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Abstract:

Aims: TGF- signaling is required for chronic hypoxia-induced pulmonary hypertension (PH).
The activation of TGF-f by thrombospondin-1 (TSP-1) contributes to the pathogenesis of
hypoxia-induced PH. However, neither the cellular source of pathologic TSP-1 nor the
downstream signaling pathway that link activated TGF-3 to PH have been determined. In this
study, we hypothesized that circulating monocytes, which are recruited to become interstitial
macrophages, are the major source of TSP-1 in hypoxia-exposed mice, and TSP-1 activates
TGF-B with increased Rho kinase signaling, causing vasoconstriction.

Methods and Results: Flow cytometry revealed that a specific subset of interstitial

macrophages is the major source of pathologic TSP-1 in hypoxia. Intravenous depletion and
parabiosis experiments demonstrated that these cells are circulating prior to recruitment into the
interstitium. Rho kinase mediated vasoconstriction was a major downstream target of active
TGF-B. Thbsl deficient bone marrow protected against hypoxic-PH by blocking TGF-B
activation and Rho kinase-mediated vasoconstriction.

Conclusions: In hypoxia-challenged mice, bone marrow derived and circulating monocytes are
recruited to become interstitial macrophages which express TSP-1, resulting in TGF-8 activation
and Rho kinase-mediated vasoconstriction.

Translational Perspectives: Inflammation contributes to the pathogenesis of many forms of

pulmonary hypertension, but blocking inflammation has not been a successful therapeutic
strategy to date. Here we found that mice with experimental hypoxia-induced pulmonary
hypertension have recruitment of circulating, classical monocytes into the lungs, and that these
cells express the protein thrombospondin-1 that causes activation of TGF- and results in Rho-
kinase mediated vasoconstriction. These data suggest that more precise targeting of
inflammation, such as blocking specific cells like monocytes or cytokines like TGF-3, would be a
more effective future therapeutic approach for pulmonary hypertension etiologies where these

pathways underlie disease pathogenesis.

Abstract Word Count: 175

Translational perspectives: 99

Keywords: Pulmonary Hypertension; Vasoconstriction; Interstitial Macrophages; Inflammation
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1. Introduction

Hypoxia-induced pulmonary hypertension (PH) is one of the most common causes of
cardiovascular disease, contributing to PH related to high altitude and to other pulmonary
diseases, such as interstitial lung disease, chronic obstructive pulmonary disease, and sleep
apnea . There is increasing evidence that lung inflammation is a driver of pulmonary vascular
remodeling in hypoxic PH, with increased infiltration of monocytes and macrophages within the
pulmonary perivascular/adventitial space?*. These monocytes/macrophages in animals and
possibly humans have altered phenotypic programming in hypoxic PH, including expression of
pro-inflammatory cytokines such as IL-1B and IL-6%> ©. The recruitment of circulating
monocytes/macrophages in hypoxic PH’ is supported by the finding that selectively depleting
circulating monocytes/macrophages with clodronate liposomes protects rodents from hypoxia-
induced vascular remodeling?. However, the specific contribution of particular subsets of
inflammatory cells, particularly of monocytes and macrophages, and the molecular signals

originating from these cells that direct pulmonary vascular disease remain unclear.

TGF-B signaling is necessary for hypoxic and other forms of PH®1°, TGF-B is tightly regulated at
the level of activation. We and others recently reported Hif2a stabilization increases the
expression of thrombospondin-1 (TSP-1), a protein which can activate TGF-B 112, Specifically,
we found that both pharmacologic inhibition of TSP-1 and bone marrow (BM) deficient for Thbs1
(the gene that encodes TSP-1) protects mice from TGF-B activation and PH in hypoxia 1.
However, these studies did not determine which cell populations produce the TSP-1 that
pathologically activates TGF-B, nor the downstream mechanisms by which activated TGF-

causes pulmonary vascular disease resulting in hypoxic PH.

Here, we tested the hypothesis that in hypoxia, BM-derived and circulating monocytes are
recruited into the perivascular compartment, where they become TSP-1" interstitial

macrophages (IMs), resulting in TGF- activation and Rho kinase-mediated vasoconstriction.

2. Methods

2.1 Animals. All animal studies were approved by the University of Colorado Institutional
Animal Care and Use Committee and conform to the NIH guidelines. Mice were euthanized by
sedation with ketamine-xylazine, and bilateral thoracotomy followed by exsanguination.
C57BL6/J wildtype, Thbs1” and Ubc-GFP mice were purchased from Jackson laboratories, Bar
Harbor, ME (Stock Nos.: 000664, 006141 and 003291, respectively). cDNA samples from
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Epas1™ x Vcad-Cre mice were kindly provided by provided by Dr. Kurt Stenmark (CVP Lab,
University of Colorado). 6 and 8 weeks old mice were used for the experiments. All animals
were kept under specific pathogen-free conditions in an American Association for the
Accreditation of Laboratory Animal Care-approved facility of University of Colorado.

Experiments were performed in a coded format.

2.2 Chronic Hypoxia Exposure and assessment of PH. To study hypoxia induced
experimental PH, we used chronic hypoxia induced mouse model as described previously **.
Briefly, we placed mice in a hypoxia chamber with 10% FiO2 (Denver altitude) for three weeks.
The partial pressure of oxygen was regulated by a ProOx 110 (Biospherix, Parish, NY) oxygen
sensor and feedback loop regulating the flow of N» gas into the chamber. After 3 weeks of
hypoxia exposure, the mice underwent terminal right heart catheterization and tissue harvest, as
described previously ' 1314 Concisely, the mice were sedated with IP ketamine-xylazine, and a
tracheostomy placed and mechanical ventilation at 6cc/kg. Abdomen and diaphragm,were
surgically open and a 1 Fr pressure-volume catheter (PVR-1035, Millar ADInstruments,
Houston, TX) was placed directly into the RV and then LV chambers through the free walls. The
lungs were then flushed with PBS, the right bronchus sutured and the left lung inflated with 1%
low melt agarose for formalin fixation and parafin embedding (FFPE) for histology, and the right
lung divided for snap freezing for protein quantification or placed in RNAlater (Life Technologies,
Carlsbad, CA) for RNA quantification. Fulton Index an indicator of RV hypertrophy was
measured by dividing RV by LV+Septum.

2.3 Flow Cytometry. Four days after hypoxia exposure (10% FiO;) the mouse lungs were
flushed with PBS and digested for flow cytometry analysis as previously reported **. Briefly, the
lungs were digested with liberase (Roche, Germany) dissolved in RPMI medium (Mediatech,
Corning, NY); the tissue was disrupted by passing it 5 times each through a 16Gg needle
followed an 18Gg needle. The cells were then filtered using a 100um cell strainer (Fisher
Scientific), and centrifuged for 5 minutes at 1200rpm. Red blood cells were lysed with ACK lysis
buffer (Gibco) and cells were resuspended in RPMI, filtered again, centrifuged and resuspended
into flow wash buffer (5% BSA in PBS with EDTA). Blocking of non-specific Fc receptor-
mediated antibody binding was performed (CD16/CD32, BD Biosciences). The cells were
treated with permeabilization buffer in conjunction with the Intracellular (IC) fixation Buffer
(eBioscience) and stained intracellularly for TSP-1 using fluorochrome conjugated antibodies

listed in Supplementary Table 1. To do RT-PCR on the sorted cells we used multiple panels of
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fluorochrome labeled antibodies to identify TSP-1 expression in different subpopulations of
interstitial macrophages (IMs), IM1 (Intravascular CD45", TSP-1*, CD64*, CD11b*, CD11c"",
MHCII™, Ly6C"), IM2 (Intravascular CD45, TSP-1*, CD64*, CD11b*, CD11c"", MHCII*), IM3
(Intravascular CD45°, TSP-1*, CD64*, CD11b*, CD11c™, MHCII*), as well as in monocytes
(Intravascular CD45*, CD64™, CD11b*, CD11c™, Ly6C*). We excluded CD3*, Ly6G*, B220* and
DAPI* cell population. To tag the intravascular cell populations fluorophores labeled anti-CD45
antibody at the concentration of 1yg / mouse was given retroorbitally 5 minutes prior to
euthanizing the mice. Flow cytometry data acquisition were carried out using a BD Biosciences
Celesta instrument and cell sorting were done with FACS Aria with BD Biosciences Facs DIVA
software from the Clinical Immunology Flow Cytometry/Cell Sorting facility located at the
University of Colorado Anschutz Medical Campus. FlowJo (version 7.6, BD Biosciences) was
used to analyze the raw data.

2.4 Parabiosis (Shared Circulatory System). GFP* and GFP- (wildtype) mice were surgically
joined to share their circulatory sytem using previously described techniques *°. Briefly, the mice
were anesthesized with regulated dose of isoflurane using isoflurane vaporizer machine,
incisions made on opposing flanks, and skin flaps were sutured together. Postoperatively
carprofen and buprenorphine were administered for pain relief, and sulfamethoxazole-
trimethoprim antibiotic administered in the rodent chow for 10 days. 3 weeks after the surgery,
mice were subjected to 4 days of hypoxia exposure. The controls were normoxic pairs. Flow

cytometry were performed on both hypoxic and normoxic pair as described above.

2.5 Bone Marrow Transplantation. Bone marrow transplantation was performed using a
cesium irradiator (provided by the University of Colorado core facility). C57BL/6 recipient
wildtype mice were irradiated with 10 Gray split into 2 fractions 4 hours apart, before
intravenous injection with >1.5 x 10% bone marrow (BM) cells isolated as described previously *¢
from wildtype and Thbsl” donor mice. The irradiated BM recipient mice were kept on
trimethoprim chow for 28 days, then after mice were return to normal diet and further above

mentioned protocol of hypoxia exposures were followed.

2.6 RNA Assessment. RNA Seq data on sorted IMs population was analyzed from published
RNA-sequencing data from cell sorted IMs (CD64*CD11c°CD11b")3. In addition, we also used
real-time polymerase chain reaction (RT-PCR) (ABI, CA, USA) to quantify expression of Thbs1,

Hif1a and Epasl mRNA transcript in sorted cells. RT-PCR was performed in duplicate for each
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gene and each sample. To calculate relative transcript quantities, the 2*-ACt method was used
with B-actin, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and cyclophilin as

endogenous reference genes.

2.7 Active TGF-B1 and Rho kinase activity quantification. The quantity of active TGF-1 and
GTP-RhoA in the whole lung was assessed as described previously!* 13, Briefly, whole lung
tissue lysates were added to a cellular assay using mink lung epithelial cells (MLEC) transfected
with a human plasminogen activator inducer (PAI)-1 promoter fused to the firefly luciferase
reporter gene to detect active TGF-3 (MLECs were kindly provided by Dr. Daniel Rifkin, NYU)*’.
The luciferase activity was recorded as relative light units (RLU). RLU values were converted to
TGF-B activity (pg/mL) using a standard curve generated using serial dilution of recombinant
TGF-B1. TGF-B1 ELISA kit (R&D system, Minneapolis, Cat No.# MB100B) was also used to
access Active TGF-B1 levels. Next, GLISA for GTP-RhoA was performed to determine the
concentration of active GTP Rho A using optical density (OD) at 490nm using the GTP-RhoA
GELISA kit (Cytoskeleton Inc. Cat No.# BK124).

2.8 Prior and Delayed treatment with clodronate liposomes in hypoxia model. The
clodronate liposomes was purchased from Clodronate Liposomes.org and was administered
intraperitoneally every 3™ day at a dose of 50mg/kg of body weight. For prior treatment, the
dose was started since the beginning of hypoxia exposure (day 0), whereas, for delayed
treatment, the dose was started three days after the hypoxic exposure. Mice were placed in a
hypoxia chamber and administered 10% FiO2 for 3 weeks as mentioned above in the protocol
of hypoxia exposures.

2.9 Prior and Delayed treatment with TGF-f neutralizing antibody (1D11) in hypoxia
model. 1D11 was purchased from R&D System, Minneapolis, MN and was administered
intraperitoneally every 3™ day at a dose of 0.5 1 g/g body weight as we reported previously *°.
For prior treatment, the dose was started since the beginning of hypoxia exposure (day 0),
whereas, for delayed treatment, the dose was started three days after the hypoxic exposure.

Mice were placed in a hypoxia chamber for 3 weeks as mentioned above.

2.10 Delayed treatment with peptides in hypoxia and Schistosoma mansoni model. The
soluble peptides LSKL (mimics TSP-1 loss of function) and SLLK (scrambled peptide as control)

(GenScript, NJ, USA) were reconstituted in PBS and were administered intraperitoneally
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30mg/kg/body weight on alternate days (after 21 days of hypoxia exposure) from day 22 to day
36 for hypoxia exposed mice and from day 22-28 (after 21 days of IP/IV eggs) for S. mansoni
egg-exposed mice. The quantity of dose was based on our and prior reports!®. Schistosoma
mouse model were used as described in our previous publications!® 11 13 experimental mice
were intraperitoneally (IP) sensitized to 240 S. mansoni eggs/gram body weight, and then
intravenously (IV) challenged two weeks later with 175 S. mansoni eggs/gram body weight.
Control mice were unexposed to S. mansoni eggs. LSKL treatment of hypoxic and Schistosoma
mice were started once they developed PH as we believe the delayed treatment would reverse
the disease pathology and will have protective effect as observed previously with undelayed

treatment?®.

2.11 Statistical Analysis. SigmaPlot 13.0 was used to perform Statistical analyses. Differences
between 2 groups were assessed with the t-test; whereas, for =3 groups difference were
assessed by the analysis of variance (ANOVA) followed by post-hoc pairwise multiple
comparison testing using the Tukey test. P values less than 0.05 were considered to be
statistically significant. Non-normally distributed data was analyzed after log transformation and

nonparametric analysis were performed with sample samples <6.

3. Results:

3.1 Interstitial macrophages express TSP-1 following hypoxia exposure. We exposed mice
to 10% FO, for 3 weeks to induce hypoxic-PH. We have previously found hypoxia results in
increased expression of Thbsl mRNA and protein (TSP-1) in murine lung tissue . Thbsl
expression also increases in the bovine models of hypoxic PH 1. Here, we sought to identify the
specific IMs that express pathologic TSP-1 in hypoxia. We performed flow cytometry on cell-
dispersed murine lungs. Immediately prior to sacrifice, fluorophores labeled anti-CD45 was
administered retro-orbitally to label cells that were intravascular, and selected macrophage
populations that were negative for this marker (Figures 1A and 1B), in the lung interstitial
location following hypoxia exposure. We found a significantly higher frequency of IMs in hypoxic
mice compared to normoxic mice (Figures 1A, 1B and Supplementary Figure 1A). We
confirmed Thbsl mRNA (the gene that encodes for TSP-1 protein) expression is increased in
sorted IMs (CD64*CD11c'°CD11b") from hypoxic compared to normoxic mice, using RNA-seq

data on sorted IM cells from a recent publication®; (Supplementary Figure 2).
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It has recently been described that there are 3 IM subpopulations, designated as populations
IM1, IM2, and IM3 *°, We found that in hypoxia, besides excessive infiltration (Supplementary
Figure 1B), the IM1 population in particular (based on the surface marker characteristics of this
population: CD11c'MHCII®) had a significant increase in the absolute number of TSP-1* cells
(Figures 1C-1E). This was further confirmed by an increase in intracellular TSP-1 median
fluorescence intensity in the IM1 subset (Figure 1G). Interestingly, the IM2 subset also showed
trends towards higher absolute number of TSP-1* cells and TSP-1 MFI (Figure 1D and 1G). Of
note, TSP-1 intensity in controls and hypoxia exposed wildtype mice were verified using Thbs1™
mice as negative control (Figure 1C-1F). To validate the flow cytometry data, we hypoxia-
exposed CX3CRI1C67 reporter mice (which labels all monocytes and macrophages GFP*,
facilitating cell sorting of macrophage populations) and sorted out the three IM subpopulations as
well as intravascular monocytes. gPCR for Thbsl mRNA confirmed significantly higher
expression of Thbsl in the IM1 subpopulation specifically with hypoxia challenge, but not in the
other two IM subpopulations or in monocyte (Figure 1H). There was no statistically significant
difference in the absolute number of IM2, IM3 and alveolar macrophages between unexposed
and hypoxia exposed wildtype mice (Supplementary Figure 1B and 1C). Similarly, there was
no difference in the TSP-1 median fluorescence intensity in monocytes and dump channel
populations which includes B cells, T-cells, neutrophils and dead cells, between unexposed and
hypoxia exposed wildtype mice (Supplementary Figure 1D-1E). Further, we observed these
IM1 cells express similar surface markers (CD11b" and Ly6c") as intravascular monocytes,
suggesting circulating Ly6c" monocytes may be the precursors to these cells (Supplementary
Figure 3A). We also observed an increase in TSP-1 levels in platelet-free plasma of hypoxic-
PH mice (Supplementary Figure 3B), consistent with previously published human PAH and
hypoxic bovine data *2°,

3.2 Pathologic TSP-1 producing interstitial macrophages are recruited from the
intravascular compartment and express Hif2a after hypoxia exposure

To investigate whether this pathologic TSP-1-producing IM1 subpopulation was of parenchymal
origin or recruited from the circulatory intravascular compartment during the course of hypoxia
exposure, we administered clodronate liposomes via intraperitoneal injection immediately prior to
hypoxia exposure, or delayed 3 days after the onset of hypoxia (Figure 2A). Clodronate treatment
results in depletion of intravascular monocytes but not IMs 2!; depletion of intravascular
macrophages has been previously been shown to protect against hypoxia-induced PH by unclear

mechanisms 2. We observed that mice given clodronate preceding hypoxia challenge had
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significantly fewer TSP-1" IM1 cells (Figure 2A). These data support that circulating monocytes

are the main source of TSP-1" interstitial macrophages recruited during early hypoxic exposure.

In contrast, when clodronate administration was delayed until the third day of hypoxia, there was
no difference in the absolute numbers of TSP-1-producing IM1 cells or other IM subpopulations
(Figure 2B and Supplementary Figure 4). The observation that delayed clodronate did not
reduce TSP-1 producing IMs argues against increased endothelial leakiness resulting from
hypoxia, which would allow clodronate to enter the interstitium and deplete IMs. Based on our
observation, we investigated whether early, but not late monocyte-ablated mice were protected
from hypoxic PH, and we found that early but not delayed clodronate-treated mice were
protected from hypoxic PH (Figure 2C).

To confirm these findings, we performed parabiosis (surgical joining of the circulatory systems)
between GFP* and wildtype (GFP-) mice, followed by hypoxia challenge of the conjoined pair.
We observed that a significant fraction of the IM population in each parabiont was derived from

the partner (mean of 15%) (Figure 2D).

3.3 Deletion of TSP-1 in the bone marrrow (BM) compartment protects against TGF-
activation and hypoxic-PH. The circulating cells that became TSP-1* IMs were likely to be of
BM origin. To test whether BM-derived cells are the critical source of pathologic TSP-1, we
transplanted TSP-1 deficient (Thbs1™) BM or wildtype (control) BM into lethally irradiated
wildtype recipient mice. We found the wildtype recipients of Thbs1” BM were significantly
protected from hypoxic-PH, with decreased RVSP and RV hypertrophy compared to recipients
of wildtype BM (Figures 3A and B), with no difference in vascular remodeling (Supplementary
Figure 5A). We observed no significant differences in left ventricular systolic pressure, right or
left ventricular diastolic pressures, heart rate, or body weight between hypoxia-exposed
recipients of wildtype or Thbs1” BM (Supplementary Table 2).

A critical function of TSP-1 is activation of TGF-B, and we previously found that the
concentration of active TGF-B in the lungs is significantly increased by hypoxia exposure 1. We
guantified active TGF-B concentration using ELISA and an active TGF-3 reporter cell line with a
truncated human PAI-1 promoter fused to firefly luciferase ’. Using both approaches, we
observed a significantly lower concentration of active TGF-B in hypoxia exposed wildtype

recipients of Thbsl” BM as compared to recipients of wildtype BM (Figure 3C and

10
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Supplementary Figure 5B). Further, immunostaining showed an increase in cells expressing
both TSP-1* the macrophage marker Mac3* within the pulmonary vascular adventitia following

hypoxia exposure (Supplementary Figure 6).

We and others have observed TSP-1 expression is regulated by hypoxia inducible factor (Hif)
2a 12 Interestingly, sorted TSP-1* IM1 cells in hypoxia challenged mice had higher expression
of Epasl mRNA (the gene that encodes Hif2a; Figure 2E), correlating with the increased TSP-1
and Thbsl expression previously observed. We also observed increased Hifla expression in
these cells (Supplementary Figure 7), which may also contribute to TSP-1 regulation 1. Epasl
and Hifla mRNA expressions were also higher in the IM2 subset, suggesting a phenotypic
resemblance with IM1 subset and the possibility that IM2 cells (although not significantly

increased in number) could also express TSP-1 in hypoxic PH (Supplementary Figures 8).

As noted above, TSP-1 is thought to be regulated by Hif expression, and Hif2a in particular 1 12,
It has recently been reported that Hif2a expression in endothelial cells contributes to the
development of hypoxia-induced PH 2% 23, We interrogated the expression of Thbsl in whole
lung extracts from mice with endothelial cell-specific deletion of Hif2a, and found that these mice
did not have attenuated Thbsl expression after hypoxia exposure compared to control mice
(Supplementary Figure 9). These data are consistent with the BM origin of these TSP-1* IMs,
and indicate that the BM-derived source of pathologic TSP-1 is independent of the role of

endothelial cell Hif2a contributing to hypoxic PH 2223,

3.4 TSP-1 activation of TGF-B decreases active Rho kinase and hypoxic vasoconstriction.
We next sought to identify the mechanism linking TGF-B activation with hypoxic PH. Activation
of RhoA by GTP binding is a non-canonical signaling pathway of TGF-f 4. In vascular smooth
muscle cells, GTP-bound RhoA increases the activity of Rho-activated kinase (ROCK), resulting
in inhibitory phosphorylation of myosin phosphatase, promoting the activity of myosin and
causing vasoconstriction 2. In line with prior studies % 2/, we observed higher active (GTP-
bound) RhoA concentrations in whole lung lysates of hypoxia-exposed wildtype mice (Figure
4A). In contrast, hypoxia-exposed wildtype recipients of Thbsl’ BM had significantly lower

GTP-bound RhoA compared to recipients of wildtype BM (Figure 4B).

We tested the functional consequence of active TGF-f signaling on the RhoA/ROCK pathway

by measuring the drop in RVSP with acute intravenous administration of fasudil, an inhibitor of

11
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ROCK, to quantify Rho kinase-dependent vasoconstriction in vivo. Hypoxia-exposed wildtype
recipients of either Thbs1” or wildtype BM both had significant decreases in RVSP after acute
administration of fasudil (Figure 4C). However, the decrease in RVSP with fasudil
administration was less in hypoxia-exposed wildtype recipients of Thbs1” BM, as compared to
recipients of wildtype BM, confirming less ROCK-mediated vasoconstriction in the absence of
TSP-1-mediated activation of TGF-B (Figure 4D). Further, we tested whether blocking TGF-3
prior to hypoxia exposure protects from hypoxic PH by attenuating vasoconstriction.
Interestingly, we observed treatment with the pan-TGF-f neutralizing antibody 1D11
significantly attenuated RVSP, RV hypertrophy, and RhoA activity compared to delayed
treatment wildtype mice (Supplementary Figure 10), supporting the concept of TGF-B-

mediated Rho kinase activation in hypoxic-PH.

3.5 Delayed blockade of TSP-1 does not reverse hypoxic PH. We previously found blockade
of the TGF-B activation function of TSP-1 by administering LSKL peptide (a competitive inhibitor
of the site on TSP-1 that activates TGF-B) **; here we show that Thbs1’” BM protects against
the development hypoxia-induced PH 1. It is unclear, however, if TGF-B activation by TSP-1 is
a triggering event for the development of PH, or if late blockade of TGF-B activation may
reverse existing disease. To answer this question, we administered LSKL starting after 21 days
of chronic hypoxia, and found delayed treatment with LSKL did not change the RVSP, as
compared to scrambled peptide (SLLK; Supplementary Figure 11). We also attempted to
reverse established Schistosoma-induced PH, which we previously reported is similarly
triggered by TSP-1 activation of TGF-3, by administering LSKL (or scrambled peptide) starting
on day 5 after intravenous egg administration, but similarly found there was no effect on the
RVSP (Supplementary Figure 12). These data indicate that the activation of TGF- by TSP-1
is likely a triggering event in PH pathogenesis, rather than being involved in maintaining the

chronic phase of the disease.

4. Discussion:

Here, we report that hypoxia triggers IM recruitment from the intravascular compartment, which
express pathologic TSP-1, driving TGF-B activation, and downstream non-canonical signaling
via GTP-RhoA and Rho kinase activation resulting in vasoconstriction and PH. These current
findings tie with our recent work, where we reported increased TSP-1 expression activates TGF-

B, while TSP-1 blockade protects mice from TGF-B activation and PH . The cell-specific
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contribution of pathologic TSP-1 and the downstream mechanisms by which activated TGF-8

causes vascular disease resulting in hypoxic PH had not been previously determined.

Identification of TSP-1* IMs revealed a specific population, characterized as CD11¢’MHCII' and
previously designated “IM1” 1, are a major source of TSP-1 in hypoxic-PH. We found the other
two IM subsets, IM2 and IM3, also expressed TSP-1. There was a trend towards increased
TSP-1 expression with hypoxia challenge in the IM2 subset (and a significant increase in the
MRNA expression of the TSP-1 regulator Hif2a), but no change in the IM3 subset. It is possible
that the IM2 subset lies in a transition state with close phenotypic characteristics to IM1 cells,
and could also contribute to TSP-1 expression in hypoxic PH, which could be explored in future
studies. Further, we observed BM cells are likely the main source of TSP-1, as recipients of
Thbs1” BM were protected from hypoxic-PH. The mechanism underlying this protection is
attributed to attenuated perivascular TGF-B activation, as active TGF-f3 levels were decreased
when we transplanted Thbs1” BM into wildtype recipients. Downstream, decreased TSP-1-
mediated activation of TGF-f resulted in decreased active Rho kinase and less ROCK-mediated

vasoconstriction and hypoxic PH.

Increased inflammatory immune cell recruitment has been reported in hypoxic PH 7 28 29
although the specific cell types and the mechanism by which these cells contribute to the
pathogenesis of hypoxic PH have not been previously determined. Our data indicate
intravascular monocytes are the precursors of pathologic TSP-1* IM1 cells, as clodronate
treatment prior to hypoxia exposure, which ablates intravascular myeloid and monocytes cells,
resulted in the subsequent decrease of this interstitial population, corroborating previous reports
that most interstitial macrophages originate from blood monocytes, and clodronate treatment
protects from hypoxic-PH 2 30, A failure to significantly deplete the IMs by delayed clodronate
treatment further supported the circulatory origin of the pathologic cells. The preceding
intravascular cells may be Ly6¢c* monocytes, as our data corroborates recent findings that Ccr2

deficient mice have attenuated recruitment of these cells in hypoxic conditions % %,

We found TSP-1 blockade protects against hypoxic PH by decreasing the concentration of
active TGF-B, resulting in suppression of downstream, non-canonical RhoA/Rho kinase
signaling and less vasoconstriction. A recent study found that blocking monocyte recruitment by
Cx3crl inhibition decreased vascular remodeling but did not decrease pulmonary pressures ¥,

suggesting a role for vasoconstriction as elucidated here. Conversely, TGF-B mediated
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Smad?2/3 canonical signaling has been reported as critical in other forms of PH with more
prominent vascular remolding °. In hypoxic PH, vasoconstriction is a pathologic hallmark of the
disease and in chronic cases there is further vascular remodeling. We previously found no
difference in vascular remodeling in hypoxic PH in mice with suppression of the canonical TGF-
B mediator Smad3 °. Increased Rho kinase signaling has been previously noted in hypoxia
challenged mice, but the mechanism triggering its activation has not been clear 3!. Our
observation of less GTP-bound RhoA activity in the lungs of Thbsl” BM recipients,
complemented by less Rho kinase-mediated vasoconstriction, identifies TSP-1 as an activator
of this pathway. It is possible that the attenuated drop in RVSP with fasudil treatment in Thbs1™”
BM recipient mice is due to the lower starting pressure. However, the observation that the final
RVSP after fasudil treatment has been administered is not different between wildtype and
Thbs1” BM recipient mice argues that the presence or absence of TSP-1 affects only the Rho
kinase-dependent portion of the hypoxic PH phenotype. The molecular mechanism by which
TGF-B regulates RhoA remains to be determined, although recent work showed the nucleotide
exchange factor ARHGEF1 is a target of TGF-f and an important regulator of Rho kinase

activity 32,

Reversing established PH remains a major challenge. We blocked TSP-1 at later time points in
two experimental models of PH to reverse disease, but the PH severity did not decrease.
Notwithstanding the complexity of the diseased lung which could interfere with the distribution of
the LSKL peptide, the aggregate of our data more likely indicate that TSP-1 is an early trigger of
the disease rather than being involved in the maintenance or progression of the disease. This
hypothesis is also supported by observations that its expression is greatest at early time points

after the onset of hypoxia exposure .

In summary, we found a specific TSP-1* interstitial macrophage population recruited from bone
marrow derived and circulating monocytes contributes to hypoxia-induced PH by activating
TGF-B1, which triggers downstream Rho kinase mediated vasoconstriction. Blocking cell
specific production of TSP-1 could be a safe and effective approach in treating TGF- mediated

vascular diseases, particularly from a preventative approach.
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Figure Legends:

Figure 1: Interstitial macrophages are the pathologic source of TSP-1 under hypoxic
conditions. (A and B) Gating on live cells using FSC-SSC with removal of doublets (not
shown) in 4-days hypoxic and normoxic single cell dispersed murine lungs. We gated out cells
marked by anti-CD45 intravenously injected to identify intravascular cells and used a dump gate
(including: B cells, T-cells, dead cells, neutrophils) cells to identify all parenchymal
macrophages (CD64*CD11b*); primarily comprised of alveolar (CD11c"CD11b"") and interstitial
macrophages (IMs; CD11b"CD11c""%). IMs were further gated into 3 subsets, IM1, IM2 and IM3
as reported in the previous publications®® (representative of n=4-5 replicates / group. TSP-1
expression and absolute numbers of TSP-1+ cells in (C) IM1, (D) IM2, (E) IM3, and (F) alveolar
macrophages in normoxia and hypoxia-exposed lung samples; Thbs1” mice were used as
negative control (representative of n=5/group). (G) TSP-1 median fluorescence intensity (MFI)
after subtracting the background MFI of Thbs1” control mice in the three IMs and alveolar
macrophages in normoxia and hypoxia-exposed lung samples (rank sum test). (H) Thbs-1
MRNA quantification by qPCR in sorted cells from the three IM subsets and circulating
monocytes (ANOVA P<0.001, with post hoc Tukey tests shown). (Mean = SD plotted; N=
number of animals per group; *P<0.05, ***P<0.005, ****P<0.001).

Figure 2: Pathologic TSP-1 producing IM1 recruits from intravascular compartment and
express Hif2a after hypoxic exposure. Schematic and effect of clodronate treatment on the
absolute number of TSP-1 producing IM1 subpopulation (A) prior to hypoxia exposure (day 0)
and (B) delayed, 3 days after the start of the hypoxia exposure. Flow cytometry analysis was
performed on day 4 of hypoxia exposure; the gating strategy was similar to Figure 1A-1B (t-
test). (C) Effect of prior and delayed clodronate treatment on RVSP and Fulton index.
Clodronate liposomes were administered intraperitoneally every 3 day for 21 days of hypoxia
exposure at a dose of 50mg/kg of body weight. Prior treatment started from day O, whereas,
delayed treatment started from day 3 of hypoxia exposure. (D) Parabiotic mice. Histograms
represent expression of GFP in IMs with GFP- host in brown, GFP* host in green. Graph shows
percentage of all IMs derived from the other partner in hypoxia (each GFP* and GFPpair is
numbered). (E) Epasl mRNA expression in sorted TSP-1"IM1 cells from normoxia and hypoxia
exposed mice. (Mean * SD plotted; N= number of animals per group; non-parametric rank-sum
test; *P<0.05, *P<0.01, NS=nonsignificant).
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Figure 3: TSP-1 deletion in the bone marrow (BM) compartment protects against hypoxia-
induced pulmonary hypertension and TGF-B activation. (A) Right ventricular systolic
pressure (RVSP), (B) right ventricular hypertrophy (Fulton index) and (C) concentration of active
TGF-B in the lung lysates of normoxia- or 21-days of chronic hypoxia-exposed wildtype (WT)
recipients of either WT or Thbs1” BM. (Mean + SD plotted; N= number of animals per group;
ANOVA t-test (Panel A & B); *P<0.05, ***P<0.005, ****P<0.001.)

Figure 4: TSP-1 deletion in the bone marrow (BM) compartment decreases Rho kinase
signhaling and vasoconstriction induced by hypoxia. Active (GTP-bound) RhoA
concentration in (A) normoxia and 21-days of chronic hypoxia exposed wildtype (WT) mice, and
(B) in WT recipients of WT or Thbs1” BM. (C) RVSP before and after Fasudil treatment in WT
recipients of WT or Thbs1l” BM and (D) the relative drop in RVSP resulting from Fasudil
treatment (pre minus post pressures). (Mean £ SD plotted; N= number of animals per group;
panel A, B and D unpaired, whereas panel C paired t-test: *P<0.05, ***P<0.005, ****P<0.001).
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