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Abstract

Objective——Hypoxia-induced mitogenic factor (HIMF, also known as FIZZ1 or resistin-like
molecule-a) is an etiological factor of pulmonary hypertension (PH) in rodents, but its underlying
mechanism is unclear. We investigated the immunomodulatory properties of HIMF signaling in
PH pathogenesis.

Approach and Results——Gene-modified mice that lacked HIMF (knockout) or
overexpressed HIMF human homolog resistin (hresistin) were used for in vivo experiments. The
pro-PH role of HIMF was verified in HIMF knockout mice exposed to chronic hypoxia or
hypoxia/sugen. Mechanistically, HIMF/hResistin activation triggered the high-mobility group box
1 (HMGB1) pathway and receptor for advanced glycation end products (RAGE) in pulmonary
endothelial cells (ECs) of hypoxic mouse lungs in vivo, and in human pulmonary microvascular
ECs (PMVECS) in vitro. Treatment with conditioned medium from hresistin-stimulated human
PMVECs induced an autophagic response, BMPR2 defects, and subsequent apoptosis-resistant
proliferation in human pulmonary vascular (PV) smooth muscle cells (SMCs) in an HMGB1-
dependent manner. These effects were confirmed in ECs and SMCs isolated from pulmonary
arteries of patients with idiopathic PH. HIMF/HMGB1/RAGE-mediated autophagy and BMPR2
impairment were also observed in PVSMCs of hypoxic mice, effects perhaps related to FoxO1
dampening by HIMF. Experiments in EC-specific hresistin-overexpressing transgenic mice
confirmed that EC-derived HMGB1 mediated the hresistin-driven pulmonary vascular remodeling
and PH.

Conclusion——In HIMF-induced PH, HMGB1-RAGE signaling is pivotal for mediating EC-
SMC crosstalk. The humanized mouse data further support clinical implications for the HIMF/
HMGB1 signaling axis and indicate that hresistin and its downstream pathway may constitute
targets for the development of novel anti-PH therapeutics in humans.
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Introduction

Pulmonary hypertension (PH) is a lethal and multifactorial disease characterized by
plexiform lesions and vascular remodeling. Its pathogenesis remains enigmatic because of
its tremendous complexity. We previously reported that a protein of the resistin-like

molecule (RELM) family is upregulated in the chronically hypoxic lung PH model. This

protein, which we named hypoxia-induced mitogenic factor (HIMF, also known as FIZZ1 or

RELMa) has potent mitogenic effects. We have reported that in vivo, HIMF knockdown
blocks hypoxia-induced pulmonary vascular remodeling and right heart hypertrophy,?
whereas HIMF gene transfer into rat lungs causes PH development, with exacerbated
vascular remodeling and PH hemodynamic changes.? Thus, HIMF appears to cause PH.
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However, the immunoregulatory mechanisms underlying the etiologic role of HIMF
signaling remain poorly characterized.

Data from our previous studies showed that HIMF induces endothelial cell (EC) apoptosis,3
suggesting that HIMF triggers some endogenous danger signals in response to the hypoxia-
induced lung tissue injury. As a key damage-associated molecular pattern (DAMP)
molecule, high-mobility group box 1 (HMGBL) is released from apoptotic or necrotic cells,
and from cells activated by cytokine stimulation.*® HMGB1 was recently recognized as a
pro-autophagic factor® that signals predominantly through the receptor for advanced
glycation end products (RAGE).”8 HMGB1 and RAGE have each been implicated in PH
pathogenesis; 11 however, whether the HMGB1/RAGE axis is regulated by HIMF signaling
during PH development is still unclear. Recent studies? have suggested that PH
development is associated with increased lung autophagy and downregulation of bone
morphogenetic protein receptor 2 (BMPR2). The dysfunction of BMPR2 might be indirectly
caused by RAGE activation.10 These findings led to our hypothesis that HIMF activates
HMGB1 released from injured ECs to act as a pivotal mediator for proliferation of smooth
muscle cells (SMCs). Such a pathway would relate to the aberrations of autophagy and
BMPR2 through RAGE signaling and thereby contribute to PH initiation and progression.

We investigated the role of HIMF and its human homolog, resistin (hresistin), in controlling
the HMGB1/RAGE pathway and its downstream effectors. We also examined whether this
pathway mediates the EC-SMC crosstalk required for pulmonary vascular remodeling. We
generated gene-modified mice with HIMF-deficiency or with humanized hresistin
overexpression to dissect the immunomodulatory properties of HIMF/HMGBL signaling.
The mechanistic features were further interrogated by in vitro assays with primary human
PH-related vascular cells. Our results showed the HIMF/HMGBL signaling axis to be a
critical hub that orchestrates the interface of two key PH elements, EC dysfunction and SMC
proliferation. These findings suggest that interventions to disrupt the axis-driven cellular
interplay may represent effective anti-PH therapeutic strategies.

All animals, antibodies, and cell lines used in this study are detailed in the Major Resources
Tables in the online-only Data Supplement.

Animals and PH Models

Age-matched 6- to 12-week-old C57BL/6J mice (Charles River Laboratories, Wilmington,
MA), and 125-150 g Sprague-Dawley rats (Charles River), were used for all experiments.
Given reports that estrogens exhibit protective effects in classical rodent PH models,
including the chronic hypoxia and sugen/hypoxia models,3:14 and the finding that the
damage-associated inflammatory response is more profound in male rodents with PH than in
corresponding female rodents,1° we used only male mice and rats to produce a more severe
disease and dissect the HIMF-regulated DAMP signaling. F1ZZ1 (RELMa.) traditional
knockout (KO) mice on C57BL/6J background (=7 generations) were generated and verified
as previously described.1® Animals were maintained on a 12/12-hour light/dark cycle with
access to normal laboratory diet (Teklad global 18% protein rodent diet, Envigo, USA) and
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chlorinated water ad libitum. Cage bedding was also from Envigo (7097 Teklad corncob
bedding). Animal housing and experimental protocols were approved by the Animal Care
and Use Committee of Johns Hopkins University. For induction of the chronic hypoxia-
induced PH model, mice were exposed to 10.0% O, (hypoxia) for 4 or 28 days and then
sacrificed and processed as described previously.1” Control mice were exposed to normal
room air (20.8% O,, normoxia). For validation with the sugen-hypoxia (Su/Hx) PH model,
mice were exposed to hypoxia and injected subcutaneously with VEGFR2-inhibitor
sugen5416 (20 mg/kg, S8442, Sigma-Aldrich; St. Louis, MO) once a week according to
published protocol.18 PH was also induced in rats by one subcutaneous injection of 20
mg/kg sugen5416 and exposure to hypoxia according to a published approach.1® On day 0,
rats were injected intraperitoneally (i.p.) with 4 mg/kg of our recently generated anti-HIMF
therapeutic antibody, which was developed in cooperation with our commercial partners
Creative Biolabs (Shirley, NY) and Lonza (London, England),2° or control 1gG1 (isotype
control provided by Lonza). On day 4 after Su/Hx treatment, rats were killed and processed
for histological examination. We ensured that experiments were unbiased by following the
recent guidelines for PH preclinical and translational research.21:22 Animals were
randomized to each group, and group sizes were determined by power calculations.
Investigators who assessed the imaging, hemodynamics, and histological outcomes in all PH
animal models were blinded to group assignment.

Generation of Transgenic Mice That Overexpress hResistin

We developed tetracycline-switchable hresistin knock-in transgenic mice that allow for
spatially and temporally controlled overexpression of recombinant hresistin in lung ECs
(“humanized mice™). This tool was generated with two transgenes: one is the tetracycline
trans-activator (tTA), which is driven by EC-specific promoter angiopoietin receptor (Tie-2),
and the second contains human resistin cDNA followed by a FLAG tag. hResistin transgene-
positive founders were identified and crossbred with Tie2-tTA mice to obtain the double
transgenic mice. Mothers were treated with doxycycline throughout pregnancy and during
the weaning period to block expression of hresistin. Doxycycline was withdrawn from
mothers approximately 1 month after parturition. hResistin was overexpressed for 4 days
before bronchoalveolar lavage fluid (BALF) and lung tissues were collected for study of the
early inflammation stage, or for 6 weeks before terminal right heart catheterization.

Hemodynamic Analysis and Fulton Index Measurement

Right ventricular function was assessed in vivo by a pressure-volume catheter as described
previously’ in wild-type (WT) and HIMF KO mice on post-hypoxic day 28 and in
humanized mice at 6 weeks post-switch-on. The mice were anesthetized with 75 mg/kg i.p.
urethane, 5 mg/kg i.p. etomidate, and 1 mg/kg i.p. morphine. Then they underwent
tracheostomy and were ventilated with 6-7 uL/g tidal volume at 130 breaths/minute. Right
ventricular systolic pressure (RVSP) was measured and data were collected and analyzed
with the AD Instruments Powerlab 8/35 (AD Instruments, Colorado Springs, CO) and Millar
MPVS Ultra (Millar Instruments, Houston, TX). Right heart hypertrophy induced by Hx/Su
(4 weeks), hypoxia (6 weeks), or hresistin humanized overexpression (6 weeks) was also
assessed. The heart was dissected free of all major vessels, separated into right ventricle
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(RV) and left ventricle (LV) plus septum (S), and weighed. The Fulton index (RV/LV+S)
was determined as described previously.1

Pulmonary Vascular Remodeling Analysis

We determined pulmonary vascular remodeling of the hypoxic and humanized mice as
previously published.1” Lung sections were dual labeled with antibodies to von Willebrand
factor (vWF; A008202, Dako, Glostrup, Denmark) and a-smooth muscle actin (a-SMA,;
M085129, Dako), which stain endothelium and vascular smooth muscle with HRP-DAB
(brown, Vector Labs, SK-41001) and AP (red, SK-51001, Vector Labs) systems,
respectively. An investigator blinded to treatment group assessed remodeling of the lung
arteries and arterioles. The examination procedure and criteria have been described
previously.1”

In Vivo Treatment

We introduced pharmacologic inhibitors of the HIMF/HMGB1/RAGE signaling axis into
our mouse models. The hypoxic WT mice and Tie-2-hresistin-overexpressing humanized
mice were injected i.p. daily with HMGBL1 inhibitor ethyl pyruvate (EP, E47808, Sigma, 50
mg/kg),23 RAGE antagonist FPS-ZM1 (553030, EMD Millipore, 1 mg/kg),24 or the cell-
permeable autophagic sequestration blocker 3-methyladenine (3-MA, 189490, EMD
Millipore, 15 mg/kg).2> Experimental mice were administered these inhibitors daily from
post-hypoxia (or post-switch-on in the transgenic mice) day 0 to day 4. On day 4, the left
lung was fixed in 10% formalin for histologic study, and other lung pieces were snap frozen
and stored at —80°C for use in immunoblot analysis.

Human Cell Culture and In Vitro Treatment

Human pulmonary microvascular endothelial cells (PMVECs, CC-2527, Lonza,
Walkersville, MD) and human pulmonary artery (vascular) smooth muscle cells (PVSMCs,
CC-2581, Lonza) were used in this study within passages 5-9. For conditioned medium
preparation, PMVECs were serum- and growth factor-starved for 16 hours and then treated
with 100 ng/mL lab-made recombinant hresistin or vehicle. Preliminary studies were
performed to optimize both incubation time and recombinant protein concentrations (data
not shown). After 16 hours, the medium was collected and tested by ELISA or applied to
starved hPVVSMCs. In parallel experiments, conditioned medium from hresistin-treated ECs
was applied to PVSMCs pretreated with HMGB1 antagonists Box-A (REHMO012, Tecan, 2
ug/mL) or EP (5 uM), RAGE inhibitor FPS-ZM1 (553030, EMD Millipore, 200 nM), or
bafilomycin A1 (BA1, 196000, Sigma, 100 nM), which inhibits autophagosome/
autophagolysosome formation.2® These conditioned medium-treated PVSMCs were
collected at 16 hours post-stimulation for western blot analysis. In some experiments, cells
seeded on the fibronectin-coated coverslips (12 mm round, Neuvitro, GG-12-fibronectin)
were treated as described above and then used for immunocytochemistry analysis. To
confirm our results, we also used passage-5-9 ECs and SMCs derived from pulmonary type
Il arteries (1 to 5 mm diameter) of individuals without (donor, control, n = 3) or with
idiopathic pulmonary hypertension (IPAH, n = 3). The pulmonary vascular ECs were
stimulated by hresistin protein, and the conditioned medium was collected and applied to the
isolated SMCs with or without pretreatment by HMGB1/RAGE inhibitors.
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Statistical Analysis

Results

Data are presented as the mean + SEM. At least three independent experiments were
performed for in vitro studies, and in vivo animal experiments were repeated independently
at least twice. The Shapiro-Wilk test was used to determine the normality of data and the F
test was used to assess equality of variances. All data passed normality and equal variance
tests. Comparisons between two groups were analyzed by Student’s ztest, and comparisons
of multiple groups were analyzed by one-way ANOVA followed by the Newman-Keuls
post-hoc test. All statistical analyses were performed with Prism 7.0e (GraphPad Software,
La Jolla, CA). A p< 0.05 was considered statistically significant.

Extended Materials and Methods for hresistin production, immunohistochemistry, western
blot analysis, flow cytometry-based assay, ELISA, and BALF collection are provided in the
online-only Data Supplement.

HIMF deficiency ameliorates pulmonary vascular remodeling and PH development

Previous in vivo knockdown of HIMF by short hairpin RNA has suggested that HIMF
induces PH in the chronic hypoxia model.2 HIMF silencing partially improved the
hemodynamics and pulmonary vascular remodeling.? In the present study we used HIMF/
F1ZZ1 KO micel8 to completely abolish this signaling in hypoxic animals. As expected,
HIMF genetic ablation prevented the hypoxia-induced increases in RVSP (Figure 1A, left
panel), right heart hypertrophy (Figure 1A, right panel), and pulmonary vascular resistance
(Figure 1B) seen in WT mice. The inhibition of PH development by HIMF deficiency was
further validated by hemodynamic data and vascular remodeling in the PH mouse model
induced by hypoxia plus sugen5416 (Figure 1A-1C). Histologic analysis showed that
hypoxic HIMF KO mice had less arterial muscularization and small pulmonary vessel
thickening throughout the lung vascular bed during late PH development stage than did
hypoxic WT mice (Figure 1B). Mechanistically, immunofluorescence staining of lung
tissues for ki-67 and cleaved caspase-3 revealed impaired proliferation of the a-SMA-
positive PVSMCs in HIMF-deficient hypoxic lungs during the early inflammatory phase
(Figure 1D and 1E), indicating that loss of the HIMF pathway mitigates the PH phenotype
of PVSMCs.

HIMF triggers HMGB1/RAGE signaling in pulmonary ECs

Next we explored the endogenous mechanisms of HIMF immunoregulation in the classic
hypoxia-induced mouse PH model. We found that the key DAMP players, HMGB1 and
RAGE, were highly induced in the hypoxic lungs and that both colocalized with vVWF*
PMVECs during the early inflammatory stage (Figure 2A). However, in KO mice, loss of
HIMF attenuated expression of the HMGB1/RAGE axis in hypoxia-induced inflammatory
lung tissues (Figure 2A). Similar HIMF-dependent HMGB1/RAGE activation was also
observed in pulmonary artery ECs of the Su/Hx-treated rats (Figure 2B). Consistent with
this finding, our in vitro study showed that stimulation with hresistin, the human homolog of
HIMF, significantly upregulated the protein levels of HMGB1 and RAGE in primary human
PMVEC:s, as detected by western blotting (Figure 2C-2E). In human PVSMCs, hresistin
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treatment also enhanced the HMGBL1 protein expression, but the magnitude was markedly
lower than that in the hresistin-stimulated ECs (Figure 2C-2E). In contrast, hresistin failed to
alter RAGE production in the PVSMCs (Figure 2C-2E). ELISA further revealed elevated
HMGBL levels in the cell supernatant of hresistin-stimulated human PMVECs (Figure 2F).
Using immunocytochemical microscopy, we observed stronger HMGBL signal and
enhanced release of this DAMP in hresistin-treated PMVECs (Figure 2G). Intriguingly, the
ECs isolated from small pulmonary arteries of patients with IPAH exhibited heightened
basal production of both HMGB1 and RAGE proteins (Figure 2H and 21), and hresistin
significantly enhanced the expression of these DAMP proteins (Figure 2H and 21). The
expression patterns of HMGB1 and RAGE suggested that they have a role in mediating the
interplay between PH-related vascular cells.

HIMF/HMGBL1 signaling axis induces EC-SMC crosstalk

We next investigated whether and how the HIMF-mediated HMGB1/RAGE signaling axis
contributes to vascular remodeling. Recombinant Box-A protein, a truncated N-terminal
fragment of full-length HMGBL1, is a specific HMGB1 antagonist that interacts with RAGE
without functional stimulation,® whereas EP can attenuate the extracellular release of
HMGB1 and downregulate the HMGB1-RAGE axis.23 FPS-ZM1 is a specific RAGE
antagonistic peptide.24 We used these three HMGB1/RAGE inhibitors to study the HIMF/
HMGB1/RAGE axis in vitro and in animal models. Flow cytometry analysis with 5,6-
carboxyfluorescein diacetate succinimidyl ester labeling and tracing (Figure 3A) showed
that conditioned medium from the hresistin-treated human PMVECs promoted the
proliferation of human PVSMCs more potently than did direct stimulation with hresistin
alone (Figure 3B and 3D). These data strengthened our previous finding that HIMF
promotes EC-mediated alteration of PVSMCs to a proliferative phenotype.3 The hresistin-
treated pulmonary artery ECs from IPAH patients also consistently exhibited potentiated
PVSMC proliferation (Supplemental Figure ID-IE). Intriguingly, pre-incubation with
HMGB1 antagonist or RAGE inhibitor almost completely blocked the enhanced growth of
PVSMCs induced by the conditioned medium (Figure 3B and 3D). Concordantly, medium
from hresistin-stimulated ECs also inhibited the apoptotic response of starved human
PVSMCs. This inhibition was reversed by the addition of HMGB1/RAGE axis blockers
(Figure 3C and 3E). HMGB1 suppression mildly attenuated the hresistin-mediated EC
dysfunction (Figure 3F and 3G), but conditioned media from ECs treated with HMGB1
inhibitors failed to augment PVSMC proliferation (Figure 3H and 31). These in vitro data
reveal a HIMF-mediated EC-SMC interaction that is dependent on the HMGB1/RAGE axis
and suggest that the cytoprotective effects of DAMP are a crucial mechanism that underlies
HIMF-driven vascular inflammation and subsequent remodeling.

HIMF/HMGB1 downstream elements in the EC-SMC interaction

We further explored the downstream effectors responsible for the HIMF/HMGB1-mediated
EC-SMC interaction and PVSMC proliferation. In mouse lungs, hypoxia reduced the
expression of anti-autophagy marker p62 in the PVSMC-like cells (Figure 4A-4C), but this
effect was absent in mice with HIMF gene deletion (Figure 4A-4C), implying the presence
of a hypoxia-induced HIMF-mediated autophagic response in lungs. In vitro, direct hresistin
treatment had only moderate effects on human PVSMC autophagy, whereas conditioned
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medium from hresistin-stimulated PMVECs highly upregulated the autophagy marker
LC3B-II (Figure 4E) and downregulated p62 (Figure 4D), in support of the in vivo
observations (Figure 4A-4C). Pretreatment with HMGB1/RAGE inhibitor abolished the pro-
autophagy effects of HIMF-treated ECs on human PVSMCs (Figure 4D and 4E), and the
autophagy inhibitor BAL alleviated the HIMF-driven apoptosis-resistant proliferation of
PVSMCs (Figure 3B-3E). We obtained similar results when we used pulmonary artery ECs
and PVSMCs derived from IPAH patients (Supplemental Figure IA, IC, IF, and IH).
Pharmacologic suppression of HMGB1/RAGE mitigated autophagy in hypoxic mouse lungs
(Figure 4F). Both cell culture and animal data suggested that the HIMF/hresistin-induced
PVSMC autophagic response is dependent on EC-derived HMGB1-RAGE signaling, which
further regulates the pro-PH phenotype of PVSMCs and mediates vascular inflammation in
hypoxic lungs.

The anti-proliferative factor BMPR?2 is another PH causal factor?’ involved in RAGE
signaling.1? Our hypoxic animal study revealed that HIMF deficiency rescued the impaired
expression of BMPR2 in mouse lungs (Figure 5A-5C). This salvaged BMPR2 localized
mainly in PVVSMCs (Figure 5A), indicating the involvement of HIMF and DAMPs in
modulating BMPR2. Therefore, we hypothesized that HMGBL1 released from hresistin-
stimulated ECs induces BMPR2 dysfunction in PVSMCs and that this dysfunction also
contributes to the HIMF-driven PVSMC proliferation and vascular remodeling. Conditioned
medium from hresistin-treated primary human pulmonary artery ECs isolated from both
control and IPAH patients significantly dampened BMPR2 expression in PVSMCs; however,
expression was preserved when PVSMCs (from IPAH patients and controls) were pretreated
with HMGB1/RAGE inhibitor (Figure 5D and 5E; Supplemental Figure 1A, IB, IF, and IG).
Moreover, in vivo application of HMGB1/RAGE blockers reversed hypoxia-induced
BMPR?2 suppression in mouse lungs (Figure 5F). Thus through EC-SMC interplay, HIMF/
HMGB1 signaling downregulates BMPR2 to synergistically potentiate PVSMC growth.

We tried to determine the interaction between the two HIMF downstream events, autophagy
and BMPR2, that we had uncovered. HMGB1 and RAGE were associated with other
proliferation-related factors, such as signal transducer and activator of transcription (STAT)
31028 3nd forkhead box O (Fox0) 1,22 which also may link autophagy with diminished
BMPR2.12:30:31 |n our mouse hypoxic PH model, blocking HMGB1/RAGE in vivo failed to
alter the expression of total STAT3 or Tyr/%5-phosphorylated-STAT3 (data not shown). In
contrast, lung FoxO1 expression was attenuated during early hypoxia (Figure 6A-6C). HIMF
gene deletion or HMGB1/RAGE inhibitor administration rescued the hypoxia-impaired
FoxO1 (Figure 6A-6D). Histologic analysis of hypoxic mouse lungs revealed that HIMF
deficiency restored FoxO1 nuclear retention in PVSMCs (Figure 6C). Thus, hypoxia-
suppressed FoxO1 appears to be a mechanism underlying the association between autophagy
and impaired BMPR?2 in the context of HIMF-induced PH. Interestingly, in comparison with
HMGB1/RAGE suppressors, autophagy inhibition significantly mitigated, but did not
completely block, the hypoxia-induced BMPR2 dysfunction (Figure 6D). Additionally,
expression of the oncoprotein kinase Pim-1 (proviral integration site for Moloney murine
leukemia virus-1) was inhibited in the lungs of the HIMF KO mice (Supplemental Figure I1).
Given that Pim-1 is critical to PH development32 and its activation in VSMCs is RAGE-
dependent,33 our data suggest the involvement of Pim-1 in HIMF-induced PH. Future
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studies are required to explore other HIMF/DAMP-regulated downstream factors and their
interplay or feedback.

In vivo EC-restricted hresistin overexpression induces the PH phenotype in PVSMCs
through HMGB1/RAGE signaling

Humans express a different analog of HIMF/RELM-a..3* To integrate human cell data into
an animal study and further validate the role of the HIMF/HMGBL1 signaling axis in PH, we
developed the tetracycline-switchable hresistin knock-in humanized mouse line (Figure 7A
and 7B). These mice exhibit spatially-controlled overexpression of recombinant hresistin
[driven by the angiopoietin-2 receptor promoter (Tie-2)] in an EC-restricted manner (Figure
7A and 7C). Tie-2-hresistin transgene expression (Figure 7B and 7C) resulted in a
significant pulmonary hemodynamic change, with increased RVSP (Figure 7D, left panel)
and augmented right ventricular hypertrophy [assessed by Fulton index as RV/(LV+S),
Figure 7D, right panel]. hResistin overexpression in ECs also led to vascular remodeling and
an increase in the percentage of muscularized small vessels in lungs (Figure 7E and 7F).
ELISA analysis of the BALF revealed that endothelial hresistin overexpression caused an
increase in the release of alveolar HMGB1 (Figure 7H) that was associated with stronger
HMGB1 signals in pulmonary ECs, as shown by an immunofluorescence assay (Figure 7G).
Further pharmacologic intervention studies in these humanized mice revealed that systemic
administration of inhibitors for HMGB1, RAGE, or autophagy effectively mitigated the PH
proliferative phenotype in PVSMCs during the early vascular inflammatory phase (Figure
71). Interestingly, these transgenic mice exhibited decreased activation of AMP-activated
protein kinase (AMPK) in pulmonary vascular ECs (Supplemental Figure I11), suggesting
that hresistin-induced endothelial AMPK dysregulation also contributes to PH development.
These data support the mechanistic findings of EC-PVSMC communication mediated by the
HIMF-DAMP signaling axis.

Discussion

This study validated the causal role of HIMF signaling in PH and dissected the mechanism
underlying HIMF-driven EC-PVSMC crosstalk required for lung vascular remodeling
during the post-injury inflammatory phase (Figure 8). We demonstrated that HMGB1/RAGE
signaling is critical to HIMF-initiated vascular inflammation. As a key DAMP mediator,
HMGB1 produced and released by HIMF-stimulated ECs induces PVSMC proliferation in a
paracrine manner to amplify the pro-PH effects of HIMF activation. The EC-derived
HMGB1 may also activate RAGE in ECs and SMCs to form a positive feedback loop,
resulting in the secretion and release of more HMGB1 and increased expression of RAGE’
in these pulmonary vascular cells for the perpetuation of inflammatory responses in lungs.
Thus, by governing DAMPs, HIMF may trigger and continuously fuel the vascular-immune
milieu of PH development.

EC-SMC crosstalk is the pivotal mechanism of PH pathogenesis. Our in vivo study focused
on the early post-hypoxia stage to interrogate vascular interaction during PH onset. The
rationale is based on our previous observation that HIMF expression is elevated by 24 hours
of hypoxia in rodents and peaks at 4 days.1-217 HIMF itself can directly enhance PVSMC
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proliferation, and its upregulation at the early inflammation phase signifies that other
synergistic effectors are activated and regulated by HIMF to perpetuate the later vascular
remodeling in rodent models. During hypoxia exposure, early EC apoptosis may trigger both
degenerative and reactive proliferative events required for vascular pathology in PH.3:3% We
previously observed that HIMF-induced apoptotic ECs could enhance PVSMC proliferation,
3 suggesting that cytokine(s) mediate the regenerative response to inflammatory tissue
damage. As a DNA-binding nuclear protein and an endogenous danger signal, HMGB1
might be released from apoptotic cells after injury.4:53¢ Also the HIMF-related up- and
downstream pathways, including interleukin-4, interleukin-6, SDF-1, HIF-1a, and RAGE
ligand S100A11,3:37-39 all have been cited in the literature as having a close connection to
HMGBL1 signaling.40-42 Here, our data further indicate that HMGB1 is a master mediator of
the HIMF-driven EC-SMC vascular interaction that underlies PH development.

HMGB1 released from apoptotic cells was shown to signal through RAGE.® Our data
suggest that RAGE is a pivotal DAMP receptor that mediates the HIMF/HMGBL signaling
axis and regulates the downstream Pim-1 pathway. RAGE is principally located in lungs and
is being considered as a potential biomarker for therapy evaluation in PH patients.*3 This
DAMP receptor negatively regulates reactive oxygen species production** and facilitates the
cytoprotective effects of HMGB1 that promote cell growth.#44> The HMGB1-RAGE
pathway thus may be preferentially engaged in the HIMF-induced pathomorphologic shifts
within the pulmonary vascular bed. Besides RAGE, toll-like receptor (TLR) 4 is another
putative HMGB1 receptor.48 We have previously demonstrated a role for TLR4 in the
HMGB1-medated angiogenic response in a mouse corneal neovascularization model.#’
Additionally, Bauer et al. showed that TLR4 participates in the pro-PH activity of
HMGB1.%8 They also observed that right ventricular hypertrophy, but not RVSP, was
attenuated in RAGE ™~ mice at 3 weeks post-hypoxia.#® Another recent studyC showed that
intra-tracheal delivery of RAGE siRNA caused dramatic reduction in pulmonary artery
pressure and right ventricular hypertrophy in rat models of PH at 15 days after
monocrotaline injection and 7 weeks after sugen/hypoxia, the time points at which PH was
established.10 The use of different time points for PH measurements in the same PH animal
models with the same treatment have led to conflicting conclusions.12:49 It was recently
reported that hypoxia substantially increased interaction affinity between HMGB1 and
RAGE, but not TLR4, in hypoxic and normoxic mouse and human PVSMCs.*° TLR4
knockdown did not significantly affect resistin-mediated monocyte migration and
inflammatory cytokine production,®! suggesting that TLR4 has a less important role in
HIMF/HMGB1-induced PH. However, as resistin has plausible interaction with TLR4,52 the
possibility of TLR4 involvement cannot be excluded and will be clarified in our future
studies. Nevertheless, our current data together with data from the literature indicate that
RAGE has a critical pro-PH role, especially in HIMF-induced PH, and is the predominant
receptor mediating downstream autophagy®3 and BMPR2 dysfunction.10

Amplification of HIMF/HMGB1 signaling by downstream proliferation-related effectors,
autophagy, and BMPR?2 defects'2 27 reinforces the hyperproliferative microenvironment in
PVSMCs. HMGBL1 was recently identified as a pro-autophagic factor associated with its
redox status and subcellular location.5: 85354 Extracellular HMGBL1 is a potent inducer of
autophagy, which is dependent on RAGE activation to prevent oxidative injury.28:44.53,55,56
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It may be that HIMF/hresistin modulates the redox biology of HMGB1 to support autophagy
by activating the HIMF binding partner BTK,>’ which negatively regulates reactive oxygen
species production.?® HIMF/HMGB1 also dampens effects of the anti-proliferative factor
BMPR2. A mechanism that links the HIMF/HMGB1-induced autophagy and BMPR2
dysfunction may be the suppression of Fox01.12:30.31 This possibility is supported by the
observation that HIMF downregulates FoxO1 expression and promotes its nuclear exclusion
in PVSMCs. Thus, HIMF/HMGB1 appears to be a signaling hub of the proliferation-
regulating pathway network associated with hypoxia. Profound EC death might also
promote PH.3 Disruption of the HIMF/HMGB1 immune axis in our study with specific
DAMP antagonists did prevent PVSMC proliferation but did not boost EC apoptosis (Figure
3). These results exclude the opposing possibility that HIMF/HMGB1 breakdown may
enhance PH.

Both HIMF and its human homolog hresistin exhibit potent pro-PH properties. These rodent
and human resistin-like variants, predominantly derived from immune cells in bone marrow,
lung, and spleen, have a similar tissue distribution and expression pattern.3* HIMF signaling
also induces recruitment of bone marrow-derived mesenchymal stem cells into the lung and
their differentiation into vascular SMCs.5® This pathway could work in concert with HIMF-
induced EC-SMC vascular inflammation to contribute to vascular remodeling. To more
accurately mimic the hresistin/HMGB1-driven cellular crosstalk in humans, we generated
the humanized mouse model that overexpresses hresistin in ECs bearing Tie-2. Notably,
hresistin conditional overexpression in ECs was sufficient to cause vascular remodeling and
PH development associated with elevated EC-derived HMGBL1 in lungs. Knock-in of
hresistin in ECs recapitulated the hypo-proliferative phenotype of PVSMCs, but this
proliferative state was reversed by HMGB1/RAGE/autophagy inhibition. The hresistin-
DAMP signaling may also involve AMPK dysregulation in ECs. These data confirm that
HMGBL is the linchpin for amplifying and sustaining the hresistin-evoked vascular EC-
SMC interaction required for progressive remodeling. We recently verified that hresistin
expression is upregulated in the lung tissue of patients with idiopathic PAH (unpublished
observations). As leukocytes are the main cellular source of hresistin,34 the data also provide
impetus for our ongoing study to interrogate the role of immune cells that produce HIMF/
hresistin in the vascular-immune biology interface. Nevertheless, data from these Tie-2-
hresistin transgenic mice validate the mechanistic findings of the HIMF-activated ECs in
models that use KO animals and primary human vascular cells, and further suggest their
clinical relevance.

Taken together, our data suggest that HIMF is an immune checkpoint regulator and that the
HIMF/HMGBL signaling axis plays a core role in PH. By mediating EC-SMC crosstalk,
HIMF/HMGB1 modulates several downstream proliferation-related elements in PVSMCs.
Recent literature suggests that suppressing HMGB1,%60 RAGE, 0 or autophagy,12 and
rescuing FoxO13! or BMPR2,2” may be promising anti-PH strategies. Our study presents an
option whereby comprehensively integrating the outcomes of these regimens would reverse
the PH pro-proliferative microenvironment by interrupting HIMF signaling. Implementation
of these findings is ongoing. The therapeutic monoclonal antibodies that we have generated
to target HIMF/hresistin?® have shown promise for preventing and reversing vascular
remodeling in rodent PH models (unpublished observations). We have also launched studies
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into the development of an hresistin biomarker for PH patients. Additional studies to dissect
RELM-related complex inflammatory signaling may offer novel intervention strategies in a
variety of vasculature-related lung pathologies, as well as conditions in other organs, such as
cancer, atherosclerosis, and diabetes.
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EP
Flzz1
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PMVEC
PVSMC
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RVSP

bronchoalveolar lavage fluid

bone morphogenetic protein receptor 2
carboxyfluorescein diacetate succinimidyl ester
damage-associated molecular pattern
endothelial cell

ethyl pyruvate

found in inflammatory zone-1

forkhead box O1

hypoxia-induced mitogenic factor
high-mobility group box 1

human resistin

Idiopathic pulmonary arterial hypertension
pulmonary hypertension

pulmonary microvascular endothelial cell
pulmonary vascular smooth muscle cell
receptor for advanced glycation end products
resistin-like molecule

right ventricular systolic pressure
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Highlights

. HIMF gene deficiency attenuates pulmonary hypertension (PH), which is
associated with suppressed HMGB1-RAGE signaling in pulmonary
endothelial cells (ECs).

. HIMF/hresistin triggers HMGBL release from ECs to induce the pro-PH
phenotype of smooth muscle cells (SMCs).

. HIMF/HMGBL axis constitutes a signaling hub that regulates the
proliferation-governing pathways autophagy and BMPR2 in the context of
EC-SMC interaction.

. EC-restricted hresistin overexpression in transgenic humanized mice drives
pulmonary vascular remodeling through HMGB1-RAGE activation.
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Figure 1.
Pulmonary vascular remodeling and pulmonary hypertension development in HIMF-

deficient mice. A, Hemodynamic analysis (left) and Fulton index (right). Right ventricular
systolic pressure (RVSP) was measured. Wild-type (WT) mice subjected to hypoxia (Hx)
with or without sugen (Su) 5416 exhibited increased RVSP, but the enhancement of RVSP
was significantly lower in HIMF knockout (KO) mice. The mouse hearts were bisected and
the RV/LV+S was also determined. HIMF depletion decreased right heart hypertrophy
induced by hypoxia or by Hx/Su in mice. Data represent means = SEM (n = 6). *p<0.05. B,
HIMF gene deficiency prevented pulmonary vascular remodeling in mouse hypoxic lungs.
Microphotographs from lung tissue sections stained for von Willebrand factor (VWF, brown)
and a-smooth muscle actin (a-SMA, red) are shown to define non-muscularized (NM),
partially muscularized (PM), and fully muscularized (FM) intra-alveolar small vessels.
Arrows mark muscularized small vessels. C, Percent muscularization of small pulmonary
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vessels in mouse hypoxic lung. HIMF gene deletion caused resistance to vascular
remodeling. Data represent means £ SEM (n = 6). *p<0.05. D and E, Co-localization
analysis of hypoxic lung tissues from WT and HIMF-KO mice. Sections of lung tissue after
4 days of hypoxia were stained with anti-Ki-67 (D, red, proliferation marker) or anti-cleaved
caspase-3 (E, red, apoptosis marker), co-stained with anti-a-SMA (green), and counter-
stained with DAPI (blue). Representative images from 4 individual lung samples per group.
Magnification: 400X.
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Figure 2.
HIMF/hResistin induces HMGB1/RAGE expression and HMGBL release in pulmonary

vascular endothelial cells. A, Double-color immunofluorescence analysis of lung tissue after
4 days of hypoxia. Sections were stained with anti-HMGB.1 or anti-RAGE and co-stained
with endothelial cell marker anti-von Willebrand factor (VWF). The inset, at higher
magnification, depicts the HMGB1 nuclear localization in the normoxic wild-type (WT)
mouse lungs. Original magnification: 400X. Images are representative of 4 individual lung
samples. Pulmonary microvascular endothelial cells (PMVECs) from hypoxic WT lungs
exhibited strong signals for HMGB1 and RAGE. In contrast, signal intensities were low in
PMVECs from hypoxic HIMF knockout (KO) lungs. B, Rats were injected i.p. with 4 mg/kg
anti-HIMF or control (IgG1) antibody and then exposed to Su-Hx treatment. After 4 days,
rat lung tissues were analyzed by immunofluorescence for HMGB1 and RAGE expression.
Representative images from 6 individual lung samples per group are shown. C, Western
blotting of hresistin-treated human (h) PMVECs (left panel) or PVSMCs (right panel). D
and E, Quantitative analysis of data in C. The ratio of HMGB1 (D) or RAGE (E) to B-actin
was analyzed. Data represent means + SEM (n = 6). *p<0.05. F, Protein level of HMGBL in
supernatants from human PMVECs was assayed by ELISA after 18 hours of hresistin
stimulation. Values represent mean + SEM of duplicate determinations. Representative
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results of 3 independent experiments. *p<0.05 vs vehicle-treated controls. G, hPMVECs
treated with hresistin (100 ng/mL) were stained with anti-HMGBL1 antibody (green) and
DAPI (blue). Original magnification: 400X. Boxed area of hresistin-treated cells is enlarged
in the right panel to show HMGB1 cytoplasmic accumulation and release. Representative
images are from 6 individual samples per group. H and I, Western blot analysis of HMGB1
(H) and RAGE (1) expression in hresistin-treated pulmonary artery ECs isolated from IPAH
patients. The results shown are representative of n = 3 IPAH-ECs. Experiments were
repeated three times. Data represent means £ SEM (n = 3, pooled data of three repeat
experiments). *p<0.05.
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Figure 3.
HIMF/HMGBL signaling axis induces apoptosis-resistant proliferation in human pulmonary

vascular smooth muscle cells (PVSMCs). A and B, 5,6-carboxyfluorescein diacetate
succinimidyl ester (CFSE) labeling and flow cytometry analysis were used to determine
proliferation of human (h) PVSMCs treated with hresistin alone or with conditioned medium
(CM) from human pulmonary microvascular endothelial cells (h(PMVECs) stimulated with
hresistin (100 ng/mL; pretreated 1 hour with or without HMGB1/RAGE/autophagy
inhibitors). Platelet-derived growth factor (PDGF, 20 ng/mL) treatment served as a positive
control. C, Apoptosis of the CM-treated hPVVSMCs was assessed with the Annexin V-FITC
kit. D and E, Quantitative analysis of data in B and C, respectively. Data represent means +
SEM (n = 4-5). *p<0.05. F and G, As detected by Annexin V-FITC assay, hresistin (100
ng/mL, 16 hours) promoted apoptosis of hPMVECs (#1). Pretreatment with HMGB1
antagonist Box-A fragment moderately attenuated the hresistin-induced apoptosis (#2).
Hydrogen peroxide (H,0,, 5 mM) treatment served as a positive control. H and I, CFSE
assay showed that treatment with CM from #1 EC culture system promoted hPVSMC
proliferation. Pretreatment of hP\V/SMCs with Box-A prevented #1-CM-enhanced cell
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growth. However, CM from the #2 culture system failed to further augment hPVSMC
proliferation compared to that in hPVVSMCs incubated with #1-CM. Data represent means +
SEM (n = 4). *p<0.05.
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Figure 4.
HMGB1 signaling mediates HIMF-induced autophagy. A, Sections of mouse lungs on day 4

of hypoxia (Hx) were stained with antibodies to label anti-autophagic marker-p62 (green)
and DAPI (blue). Photographs are representative of 4 individual lung samples.
Magnification: 400X. B, Western blotting of SQSTM21/p62 expression levels in lung lysates
collected from mice on day 4 of hypoxia. C, Quantitative analysis of data in B. Data
represent means + SEM (n = 6 per group). *p<0.05. D, Immunocytochemical analysis of
p62 staining for human pulmonary vascular smooth muscle cells (PVSMCs) treated with
control (vehicle) medium, with 100 ng/mL hresistin alone, or with conditioned medium
(CM) from hresistin-stimulated human pulmonary microvascular endothelial cells
(pretreated 1 hour with or without 2 ug/mL Box-A fragment, the specific HMGB1
antagonist). Representative images from 4 individual samples per group are shown.
Magnification: 200X. E, Western blotting of CM-treated human PVVSMCs that were
pretreated with or without HMGBL1 inhibitor ethyl pyruvate (EP, 5 uM). Tamoxifen served as
a positive control for autophagy. Data represent means £ SEM (n = 6) showing quantitative
analysis of LC3-I1. *p<0.05. F, Western blot analysis of anti-autophagy marker p62
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expression in lung lysates from mice that underwent 4 days of hypoxia and received once-
daily i.p. injection of HMGBL inhibitor EP (50 mg/kg) or RAGE inhibitor FPS-ZM1 (1 mg/
kg). The ratio of p62 to p-actin was quantitatively analyzed. Data represent means + SEM (n
= 4-6 animals per group). *p<0.05. KO, knockout; WT, wild-type.
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Figure 5.
HIMF/HMGBL axis suppresses BMPR2 expression. A, Immunofluorescence staining of

lung sections after 4 days of hypoxia (Hx). BMPR2 signal was stronger in lungs from
HIMF-knockout (KO) mice than in lungs from wild-type (WT) mice. In all three groups,
BMPR2 was enriched in perivascular areas. Arrows indicate BMPR2 expression (red) in the
a-smooth muscle actin (a-SMA)-positive pulmonary vascular smooth muscle cells
(PVSMCs, green). Magnification: 200X. Representative photographs of 4 individual
samples per group. B, Western blotting of lung lysates collected from mice after 4 days of
hypoxia. C, Quantitative analysis of data in B. Data represent means + SEM (n = 6 per
group). *p<0.05. D, Western blot analysis of BMPR2 expression in human PVSMCs treated
with conditioned medium (CM) from HIMF-stimulated human pulmonary microvascular
endothelial cells with or without HMGB1 antagonist as described in the legend to Figure 4.
Data represent means £ SEM (n = 6). *p<0.05 vs CM treatment alone. E, Representative
photographs show immunocytochemistry of CM-treated human PVSMCs. Magnification:
200X. n = 4 individual samples per group. F, Western blot analysis of BMPR2 levels in lung
lysates collected from mice that were exposed to 4 days of hypoxia and treated with
HMGB1/RAGE antagonists (as described in Figure 4F) or with autophagy inhibitor 3-
methyladenine (3-MA, 15 mg/kg). Data represent means + SEM (n = 4-6 per group).
*p<0.05.
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Figure 6.

HIMF signaling mediates downregulation and nuclear exclusion of FoxO1 in pulmonary
vascular smooth muscle cells. A, Western blotting of lysates from mouse lung after 4 days of
hypoxia (Hx). B, Quantitative analysis of data in A. Data represent means £ SEM (n = 6 per
group). C, Sections of 4-day hypoxic mouse lungs were stained with FoxO1 (red) and a-
smooth muscle actin (a-SMA, green). Original magnification: 400X. Photographs are
representative of 4 individual lung samples per group. D, Western blot analysis of lung
lysates for FoxO1 expression in mice exposed to hypoxia for 4 days and treated with
HMGB1/RAGE/autophagy inhibitors. *significantly increased (0<0.05) vs the 3MA-treated
group; tsignificantly decreased (p<0.05) vs the 3-MA-treated group. Data represent means +
SEM (n = 4-5 per group). KO, knockout; WT, wild-type.
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Figure 7.
In vivo EC-restricted hResistin overexpression drives HMGB1/RAGE-dependent pulmonary

vascular smooth muscle cell (PVSMC) proliferation and vascular remodeling during
pulmonary hypertension development in mice. A, Generation of hresistin knock-in mice.
Left: Nucleotide sequence for the human resistin construct. Right: schematic illustration of
the Tie-2-hRETN (hresistin) transgene structure. B, Schematic of the induction of hresistin
protein overexpression in endothelial cells of humanized mice. Doxycycline (Teklad Custom
Diet) was administered to mothers at a dose of 2-3 mg/kg in food throughout pregnancy and
during the weaning period to block hresistin expression. Dose was based on the
manufacturer’s calculation that mice consume 4-5 g/day. Doxycycline was withdrawn from
these mothers approximately 1 month after parturition. hResistin overexpression was
induced for a total period of 6 weeks before organ harvesting and hemodynamics evaluation.
C, Validation of hresistin (FLAG-tagged) expression in humanized mice. Sections were
immunofluorescently stained with anti-Tie-2 (red) and anti-FLAG (green) antibodies.
Signals are digitally merged in left panels. Boxed areas are enlarged and displayed along
with separate channels in the right panels. Magnification: 200X (left panels) and 400X
(enlarged). Representative images are from 4 individual samples per group. D, Mice with
Tie-2-hresistin overexpression had higher right ventricular systolic pressure (RVSP) and
Fulton index (RV/LV+S) than did the wild-type (WT) controls. **p<0.01. E,
Microphotographs from lung tissue sections stained for von Willebrand factor (VWF, brown)
and a-smooth muscle actin (a-SMA, red) illustrate the differences in small vessels between
controls (left) and Tie2-hRETN mice (right). Red arrows mark fully muscularized vessels
(FM), yellow arrows mark partially muscularized vessels (PM), and empty arrows mark non-
muscularized vessels (NM). F, Percentages of FM, PM, and NM vessels in WT and Tie-2-
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hRETN mice. WT mice exposed to chronic hypoxia served as positive controls. *p<0.05,
***n<0.001. n = 7-8. G, Immunofluorescence images of lung tissue from Tie2-hRETN mice
on day 4 after switch-on (lower panels) and from littermate controls (upper panels). Sections
were stained with anti-vWF (red) and anti-HMGBL1 (green) antibodies. HMGB1 signal was
elevated in the vVWF-positive pulmonary endothelial cells. Magnification: 400X.
Representative images are from 4 individual samples per group. H, Secreted HMGBL1 levels
in the bronchoalveolar lavage fluid (BALF) from Tie-2-hRETN humanized mice were
evaluated by ELISA (LifeSpan). Results from three separate experiments performed in
duplicate are shown as mean £ SEM. *p<0.05. | and J, Humanized mice received once-daily
i.p. injections of HMGBL1 inhibitor (EP, 50 mg/kg), RAGE inhibitor (FPS-ZM1, 1 mg/kg), or
autophagy inhibitor (3-MA, 15 mg/kg) on days 0 to 3. On day 4, mouse lungs were
harvested for immunofluorescence staining of a-SMA (green) together with Ki-67 (red, I) or
cleaved caspase-3 (red, J). The inhibitor-treated mice showed a decrease in proliferating
PVSMCs and enhanced apoptosis of a-SMA™ cells. Original magnification: 400X.
Photographs are representative of 4 individual lung samples per group.
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Figure 8. Schematic illustration of the HIMF-regulated endothelial cell (EC)-smooth muscle cell
(SMC) crosstalk in pulmonary hypertension (PH).

In HIMF-induced PH, HMGBL1 is pivotal for mediating EC-SMC crosstalk. HIMF may
trigger a self-amplification loop of DAMP signaling between ECs and SMCs. Through a
paracrine mechanism, the HIMF-induced EC-derived HMGBL1 favors the hyperproliferative
phenotype of SMCs by regulating autophagy and BMPR2, synergistically contributing to PH
pathogenesis.
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