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Abstract: Aim: The present study investigates the role of NF-«B in Bmpr2-related
pulmonary hypertension (PH) using a murine model of PH with inducible overexpression
of a cytoplasmic tail Bmpr2 mutation. Methods and Results: Electrophoretic mobility shift

assay for nuclear extracts in Bmpr2"®*%

mouse lung and immunohistochemistry for NF-xB
p65 in human PAH lung demonstrate that NF-xB is activated in end-stage disease. Acute
inflammation or expression of a constitutively active NF-xB elicits a strong suppression
of the BMP pathway in mice inversely correlating to activation of NF-kB targets.
However, Bmpr2 mutation does not result in NF-kB activation in early disease
development as assessed by luciferase reporter mice. Moreover, Bmpr2 mutant mice in
which NF-«kB activation is genetically blocked develop PH indistinguishable from that
without the block. Finally, delivery of a virus causing NF-xB activation strongly exacerbates

development of PH in Bmpr2 mutant mice, associated with increased remodeling.
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Conclusion: NF-kB activation exacerbates, but is not required for Bmpr2-related PH.
Pulmonary vascular-specific activation of NF-kB may be a “second hit” that drives
penetrance in heritable PH.

Keywords: pulmonary arterial hypertension; bone morphogenic protein receptor type 2;
NF-«B; inflammation

1. Introduction

Pulmonary arterial hypertension (PAH), in animal models and probably in human patients, can
derive from many primary insults. These include hypoxia (perhaps modeling human diseases such as
COPD) [1], primary defects in vasoreactivity (perhaps modeling calcium-channel responsive human
PAH patients) [2], metabolic problems (as in fawn-hooded rats) [3], proliferative problems (likely the
defect in lymphangioleiomyomatosis) [4], and inflammation (as in schistosomiasis-related PAH, and
probably sarcoidosis) [5]. From end-stage pathology and symptomology in patients, it is not clear
which of these, if any, is the mechanism behind Group I PAH, the idiopathic and heritable forms.

The majority of heritable PAH is associated with mutations in BMPR2 [6,7]. In the non heritable
idiopathic form, even when BMPR2 is not mutated, it is suppressed, and the downstream molecular
consequences are indistinguishable from mutated BMPR2 [8]. Mice with transgenic overexpression of
Bmpr2 develop a form of PH which in many cases is associated with recruitment of inflammatory cells
and increased expression of multiple cytokines [9—12]: in cell culture there is a clear negative feedback
loop between the BMP pathway and cytokine expression [13]. Moreover, it has been hypothesized for
decades that idiopathic PAH may be a primarily inflammatory disease [14], supported by numerous
current lines of research [15—18].

Perhaps the most central pathway in the regulation of inflammation is NF-kB [19]. The NF-xB
complex is normally inhibited in the cytoplasm through binding to IxB. IkB is degraded as a result of
inflammatory signaling, allowing NF-kB complex components including RelA and p50 to enter the
nucleus and initiate transcription.

The goal of the current project was to determine whether NF-kB activation is involved in the
development of Bmpr2-related PH. We tested whether Bmpr2 mutation results in NF-kB activation
in vivo using a triple-transgenic cross to an NF-kB luciferase reporter mouse line; we tested whether
NF-kB activation was required for the development of Bmpr2-related PH using a triple-transgenic
cross to a dominant negative IB line, and we tested whether NF-«kB activation would increase disease
penetrance in Bmpr2 mutant mice using a dominant RelA virus.

For all of these studies we used mice with doxycycline inducible universal expression of a dominantly
acting Bmpr2 mutation, R899X [20]. These mice are allowed to grow to adulthood before activating
their mutation, to avoid developmental defects. The R899X mutation is a truncation mutation in the
cytoplasmic tail domain of Bmpr2, which leaves canonical SMAD signaling intact [10], but which
directly interacts with and modulates the activity of SRC, LIMK1, and TCTEXI1 [21]. Cytoplasmic tail
domain mutations are common in heritable PAH patients [22], and because they do not impact as many
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pathways as ligand binding or kinase domain mutations are used here as a sort of “least common
denominator” for BMPR2 mutations.

2. Experimental Section
2.1. Electrophoretic Mobility Shift Assay (EMSA)

Snap frozen whole lung from Rosa26-only control mice or Rosa26-Bmpr2**°* mice shown to have
elevated RVSP in prior studies [20] were prepared for nuclear extracts. EMSA for NF-xB binding
activity were done as previously described [23]. A double-stranded oligonucleotide probe, containing
consensus NF-kB motif (Stratagene, La Jolla, CA, USA) was used in these studies. For supershift
studies, p50 antibody (Santa Cruz cat Sc-114) was added during incubation of nuclear extract with
binding buffer on ice for 30 min, before incubation with labeled oligonucleotides.

2.2. IP Lipopolysaccharide (LPS)

A stock solution of LPS derived from E. coli serotype 0111:B4 (Sigma-Aldrich) dissolved in PBS
was stored in small aliquots at —20 °C. Immediately before each experiment, an aliquot of LPS
was thawed, sonicated, and diluted in PBS yielding a final concentration of 1 mg/mL. Mice in the
LPS-Group received 5 mg/kg LPS intraperitoneally (IP) (100 uL—125 pL). Control mice received the
same amount of sterile saline IP. 6, 12 and 24 h after LPS administration a lethal dose of pentobarbital
was injected. Immediately after a surgical level of anesthesia was achieved, the chest wall was opened,
the left atria nicked, and the animal euthanized through injection of PBS (2 mL) into the right ventricle
to remove all pulmonary intravascular blood. Lungs were divided and processed for molecular studies.
These animal experiments were approved by the University of Colorado Intramural Animal Care and
Use Committee.

2.3. Western Blotting

Tissues were homogenized in 500 pL of RIPA Buffer (PBS, 1% ipegal, 0.5% sodium deoxycholate,
0.1% SDS) with protease and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
Tissues were centrifuged at 4 °C (15 min, 15,000 x g) and protein concentration was determined by
Bradford microassay (Bio-Rad, Hercules, CA, USA) on the supernatant. Equal amounts of protein
extracts were denatured at 95 °C in a denaturing sample buffer. Protein from each sample (15-70 pg)
was separated by electrophoresis in a 10% or 8%—16% Tris-Glycine gel and transferred onto a PVDF
membrane. The membrane was blocked for 45 min at room temperature with phosphate-buffered
saline containing 5% non-fat dry milk and 0.05% Tween-20 and probed overnight at 4 °C with primary
rabbit polyclonal antibody against Id1 (1:200 Dilution, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), pSMAD1/5/8 and SMAD 1 (1:200 dilution, Cell Signaling Technology, Danvers, MA, USA)
and B-actin (1:1,000, Abcam, Cambridge, MA, USA). The membrane was then incubated at 37 °C for
45 min with horseradish peroxidase-labeled donkey anti-mouse immunoglobulin secondary antibody
(1:1,000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Horseradish peroxidase was
detected using the ECL+ Western blotting detection system (Amersham Biosciences, Piscataway, NJ,
USA). Densitometry was performed using ImageJ (public domain software published by the NIH).
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2.4. Quantitative RT-PCR

RNA was made using an RNEasy mini kit (Qiagen, Valencia, CA, USA), and first strand cDNA
was made using 1 pg total RNA using a QuantiTect® Reverse Transcription Kit (Qiagen, Valencia,
CA, USA). Quantitative real-time PCR was performed using a total reaction volume of 25 pL,
containing 5 pL of diluted cDNA, 12.5 uL iTag SYBR Green Supermix with ROX (BioRad
Laboratories, Hercules, CA, USA) and 0.78 pL of each oligonucleotide primer. Primer sequences
were as follows: BMP4 (TAGCAAGAGTGCCGTCATTCC, ACCAGTGCTGTGGATCTGCTC),
Grem2 (TTACAAGGACGGCAGCAGC, GCGTCTTGCACCAGTCACTC), Il1b (CGTGGACCTTCC
AGGATGAG, AATGGGAACGTCACACACCAG), HPRT (TGCTCGAGATGTCATGAAGGAG,
TTTAATGTAATCCAGCAGGTCAGC). HPRT expression was used for normalization.

2.5. Luciferase Assays

HLL mice are a previously described NF-B reporter strain that express luciferase under the
control of an NF-B dependent promoter [24]. These were bred to Rosa26-Bmpr2®**** mice to make
Rosa26/HLL or Rosa26-Bmpr2®****/HLL double and triple transgenic mice. Adult mice were fed
doxycycline in chow, then NF-B -dependent luciferase activity measured as previously described [25]
on day 1, and week 1, 2, and 3 in live mice. Briefly, mice are anesthetized, have chest and abdomen
shaved, are injected with Luciferin, and imaged under an intensified charge-coupled device. This is a
survival procedure: the same mice are used at each time point. After week 3, mice received 5 mg/kg
LPS IP, and were measured at 6 h, 1 day, 2 days, and 3 days. Mice had returned to baseline by the end
of 3 days. At the end of week 4, mice were sacrificed, and organs collected for measurement of
luciferase activity across tissues as previously described [25]. All animal procedures were approved by

the Vanderbilt IACUC.
2.6. Echocardiography and Hemodynamic Phenotyping

Two-dimensional echocardiography was performed using Vivo 770° High-Resolution Image
System (VisualSonics® Toronto, ON, Canada). Echocardiograms including B-mode, M-mode and
spectral Doppler images were obtained the day prior to sacrifice under isoflurane anesthetic. Velocity
time integral and heart rate were measured in the ascending aorta, diameter measured in the same
location. Stroke volume [SV(calc)] was derived using the formula SV = {[n (Aortic diameter)2/4] *
[Aortic velocity time integral]}. Cardiac output was [CO (calc)] derived using formula CO = SV(calc)
* heart rate (HR) [26,27].

Hemodynamic phenotyping was performed as previously described [10,20]. Briefly, mice are
anesthetized with tribromoethanol, systemic pressure checked by tail cuff, and then undergo
closed-chested intrajugular right cardiac catheterization.

Pulmonary vascular resistance (PVR) was calculated based on an approximation of the standard
formulation of 80 * (mean PA pressure — mean pa wedge)/cardiac output, where mean PA pressure is
calculated using RV pressures rather than PA pressures and setting wedge pressure to zero (both of
which are unobtainable in mice). Mean PA pressure is calculated as (2/3) diastolic pressure + (1/3)
systolic pressure, but we set diastolic pressures to zero, which would tend to underestimate PVR, to
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avoid artifacts associated with changing pressures due to breathing in a closed-chested system. The
final calculation is thus PVR = (80/3) * (RVSP/CO).
All animal procedures were approved by the Vanderbilt IACUC.

2.7. dnlkB Experiments

To prevent NF-kB activation, Rosa26-only or Rosa26-Bmpr2**** mice were crossed to previously
reported TetO7-dnlkB mice to create double or triple transgenics [10,20]. TetO;-dnlkB mice express
a mutant avian IB that cannot be degraded [28]. Rosa26-rtTA2 mice express the reverse tetracycline
transactivator universally; when used alone these were controls. Rosa26-Bmpr2®**** mice are
the Rosa26-rtTA2 mice crossed to TetO7-Bmpr2Rgg9X mice, which then express the dominant negative
tail domain mutation R899X in all tissue types, when transgene expression is induced with
doxycycline [20]. Adult mice were given doxycycline ad libitum at 0.2 g/kg in chow to activate
transgenes, and after six weeks underwent hemodynamic phenotyping as above.

2.8. RelA Virus Administration

Adult Rosa26-only or Rosa26-Bmpr2**°* mice had transgene induced by 0.2 g/kg doxycycline in
chow. After two weeks 1 L of 1012pfu/mL RelA virus was administered intra-trachial in 50 L of
sterile PBS. Control animals received 1 L of LUC 1-5z11 in 50 L of sterile PBS. RelA and control
adenovirus were created as previously described [25]. After an additional four weeks, animals
underwent hemodynamic phenotyping as above.

2.9. IKTA Mice

IKTA mice (IKKf Trans-Activated) selectively expressing a constitutively active form of human
IKKp in airway epithelium have been reported previously [29]. We used 8 week-old male IKTA mice
and WT littermate controls on the original FVB background. To activate transgene expression, mice
were provided ad lib with 0.5 mg/mL doxycycline (dox) in drinking water for 2 weeks. Then mice
were sacrificed, lungs were perfused with PBS until free of blood by visual inspection and snap frozen
in liquid nitrogen.

2.10. Morphometry

After euthanasia, the left atria were removed and the pulmonary circulation was perfused with PBS
using syringe-generated flow. The left lung was inflated with 0.8% low melt agarose at constant
inflation pressure and embedded in paraffin. Samples were transversely sectioned at 6 um thickness,
and immunostained with antibody against smooth muscle alpha actin (aSMA, Sigma-Aldrich, St.
Louis, MO, USA) with a fluorescent (GFP) secondary, and counterstained with DAPI. Random fields
were selected with DAPI, avoiding fields with large airways or bronchi, and then vessel size and
muscularization measured for each vessel identified by aSMA staining. Ten fields are used per lung,
and lungs from at least three mice per group are surveyed.
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2.11. Statistical Methods

Statistical tests were performed using the JMP program (SAS, Cary, NC, USA). One-way or two way
ANOVA were used to determine effects of interacting variables, with post-hoc Fischer’s LSD used to
determine difference between individual groups.

3. Results and Discussions
3.1. NF-kB Activation is Present in Human and Murine Pulmonary Hypertension

NF-kB activation has been extensively studied in the monocrotaline rat model of inflammatory
PH [30], and has been recently extensively studied in human end-stage PAH [31], but we were
interested in whether we saw it in our Rosa26-Bmpr2®*°* model. To determine whether there was
evidence of NF-kB activation in our murine model of Bmpr2, we performed EMSA on flash frozen

whole lung from Rosa26-Bmpr2R*°%

or control mice. The mice used had eight weeks of transgene
activation from a previous study [20], and the Bmpr2®*** mutants had developed elevated right
ventricular systolic pressures (RVSP).

We found that Rosa26-Bmpr2®** mice had significantly increased nuclear NF-kB compared to
Rosa26-only controls (Figure 1A, left 6 lanes). Because only nuclear extracts were used, and because
only active NF-kB is found in the nucleus, the darker bands in the Bmpr2®*** lanes indicate increased
activity. Specificity is demonstrated by elimination of bands through addition of p50 antibodies
(Figure 1A, right 4 lanes). The p50 antibodies used interfere with DNA binding, resulting in
disappearance of the band, rather than supershift. Immunohistochemistry for cells with nuclear RelA
(indicating activation) shows isolated cells with strong nuclear staining in human idiopathic PAH
(Figure 1B) similar to seen in Bmpr2-related PAH in our recent publication (42). A similar finding is

presented in a recent study of NF-«kB activation in human end-stage PAH [31].
3.2. The BMP Pathway is Suppressed during Acute Inflammation

The rationale for these experiments was to determine whether acute inflammation, and activation of
NF-«B, resulted in modulation of the BMP pathway in live animals. The purpose of these experiments
was to establish a signaling link, not as necessarily directly bearing on the etiology of PAH.

To determine whether there was evidence for a role for the BMP pathway in regulating inflammation
in vivo, we treated wild-type mice with IP LPS, and sacrificed four mice each at 6, 12, and 24 h,
compared to controls. We found that at the 6 h time point, at the peak of inflammation [32],
there was almost complete abrogation of BMP signaling, as assessed by Smad1/5/8 phosphorylation
(Figure 2A). Protein expression of canonical Smadl target Id1 is suppressed at both 6 and 12 h
(Figure 2B). Quantitative RT-PCR for expression of BMP pathway components found no change
in Bmpr2 expression (not shown), but a greater than tenfold downregulation of Bmp4 at 6 h, strongly
inversely correlated to canonical NF-xB target I11B, coupled with a long-term decrease in secreted
BMP inhibitor Grem2 (PRDC) (Figure 2C). One explanation for this decrease in Grem2,
which reaches a minimum at the timepoint associated with return of pSmad activation, is that it is
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counter-regulatory: NF-«kB activation results in suppression of BMP signaling, as well as suppression
of BMP inhibitor Grem?2, with the result that this suppression is, in normal mice, temporary.

Figure 1. NF-xB activation is present in pulmonary arterial hypertension. (A, left)
Electrophoretic Mobility Shift Assay (EMSA) using lung nuclear protein extracts from
Rosa26-only (control) or Rosa26-Bmpr2®**** mice with elevated right ventricular systolic
pressures (RVSP). Two NF-«kB bands composed of RelA/p50 heterodimers and p50
homodimers are identified. Each lane is the result from a separate mouse. White space
indicates non-adjacent lanes, but identically processed and from the same blot. (A, right)
The rightmost four lanes demonstrate specificity of the EMSA bands using p5S0 antibodies
to eliminate the p50 bands. (B) Lung from control (left), idiopathic PAH (IPAH), and
heritable PAH (HPAH) (42) patients shows that the latter conditions are associated with
increased NF-kB and increased nuclear localization (red) in some cells.
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To determine specificity of effect, we measured protein levels of Smadl target Id1 in whole lung
from mice with doxycycline-inducible expression of IKTA, a constitutively active form of human
IKKp, resulting in constitutive NF-kB activation. We found on average 3x suppression of Id1 in IKTA
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mouse lung (Figure 2D), suggesting that it is NF-kB, not other consequences of LPS, that suppresses
BMP pathway activity.

Figure 2. BMP pathway activity is transiently suppressed during LPS-induced lung injury.
(A) Smad1/5/8 phosphorylation is almost completely abolished at six hours after 5 mg/kg
IP LPS. (B) Canonical Smadl target Id1 is greatly reduced at 6 and 12 h after 5 mg/kg IP
LPS. (C) Expression of BMP4 in whole mouse lung is strongly suppressed at six hours,
partially recovering at 12 and 24 h (p = 0.0003 by ANOVA, p = 0.0037 by Wilcoxon);
expression of secreted BMP pathway inhibitor Grem2 remains suppressed throughout
(» = 0.0005 by ANOVA, p = 0.0090 by Wilcoxon). Canonical NF-«B target 111 expression
correlates inversely (—0.8) with BMP4 expression. N = 4 mice per time point.
(D) Canonical Smadl target Idl is reduced roughly threefold in lungs from mice
engineered to have constitutive activation of NF-kB, as determined by densitometry
(plotted below western blot, with Idl protein normalized to beta actin), p = 0.012 by
ANOVA/p =0.06 by signed rank (nonparametric test).
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3.3. Expression of the Bmpr2R89 X ransgene Suppresses Basal NF-kB Activation

The rationale for these experiments was to determine whether induction of disease-causing Bmpr2
mutation resulted in modulation of NF-«kB in vivo. Based on the late stage NF-kB activation seen in
Figure 1, and on the apparently reciprocal relationship between inflammation and BMP expression
suggested by Figure 2, we hypothesized that expression of the Bmpr2®*®* transgene would result in
NF-«B activation at early time points.

HLL mice express luciferase under the control of an NF-kB dependent promoter [24]. To determine
whether activation of the Bmpr2®**** transgene was pro-inflammatory, we created triple-transgenic
Rosa26-rtTA2M2 X TetO,-Bmpr2®*** X HLL mice, or Rosa26-rtTA2M2 X HLL double transgenic
mice as controls. Adult mice were fed doxycycline for three weeks, with NF-kB activity assessed the
day after induction, and weekly for three weeks. After three weeks, mice received IP LPS, and NF-kB
activity assessed at 6 h, 1 day, 2 days, and 3 days. At seven days post-LPS, mice were sacrificed and
organs removed to determine organ-specific NF-kB activity. The overall time course was intended to
capture mice prior to the development of elevated RVSP, which might increase NF-kB activity for
mechanical reasons.

We found that in measuring luciferase activity over the abdomen, Bmpr2®*°* mice had roughly
half the NF-kB activity of controls, and this was stable over time (Figure 3A). However, Bmpr2®***%
mice were equally capable of responding to an acute inflammatory event (IP LPS injection).
In measuring luciferase over the chest, Bmpr2®*°* mice had NF-kB activity more similar to controls
(Figure 3B). Of the 10 organs assessed, NF-kB activity was reduced on average twofold in Bmpr2®¥°*
mice in six (Figure 3C), with lung being one of the exceptions. In no tissue was NF-kB activity

R899X
2

increased. This is not a result of differential gene targeting; Bmpr transgene expression is

consistent across organs [20].
3.4. NF-xB Activation Is not Required for Murine Bmpr2-Related PH

In order to determine whether NF-kB activation is required for murine Bmpr2-related PH, we
compared four groups of mice. All mice had Rosa26-rtTA2-M2, which produces universal expression
of the rtTA2-M2 variant of the reverse tetracycline transactivator [20]. Two of the groups also had
expression of the well-characterized NF-«xB inhibitor transgene, dnlkB; two also had expression of our
previously published dominant negative Bmpr2 transgene, R899X. Adult mice were maintained on
doxycycline for six weeks to activate transgenes, and then were subjected to measurement of systemic
pressure by tail cuff, closed-chested intrajugular heart catheterization, blood glucose measurement, and
various morphologic measurements.

Rosa26-Bmpr2™*** mice had significantly higher RVSP compared to controls, but this was not

altered by expression of dnlkB (Figure 4A). The low penetrance in the Bmpr2®****

R899X
2

mice is typical in
our experience for Rosa26-Bmpr not stressed by altitude, diet, age, or other factors. Non-fasting
blood glucose was also higher in Bmpr2®**** mice compared to controls (178 vs. 153 mg/dL,
p < 0.0001 by t-test, p = 0.0184 by Wilcoxon) as previously reported [33], but this also was not
affected by dnlkB. Systemic pressures were equivalent across all groups. Mice expressing the dnlkB

transgene had significantly lower proportional left heart weights (by about 7%, p = 0.02 by #-test,
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p = 0.0049 by Wilcoxon), a phenomenon previously seen with NFkB inhibition [34], implying strength
of expression was sufficient to produce phenotype. Expression of the dnlkB had no effect on Smad
phosphorylation (Figure 4B) or on muscularization of vessels (Figure 4C), although there was a trend

to increased partially muscularized small vessels.

Figure 3. Expression of Bmpr2®*** transgene does not result in NF-«kB activation
in live mice (A) NF-kB activity in abdomen of live mice, assayed by transgenic

R899X
289X transgene. Taken as

luciferase-reporter construct, with or without additional Bmpr
a whole the Bmpr2®*°* curve is lower than the control curve at p = 0.0006 by ANOVA,
p = 0.0037 v Wilcoxon rank sum prior to intraperitoneally lipopolysaccharide (IP LPS)
injection but the difference disappears when LPS is injected. These are raw luciferase/unit
area. N = 4-6 per group. (B) NF-xB activity in chest of live mice, assayed by transgenic
luciferase-reporter construct, with or without additional Bmpr2®**** transgene. No

individual time point is significantly different, but taken as a whole the Bmpr2®*°* curve

is lower than the control curve at p = 0.05. These are raw luciferase/unit area numbers,
n =5 per group. The first four time points (weeks 0—4) were statistically indistinguishable,
and have been grouped as “base” (C) NF-kB activity in individual organs of Bmpr2®***

mice (n = 5-6 per organ) normalized to activity in the same organ in control mice. The
HR899X

majority of organs from Bmpr mice have significantly lower NF-kB activity than

those from controls.
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Figure 3. Cont.
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Figure 4. NF-«B activation is not required for murine Bmpr2-related pulmonary arterial
hypertension (PAH). (A) While Rosa26-Bmpr2***** mice had significantly higher RVSP
compared to controls (p = 0.0005 by Fisher’s LSD after two-way ANOVA, p = 0.0017 by
Wilcoxon), this was not altered by expression of dnlkB. Each circle corresponds to
measurements from one mouse; grey bars are means. (B) Smad phosphorylation is not
altered by dnIkB or by expression of Bmpr2®***%; densitometry is normalized to beta-actin
levels. The Bmpr2®*®* has been previously shown to leave Smad signaling intact [10], and
so this result was expected. Numbers under each blot are densitometry normalized to beta-
actin; the plot at bottom is phosphorylated normalized to total protein. (C) Expression of
dnlkB produces a trend towards increased muscularization in vessels in the lungs, but it is
not statistically significant by two-way ANOVA.
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3.5. NF-kB Activation Exacerbates Murine Bmpr2-Related PH

While the previous results indicate NF-«B activation is not required for murine Bmpr2-related PH,

NF-kB activation could still contribute. To test this, Rosa26-only or Rosa26-Bmpr2"*°*

mice had
transgene induced for two weeks, then had intratracheal instillation of either empty adenovirus or
adenovirus encoding the active NF-kB molecule, RelA [25]. Intratracheal instillation of the RelA virus
results in primarily epithelial infection [35,36], and so inflammatory effect on the vasculature was
likely a secondary effect. After an additional 4 weeks, after either virus was cleared (quantitative PCR
showed no sign of virus in lung or liver, not shown), we performed hemodynamic phenotyping as above.

We found that RelA virus increased average pressure by 4 mm Hg in Rosa26-only control mice and
8 mm Hg in Rosa26-Bmpr2®**** mice (Figure 5A). Cardiac output in control mice with control and
RelA adenovirus were the same, averaging 8.8 mL/min and 8.4 mL/min respectively; cardiac output in
Rosa26-Bmpr2"*** mice dropped from 8.2 to 6.9 mL/min, reflecting a significant increase in
pulmonary vascular resistance (Figure 5B). RelA virus increased PVR by 31% in control mice, and to

220% of control values (an average of 155 dyn*s/cm’) in Rosa26-Bmpr2®****

mice. Every mutant
mouse receiving RelA virus had a PVR of over 100, making measurable disease penetrance 100% by
this metric. RelA virus had no impact on other measured variables (weight, blood glucose, efc., not
shown), and by the time of sacrifice had no impact on Bmpr2 activity as assessed by Smad
phosphorylation (Figure 5C), although based on Figure 2, we expect that it would have had the effect

of at least transient suppression of canonical Bmp signaling when first injected.
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Figure 5. RelA virus exacerbates pulmonary arterial hypertension in Bmpr2®*°* mice.
(A) By two-way ANOVA, Bmpr2®** genotype increased RVSP at p = 0.0042 and Rel-A
virus increased RVSP at p = 0.03. Using non-parametric statistics (Wilcoxon) difference
between groups is p = 0.0021, with rel-A causing a significant increase in RVSP in
Bmpr2*¥°* mice. Each circle corresponds to an individual mouse: grey bars are means.
(B) By two-way ANOVA, Bmpr2®*** genotype increased pulmonary vascular resistance
(PVR) at p = 0.0078 and Rel-A virus increased RVSP at p = 0.0126. Using non-parametric
statistics (Wilcoxon) difference between groups is p = 0.0020. (C) Neither Rel-A virus nor
Bmpr2®*?X expression had a significant effect on Smadl phosphorylation in whole mouse
lung. By the time of sacrifice, though, Rel-A virus would have been cleared for at least a
week. Numbers under each blot are densitometry normalized to beta-actin; the plot at
bottom is phosphorylated normalized to total protein. (D) The mechanism of continuing
increased RVSP resulting from Rel-A virus is likely through increased pulmonary vascular
remodeling. There is a near doubling of partially and fully muscularized 25-50 m vessels
in mutant mice receiving Rel-A virus. (E) Lung sections stained for smooth muscle
actin (green) show a dramatic increase in muscularized small vessels (arrowheads) in
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We quantified numbers of fully and partially muscularized vessels of different sizes in 10 random
fields from each of 4 mice from each group. We found that Bmpr2 mutant mice that had received RelA
virus had near doubling in muscularized small vessels (Figure 5D,E), not found in control mice. This
increase in NF-kB driven muscularization is the most likely explanation for the persistent increase in
RVSP in Bmpr2®*** mice, long after clearance of the virus.

3.5. Discussion

While inflammation is probably causative in some secondary forms of PAH such as schistosomiasis
and sarcoidosis [5], whether or not activation of NF-kB (or any inflammatory pathway) is causative in
idiopathic PAH is unknown. NF-kB is activated in end-stage disease in human idiopathic and heritable
PAH patients [31]. However, animal models of PH have firmly established that the inflammatory
response, including NF-«B activation, are part of the response to high pressure, and mediate
phenomena such as increased muscularization of vessels and thickening of adventitia [30,37]. Further,
lungs from patients in the Prostacyclin era have substantially worse inflammation than those that were
never treated [38], suggesting that perhaps inflammation is an epiphenomenon, or even protective, in
human disease. Neither classical animal models nor human data thus clarify the issue of whether
NF-kB activation is part of initial pathogenesis.

To study this, we turned to BMPR2 mutant mice. BMPR2 mutation is the cause of roughly 80% of
heritable PAH, and it is suppressed in all forms of idiopathic PAH [39—41], with the molecular
signature of disease nearly indistinguishable between patients with and without BMPR2 mutation [8].
It is one of the only known direct causes of PH in humans (the other being use of serotonergic drugs).
The relationship between NF-kB activation and development of elevated pressure with BMPR2
mutation is thus potentially important for understanding the etiology and possible interventions of
most classes of PAH.

The results of this study are summarized in Figure 6, combined with some data from the literature.
The effect of NF-kB activation is most straightforward. It is activated in late PH, both in humans and
in mice (Figure 1). NF-xB activation worsens disease, probably through increases in muscularization
(Figure 5) but also through alteration in the behavior of inflammatory cells [42]. NF-kB activation also
suppresses BMP pathway function, either with acute inflammation or with long-term genetic activation
(Figure 2), which probably at least partially explains why the BMP pathway is suppressed in all forms
of PH in humans. This might explain the common findings of active virus in [IPAH [43]. While there
has been no consistency in the type of virus found, by this hypothesis, the type of virus is really less
important than its presence: Just about any virus will cause NF-B activation and thus suppression of
the BMP pathway.

Conversely, we found that Bmpr2 tail domain mutation did not lead directly to NF-xB activation
(Figure 3), and in fact was associated with a moderate decrease in some organs. The BMP pathway has
been published to regulate NF-kB through X-linked inhibitor of apoptosis [44] mediated by the type I
receptor. However, the Bmpr2 mutation used in this study does not affect type I receptor-mediated
signaling. Studies using a different Bmpr2 mutation, that does affect type I receptor-mediated
signaling, did lead to increased NF-«xB activation, but only in circulating cells [42].
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Figure 6. This study suggests that BMPR2 activation of NF-kB is indirect, occurring only
after pulmonary vascular pressures are already increased (Figures 1, 3 and 4), while NF-kB
suppression of BMP signaling is more direct, occurring acutely (Figure 2) and worsening
muscularization and pulmonary pressures (Figure 5).

BMPR2
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Vessel
Occlusion

Pulmonary
Hyperfnsion
Pulmonary Inflammatory NF-xB

Artery Cell =3 Activation
Muscularization Recruitment

Further, inhibition of NF-B using a dominant negative IB line in vivo had no effect, either positive
or negative, on RVSP or penetrance in Bmpr2®*®* mice (Figure 4), indicating that NF-B-dependent
inflammation is not required for Bmpr2-dependent PH.

The technical limitations of this study is, experiments are all done in whole mice or whole tissues,
and so we plan to perform more targeted cell specific induction or suppression NF-B activity. Based on
histology in Figure 1, it seems likely that the majority of the signal arises from circulating cells. Next,
the mouse models all use inducible expression of dominantly negative Bmpr2 or IkB—they thus do
not represent normal regulation. For instance, it is possible that for the endogenous genes, suppression
of NF-B would result in induction of the BMP pathway. Because our transgenes are not under normal
regulation, this would not be possible at the level of transcription in this model. Next, BMPR2 has
been shown to regulate NF-B through a mechanism involving TABI/TAKI1 and the type 1 BMP
receptor [45]; we explicitly chose to use a BMPR2 mutation which left this signaling intact, since both
in mice and in humans mutations affecting this pathway are not required for the development of PH.
These technical limitations do not alter our primary conclusions, but do limit their scope.

Perhaps more important are the conceptual limitations: questions that this study does not answer,
and was not designed to answer. This study does not show that inflammatory processes or cells are not
required for the initiation or progression of Bmpr2-related PH. Human pulmonary arterial hypertension
is heavily associated with increased local and circulating cytokines, and, especially in the prostacyclin
era, massive recruitment of inflammatory cells to the lungs [14,46—49]. Based on animal models,
it seems very likely that this inflammation is a necessary part of remodeling [50], which, although
it may not be important in initiation of disease, is probably important in maintenance and progression
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of disease, not studied in the current project. Even for initiation of disease in Bmpr2 mutants, it seems
very likely that inflammatory processes are required. The current study shows that these processes
must not be NF-B dependent, but they could easily be dependent on other inflammatory pathways. For
instance, both Stat3 [51] and Stat5 [52] have been linked to PAH, as has the MAPK pathway [53,54],
all of which could be operating independently of NF-B.

4. Conclusions

In summary, while NF-kB is activated in end-stage PH, mutation of the cytoplasmic tail domain in
Bmpr2 does not directly result in NF-kB activation, and causes suppression of NF-kB in many tissues.
The present data support the conclusion that NF-kB activation exacerbates, but is not required for
Bmpr2-related PH.
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