PASMC proliferation was measured by theMTT assay and cell count-
ing method, as previously described.36 The PASMCs were seeded in
96-well plates at a density of 5,000 cells each well in DMEM, supple-
mented with 10% fetal bovine serum in normoxia (20% O2). At 60%
confluence, the cells were starved in serum-free medium for 24 h to
synchronization. Then, the cells were cultured in DMEM (containing
10% fetal bovine serum) and the freshly collected condition medium
of PMVECs, according to the corresponding concentration of condi-
tionmedium (0%, 25%, 50%, 75%) (v/v) in hypoxia (10%O2) for 24 h.
Then, MTT (5 mg/mL, 10 mL/well) was added to the plates. The cells
were incubated for another 4 h at 37�C. The supernatant was then
carefully removed, and dimethyl sulfoxide (75 mL/well) was added
to dissolve the formazan crystals. The absorbance of the solubilized
product at 490 nm was measured with a microplate spectrophotom-
eter (Power Wave XS; BioTek, VT, USA).

For cell counting, the cells were seeded in 24-well plates at a density of
5� 104 cells/ell and then, were treated as the above procedure. At the
end of treatment, they were washed with phosphate-buffered solu-
tion, harvested by mild trypsinization, and counted with a hematocy-
tometer (QiuJin, Shanghai, China).

Intrapulmonary Artery Ring Isolation and Organ Bath

Experiments

Normal rats were anesthetized with sodium pentobarbital (30 mg/kg
i.p.). The lungs were rapidly removed and placed in ice-cold Krebs-
Henseleit solution, which contained the following (in M): NaCl
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 983
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118.4, KCl 4.7, CaCl2 2.5, MgCl2 1.2, KH2PO4 1.2, NaHCO3 25.0, and
dextrose 11.1. The endothelial cell-denuded intrapulmonary artery
(external diameter < 300 mm, 3rd division) rings were prepared.
Ring segments (3 mm) were cut and suspended vertically between
hooks in the water-jacketed organ chamber (6 mL) containing modi-
fied Krebs-Henseleit solution, which was maintained at pH 7.4, heat-
ed to 37�C, and bubbled with a mixture gas of 95% O2 and 5% CO2.

Isometric force was recorded with a force-displacement transducer
and a PowerLab eight-channel data acquisition system (AD Instru-
ments, Colorado Springs, CO, USA) and then was analyzed by Ma-
cLab/400 and Chart software (version 5.5 from ADInstruments).
The rings were stretched under a predetermined optimal resting ten-
sion of 750 mg. After a 60-min equilibration period with washouts
every 15–20 min, phenylephrine (10�6 M) was added to test the
viability of rings. The contractile responses of rings to phenylephrine
(<300 mg) were considered to be inactive and were discarded. The
contractile responses of rings to phenylephrine (>300 mg) were
considered to be active and were chosen for subsequent experiments.
Next, the rings were treated with KCl (60 mM) again to establish the
maximum contractile response. Then, the rings were rinsed with
Krebs-Henseleit solution to return the tension to baseline.

To test the protective effects of the condition medium from PMVECs
transfected with HTSFcAng(1-7) on hypoxia-induced vasoconstric-
tion, phenylephrine (10�6 M) was added to establish a stable contrac-
tile tone again; then, the rings were exposed to hypoxia during the
following experiment. Hypoxia was induced by the mixture of gas
of 95% N2 and 5% CO2,. Tension changes were measured in the
absence or presence of the condition medium from PMVECs trans-
fected with HTSFcAng(1-7) or HTSFc (3.5 mL) or plus A-779
(10�6M), which was added to the organ baths 20min before the onset
of phenylephrine.
Statistical Analysis

All values were presented as means ± SD. The statistical differences
between groups were evaluated by one-way analysis of variance
(ANOVA), followed by Dunnett’s test for multiple comparisons. Sha-
piro-Wilk test was used to test the normality of data. A p value < 0.05
was considered statistically significant.
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