ORIGINAL RES

Nuclear Factor kB Inhibition Reduces Lung Vascular Lumen
Obliteration in Severe Pulmonary Hypertension in Rats

Daniela Farkas'*, Aysar A. Alhussaini'*, Donatas Kraskauskas', Vita Kraskauskiene', Carlyne D. Cool?,

Mark R. Nicolls®, Ramesh Natarajan’, and Laszlo Farkas’

Victoria Johnson Center for Lung Research, Department of Internal Medicine, Division of Pulmonary Disease and Critical Care,
Virginia Commonwealth University, Richmond, Virginia; 2Department of Pathology, University of Colorado at Denver, Denver, Colorado;
and ®Department of Medicine, Stanford University School of Medicine, Stanford, California

Abstract

NEF-kB and IL-6,a NF-k B downstream mediator, play a central role in the
inflammatory response of tissues. We aimed to determine the role of the
classical NF-kB pathway in severe pulmonary arterial hypertension

particular regulatory T cells (early treatment), and by reducing the
number of perivascular CD8 " T lymphocytes and CD45RA™ B
lymphocytes. Therapeutic PDTC treatment further preserved right
ventricular function in SuHx animals. Inhibition of NF-«kB may represent
atherapeutic option for pulmonary arterial obliteration via reduced vessel

(PAH) induced by SU5416 and chronic hypoxia (SuHx) in rats. Tissue
samples from patients with idiopathic PAH (iPAH) and control subjects
were investigated. SuHx rats were treated from Days 1 to 3, 1 to 21, and
29 to 42 with the NF-kB inhibitor pyrrolidine dithiocarbamate (PDTC)
and/or from Days 1 to 21 with anti-IL-6 antibody. Nuclear staining for
NEF-kB, an indicator of the activation of the classical NF-«B pathway, was
detected in pulmonary arterial lesions of patients with iPAH and SuHx
rats. NF-kB inhibition with PDTC prevented and reduced pulmonary
arterial obliteration without reducing muscularization. However, the
elevated lung levels of IL-6 were not reduced in PDTC-treated SuHx
animals. PDTC treatment prevented or reduced apoptosis of pulmonary
artery wall cells and pulmonary arterial obliteration. IL-6 inhibition had
only a partial effect on apoptosis and obliteration. Pulmonary arterial
media wall thickness was not affected by any of these treatments.
Preventive and therapeutic PDTC treatment promoted immune
regulation by increasing the number of perivascular CD4 " T cells, in

wall cell apoptosis and improved regulation of the immune system.
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Clinical Relevance

This work demonstrates an important role for a central
proinflammatory pathway (nuclear factor-«B) in the development
and progression of pulmonary vascular lesions in severe
pulmonary arterial hypertension. Inhibition of this pathway

is shown to have protective effects on pulmonary vascular
remodeling and to prevent the development of right heart failure
in the context of severe pulmonary hypertension with luminal
obliteration.

Severe pulmonary arterial hypertension (PAH)
is a disease of the pulmonary arteries that is
characterized by progressive obliteration of
the small pulmonary arteries, increased

pulmonary vascular resistance, and right
ventricular failure (1). Because no curative
treatment is available for the progressive
pulmonary arterial vasculopathy, novel

treatment strategies are needed (2). Levels of
proinflammatory cytokines and chemokines
are increased in lung tissue and blood of
patients with PAH, and the accumulation of
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leukocytes has been found in the perivascular
region of remodeling pulmonary arteries
(2-6). Although inflammation is considered
as an important contributor to vascular
remodeling in PAH, the relevance of
inflammation for pulmonary arterial
obliteration in severe PAH is unclear.

NF-kB is a central regulator of
inflammation. Activation of the classical NF-
kB pathway induces expression of various
genes encoding proinflammatory cytokines
and chemokines, such as IL-6, and NF-kB can
therefore promote vascular inflammation by
chemotaxis of leukocytes (7, 8). The classical
NF-«kB pathway requires the release of the
P65/p50 subunit from the inhibitor of kB
complex and the translocation of p65/p50
heterodimers to the nucleus (7). The role of
NF-kB in PAH is incompletely understood:
pulmonary artery smooth muscle cells and
macrophages derived from patients with
idiopathic PAH (iPAH) show increased
NEF-kB activation, and NF-kB inhibition
ameliorates monocrotaline (MCT)-induced
PAH (9-13), but it is unclear whether NF-«B
contributes to the obliterative overgrowth of
cells in pulmonary arterial obliteration, as
found in severe PAH.

We hypothesized that classical NF-kB
signaling is essential for the lumen obliteration
of pulmonary arteries and that NF-kB
activation promotes pulmonary vascular
remodeling via the modulation of cell growth
and inflammation and the impairment of
immune regulation. Here, we demonstrate
that the classical NF-«kB pathway is activated
in the plexiform lesions of patients with iPAH
and in pulmonary arterial lesions of rats
with severe obliterative PAH induced by the
vascular endothelial growth factor receptor
inhibitor SU5416 and chronic hypoxia
(SuHx). We further show that inhibition of
NF-«kB with pyrrolidine dithiocarbamate
(PDTC) prevented apoptosis of pulmonary
artery wall cells, pulmonary arterial
obliteration, and in part PAH but failed
to ameliorate pulmonary arterial
muscularization. In established SuHx PAH,
PDTC treatment reduced pulmonary arterial
obliteration and preserved the function of the
right ventricle (RV). PDTC treatment
promoted immune regulation by increasing
the perivascular accumulation of CD4™*

T cells, in particular regulatory T (T reg)
cells, and by reducing the perivascular
accumulation of CD8" T and CD45RA™ B
lymphocytes. Inhibition of the NF-«kB
downstream target IL-6 alone prevented
pulmonary arterial obliteration to a lesser
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degree than PDTC or PDTC+IL-6 inhibition.
Pulmonary arterial muscularization was not
affected by any of these treatments.

Materials and Methods

Human Tissue

Human deidentified lung tissue samples were
obtained from the Department of Pathology,
University of Colorado Denver. The
collection of human tissue samples was
approved by the local institutional research
ethics board at the University of Colorado
Denver. The use of deidentified tissue
samples was approved as non-human
subjects research by the Office of Research
Subjects Protection at Virginia
Commonwealth University.

Animal Experiments

All animal experiments were approved by the
institutional animal care and use committee
and were performed according to the
Guidelines for the Care and Use of Laboratory
Animals (revision 1996). SuHx-induced PAH
was established, and animals were killed

by exsanguination after hemodynamic
measurements (14). The right lung was snap
frozen for molecular biology studies and/or
sampled for flow cytometry. The left lung was
inflated with 0.5% low-melting agarose (20 cm
H,0), formalin-fixed (48 h), and paraffin
embedded for histology. The RV was cut in
half by a transversal section. One part was
snap frozen for molecular biology studies, and
the other part was formalin fixed and paraffin
embedded for histology. Naive animals were
kept at room air.

SuHx animals received 100 mg/kg/d
PDTC (Sigma) or vehicle (saline) five times
a week intraperitoneally from Day 1 to Day 3,
from Day 1 to Day 21, and from Day 29 to
Day 42 after SU5416. Controls included naive
rats, naive rats treated with vehicle or PDTC
from Day 1 to Day 21, and rats housed
under conditions of chronic hypoxia and
treated with vehicle or PDTC from Day 1 to
Day 21. In an additional set of experiments,
SuHx animals received PDTC and 5 pg/
animal of a control goat IgG three times
a week; 5 pg/animal anti-IL-6 antibody (ab)
(goat anti-rat) (AF506; R&D Systems,
Minneapolis, MN) three times a week; and
saline, PDTC and 5 pg/animal anti-IL-6 ab,
or control goat IgG and saline. At Day 21, the
animals were killed for tissue harvest. For
vasodilator experiments, 10 mg/kg of the Rho
kinase inhibitor Fasudil (Sigma-Aldrich, St.

Louis, MO) was infused over 10 minutes
under continuous registration of invasive
hemodynamics into SuHx animals treated
with vehicle or PDTC from Day 1 to Day 21
as previously described (15). For each animal,
the right ventricular systolic pressure (RVSP)
was recorded at steady state before Fasudil
infusion and at steady state during Fasudil
infusion, and the difference in RVSP between
steady state before and during Fasudil
injection was calculated.

Histology and Morphometry

Details regarding histology,
immunohistochemistry (IHC),
immunofluorescence (IF), morphometry,
IHC quantification, and confocal microscopy
are provided in the online supplement.

Protein Lysate Preparation, Western
Blot, and ELISA

Details regarding protein isolation, Western
blot, and ELISA are provided in the online
supplement.

Flow Cytometry
Details regarding flow cytometry are provided
in the online supplement.

Statistical Analysis

Data are presented as mean = SEM. Groups
were compared with two-tailed unpaired
Student’s ¢ test or one-way ANOVA followed
by Newman-Keuls’ multiple comparison test.
Statistics and graphs were done with Prism
5.0 (GraphPad Software, San Diego, CA).

P < 0.05 was considered significant.

Results

NF-kB Activity in Obliterative PAH

To determine NF-kB activity in pulmonary
arterial lesions of patients with iPAH and
SuHx animals, we investigated by triple IF and
IHC whether nuclear staining (7) for the
NE-kB p65 is more frequent in obliterative
lung vascular lesions. We found strong
nuclear p65 staining in the pulmonary arterial
lesions of patients with iPAH that was
commonly localized to von Willebrand
Factor—positive (VWEF™) and, to a lesser
degree, to a-smooth muscle actin—positive
(@-SMA™) cells. Occasional nuclear staining
of VWE™ endothelial cells (ECs) was found in
pulmonary arteries of control tissue (Figure
1A and see Figures E1-E3 in the online
supplement). Multiple pulmonary artery
lesion cells, in particular VWE™ cells, exhibited
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Figure 1. NF-kB lung vascular lesions of patients with human idiopathic pulmonary arterial
hypertension (iPAH) and animals with SU5416 and chronic hypoxia (SuHx)-induced severe pulmonary
arterial hypertension (PAH). (A) Confocal microscopy images of triple immunofluorescence (IF) staining
for von Willebrand factor (WWF), a-smooth muscle actin («-SMA), and p65 shows strong nuclear NF-
kB pB5 expression in VWF ™ cells of plexiform lesions in lung tissue of two patients with iPAH (arrows)
but not in a pulmonary artery of a control subject without pulmonary vascular disease. The upper
panels shows overlays of four fluorescence channels in pseudocolors (including DAPI for nuclear
counterstaining), and the lower panel shows the images additionally merged with a differential
interference contrast (DIC) image to demonstrate the tissue architecture. Inserts in iPAH1 and iIPAH2
images show the region indicated by a dotted box in more detail. Scale bar, 50 um. (B) In
representative optical sections of double IF staining for VWF and p65 obtained by confocal
microscopy, SuHx animals at Days 21 and 42 had strong nuclear NF-kB p65 expression in VWF*
pulmonary artery lesion cells. No increase in p65 expression was found in pulmonary arteries of naive
animals. Scale bar, 20 um. The images show overlay of red, green, and blue fluorescence channels
in pseudocolors with DIC images to demonstrate tissue architecture. (C) Representative Western
blot of phospho-p65 (p-p65) in naive control, SuHx Day 6, Day 21, and Day 42 animals. B-actin was
used as loading control. (D) Semiquantitative densitometric analysis of p-p65 Western blots.
Densitometric values were normalized versus B-actin and expressed as n-fold of the results of naive
control animals. Each bar: mean = SEM (n = 3 animals per group). **P < 0.01.
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nuclear p65 IHC staining in SuHx lungs at
Days 21 and 42, whereas nuclear p65 staining
was rarely detected in pulmonary artery ECs
of control rats (Figures 1B and E4-E6). We
detected increased expression of phospho-
p65 (p-p65), which indicates NF-kB activity
(7), by Western blot in the lung tissue
homogenate of SuHx animals at Days 21
and 42 (Figures 1C and 1D).

To determine whether inflammation was
present in the SuHx lungs, we demonstrated by
Western blot that the levels of cytokines/
chemokines CC chemokine ligand 2 (CCL2)
and IL-6, which have been implicated in
pulmonary arterial remodeling (16-21), were
elevated in SuHx lung tissue protein lysate
(Figure E7).

The NF-kB Inhibitor PDTC Prevented
Pulmonary Arterial Obliteration without
Affecting Muscularization

Based on our findings of increased NF-kB
activity in the pulmonary artery lesions of
the SuHx model, we investigated whether
inhibition of the classical NF-kB pathway
with PDTC prevents pulmonary arterial
remodeling and PAH. Pulmonary arterial
obliteration was almost completely prevented
and RVSP was decreased in SuHx+PDTC-
treated animals, and the residual PAH was
highly reactive to infusion of the vasodilator
Fasudil, a Rho-kinase inhibitor (15) (Figure 2).
In vehicle-treated SuHx animals, there was

a similar degree of %RVSP reduction after
Fasudil infusion (Figure 2). We did not find
a reduction of pulmonary artery media

wall thickness (MWT), right ventricular
hypertrophy index, or echocardiographically
estimated cardiac output in SuHx+PDTC
animals as compared with vehicle-treated
SuHx animals (Figures 2 and E8). In naive
rats or rats housed under conditions of
chronic hypoxia, PDTC treatment did not
reduce RVSP, right ventricular hypertrophy
index, cardiac output, and MWT (Figures E9
and E10). No obliteration of pulmonary
arteries was detected in naive or chronic
hypoxic rats treated with PDTC (Figure E10).
In addition, there was no reduction in cardiac
output of SuHx rats at Day 21 with or without
PDTC when compared with naive animals
(Figures E8 and E9).

PDTC Reduced Pulmonary Artery Wall
Cell Apoptosis and NF-kB Activity

We then examined the effect of preventive
PDTC treatment on pulmonary artery wall cell
apoptosis and proliferation. We detected, by
terminal deoxynucleotidyl transferase dUTP
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Figure 2. The NF-«kB inhibitor pyrrolidine dithiocarbamate (PDTC) prevents obliteration of pulmonary
arteries and severe PAH. The animals and animal tissues were investigated at Day 21 after SU5416
administration. (A) Representative images of sections with vVWF immunohistochemical staining show
that, whereas SuHx+vehicle animals had multiple obliterated vessels (arrows), no obliteration was
detected in SuHx+PDTC-treated animals. Scale bar, 100 um. (B) Right ventricular systolic pressure
(RVSP) in SuHx+vehicle- and SuHx+PDTC-treated animals. (C) Percentage change in RVSP after
Fasudil infusion in SuHx+vehicle- and SuHx+PDTC-treated animals (n = 4). *P < 0.05 and P <
0.01, both versus pre-Fasudil. (D and E) Media wall thickness (MWT) was not reduced in the small (D)
and medium-sized (E) pulmonary arteries of SuHx+PDTC-treated animals versus SuHx+vehicle-
treated animals. (F and G) Pulmonary arterial obliteration was reduced in the small (F) and medium-
sized (G) pulmonary arteries of SuHx+PDTC-treated animals versus SuHx+vehicle-treated animals.
(B, D-G) n = 6 animals per group. **P < 0.01 and ***P < 0.0001.

nick end labeling (TUNEL) and IHC for
proliferating cell nuclear antigen (PCNA), that
PDTC reduced apoptosis and proliferation in
the pulmonary artery wall and perivascular
region of SuHx animals at Day 21 (Figure 3A;
Table 1). To identify whether early apoptosis
was inhibited by PDTC, we investigated
SuHx animals treated with vehicle or PDTC
from Day 1 to Day 3. At Day 3, PDTC
treatment reduced the number of TUNEL"
and cleaved caspase-3 " cells in the pulmonary
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artery wall and perivascular region (Figure
E11). In accordance with the histological
findings of less apoptosis and proliferation in
pulmonary artery walls, we found reduced
levels of cleaved caspase-3 and, as
a trend, PCNA in the lung tissue protein
lysate of SuHx+PDTC animals at Day 21
(Figures 3B-3D).

Whereas p-p65 levels, which indicate
successful inhibition of classical NF-kB
activity, were reduced by PDTC treatment

(Figures 3E and 3F), IL-6 levels were still
elevated in the lung tissue after PDTC
treatment (Figures 3E and 3G). We further
detected a reduction of p53 protein levels in
the lung of SuHx animals at Day 21, and p53
expression was not augmented by preventive
PDTC treatment (Figures 3E and 3H).

PDTC Improved Immune Regulation in
the Pulmonary Artery

To examine the effects of preventive PDTC
treatment on perivascular lymphocyte
accumulation, we performed THC for CD4,
CD8, and CD45RA. PDTC treatment resulted
in restoration of the number of perivascular
CD4" cells in the nonobliterated pulmonary
arteries (Figure 4A; Table 1). We found that
SuHx+PDTC-treated animals had smaller
perivascular infiltrates and less CD8" and
CD45RA™ cells around the pulmonary
arteries than SuHx+vehicle-treated rats
(Figure 4A; Table 1). Because the CD4" cell
population contains Treg cells, we examined
by flow cytometry and IF staining whether
PDTC treatment would increase the
pulmonary and perivascular presence of Treg
cells in pulmonary arteries. To identify the
localization of Treg cells, we examined by IF
staining the presence of CD4 " Forkhead box
P3" (Foxp3™), CD4" IL-10" cells, and
CD4" transforming growth factor (TGF)-
B1" cells around pulmonary arteries. Treg
cells express the anti-inflammatory cytokines
TGF-B1 and IL-10 as important cofactors to
maintain self-tolerance (22, 23). Whereas
CD4" Foxp3™, CD4" IL-10", and CD4™"
TGF-B17 cells were largely absent from the
pulmonary arterial lesions in SuHx+ vehicle
animals, CD4" Foxp3 ", CD4" TGF-B17,
and CD4" IL-10" Treg cells were more
frequently found in the perivascular region
and close proximity of pulmonary arteries
after PDTC treatment (Figure 4B). We found
by flow cytometry that, whereas CD25™"
Foxp3™ Treg cells were reduced among
CD4™" cells in the lungs of SuHx+ vehicle
animals as compared with naive animals,
PDTC-treated SuHx rats had a higher lung
content of Treg cells than SuHx+vehicle and
naive animals (Figure 4C).

IL-6 Inhibition and PDTC Treatment
Prevented Obliteration of Pulmonary
Arteries but Not Increased
Muscularization

PDTC treatment prevented pulmonary arterial
obliteration but not the increase in pulmonary
artery MWT. IL-6 protein levels were still
elevated in PDTC-treated SuHx animals, and
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Figure 3. PDTC treatment ameliorates apoptosis and proliferation, as well as NF-«B activity, but not
IL-6 levels in the SuHx model. All animal tissues were investigated at Day 21 after SU5416
administration. (A) PDTC treatment reduced the number of terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL)" (arrows, top row) and proliferating cell nuclear antigen (PCNA)*
(arrows, bottom row) cells in the pulmonary arteries of SuHx animals. Scale bar, 20 pm. (B)
Representative Western blots of cleaved caspase-3 and PCNA from lung whole cell lysate indicate
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IL-6 has been shown to be important in the
increased pulmonary arterial muscularization
of chronic hypoxic mice (19, 21). Therefore,
we examined whether IL-6 inhibition
reduces pulmonary artery MWT in
combination with PDTC and prevents
pulmonary arterial obliteration and
muscularization when administered alone.
IL-6 inhibition prevented PAH development
in SuHx animals to the same degree as
PDTC treatment and partially reduced
pulmonary arterial obliteration but, similar
to PDTC treatment, did not reduce MWT
(Figures 5 and E12). The combination of
IL-6 inhibition and NF-«B inhibition had
similar effects on PAH development, MWT,
and pulmonary arterial obliteration as
PDTC treatment alone and did not reduce
pulmonary artery MWT (Figures 5 and E12).

IL-6 Inhibition and PDTC Treatment
Reduced Apoptosis, Proliferation, and
Inflammation in the Lung

We examined whether IL-6 and NF-«kB
inhibition reduces apoptosis and proliferation
of pulmonary artery wall cells. We detected
that PDTC treatment, and to a lesser degree
IL-6 inhibition, reduced the appearance of
TUNEL" and PCNA™ cells in pulmonary
artery wall and perivascular region (Figure
E13). We confirmed our findings by Western
blots for cleaved caspase-3 and PCNA from
lung tissue protein lysates and found that
protein levels of cleaved caspase-3 and PCNA
were reduced in the SuHx+IgG+PDTC and
SuHx+anti-IL-6 ab+PDTC groups and, to
a lesser extent, in the SuHx+anti-IL-6 ab
group (Figure E13).

We then investigated whether inhibition
of NF-kB and IL-6 reduces lung inflammation
and found that PDTC treatment and/or
IL-6 inhibition prevented the accumulation of
granulocytes in the lung following the SuHx
protocol (Figure E14). PDTC treatment, but
not IL-6 inhibition, reduced the lung
concentration of CCL2 significantly
(Figure E15).

PDTC Treatment, but Not IL-6 Inhibition,
Improved Immune Regulation in

the Lung

Because PDTC treatment improved immune
regulation in SuHx lungs, we investigated
whether inhibition of IL-6 also induces

a switch in the balance between CD4" T
helper cells, CD8" cytotoxic T lymphocytes,
and CD45RA™ B lymphocytes in the lungs of
SuHx animals. We detected by flow cytometry
that the fraction of CD4" CD8™ cells
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Table 1. Comparison of Inflammatory, Apoptotic, and Proliferative Cells After Preventive and Therapeutic Pyrrolidine
Dithiocarbamate Treatment in Lung Vessels in the SU5416 and Chronic Hypoxia Model (n = 3 Animals Per Group)

Cells

CD4, n positive cells/vessel
CD8, n positive cells/vessel
CD45RA, n positive cells/vessel
TUNEL, n positive cells/vessel
PCNA, n positive cells/vessel

~oohw
ahNOO®
coowx

I+ 1+ 1+ 1+ 1+

naive

SuHx + vehicle, SuHx +PDTC,
Day 21 Day 21
0.03 1.80 + 0.12* 4.33 + 0.621
0.13 3.33 + 0.23 1.43 + 0,125/
0.15 1.70 = 0.17* 0.77 = 0.12F
0.21 6.50 + 0.98* 1.43 + 0.33"
0.31 18.27 = 3.331 557 + 0.24%

SuHx + vehicle, SuHx +PDTC,
Day 42 Day 42
2.03 + 0.29* 3.97 = 0.22%
3.60 = 0.157 2.03 + 0.12***

3.40 = 0.218 2.63 + 0.2651T
25.40 + 1.528 16.33 + 1.155*
27.53 + 5.878 9.67 = 1.11%

Definition of abbreviations: PCNA, proliferating cell nuclear antigen; PDTC, pyrrolidine dithiocarbamate; SuHx, SU5416 and chronic hypoxia; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling.

*P < 0.01 versus naive.

TP < 0.01 versus SuHx-+vehicle, Day 21.

*P < 0.01 versus SuHx-+vehicle, Day 42.

§pP < 0.0001 versus naive.

llp < 0.0001 versus SuHx+vehicle, Day 21.
P < 0.05 versus naive.

**P < 0.0001 versus SuHx+vehicle, Day 42.
P < 0.05 versus SuHx+vehicle, Day 42.
Hp < 0.05 versus SuHx+vehicle, Day 21.

among the CD45" CD3" T lymphocytes in
the lung was significantly reduced in the
lungs of SuHx+IgG animals and remained
reduced in SuHx+anti-IL-6 ab and
SuHx+anti-IL-6 ab+PDTC animals (Figure
E16). In the lungs of SuHx+IgG+PDTC
rats, the CD4" CD8™ cell fraction was
restored to the level of naive animals (Figure
E16). However, the fraction of all CD4™,
and in particular of CD4" CD8" double-
positive T cells among the CD3 " cell fraction,
was significantly increased in the lungs of
SuHx+anti-IL-6 ab+PDTC-treated animals
(Figure E17). In contrast, the fraction of
CD8" CD4 " cytotoxic T lymphocytes in the
lung was not changed in the SuHx+IgG
and SuHx+anti-IL-6 ab groups but was
significantly reduced in the SuHx+anti-IL-6
ab+PDTC and SuHx+IgG+PDTC groups
(Figure E16). Although there was a small (not
significant) increase in the fraction of
CD45RA™ B lymphocytes among CD45 ™"
CD3" cells in the lungs of animals in the
SuHx+1gG and SuHx+anti-IL-6 ab groups,
we measured a strong reduction in the
fraction of CD45RA™ B cells in the lungs
of SuHx+anti-IL-6 ab+PDTC and
SuHx+IgG+PDTC animals (Figure E16).

Therapeutic Treatment with PDTC
Reduced Pulmonary Arterial

Obliteration but Not Muscularization

and PAH

To be able to better translate our preclinical
findings to the clinical situation, we evaluated
the therapeutic potential of PDTC in SuHx
animals with established pulmonary vascular
disease and treated SuHx rats from Day 29 to
Day42 after SuHx when the animals were
housed under normoxic conditions. We
detected less completely obliterated pulmonary
arteries in PDTC-treated SuHx animals than in
SuHx+vehicle animals (Figures 6A-6C).
Similar to the prevention study, there was no
significant effect of PDTC treatment on MWT
of SuHx animals when treated from Day 29
to Day 42 (Figures 6D and 6E). In contrast to
the prevention trial, there was no significant
effect of PDTC treatment on RVSP of SuHx
rats treated from Day 29 to Day 42 (Figure 6F).

Therapeutic Treatment with PDTC
Reduced Apoptosis and Improved
Immune Regulation in the Pulmonary
Artery Wall

To identify whether late treatment with PDTC
had effects on apoptosis and proliferation in

the pulmonary artery wall, we investigated
the number of TUNEL" and PCNA™ cells
in the pulmonary artery wall of SuHx rats
treated with PDTC or vehicle from Day 29
to Day 42. We found that the numbers of
TUNEL" and PCNA™ cells in the pulmonary
artery wall of SuHx+vehicle rats was higher
in the therapeutic treatment group than in
the SuHx+vehicle rats of the prevention
treatment and that PDTC treatment from
Day 29 to Day 42 reduced the number of
TUNEL" and PCNA™ cells in the pulmonary
artery wall (Table 1).

We also quantified the number of
CD4", CD8", and CD45RA™ cells in
the pulmonary artery wall/perivascular
infiltrate of SuHx rats after treatment
with vehicle or PDTC from Day 29 to
Day 42 after SU5416 administration. We
detected increased numbers of CD4 "
T cells in and around pulmonary arteries
of SuHx+PDTC rats as compared with
SuHx+vehicle rats (Table 1). In contrast,
we found reduced numbers of CD8*
T cells and CD45RA™ B cells in
pulmonary artery wall and in the
perivascular region of SuHx+PDTC-treated
animals (Table 1).

Figure 3. (Continued). a trend toward reduction of PCNA levels after PDTC treatment and a significant reduction in caspase-3 cleavage after PDTC

treatment in SuHx animals. (C and D) Semiquantitative densitometry analysis of cleaved caspase-3 (C) and PCNA (D) Western blots. (E) Western blots of
p-p65 in nuclear lung lysate (lamin B as loading control) and IL-6 and p53 in whole cell lung lysate (B-actin as loading control). (F—H) Semiquantitative
densitometric analysis of Western blots (£) demonstrate that nuclear levels of p-p65 are reduced by PDTC treatment in SuHx lungs (F). Whereas IL-6 levels
are still significantly elevated in SuHx+PDTC animals (G), p53 levels remain decreased after PDTC treatment in the lungs of SuHXx rats (H). Densitometric
values were normalized to lamin B (F) or B-actin (C, D, G, and H) and expressed as n-fold of the results of naive animals. Each bar: mean = SEM

(n = 4 animals per group for naive controls and n = 6 animals per group for SuHx+vehicle and SuHx+PDTC). *P < 0.05 and ***P < 0.0001.
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Figure 4. PDTC treatment improves immune regulation in the SuHx model of severe PAH. Animal tissues were investigated at Day 21 after SU5416
administration. (A) Representative CD4, CD8, and CD45RA immunohistochemistry (IHC) shows increased number of perivascular CD4™ T cells in SuHx
animals treated with PDTC (SuHx-+PDTC) as compared with SuHx-+vehicle animals, whereas the number of perivascular CD8" T lymphocytes and
CD45RA™ B lymphocytes was reduced in SuHx-+PDTC. Arrows indicate representative cells with positive staining. Scale bar, 20 pm. (8) CD4™" Forkhead
box protein 3" (Foxp3™), CD4™ IL-10*, and CD4* transforming growth factor (TGF)-B1* regulatory T cells (representative cells in inserts) are frequently
found in the perivascular region of pulmonary arteries in a SuHx+PDTC animal but not in the perivascular region of obliterated pulmonary arteries in
SuHx+vehicle rats. Images of optical sections were obtained with confocal microscopy. Overlay with DIC image is shown for each image merged from
pseudocolored single channels to demonstrate tissue architecture. The inserts show CD4™ Foxp3™, CD4™ IL-10™, and CD4" TGF-B1* cells outlined by
dotted boxes in more detail. Asterisks indicate the original vessel lumen. Nuclear counterstaining with DAPI. Scale bar, 20 pm. (C) Representative flow
cytometry dot plots of CD25" Foxp3™ T reg cells after gating of lung cells for CD4™" cells.
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Figure 5. IL-6 neutralization and PDTC treatment did not prevent increased pulmonary arterial muscularization. All animals and animal tissue were
investigated at Day 21 after SU5416 administration. (A) Representative images of vVWF IHC show that IL-6 inhibition resulted in less obliterated pulmonary
arteries (arrows) in SuHx animals, whereas PDTC with or without IL-6 inhibition almost completely prevented pulmonary arterial obliteration. Scale

bar, 100 pm. (B) RVSP was reduced by IL-6 inhibition and PDTC treatment with or without IL-6 inhibition. (C and D) Quantification of MWT in small
(25 pm < external diameter [ED] < 50 pm) (C) and medium-sized (50 wm < ED < 100 pm) (D) pulmonary arteries in SuHx animals after IL-6 inhibition and/
or PDTC treatment. (E and F) Quantification of the fraction of completely obliterated small (E) and medium-sized (F) pulmonary arteries in SuHx animals
after IL-6 inhibition with or without PDTC treatment. (B—F) Mean *+ SEM (n = 4 animals per group). *P < 0.05, *P < 0.01, and ***P < 0.0001.

Therapeutic PDTC Treatment Improved
Cardiac Output, Capillary Density, and
RV Apoptotic Index in SuHx Animals
Because RV dysfunction is an important
indicator of mortality in patients with

established severe PAH (24), we have
characterized the functional and structural
effects of therapeutic PDTC treatment in
SuHx animals with established severe PAH
and developing RV failure (25, 26). We

investigated whether increased activity of the
canonical NF-kB pathway was found in the
RV of SuHx rats by Western blot for p-p65,
and we detected increased NF-kB activity

at Days 6, 21, and 42 in SuHx rats (Figures 7A
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Figure 6. Therapeutic treatment with PDTC from Day 29 to Day 42 ameliorates pulmonary arterial
obliteration, but not pulmonary arterial muscularization and pulmonary hypertension, in SuHx rats.
All animals and animal tissues were investigated at Day 42 after SU5416 administration. (A)
Representative IHC for VWF shows that in SuHx animals treated with vehicle, multiple pulmonary
arteries were occluded by VWF™ cells (arrows). In SuHXx rats treated with PDTC, less vascular
obliteration was detected, mainly in small pulmonary arterioles (arrows). Scale bar, 100 um. (B and C)
Pulmonary arterial obliteration was reduced in the small (B) and medium-sized (C) pulmonary arteries
of SuHx+PDTC-treated animals versus SuHx+vehicle-treated animals. (D and £) MWT was not
reduced in the small (D) and medium-sized (E) pulmonary arteries of SuHx+PDTC-treated animals
versus SuHx+vehicle-treated animals. (F) RVSP in SuHx+vehicle- and SuHx+PDTC-treated animals.
(B-F) Each bar: mean = SEM (n = 3 animals per group). *P < 0.05 and **P < 0.01.

and 7B). After therapeutic treatment (Days
29-42 after SU5416 administration), there was
no change in the degree of RV fibrosis

and RV hypertrophy, but we detected

a significantly increased cardiac output,
elevated RV capillary density, and decreased
RV apoptotic index (Figures 7C-71). Hence,
PDTC treatment improved RV function and
ameliorated some of the structural changes
that occur in the RV of SuHx animals.
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Discussion

Severe PAH is a disease characterized by
progressive obliteration of the small
pulmonary arteries (1). The contribution of
inflammation to the pulmonary arterial
remodeling in severe, obliterative PAH is not
fully understood (2). The classical NF-kB
pathway is a central regulator of cell growth
and inflammation (7), and we hypothesized

that NF-kB signaling contributes to
obliterative pulmonary arterial remodeling.
Here, we demonstrate activation of the
classical NF-kB pathway in plexiform lesions
of patients with iPAH and pulmonary arterial
lesions of SuHx rats. We further show that
NEF-kB inhibition reduced pulmonary arterial
obliteration without ameliorating pulmonary
arterial muscularization in preventive and
therapeutic studies and that PDTC decreased
PAH in preventive studies. Pulmonary arterial
obliteration was almost completely
ameliorated in prevention studies by
inhibition of NF-«kB or inhibition of NF-kB
and IL-6 and, to a lesser degree, by IL-6
inhibition alone. NF-kB inhibition promoted
the regulation of the immune system by
increasing the perivascular number of CD4™
T cells and Treg cells and by reducing the
number of perivascular CD8" T lymphocytes
and CD45RA™ B lymphocytes. NF-kB
inhibition also preserved RV function in
established severe SuHx-induced PAH.
Previous reports have suggested that NF-
kB activity was increased in macrophages,
pulmonary artery ECs, or smooth muscle cells
of patients with iPAH (9, 27) and in the
pulmonary artery ECs of rats with MCT-
induced PAH (11). Here, we show evidence
for increased activity of the classical NF-«kB
pathway predominantly in the vVWE™ cells
in the remodeled pulmonary arteries of
patients with iPAH and of SuHx rats.
Whereas NF-kB inhibition almost completely
prevented pulmonary arterial obliteration, the
increased MWT was not influenced by PDTC,
and the residual PAH in SuHx+PDTC-
treated animals was highly reactive to
vasodilator infusion, similar to SuHx+vehicle
rats (15). In stark contrast to our results,
previous studies have shown that NF-kB
inhibition reduces MCT-induced
muscularization in rats (10, 11, 13). It needs
to be considered in this context that
pulmonary arterial remodeling in the rat
MCT model is characterized by extensive
inflammation and pulmonary arterial
muscularization but not by obliteration of
pulmonary arteries (28) and may represent
a model for a different pathobiological entity.
We detected elevated levels of the
cytokine IL-6, a downstream target of
NEF-kB (8) that has been implicated in the
pathobiology of iPAH and in pulmonary
arterial remodeling in mice (19, 21, 29), in the
lung tissue of SuHx+PDTC rats. We
hypothesized that the elevation in IL-6
levels in the lung tissue contributes to
the persistence of pulmonary arterial
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Figure 7. Effect of therapeutic treatment with PDTC on right ventricular function and structure in SuHx animals. (A) Representative Western blot showing
the protein levels of p-p65 in the right ventricle (RV) of naive animals and SuHx animals at Days 6, 21, and 42. «-Actinin was used as loading control. (B)
Semiquantitative densitometric analysis of p-p65 Western blot in (A). Densitometric values were normalized versus a-actinin and expressed as n-fold
of the results of naive control animals. (C) Representative images of Masson’s Trichrome stained images indicate fibrosis in the RV of SuHx+vehicle and
SuHx+PDTC rats in blue color. Scale bar, 20 pm. (D) Representative pseudocolored images of RV sections labeled with Texas Red-conjugated
tomato lectin obtained by confocal microscopy indicating the capillarization of RVs derived from SuHx+vehicle and SuHx+PDTC rats. Scale bar, 20 pm.
RV hypertrophy index (E) and cardiac output (F) in SuHx animals after therapeutic treatment with vehicle or PDTC. Quantification of RV fibrosis (G),

RV capillary density (H), and the number of TUNEL™ cells per field of view (FOV) in the RV (/). Animal tissues in (C-/) were investigated at Day 42 after
SU5416 administration. (B, E-/) Each bar: mean * SEM (n = 3 animals per group). *P < 0.05, **P < 0.01, and ***P < 0.0001.

muscularization in PDTC-treated SuHx

rats. Pathways in addition to NF-«kB (8) have
been implicated in the regulation of IL-6
expression. We have detected a significant
reduction in the lung protein level of p53 in
vehicle-treated and PDTC-treated SuHx
animals. p53 is a central regulator of cell
growth that has been shown to act as

a repressor of IL-6 transcription (30). Indeed,
it has been recently shown that activation of
lung p53 prevented and reversed experimental
pulmonary hypertension (31). IL-6 inhibition
partially prevented PAH and angio-
obliteration in SuHx rats but did not reduce
pulmonary arterial muscularization. The
effects of combined treatment with anti-IL-6
ab and PDTC were similar to PDTC alone.
Our findings are in accordance with previous
results indicating a contribution of IL-6 to
pulmonary arterial obliteration (21). IL-6
blockade had a smaller reductive effect on
apoptosis and proliferation of PA lesion cells
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than NF-kB inhibition. These findings
correlate with a less pronounced effect of IL-6
inhibition on pulmonary arterial obliteration.
IL-6 inhibition reduced PAH to a similar
degree as PDTC treatment, and we conclude
that the reduction of angio-obliteration
after IL-6 inhibition, although not as
complete as with PDTC, may be sufficient
to decrease PAH to a similar level.
Improved endothelial function may
account for the reduction in PAH (32).
Various other potential explanations may
be suggested for the persisting pulmonary
arterial muscularization after PDTC
treatment or IL-6 inhibition, such as direct
effects of hypoxia on pulmonary artery wall
cells, increased expression of CXC chemokine
ligand 12, persistence of decreased p53
expression, and the contribution of bone
marrow—derived cells (31, 33, 34).

The central translational finding of our
experiments using inhibition of NF-kB was

that pulmonary arterial obliteration was
completely prevented or, in the treatment
study in established SuHx PAH, significantly
ameliorated. In severe PAH, post-EC
apoptotic overgrowth of pulmonary artery
lesion cells and ongoing inflammation are
accepted as important contributors to
pulmonary arterial obliteration (2). Here,

we show that NF-kB inhibition reduced
pulmonary artery wall cell apoptosis and
lesion cell overgrowth as well as inflammation
in the SuHx model. Because NF-kB
modulates apoptosis and proliferation
depending on cell type and environment (35,
36), it is likely that the direct antiapoptotic
effects of NF-kB inhibition on ECs contribute
to the reduced apoptosis that we have
observed in SuHx+PDTC animals (35).

Less EC apoptosis would then decrease the
proliferation of pulmonary artery lesion cells
and pulmonary arterial obliteration (37). This
concept is supported by our findings that
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PDTC treatment reduced apoptosis very
early on (at Day 3) and later in established
severe PAH (Day 42) in the SuHx model.
PDTC may also reduce EC apoptosis by
inhibiting the ongoing inflammatory
response, as demonstrated by our findings of
reduced levels of the NF-kB downstream
mediator CCL2, a monocyte/macrophage
chemoattractant relevant to PAH
pathobiology (38), and of decreased
accumulation of granulocytes in the lungs of
SuHx animals after PDTC treatment. In
contrast, IL-6 inhibition only marginally
reduced pulmonary artery lesion cell
apoptosis and proliferation. IL-6 inhibition
decreased granulocyte accumulation but did
not reduce the lung level of CCL2 and
therefore only partially diminished the
inflammatory response. The effects on
pulmonary artery wall cell apoptosis and
angio-obliteration may be less pronounced
with IL-6 inhibition than with PDTC
treatment because IL-6 inhibition only
interfered with a part of NF-kB downstream
signaling (8).

Because we detected accumulation of
lymphocytes in the perivascular infiltrate of
pulmonary arteries in the SuHx model,
similar to human iPAH (5, 39), we have
investigated whether inhibition of NF-kB
and IL-6 alters the balance between
lymphocyte fractions. We detected in SuHx
lungs a reduced number of perivascular
CD4" T lymphocytes, which contain Treg
cells, which are CD4" T cells that prevent an
overactive immune response (40). In
contrast, we detected unchanged numbers
of perivascular CD8" T lymphocytes
and increased numbers of perivascular
CD45RA™ B lymphocytes in SuHx lungs.
Preventive and therapeutic PDTC treatment
increased the number of CD4 ™ T cells while
reducing the number of CD8" T cells and
B lymphocytes. Preventive NF-kB inhibition
induced in particular the Treg lung fraction
and the appearance of perivascular Treg
cells. However, the elevated number of Treg
cells cannot account for the total increase of
the CD4™" T cell fraction, and the CD4™
cell fraction of rats also contains CD25"
Foxp3™ cells that have immune regulatory
function in addition to Treg cells (41).
Because the classical NF-kB pathway is
important for the development and
activation of mature B and T lymphocytes
(42), it is not surprising that NF-«B
inhibition alters the immune balance via
regulation of the lymphocyte fractions.
Although it has been shown that CD4" T

lymphocytes, in particular Treg cells, protect
against angio-obliterative PAH (40), there
are conflicting data in the literature
regarding the role of NF-kB in Treg cell
development. Whereas NF-kB signaling
has been suggested to be required for
the expression of Foxp3 (43), another
publication identified a natural inhibitor
of NF-kB that induces Foxp3 expression
during Treg cell development (44). Our
data indicate that the results of PDTC
treatment on Treg cell accumulation in the
SuHx model may be rather similar to the
natural inhibitor of NF-«kB. B lymphocytes
have been suggested as important
contributors to pulmonary arterial
obliteration through ab deposition (18,
45), and CD8" cytotoxic T cells can
mediate endothelial damage (46). The
increase in perivascular CD4" T cells, and
in particular Treg cells, paired with the
reduction of perivascular CD8™ T cells
and CD45RA " B lymphocytes, may
prevent the ongoing EC apoptosis. The
consequence would be the prevention
of a vicious circle of EC apoptosis,
lymphocyte accumulation, and lesion cell
proliferation, as previously suggested (40).
IL-6 inhibition alone had no effect on
the balance between lymphocyte populations
in the lungs. One potential explanation for
the less pronounced effect of IL-6 inhibition
on vascular remodeling is the lacking
effect on immune regulation. However, the
combination of NF-kB inhibition and IL-6
inhibition did not lead to an increase in the
number of CD4" CD8™ T cells, as found
with PDTC treatment alone, but instead
highly increased the number of CD4*CD8*
double-positive T cells in the lung. Such
CD4" CD8" double-positive T cells can be
detected outside of the thymus, and elevated
numbers of these double-positive cells have
been shown in autoimmune diseases (e.g.,
systemic sclerosis) and in graft versus host
disease after bone marrow transplantation
(47, 48). Recently, it has been shown that
CD4" CD8" double-positive T cells can
exert regulatory cell function by inhibiting
the alloresponse in an in vitro assay in the
context of graft versus host disease after
bone marrow transplantation (48). Hence,
the combination of NF-«kB and IL-6
inhibition may also have promoted immune
regulation, likely via increasing the CD4 "
CD8™ double-positive T cell population.
The second major finding of high
translational value in our experiments was
a protective effect of PDTC on RV function
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and structure when used in a therapeutic
treatment protocol in established severe
PAH in SuHx rats. Whereas cardiac output
was reduced in SuHx+vehicle animals in
accordance with previously published
literature (25), cardiac output was
significantly improved in PDTC-treated
SuHx rats. It is controversial whether NF-
kB inhibition is beneficial or not in the left
heart (49). It appears that although short-
time activation of NF-«kB may be
protective for the left heart, sustained NF-
kB activation may promote apoptotic
cardiac cell death and the progression to
left heart failure (49, 50). Indeed, we found
a sustained elevation of NF-kB activation
in the RV of SuHx rats associated

with increased apoptotic index and RV
dysfunction. Although no effect on the
degree of RV fibrosis was seen after PDTC
treatment, we detected improved capillary
density and reduced RV apoptotic index
after PDTC treatment. The higher
cardiac output in PDTC-treated SuHx
rats may also explain the finding that
PAH was not reduced in SuHx animals
after therapeutic treatment with PDTC,
although the degree of pulmonary arterial
obliteration was ameliorated (24).

There are potential limitations of
our study. (1) The NF-kB/proteasome
inhibitor PDTC may induce off-target
effects not exclusively related to NF-kB
inhibition, and (2) we have not proven
that CD4" T cells and Treg cells are
required for the protective effects of
PDTC treatment.

In summary, our data indicate that
NF-kB has a central role in promoting
pulmonary arterial obliteration,
inflammation, and RV dysfunction and
reducing immune regulation in the
context of severe obliterative PAH. The
NF-kB downstream mediator IL-6 has
a partial effect on pulmonary arterial
obliteration and inflammation but does
not influence immune regulation. In
conclusion, NF-kB inhibition may be
a valid therapeutic target for severe
obliterative PAH and associated RV
dysfunction, but the detailed mechanism
and the level of NF-kB inhibition have
to be established because of the
fundamental importance of NF-«B
signaling for host defense and repair
processes (7).

Author disclosures are available with the text of
this article at www.atsjournals.org.
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