1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 July 20.

-, HHS Public Access
«

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2016 January ; 36(1): 134-144. doi:10.1161/ATVBAHA.115.306710.

Hypoxia-inducible factor la is a critical downstream mediator for
hypoxia-induced mitogenic factor (FIZZ1/RELMa)-induced
pulmonary hypertension

Roger A. Johns?, Eiki Takimoto?, Lucas W. Meuchel!, Esra Elsaigh?, Ailan Zhang?, Nicola
M. Heller!, Gregg L. Semenza3, and Kazuyo Yamaji-Kegan®*

1Department of Anesthesiology and Critical Care Medicine, The Johns Hopkins Medical
Institutions, Baltimore, Maryland, USA

2Djvision of Cardiology, The Johns Hopkins Medical Institutions, Baltimore, Maryland, USA

SVascular Program, Institute for Cell Engineering, Departments of Pediatrics, Medicine, Oncology,
Radiation Oncology and Biological Chemistry, and McKusick-Nathans Institute of Genetic
Medicine, The Johns Hopkins Medical Institutions, Baltimore, Maryland, USA

Abstract

Objective—Pulmonary hypertension (PH) is characterized by progressive elevation of pulmonary
vascular resistance, right ventricular failure, and ultimately death. We have shown that in rodents,
hypoxia-induced mitogenic factor (HIMF; also known as F1ZZ1 or RELMa.) causes PH by
initiating lung vascular inflammation. We hypothesized that hypoxia-inducible factor-1 (HIF-1) is
a critical downstream signal mediator of HIMF during PH development.

Approach and Results—In this study, we compared the degree of HIMF-induced pulmonary
vascular remodeling and PH development in wild-type (HIF-1a*/*) and HIF-1a heterozygous null
(HIF-1a*/") mice. HIMF-induced PH was significantly diminished in HIF-1a*/~ mice and was
accompanied by a dysregulated VEGF-A-VEGF receptor 2 pathway. HIF-1a was critical for bone
marrow-derived cell migration and vascular tube formation in response to HIMF. Furthermore,
HIMF and its human homolog, resistin-like molecule-B (RELMP), significantly increased IL-6 in
macrophages and lung resident cells through a mechanism dependent on HIF-1a and, at least to
some extent, on nuclear factor xB.

Conclusions—Our results suggest that HIF-1a is a critical downstream transcription factor for
HIMF-induced pulmonary vascular remodeling and PH development. Importantly, both HIMF and
human RELM significantly increased IL-6 in lung resident cells and increased perivascular
accumulation of 1L-6—expressing macrophages in the lungs of mice. These data suggest that HIMF
can induce HIF-1, VEGF-A, and interleukin-6, which are critical mediators of both hypoxic
inflammation and PH pathophysiology.
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INTRODUCTION

Pulmonary hypertension (PH) is characterized by remodeling of distal pulmonary arteries as
well as vasoconstriction and in situ thrombosis that lead to enhanced pulmonary vascular
resistance and pressure, progressive right-sided heart failure, and ultimately death. In
humans, severe pulmonary arterial hypertension is characterized by plexiform lesions that
contain phenotypically altered pulmonary smooth muscle cells (PSMCs) and endothelial
cells (ECs).1 Despite major advances in diagnosis and treatment of this disease over the last
several decades, the underlying mechanisms of PH and its etiology are poorly understood.
Growing evidence indicates that inflammation plays a key role in triggering and maintaining
pulmonary vascular remodeling.

Our group has shown that hypoxia-induced mitogenic factor (HIMF, also known as FIZZ1 or
RELMa), a member of the resistin family of proteins, is dramatically upregulated in the
proliferative phase of a hypoxia-induced PH model. Conversely, inhibition of the HIMF
pathway prevents development of hypoxia-induced PH.2 HIMF has proinflammatory
actions®~° and is known to be persistently upregulated in animal lungs in models of allergic
inflammation,® bleomycin-induced pulmonary fibrosis,” and herpes virus-induced
pulmonary fibrosis.8 HIMF exhibits chemotactic actions on bone marrow derived (BMD)
cells in part by binding Bruton’s tyrosine kinase.? Interestingly, genetic transfer of HIMF
into rodent lung induces the vascular remodeling and hemodynamic changes of PH in rats
and promotes BMD cell recruitment to the remodeled pulmonary vasculature in mice.10

HIMF (F1ZZ1) is well known as a marker for alternatively activated (M2) macrophages.!! It
has been suggested that this phenotype is positively associated with tissue remodeling and
vascular growth response in chronic inflammatory conditions, including PH.12 13 We also
have shown that HIMF expression in the remodeled pulmonary vasculature, but not in
airway epithelial cells, positively correlates with increased mean pulmonary arterial pressure
in experimental PH.14 Based on these data, it is reasonable to speculate that macrophage-
derived HIMF (FI1ZZ1) protein plays a critical role in PH development.

We have recently established a mouse model of PH in which a single systemic injection of
recombinant (r)HIMF protein causes early lung inflammation (day 7) and PH development
(day 30) that are dependent on the VEGF and T helper (Th) type 2 cytokine I1L-4
pathways.3: 4 Using this HIMF-injection model, we also have shown that macrophage
recruitment to the lung and lung vascular inflammation in response to HIMF are completely
suppressed in 1L-4 knockout mice.® It has been suggested that HIMF recruits and binds
BMD macrophages, dendritic cells, and T cells.1> 16 Moreover, we have proven that HIMF
can activate pulmonary ECs and EC apoptosis to trigger pulmonary vascular inflammation.®
Although HIMF is thought to be a shared mediator of both hypoxic and Th2
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inflammation, 7. 1814 the underlying mechanism by which HIMF induces downstream
mediators critical for PH development is unknown.

The two human homologs of HIMF are resistin-like molecule § (RELMp) and resistin
(hRETN). RELM proteins are 105-114 amino acids in length, and their C-terminal signature
sequence contains 10 cysteines that are highly conserved and constitute nearly half of the
molecule.19 RELMB is upregulated in lungs of patients with scleroderma-associated PH,
strongly suggesting an etiologic role of resistin family proteins in PH.29 On the other hand,
hRETN is expressed by myeloid cells, especially macrophages, and its expression pattern
shows a greater similarity to that of murine HIMF (RELMa) than to that of murine
resistin.2 We have recently shown that, like HIMF, hRETN induces endothelial activation,
apoptosis, and release of growth factors for smooth muscle cells (SMCs), suggesting that it
has a critical role in EC-SMC crosstalk under inflammatory conditions.®

In the present study, we dissected the mechanism by which HIMF induces mediators that
contribute to PH development. Accumulating evidence suggests that hypoxia inducible
factor-1 (HIF-1) is a critical transcription factor in both hypoxic inflammation and Th2
immune activation in the lung.22 23 Because we have shown previously that HIMF
upregulates angiogenic/proinflammatory mediators in the lung that are downstream of
HIF-1, such as VEGF, we hypothesized that HIF-1 is a critical downstream mediator of
HIMF during pulmonary vascular remodeling and development of PH. In this context, we
investigated (1) whether HIF-1 mediates HIMF-induced pulmonary vascular remodeling and
PH development in vivo; (2) whether HIF-1 mediates HIMF-induced EC apoptosis; (3)
whether HIF-1 mediates BMD cell migration/recruitment in response to HIMF; (4) whether
HIF-1 is critical to inducing proinflammatory mediators in macrophages and lung resident
cells; and lastly (5) whether the human homolog of HIMF mediates HIF-1 activation as a
downstream signaling pathway in human lung resident cells.

Materials and Methods

RESULTS

Materials and Methods are available in the online-only Data Supplement.

HIMF increases expression of HIF-1a, but not HIF-2a, in the lung

We and others have shown that HIMF is the critical shared mediator for hypoxia and Th2
inflammation in the lung.14 17. 18 Both hypoxia and inflammation also stimulate the
transcription factor HIF-1.23 Therefore, we examined whether HIF-1 is activated in HIMF-
induced pulmonary vascular remodeling and PH development. In HIMF-injected mice,> we
observed that HIF-1a expression in lung epithelial cells and macrophages was increased
during the PH development phase (Day 30, Figure 1A). We also analyzed HIF protein
expression in response to HIMF injection in HIF-1a*/* and HIF-1a.*/~ mice. Interestingly,
HIMF treatment increased HIF-1a protein expression, but not HIF-2a. expression, in lung
tissue of HIF-1a*/* mice (Figure 1B). However, this HIMF-induced HIF-1a expression was
abolished in HIF-1a.*/~ mice. Next, we examined the expression of VEGF-A and its receptor
(VEGFR) in the lung because we have shown previously that VEGF-A is increased and
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VEGFR2 dysregulated in this animal model, suggesting that HIMF-induced lung
inflammation occurs through a VEGFR2-dependent mechanism.3 Indeed, HIMF caused
significant VEGF-A induction and decreased VEGFR2 expression in HIF-1a** mice;
however, these responses were abolished in HIF-1a.*/~ mice (Figure 1B). Interestingly,
HIMF treatment did not change VEGFR1 expression in either genotype. These data suggest
that HIMF stimulates HIF-1-VEGF-A-VEGFR?2 signaling in the lung.

HIMF causes HIF-la—dependent pulmonary vascular remodeling and PH development

To determine the importance of HIF-1 as a downstream signaling mediator of HIMF in the
development of PH, we induced PH by injecting HIMF into HIF-1a*/* and HIF-1a.*/~ mice
as previously described.> At 30 days after HIMF injection (PH development phase), medial
thickening was evident in small pulmonary vessels in HIF-1a*/* mice but not in HIF-1a*/~
mice (Figure 2A). Similarly, HIMF injection significantly increased airway thickness in
HIF-1a** mice, but this phenomenon was markedly diminished in HIF-1a*/~ mice (Figure
2B). Furthermore, HIMF-injected HIF-1a.*/* mice exhibited significant right heart
hypertrophy and had higher right heart pressure than did vehicle-injected HIF-1a*/~ mice
(Figure 2C). These hemodynamic changes were absent in HIF-1a*/~ mice, though no
baseline differences were apparent between genotypes. Lastly, we compared HIMF-induced
pulmonary vascular remodeling in each genotype. The two genotypes exhibited no baseline
differences; however, HIMF injection caused a significant decrease in the number of non-
muscularized vessels, and increases in the number of partially muscularized and fully
muscularized vessels in HIF-1a*/* mice. This HIMF-induced pulmonary vascular
remodeling was significantly diminished in HIF-1a.*/~ mice (Fig. 2D). These data suggest
that HIMF causes pulmonary vascular remodeling and development of PH by a HIF-1-
dependent mechanism in this animal model.

HIMF recruits BMD macrophages, and HIMF-mediated in vivo vascular formation is
significantly diminished in HIF-1a*/~ mice

Vasculogenesis describes the process of de novo blood vessel formation from vascular
precursor cells. It has been suggested that BMD cells, especially BMD macrophages, play a
central role in postnatal vessel growth as a source of proangiogenic paracrine factors.24 We
have previously shown that HIMF can induce vascular tube formation in vivo as well as
vascular growth response in the lung.3 We have also shown significant macrophage
recruitment to the lungs of HIMF-treated mice.* BMD macrophages are known to be
recruited at the initiation stage of vascular formation during neovascularization of
subcutaneous Matrigel plugs.2® In this context, we examined whether HIF-1 mediates
HIMF-induced vascular tube formation in vivo using HIF-1a*/* and HIF-1a*/~ mice. HIMF
caused strong vascular tube formation in the Matrigel plugs of HIF-1a*/* mice (Figure 3A).
HIMF-induced vascular tube formation is usually observed in the presence of red blood cells
(RBC) in Matrigel, as shown in Figure 3A. Notably, HIMF treatment caused massive RBC
recruitment in the Matrigel plugs of HIF-1a.*/~ mice; however, we observed significantly
fewer of the nucleated cells that can form vascular tubes in HIF-1a.*/~ mice than in
HIF-1a** controls (Figure. 3B). Because BMD macrophages are thought to be recruited to
the area of neovascularization to form vascular tubes and stabilize vascular networks by
releasing the factors necessary for vascular growth response,?> we analyzed whether HIMF
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recruits BMD macrophages to the area of vascular formation using a BM transplant
technique in which lethally irradiated mice were rescued with BM transplanted from GFP-
positive transgenic mice, as we have previously reported (Figure 3C).10 We were able to
identify BMD cells using anti-GFP antibody. GFP-positive BMD cells in the newly formed
vascular tube colocalized with macrophage marker F4/80 and CD11b (Figure 3D and E). To
determine whether the baseline number of macrophages differed in each genotype, we also
compared the ability of BMD cells to differentiate into a macrophage phenotype in response
to macrophage colony-stimulating factor (M-CSF, also known as CSF-1). M-CSF is a
cytokine required for the differentiation of monocyte lineage cells to macrophages and
promotes the formation of high-density vessel networks in pathological angiogenesis.28 Our
results showed that BMD cells from HIF-1a. */~ mice and HIF-1a */* controls differentiated
to macrophages (CD11b-positive) in response to M-CSF to a similar degree (Figure 3F).
Thus, the pathophysiologic differences in response to HIMF are not based on a difference in
baseline numbers of macrophages in each genotype. These results suggest that HIMF
recruits macrophages to the area of vascular formation and that this phenomenon is mediated
by HIF-1 as a downstream transcription factor of HIMF.

We have previously reported that HIMF and its human homolog hRETN stimulate EC
activation and apoptosis in pulmonary microvascular ECs (PMVECS).> Furthermore, these
HIMF- or hRETN-stimulated ECs produce growth factors and chemokines that enhance
perivascular immune cell recruitment and SMC growth response.® Here, we characterized
EC-derived human SMC growth factors in response to hRETN and found that serpin E1
(also known as plasminogen activator inhibitor-1), tissue inhibitor of metalloproteinase-1
(TIMP-1), and urokinase plasminogen activator (UPA), were released from ECs in response
to hRETN. These molecules are known to promote SMC growth response (Supplemental
Figure 1). 2729

We also have previously reported that HIMF recruits BMD cells to the area of remodeled
pulmonary vasculature.1? In a cell culture system, we have shown that HIMF directly causes
migration of myeloid cells through the action of Bruton’s tyrosine kinase, a functional
binding partner of HIMF.? To investigate whether HIF-1 mediates HIMF-induced BMD cell
migration, we isolated BMD cells from HIF-1a*"* and HIF-1a.*/~ mice and analyzed HIMF-
induced BMD migration as previously described® using rHIMF protein (20 nM) alone or
conditioned medium from HIF-1a** PMVECs treated with or without rHIMF (20 nM, 24
hours). BMD cells from HIF-1a** mice migrated toward rHIMF as expected. To our
surprise, HIF-1a** rHIMF-treated PMVEC conditioned medium caused a 3.87-fold
increase in BMD migration as compared to that of the untreated control groups (Figure 3G).
However, BMD cells from HIF-1a.*/~ mice did not migrate in response to either rHIMF or
rHIMF-treated PMVEC conditioned medium. These results suggest that HIMF can stimulate
PMVECs to produce chemokines that cause BMD cell migration. The results also show that
HIF-1a activity in BMD cells is critical to HIMF-induced myeloid cell migration.
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HIMF increases IL-6 production in macrophages in vitro and in lung organ slices ex vivo in
a HIF-la—dependent manner

Macrophage accumulation is not only a hallmark of PH but also a critical component of
pulmonary vascular remodeling associated with PH. Recent studies have shown that
macrophage activation is critical in experimental PH.12: 30 Macrophages are also known to
be responsible for producing a large spectrum of chemokines and proinflammatory and
vascular growth factors. In this context, we performed angiogenesis cytokine array analysis
using culture medium from BMD macrophages and lung organ slices from each genotype
treated with or without HIMF. We found that HIMF significantly induced IL-6 protein
expression in BMD macrophages (Figure 4A) and in lung resident cells (Figure 4B).
However, this effect was completely suppressed in cells from HIF-1a.*/~ mice (Figure
4A&B).

Human RELMB increases HIF-1a and IL-6 expression through an NF-xB—mediated
mechanism in human primary lung fibroblasts (HLF)

In our previous study, we showed that RELM expression was elevated in the remodeling
vasculature of patients with PH, particularly those with scleroderma-associated PH.20
hRELMB is also known to increase fibroblast proliferation and differentiation that results in
deposition of extracellular matrix proteins.3! Fibroblast differentiation is a major component
of vascular remodeling in PH.32 Furthermore, some RELM proteins in humans and mice
mediate NF-xB signaling in multiple cell types.33 34 In this context, we examined whether
hRELMp mediates HIF-1 and NF-xB signaling in HLF. We observed a statistically
significant increase in HIF-1a protein expression in HLF that was significantly suppressed
by the inhibition of IKK-, a critical upstream mediator of NF-xB activation (Fig. 4C).
Furthermore, hRELMS significantly increased IL-6 production in HLF, but this increase was
significantly attenuated in the presence of IKK-p inhibitor (Fig. 4D). These data suggest that
the IKK-B- NFxB-HIF-1 axis is required for hRELMp-induced production of
proinflammatory cytokine I1L-6 in HLF.

HIMF increases IL-6 production in perivascular macrophages and SMC in a HIF-1a-
dependent manner in vivo

Involvement of IL-6 signaling has been strongly implicated in clinical and experimental
PH.35-38 \We further examined IL-6 induction in response to HIMF in the remodeled
pulmonary vasculature in vivo. HIMF caused massive IL-6 expression in the remodeled
vascular media (a-SMA-positive cells) and in infiltrating inflammatory cells of HIF-1a.*/*
mice but not in those of HIF-1a*/~ mice (Figure 5A). Next, we analyzed whether those
IL-6-expressing inflammatory cells in the remodeled small pulmonary vessels are
macrophages by using the marker for macrophage F4/80. We observed that IL-6—expressing
macrophages (F4/807 cells) are recruited to the media of remodeling small pulmonary
vessels in HIMF-treated HIF-1a*/* mice but not in HIF-1a.*/~ mice (Figure 5B). Notably, in
addition to those IL-6—expressing macrophages, we observed the recruitment of 1L-6—
expressing a-SMA-positive cells that were distinct from resident SMC in the remodeling
vasculature (Figure 5D and E). These data suggest that HIMF stimulates the recruitment of
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IL-6—expressing macrophages and a-SMA-positive cells to the pulmonary vessels via a
HIF-1-dependent mechanism.

DISCUSSION

We have shown previously that HIMF induces proinflammatory and pro-angiogenic
cytokines (e.g., VEGF) that are critical to hypoxic inflammation and known to lie
downstream in the signaling pathway of transcription factor HIF-1. Thus, we hypothesized
that HIF-1 is a critical downstream signal mediator of HIMF-induced pulmonary vascular
remodeling and development of PH. In this study, we showed that HIMF can induce
expression of HIF-1a, but not HIF-2a, in the lung. Moreover, HIF-1a was required for
HIMF-induced vascular remodeling, vascular tube formation, BM cell recruitment, and 1L-6
induction in macrophages and lung resident cells. Importantly, HIMF significantly increased
lung VEGF-A expression and downregulated VEGFR2 in a HIF-1a—dependent manner.
VEGFR?2 dysfunction is a hallmark of the severe pathophysiology observed in human and
experimental PH.39 In addition, increased HIF-1 as well as VEGF expression is observed in
plexiform lesions in patients with severe PH.1 Our results are in accordance with human
conditions and suggest that the mechanism of HIMF-induced PH is mediated, at least in
part, by HIF-1-VEGF-A-VEGFR2 signaling in the lung.

We have shown previously that in mice, HIMF causes PH by initiating pulmonary EC
apoptosis and mediating lung vascular inflammation in a Th2 cytokine IL-4—dependent
mechanism.® Indeed, HIMF/RELMa. was upregulated in the lungs of animals exposed to
either ovalbumin (OVA) immunization or chronic hypoxia, suggesting that it is a common
mediator in both hypoxic PH and Th2 lung inflammation.14: 18 Several investigators have
reported that Th2-skewed stimulation causes severe pulmonary vascular muscularization,
indicating that pulmonary vascular remodeling is under the control of the immune system.18
However, a model of PH development and right heart failure after Th2 antigen challenge
alone has not been reported. Mizuno et al.22 determined factors that are critical to PH
development by using a rat model of PH created with a combination of VEGFR2 tyrosine
kinase inhibitor Sugen 5416 and Th2 immune system activation (Su-OVA). In that study, the
authors found that the lung expression of HIF-1a,, VEGF, and IL-6 was significantly
increased after treatment with both OVA immunization alone and Su-OVA. Notably, IL-6
protein expression in the lung was positively correlated with the mean pulmonary artery
pressure,?2 suggesting that the increased HIF-1a. and 1L-6 in lung may be a critical
component of the pathogenesis of PH as a consequence of Th2 inflammation.

In our present study, we showed that HIMF treatment induced IL-6 expression in cultured
BM macrophages, ex vivo lung organ slices, and in vivo pulmonary vasculature by a
HIF-1a—dependent mechanism. IL-6 is elevated in several lung diseases and has been
suggested to contribute to the pathogenesis of asthma and chronic obstructive pulmonary
disease, as well as PH.3% 40. 41 ||_-6 is an important regulator of effector CD4 T cell
differentiation;*2 it promotes IL-4 production during Th2 differentiation and inhibits Th1
differentiation.#3 IL-6 also is known to promote Th17 cell differentiation in a manner
dependent on TGF-B.44 It is produced by inflammatory cells such as macrophages but
primarily by lung resident cells (e.g., epithelial cells, ECs, SMCs, and fibroblasts) in
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response to a variety of stimuli such as allergens, viruses, and hypoxia.3% 45 We used an ex
vivo lung organ culture system that allows epithelial, interstitial, and microvascular cells to
interact in the alveolar wall without systemic circulatory influences. Our finding that IL-6
expression in response to HIMF was more robust in lung resident cells than in macrophages
in a circulation-free system is consistent with the observation that lung resident cells are the
primary source of IL-6 production. Notably, we did not observe a significant IL-6 increase in
pulmonary vascular SMCs in response to HIMF or hRETN in vitro (data not shown).
However, in vivo, we observed that IL-6—expressing macrophages and a.-SMA-positive
cells were recruited to the remodeling vasculature of HIF-1a.*/* mice but not HIF-1a*/~
mice. These results suggest that HIMF can induce IL-6 in the lung resident cells and recruit
circulating IL-6-expressing cells (such as macrophages and a-SMA-—positive cells) to the
remodeling vasculature through a HIF-1a—dependent mechanism. It also has been suggested
that lung resident cells, especially epithelial cells and SMCs, contribute to the Th2/Th17
type of immune response by secreting cytokines that can differentiate native T cells to Th2
and Th17 cells.*® We have published previously that HIMF amplifies Th2 inflammation, as
evidenced by increased IL-4 in the lung.# Furthermore, we have shown that IL-17 expression
in the lung is significantly suppressed in global HIMF/RELMa knockout mice as compared
with that in wild-type mice during allergic inflammation.4’ It is reasonable to speculate that
an increase in IL-6 in lung resident cells in response to HIMF can induce a sequential Th2/
Th17 response. In accordance with our results, a recent study by Jang et al.#8 showed that
hRETN preferentially binds myeloid cells such as monocytes and macrophages in the lung
during parasitic infections, and promotes proinflammatory cytokine expression. They also
reported that increased circulating hRETN expression correlated positively with IL-6, CCL2,
and TNF-a in human patients infected with soil-transmitted helminths or filarial
nematodes.*® Because these cytokines, particularly 1L-6, are PH markers in the context of
inflammation and immunity,° their findings support our current observation that RELM
proteins can induce proinflammatory cytokines in humans during inflammation.

The mechanism by which hypoxia induces HIMF has been investigated, at least in part, by
Vergadi et al.12 They reported that HIMF/FIZZ1 was induced in alveolar macrophages that
were transiently recruited to the lung after 4 days of hypoxia and that inhibition of HIMF/
F1ZZ1-expressing M2 macrophages ameliorated hypoxic PH. It has been previously
suggested that HIMF/FIZZ1/RELMa is induced by Th2 cytokines IL-4 and IL-13 via the
STAT6 pathway in both macrophages and lung epithelial cell during allergic inflammation;
however, we have published that hypoxia-induced HIMF expression in the lung occurred
through a pathway independent of IL-4 or STAT6, suggesting that this protein can be
induced by other pathways, such as hypoxia signaling.# 32 In support of this observation,
recent work by Colegio et al.>0 showed that tumor-derived lactic acid can lead to HIMF/
F1ZZ1 expression in tumor-associated macrophages by a HIF-1a-dependent mechanism.
This finding suggests that HIF-1a. may be an upstream regulator of HIMF/FIZZ1 expression
in macrophages under certain conditions. The data also suggest that HIMF is induced by
alveolar macrophages in response to hypoxia and that increased perivascular HIMF/F1ZZ1
can further activate lung resident cells and BMD macrophages to contribute directly to
pulmonary vascular remodeling. In our study, hypoxia stimulation did not cause HIMF
induction in naive BMD macrophages in vitro (data not shown). A recent study by El Kasmi
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et al.30 showed that adventitial fibroblasts derived from hypertensive pulmonary arteries
produce IL-6, which activates naive BM macrophages to a pro-PH phenotype that is distinct
from classical M1 or M2 macrophage phenotypes. Interestingly, that study showed that
paracrine IL-6 activates STAT3, HIF-1a, and C/EBPp in macrophages and that these
transcription factors are necessary for macrophage activation and polarization. It is possible
that HIMF/FIZZ1 is produced by alveolar macrophages in response to hypoxia-produced
cytokines in the pulmonary vasculature and thus, 1L-6 induced by HIMF may stimulate
additional macrophage activation to a pro-PH phenotype and promote a proinflammatory
feed-forward mechanism in the remodeling vasculature. In accordance with our
observations, recent data showed that IL-6, which is increased in hypoxia-induced PH, also
stimulates the increase of HIMF/FIZZ1-expressing M2 macrophages, supporting a positive
feed-forward mechanism between I1L-6 and HIMF/FIZZ1-expressing M2 macrophages in
the development of PH.51

We have previously shown that HIMF triggers pulmonary EC activation and apoptosis by
activating caspase-3 and stress-activated kinases such as JNK and p38 MAPK. To determine
whether HIF-1a regulates HIMF-induced EC apoptosis and activation, we compared HIMF-
mediated caspase-3 and stress-activated kinase activation in PMVECs from HIF-1a*/* and
HIF-1a*/~ mice. However, PMVECs from the two genotypes showed similar degrees of
caspase-3 and stress-activated kinase activation (data not shown), suggesting that HIF-1a
does not mediate this phenomenon. We have shown previously that conditioned media from
hRETN-treated PMVECs causes significant SMC proliferation® and have identified
endothelin-1 as one of the growth factors released from ECs in response to hRETN.
Endothelin-1 is known to induce a PSMC-specific increase in HIF-1a level by upregulating
HIF-1a synthesis and downregulating HIF prolyl hydroxylase 2-mediated degradation.52 In
our study, we identified additional human SMC growth factors that are released from ECs in
response to hRETN, including serpin E1, TIMP-1, and uPA. Similar to endothelin-1, serpin
E1 promotes HIF-1a—dependent SMC growth response.28 hRETN is considered to be an
important modulator of chronic inflammatory diseases such as obesity and atherosclerosis.>3
Therefore, we speculate that in humans, PSMC HIF-1a expression is increased by PSMC
growth factors from hRETN-induced PMVECSs as a result of EC-SMC crosstalk during
inflammation and vascular remodeling.

Another human homolog of HIMF, hRELMp, has been reported to be increased in lung
epithelial cells, fibroblasts, alveolar macrophages, and desquamated alveolar cells of patients
with scleroderma-associated PH and idiopathic pulmonary fibrosis, suggesting a pro-fibrotic
role in the lung.2%: 54 Both HIMF/F1ZZ1 and hRELMP have been suggested to cause
differentiation of fibroblasts into myofibroblasts.>* 5 These activated fibroblasts modulate
vascular function and remodeling either directly or indirectly through secretion of a variety
of cytokines, chemokines, growth factors, and matricellular proteins.32 HIF-1 is known to
promote extracellular matrix remodeling under hypoxic conditions in fibroblasts.>® Previous
studies have shown that RELM proteins mediate NF-xB signaling in multiple cell

types. 3334 In the present study, we show for the first time that hRELM significantly
increases HIF-1a expression and IL-6 production and that these effects are significantly
suppressed by inhibition of IKK-B, a critical upstream mediator of HIF-1a that it is required
for HIF-1a protein accumulation.5” These data suggest that RRELM induces the
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production of proinflammatory cytokine IL-6 via the IKK-p— NFxB—HIF-1 axis in HLF.
Interestingly, we did not observe HIF-1a. induction by hRETN in HLF (data not shown),
indicating separate and distinct roles of these proteins in humans. Thus, RELMf may play a
more direct role than hRETN in matrix protein deposition during tissue and vascular
remodeling by activating local fibroblasts.

In this study, HIF-1a*/~ mice exhibited significantly less pulmonary vascular remodeling
and PH development than did HIF-1a.*/* mice in response to HIMF injection. Additionally,
a previous study showed that digoxin, a HIF-1 inhibitor, could prevent and reverse hypoxia-
induced pulmonary vascular remodeling, right ventricle hypertrophy, and PH.58 HIF-1a has
been reported to have a cell type-specific role in cardiovascular diseases such as cardiac
hypertrophy. For example, HIF-1a in ECs likely plays a protective role,% whereas HIF-1a
in cardiomyocytes plays a pathological role in cardiac hypertrophy and dysfunction.6°
Additional studies are needed to determine the cell-specific role of HIF-1a in HIMF- and
hRETN-mediated right ventricular hypertrophy and failure.

In conclusion, we have shown that HIF-1a is a critical downstream mediator for HIMF-
induced pulmonary vascular remodeling and development of PH. Our data show that HIMF-
induced PH is mediated, at least in part, by HIF-1-VEGF-A-VEGFR?2 signaling in the lung,
and that HIMF acts by increasing the expression of IL-6 in both inflammatory and lung
resident cells. HIMF also displayed a HIF-1a—dependent chemotactic effect on BMD cells
and on BM macrophages. Because we observed HIMF-induced HIF-1a—dependent I1L-6
expression in macrophages and lung resident cells, future study is needed to identify which
HIF-1a—expressing cell type induces proinflammatory and immune-activating mediators in
response to HIMF and its human homologs. Our results suggest that blocking the RELM
protein and its downstream signaling pathway may be an effective immunosuppressive
therapy for the treatment of PH in humans.
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Significance

PH is characterized by elevated pulmonary artery pressure that leads to progressive right-
sided heart failure and ultimately death. The exact mechanisms that underlie PH
development are unknown, but growing evidence indicates that inflammation plays a key
role in triggering and maintaining pulmonary vascular remodeling. We have shown that
in a mouse model of PH, HIMF administration causes PH by initiating pulmonary
endothelial cell activation and mediating lung vascular inflammation. In this study, we
found that HIF-1 is a critical downstream signal mediator of HIMF and that HIMF can
induce IL-6, a critical proinflammatory mediator of both hypoxic inflammation and PH
pathophysiology. Blocking the HIMF family protein and its downstream signaling
pathway may be an effective immunosuppressive therapy for the treatment of PH in
humans.
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Figure 1. HIMF induces HIF-1a and HIF-1la—dependent VEGF-VEGFR?2 signaling in the lung
A, HIF-1a—positive cells were detected by red fluorescence in the lungs of mice 30 days

after injection with HIMF, but not after injection with vehicle control. Double staining
showed that these HIF-1a—positive cells were lung epithelial cells (E-cad—positive cells;
green, 200x magnification) and macrophages (F4/80—positive cells; green, 400x
magnification) surrounding remodeled small pulmonary vessels (PV). Arrows indicate E-
cad- or F4/80—positive cells that co-localize with HIF-1a expression. Scale bars, 100 um.
Magnified merged images are shown on the right. B, Representative Western blots show
lung expression of HIF-1a, HIF-2a,, VEGF-A, VEGFRL1, and VEGFR?2 30 days after
injection with HIMF or vehicle. Quantification of protein expression is shown as a ratio of
each protein to B-actin. HIMF induced HIF-1a and VEGF-A, but not HIF-2a, in HIF-1a*/*
mouse lung. Data are presented as mean + SEM. **P< 0.01, ***P< 0.001 vs HIF-1a*/*
control; #P < 0.05, ##P < 0.01 reflects genotype differences of HIMF injection (n=3-6
animals per group). These data reflect at least 3 independent in vivo experiments.
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Figure 2. HIMF injection causes HIF-1la—dependent pulmonary vascular remodeling and
pulmonary hypertension

A-B, Hematoxylin-and-eosin—stained small pulmonary vessels (A; Scale bar: 100 um) and
pulmonary airway epithelium (B; Scale bar: 200 pm) from HIF-1a ** and HIF-1a */~ mice
30 days after intravenous injection with HIMF or vehicle. C, Hemodynamics and right
ventricular hypertrophy were analyzed 30 days post-injection. RVSP, right ventricular end
systolic pressure (left, n=4-5 per group); RV/(LV+S), right ventricular weight/(left
ventricular + septal weight) (right, n=4-7 per group). Data are shown as mean = SEM. D,
Comparison of HIMF-induced pulmonary vascular remodeling in HIF-1a*/* and HIF-1a*/~
mice. Bar graphs show the percentage of small pulmonary arteries in HIF-1a.*/* and
HIF-1a.*/~ mice that were non-muscular (NM), partially muscular (PM), or fully muscular
(FM). *P< 0.05, **P< 0.01, ***P< 0.001 vs. HIF-1a** + HIMF. At least 500 vessels were
counted in each group (3-5 animals per group).
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Figure 3. HIF-1-dependent bone marrow cell recruitment and vascular formation in response to
HIMF

A-B, HIMF-induced vascular formation in Matrigel plugs from HIF-1a*/* and HIF-1a.*/~
mice. A, Representative hematoxylin-and-eosin images of vascular formation in Matrigel
plugs after HIMF (50 nM) administration to HIF-1a.*/* and HIF-1a.*/~ mice (40x
magnification). B, Bar graph represents mean value of nucleated cell areas in the vascular
formation from 5-10 images per mouse (n=3-4 mice per group). C, Representative
hematoxylin-and-eosin image of vascular formation in a Matrigel plug from a bone marrow-
transplanted mouse injected with HIMF (400x magnification). D—E, Colocalization of bone
marrow-derived (BMD) cells (GFP-positive, green) with macrophage markers F4/80 (D, red,
630x magnification) or CD11b (E, red, 1000x magnification). F, Comparison of the
differentiation of BMD cells to macrophages in each genotype in response to macrophage
colony-stimulating factor (M-CSF). Equivalent numbers of BMD cells from each genotype
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were cultured for 10 days in the presence of M-CSF (20 ng/mL), harvested, stained with
antibody against mouse CD11b (filled histograms) or the corresponding rat 1gG2a K isotype
controls (open histograms), and analyzed by flow cytometry. G, Mouse BMD cell migration
in response to HIMF or conditioned media (CM) from pulmonary endothelial cells treated
with or without HIMF. Images of migrated cells (left, 100x magnification) and quantified
results (right) are shown. Data are presented as mean + SEM. *£ < 0.001 vs control or CM
control from HIF-1a*/* cells; #P < 0.001 reflects genotype differences of CM HIMF
treatment (n=3 membranes per group).
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Figure 4. HIMF and human RELMB induce IL-6 expression in macrophages and lung resident
cells

A, HIMF significantly increased IL-6 in bone marrow macrophages (BMMF) from
HIF-1a*"* mice but not in those from HIF-1a*/~ mice. BMMF were isolated from each
genotype and cultured. After 10 days, the cells were stimulated with recombinant mouse
HIMF (20 nM) for 24 hours. Cell medium was collected for ELISA analysis. Results are
shown as mean + SEM (n=6 per group). B, HIMF significantly increased IL-6 in lung organ
slices from HIF-1a*/* mice but not in those from HIF-1a*/~ mice. Ex vivo lung organ slices
were prepared and treated with or without HIMF (10 nM) for 24 hours. Then culture
medium was collected for IL-6 analysis. Data are mean + SEM of IL-6 level/mg of lung
tissue (n = 4-6 lung slices per mouse, 3 mice per group). C-D, Human RELM@ induces
HIF-1a (C) and IL-6 (D) expression in human lung fibroblasts (HLF) through an NF-xB-
dependent mechanism. HIF-1a protein expression and secreted IL-6 level in the medium
were determined by ELISA assay after HLF were stimulated for 20 hours with hRELMB
(100 ng/mL) in the presence or absence of IKK-2 inhibitor (500 nM) (C, mean+ SEM of
HIF-1a level/100 pg of total protein, n = 6 per group; D, mean = SEM of IL-6 level, n = 4-6

per group).
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Figure 5. HIMF induces IL-6 expression in macrophages and smooth muscle cells (SMC) in vivo
A, HIMF treatment increased 1L-6 expression in the small pulmonary vessels of HIF-1a*/*

mice but not in those of HIF-1a*/~ mice. HIMF increased a.-smooth muscle actin—positive
cells (a-SMA*, red, identifying vascular media) as well as IL-6 expression (green) in the
remodeled pulmonary vasculature. 1L-6 expression colocalized with a-SMA* cells and
inflammatory cells that infiltrated into the vasculature. These increases were strongly
suppressed in HIF-1a*/~ mice. B, IL-6—expressing macrophages (F4/80*, far red) were
recruited to the remodeling small vessels in HIMF-treated HIF-1a.** mice but not in
HIF-1a*/~ mice. C-E, Magnified merged images of IL-6—expressing macrophages (*) and
a-SMA* cells (#) are shown. Arrows indicate resident a-SMA* cells without IL-6
expression (Scale bars, 100 um).
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