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Abstract

Rationale: Pulmonary hypertension (PH) is a multifactorial disease with a poor prognosis and
inadequate treatment options. We found two-fold higher expression of the orphan G-Protein
Coupled Receptor 75 (GPR75) in leukocytes and pulmonary arterial smooth muscle cells from
idiopathic PH patients and from lungs of C57BL/6 mice exposed to hypoxia. We therefore
postulated that GPR75 signaling is critical to the pathogenesis of PH.

Methods: To test this hypothesis, we exposed global (Gpr75~-) and endothelial cell (EC)
GPR75 knockout (EC-Gpr75") mice and wild-type (control) mice to hypoxia (10% oxygen) or
normal atmospheric oxygen for 5 weeks. We then recorded echocardiograms and performed right
heart catheterizations.

Results: Chronic hypoxia increased right ventricular systolic and diastolic pressures in wildtype
mice but not Gpr75~~ or EC-Gpr75~~ mice. /n situ hybridization and qPCR results revealed
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that Gpr75 expression was increased in the alveoli, airways and pulmonary arteries of mice
exposed to hypoxia. In addition, levels of chemokine (C-C motif) ligand 5 (CCL5), a low affinity
ligand of GPR75, were increased in the lungs of wild-type, but not Gor757~, mice exposed to
hypoxia, and CCL5 enhanced hypoxia-induced contraction of intra-lobar pulmonary arteries in a
GPR75-dependent manner. Gpr75 knockout also increased pulmonary cAMP levels and decreased
contraction of intra-lobar pulmonary arteries evoked by endothelin-1 or U46619 in cAMP-protein
kinase A-dependent manner.

Conclusion: These results suggest GPR75 has a significant role in the development of hypoxia-
induced PH.

Graphical Abstract

Endothelial dysfunction, increased contraction of smooth muscle cells (SMCs), and
pulmonary artery remodeling are the main causes of pulmonary hypertension (PH) — a

lung disease with a poor prognosis and inadequate treatment options (1). It is now apparent
that elevated levels of various cytokines and chemokines, including chemokine (C-C motif)
ligand 5 (CCL5), contribute to the abnormal pulmonary vascular cell growth and function
seen in some forms of PH, including hypoxia-induced PH, in both patients and experimental
animal models (2, 3). However, very little is known about the role of cytokine/chemokine-
related receptor signaling in the pathogenesis of PH. A better understanding of the related
cytokine and chemokine signaling that elicits inflammation and promotes pulmonary arterial
remodeling, will be useful for developing novel approaches to the treatment of PH.

Chemokines, including CCLY5, activate chemotaxis and induce T cell proliferation (4). CCL5
interacts with cells and signals through several G-protein coupled receptors (CCR1, CCR3
and CCR5). In addition, it was recently proposed that CCL5 is a ligand for orphan G-protein
coupled receptor 75 (GPR75) in neuronal cells (5). The mRNA encoding GPR75 has been
detected in mouse heart, brain, skeletal muscle, liver, kidney, spleen, lungs and testis (5)

as well as in vascular endothelial cells (ECs) and SMCs (6). Gpr75 was originally cloned
and characterized from human chromosome 2p16 and was detected in the human retina,
retinal arterioles and brain (7). The receptor was subsequently linked to age-related macular
degeneration (8), diabetes (9), multiple sclerosis (10), neuroprotection (11), hypertension
(6) and obesity (12). Intriguingly, Gpr75is also associated with metastatic features of
androgen-insensitive prostate cancer cells (13), colorectal neoplasia (14) and lung squamous
cell carcinoma (15). However, the precise roles of GPR75 in most of these diseases have not
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been experimentally demonstrated, and details of GPR75-associated intracellular signaling
remains unclear.

CCLS5 and 20-hydroxyeicosatetraenoic acid (20-HETE), low- and high-affinity ligands

for GPR75 (16), activate Gqq signaling in neuronal cells, ECs and SMCs (5, 6, 11).

Acting via GPR75-G44, CCL5 and 20-HETE respectively induce increases in inositol-1,3,5
triphosphate (IP3) and intracellular Ca2* in: 1) a hippocampal cell line, where it is protective
against the neurotoxicity of amyloid-p peptide (5), and 2) SMCs, where it appears to
enhance phenylephrine-induced contractions and hypertension in mice (6). In addition,
CCL5 and 20-HETE are proinflammatory molecules (17, 18). CCL5, which is elevated in
PH (2), plays a critical role in T cell activation and proliferation (4), while 20-HETE, a
metabolite of arachidonic acid produced by pulmonary arteries in response to hypoxia (19),
elicits transient pulmonary arterial contraction followed by relaxation (20). We therefore
postulated that GPR75 signaling is crucially involved in PH. To test that idea, we used

of a new Gpr75knockout mouse model to determine the role of GPR75 in chronic hypoxia-
induced PH. The results presented in this study demonstrate, for the first time, that both
global and EC GPR75 knockout completely abolish hypoxia-induced contraction of isolated
intra-lobar pulmonary arteries (IPAs) and hypoxia-induced PH. These results suggest GPR75
is a major contributor to both lung physiology and pathophysiology and may play significant
roles in such lung diseases as focal pneumonia or atelectasis and high-altitude sickness.

Materials and Methods

For detailed descriptions of the methods, refer to the online supplement.

Drugs and reagents:

All chemicals and reagents were purchased from Sigma, Thermo-Fisher, R&D Systems, My
BioSource or VWR.

Gpr75 knockout mice:

The conditional null (“Flox™) Gpr75locus was generated by CRISPR/Cas9-mediated
targeting in G4 (B6129F1) embryonic stem (ES) cells (Supplemental Figure 1). The
LoxPsites flank 3133 bp, which contains 184 bp of introns 1-2, the single coding

exon of Gpr75 (exon 2), the entire 3 UTR, and 208 bp of the 3’ extragenic

sequence (floxed sequence chr11:30,890,805-30,893,937 [GRCmM38/mm10]). CAS9
double stranded breaks were targeted to CAGGAATACGACCTCTCCATNGG (5’) and
CCAAAATCCTATACTAGTAGNGG (3’) using the PX459v2 SgRNA/CAS9/Puro delivery
plasmid, a gift from Feng Zhang (21). Two circular repair templates, each with 600

bp total homology, were used to insert the LoxP sites. To aid clonal screening, a

unique restriction endonuclease site was inserted with each LoxPsite: BamHI (5’

LoxP) and Clal (3’ LoxP). ES clonal screening was done with high fidelity PCR,

which was followed by restriction digestion and was confirmed by direct sequencing

of the PCR amplicon and sequencing verification with the PCR primers (5’ LoxP-Fwd:
GTACATTGTGCACCTCTTCACAC; 5’ LoxP-Rev: CTTCCTGAAGGATGGGTCAAAGA;
3’ LoxP-Fwd: ACCAAGCTGTTACAAATGTGCTG; and 3’ LoxP-Rev:
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TTGGTTGCTTAATATGCATGACCC). To confirm that no aberrant recombination occurred
within the Gpr75 coding exon, the entire targeted locus was PCR amplified and sequenced
using the distal screening primers (5’LoxP-Fwd and 3’ LoxP-Rev). Neither of the two CAS9
target sequences were predicted to have any genetically linked off-target sites; therefore, the
ES clones were not screened for any off-target CAS9-mediated mutations.

Homozygously targeted ES clones were microinjected into wildtype blastocysts for standard
chimeric founder generation. The primary Gpr75flox allele was maintained as a perpetual
backcross to wild-type C57BL/6J mice. To generate the Gpr75-deficient allele, the Gpr75
flox allele was crossed to B6 CMV-Cre transgenic mice [Jackson Labs Strain 006054; (22)].
Cre-mediated recombination/excision of the floxed genomic region was confirmed by direct
amplicon sequencing. To generate EC-Gpr75 knockout, we crossed the Gpr75 flox mice
with non-inducible Tie2-Cre transgenic mice purchase from Jackson laboratory. Genotyping
of the flox and null mouse colonies was done by Transnetyx using allele-specific primer/
probe assays. Because PH is multicellular disease, we chose to use global and EC GPR75
knockout mice to characterize the role of GPR75 signaling in its pathogenesis.

Animal models and experimental protocols:

All animal experiments were approved by the New York Medical College Animal Care and
Use Committee, and all procedures conformed to the guidelines from the NIH Guide for

the Care and Use of Laboratory Animals. Global and EC Gpr75~~ male and female mice
(15-18 g) and age-matched wild-type mice (15-18 g; controls/littermates) were randomly
divided into normoxia (Nx) and hypoxia (Hx) groups. Mice in the Nx group were placed in
a normoxic (21% O,) environment, while the Hx group was placed in a normobaric hypoxic
chamber (10% O») for 5 weeks. Hx mice are a preclinical model of PH (23). At the end

of the treatment period, hemodynamic measurements were performed, tissues (lungs, hearts,
and arteries) were harvested, and blood samples were collected.

Lungs were isolated as described previously (24) and according to the recommendations
of the American Thoracic Society (25). Briefly, we inflated the left lung lobes with 0.5%
agarose in 1% neutral buffered formalin at 20 cmH,0 pressure and then fixed the tissue in
10% neutral buffered formalin overnight (24). We then embedded the formalin-fixed lung
in paraffin and cut 5-um sections, which were stained with H&E, Mason’s Trichrome and
Verhoeff Van Gieson stain to evaluate pulmonary arterial remodeling. Remodeling of small
(< 50 pm), medium (50-100 pm) and large (>100 um) pulmonary arteries was assessed
using the Heath-Edward grading system, as previously described (24, 26).

Collection of blood from control individuals and PH patients:

Protocols were approved by the New York Medical College and Westchester Medical Center
IRB. Written consent was obtained from all participants before blood was collected, after
which leukocytes were isolated from scleroderma and idiopathic pulmonary hypertensive
patients as well as from control individuals. Patients’ demographic and hemodynamic
characteristics were presented in our earlier publication (27). In the present study, we used
left over total MRNA to assess Gpr75 expression.
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Statistical analysis:

Results:
CCLS5 levels

Statistical analysis was performed using GraphPad Prism 7.0e software. Values are
presented as the mean + standard error (SE). Statistical comparisons of samples were
performed with two-way ANOVA followed by Fisher’s LSD post hoc test. Student’s t test
was used to compare the two groups. Differences with P<0.05 between the groups was
considered significant.

and GPR75 expression are increased in PH:

Recent studies have shown that immunogenic/inflammatory cells and stem cells recruited
from the circulation to the lungs contribute to the increase in the inflammatory cytokine
gradient around the pulmonary arteries and to the pathogenesis of PH (27, 28). Therefore,

to determine whether GPR75 and its putative ligands, CCL5 and 20-HETE, are increased in
PH patients, we measured expression of GPR75 mRNA in leukocytes and levels of CCL5
and 20-HETE in plasma from patients with scleroderma-associated or idiopathic PH (Figure
1). GPR75 expression was higher in leukocytes from PH patients than in those from control
individuals (Figure 1A). CCL5 levels were higher (P<0.05) in plasma from PH patients than
from controls (Figure 1B), whereas plasma 20-HETE levels did not differ between the PH
patients and controls (Figure 1C).

CCL5 and Gpr75 expression increases and 20-HETE decreases in lungs of mice exposed

to hypoxia:

To determine whether GPR75, CCL5 and/or 20-HETE are increased in experimental models
of PH, we measured Gpr75expression and CCL5 and 20-HETE levels in lungs from
wild-type mice exposed to hypoxia (Hx) or normoxia (Nx) for 5 weeks. As anticipated,
Gpr75 expression was higher in lungs from Hx than Nx mice (Figure 1D), as were CCL5
levels (Figure 1E). By contrast, 20-HETE levels were lower in lungs from Hx mice than Nx
mice (Figure 1F).

Gpr75 expression is increased in lungs from wild-type mice exposed to hypoxia:

Because Gpr75 mRNA levels were increased in PH patients and Hx mice, we employed
RNAscope (/n situ hybridization) to assess expression of Gpr75in mouse lungs because
commercially available antibodies are non-specific. Our results revealed Gpr75 mRNA
signals (red) in and around alveoli, airways, and pulmonary arteries [identified by yellow
von Willibrand factor (vWF) staining for endothelial cells] in wild-type Nx and Hx mice
(Fig. 2A). However, the signals were much stronger in the lungs of Hx mice. By contrast,
little or no Gpr75signal was detected in the lungs of Gpr757=-Hx mice (Fig. 2A). Real-time
PCR results showed the presence of Gpr75 mRNA in the lungs and heart from wild-type
mice but not Gpr75~~ mice (Figure 2B and 2C). Moreover, Gor75 mRNA levels were
increased in the lungs of wild-type Hx mice but not Gpr75~~-Hx mice (Figure 2B).
Interestingly, cardiac levels of Gpr75 mRNA were decreased in wild-type Hx mice (Figure
2C).
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CCL5 is increased in lungs from wild-type mice and requires GPR75 to elicit contraction of
isolated IPAs:

Increases in inflammatory chemokines contribute to the pathogenic remodeling of
pulmonary arteries in PH patients and animal models (1, 2, 29). CCL5, a proinflammatory
chemokine, has been implicated in pulmonary arterial remodeling and shown to elicit
contraction of saphenous vein and coronary artery (30). Because CCL5 is a low-affinity
ligand for GPR75 (16), we tested whether CCL5-GPR75 signaling contributes to pulmonary
arterial contractility. As compared to the corresponding Nx mice, Cc/5 expression was
higher in lungs from wild-type Hx mice but not Gpr757=-Hx mice (Figure 3A). At the same
time, CCLS5 levels were increased in wild-type Hx, but not Gpr75~~-Hx, mice as compared
to the corresponding Nx mice (Figure 3B). We next examined the effect of CCL5 on
contractile force in IPAs. Intriguingly, hypoxia-induced contractions in IPAs from Gpr757/~
mice were weaker than in those from wild-type mice (Figure 3C). In addition, application of
CCL5 (1 ng/ml) to IPAs from wild-type mice enhanced the second phase of hypoxia-induced
contractions (Figure 3C).

Gpr75 knockout increases cAMP levels and decreases IPA contractility via CAMP-protein
kinase A-dependent signaling:

Earlier studies showed that GPR75 activates Ggq and G signaling (5, 31, 32). Therefore, to
investigate the GPR75-dependent signaling that regulates pulmonary arterial contractility,
we measured levels of Ggq - and G j-associated second messengers (IP3 and cAMP,
respectively) in lungs from Gpr757~ and wild-type mice. Interestingly, while IP3 levels

did not differ between lungs from Gpr75~~ and wild-type mice (Figure 4A), CAMP levels
were five-fold higher in the lungs of Gpr757~ than wild-type mice (Figure 4B). Then to
determine whether CCL5-GPR75 pairing decreases cCAMP, we measured CAMP levels in
lung tissue from Gpr75~~ and wild-type mice incubated with CCL5 (1 ng/ml). Application
of CCLS5 to lungs from wild-type mice, but not Gpr75~~ mice, significantly reduced cAMP
levels (Supplement Table 1). Therefore, given that cAMP reduces intracellular Ca2* and
relaxes smooth muscle, we assessed the effect of elevated cAMP on the contractility of IPAs
from wild-type and Gpr75~~ mice. We first tested the response to KCI, which elicits SMC
contractions by activating Ca2* influx through voltage-gated Ca2* channels as well as by
activating a Rho kinase-mediated pathway (33). We found that IPAs from Grp757~ mice
exhibited weaker KCI-induced contractions than those from wild-type mice (Figure 4C). We
then tested the response of IPAs to ZD7288, a CAMP-gated ion channel inhibitor, and found
that ZD7288 elicited stronger IPA contractions in wild-type than Gpr75~~ mice (Figure
4D). Elevated levels of thromboxane and endothelin-1 have also been implicated in hypoxia-
induced pulmonary contraction and in the pathogenesis of various forms of PH (34).
Interestingly, contractions elicited by U46619, a thromboxane analogue, or endothelin-1

in IPAs from Gpr75~ mice were weaker than those elicited in IPAs from wildtype mice
(Figure 4E and F).

It is well established that cAMP stimulates protein kinase A (PKA) signaling, which
decreases SMC contraction by reducing 1] Ca2* influx through ion channels, 2] intracellular
Ca?* levels by inhibiting Ca?* release from internal stores or by accelerating Ca?* uptake
into the SR, and 3] Ca?* sensitivity to the myofilaments. Therefore, to determine whether
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GPR75-cAMP signaling affects tonic or sustained contraction of IPA, we tested the effects
of 8-Br-cAMP (10 uM), a PKA activator, and Rp-cAMPs (10 uM), a PKA inhibitor, on IPA
contractions evoked by KCI (60 mM) and endothelin-1 (1 uM) in a time dependent manner.
In response to KCI or endothelin-1, IPAs isolated from wild-type mice and pretreated with
8-Br-cAMP exhibited weaker contractions while those pretreated with Rp-cAMPs exhibited
stronger contractions than unpretreated vessels (Figure 5A and B). By contrast, IPAs isolated
from Gpr757~ mice was refractory to the effects of 8-Br-cAMP on KCI- and endothelin-1-
evoked contractions and even enhanced contractions evoked by KCI (Figure 5C and D).
Moreover, IPAs from Gpr75™~ mice pretreated with Rp-cAMPs contracted more gradually
(Figure 5C and D) than those from wild-type mice (within 5 mins) in response to KCI or
endothelin-1 (Figure 5A and B).

Gpr75 knockout decreases hypoxia-induced right ventricular pressure and hypertrophy
but not pulmonary arterial remodeling:

Because Gpr75 knockout upregulated cCAMP and decreased the contribution of CCL5-
GPR75 to hypoxia-induced pulmonary artery contraction, our next goal was to determine
the role of GPR75 in mediating chronic hypoxia-induced PH. Chronic hypoxia (for 5 weeks)
increased right ventricular pressure (Figure 6A, B and C) and hypertrophy (Figure 6D) in
wild-type mice but not Gpr75~~ mice. Furthermore, the PAAT-to-ET ratio, left ventricular
diameter (LVD), left ventricular volume (LVV), fraction shortening (FS), stroke volume
(SV), stroke work (SW), ejection faction (EF) and cardiac index (CI) were all higher

in Gpr75”~-Hx than wild-type Hx mice (Supplement Table 2 and 3). Intriguingly, right
ventricular diastolic pressure was lower and PApeakV was higher in Gor757~-Nx mice
than wild-type Nx mice (Figure 6C and Supplement Table 2). Verhoeff Van Gieson staining
(Figure 6E) showed the pulmonary artery remodeling (medial hypertrophy or wall thickness
determined from the internal and external lamina) does not appear to differ between the
experimental groups (Figure 6F).

EC-Gpr75 knockout decreases hypoxia-induced right ventricular pressure:

Because Gpr75 expression was 50% higher in human pulmonary artery ECs than SMCs
(Supplement Table 4), we generated EC-Gpr75~~ mice to determine the importance of
EC-GPR75 in the pathogenesis of hypoxia-induced PH. We validated EC knockout by
measuring Gpr75 mRNA in CD-31 enriched ECs isolated from lungs (Figure 7A and B).
Interestingly, EC-Gpr75 knockout reduced the hypoxia-induced increase of right ventricular
systolic and diastolic pressures (Figure 7C, D, E), and the reduction in pressure was
comparable to that observed in global Gpr757~ mice (Figure 6B and C).

Discussion

The results of this study provide the first experimental evidence that GPR75 receptor
signaling contributes to the pathogenesis PH in mammals, as global and EC knockout of
Gpr75in mice weakened hypoxia-induced contraction of IPAs and reduced right ventricular
pressure. We therefore propose that GPR75 signaling is critical to both lung physiology and
pathophysiology.
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Using /n situ hybridization, Gpr75 signals were detected in arteries, airways, and alveoli

in mouse lungs. GPR75 express more in mouse ECs than SMCs (6). Consistent with

that finding, GPR75 was expressed in cultured human pulmonary artery ECs more than
SMCs. Notably, Expression of GPR75mRNA was 2-fold higher in leukocytes from patients
with scleroderma-associated or idiopathic PH than in those from control subjects and was
three-fold higher in lungs from wild-type Hx mice than in lungs from Nx mice. This
suggests Gpr75 expression is sensitive to changes in O, tension and increased GPR75

levels could potentially play a role in the initiation and/or maintenance of PH. Our finding
that global or EC Gpr75 knockout prevented hypoxia-induced increases in right ventricular
pressure and hypertrophy indicates that GPR75 signaling contributes to increased afterload
on the right heart in response to sustained hypoxia-induced pulmonary artery contraction.
Increased contraction and remodeling of large and small pulmonary arteries impede blood
flow through the lungs and increase afterload on the right heart (1). In mice, unlike in

rats, pulmonary artery contraction and remodeling equally contribute to the development

of hypoxia-induced PH (35). Because Gpr75 knockout reduced RVSP but not pulmonary
artery hypertrophy, we suggest remodeled (thicker) pulmonary arteries in the hypoxic lungs
from Gpr75~~ mice impaired blood flow during systole. Additionally, Gpr75 knockout
decreased the second phase of hypoxia-induced contraction of IPAs. These findings suggest
that increased Gpr75 transcription and GPR75 receptor-dependent signaling contributes to a
setting in which pulmonary arteries are constricted and right ventricular pressure is increased
in mice exposed to chronic hypoxia.

We next sought to determine the signaling that relieved the hypoxia-induced increase in right
ventricular pressure in Gpr75~~ mice. Because recent studies suggest GPR75 mediates Gga
signaling (5), we anticipated that Gpr75 knockout would decrease pulmonary IP3 levels.
Unexpectedly, our findings revealed that Gpr75knockout led to a >5-fold increase in CAMP
levels, which is regulated by Gs- and G, j-dependent signaling, without affecting IP3 levels
in lungs of Nx mice. Although these findings seem paradoxical, they are not unprecedented.
Two recent studies showed that overexpression of GPR75 reduces cAMP in cultured cells
(31, 32). Given that Gpr75 knockout decreased pulmonary GPR75 mRNA signals, we
suggest that CAMP was increased in all cell types within those airways and pulmonary
vasculature. Collectively then, our findings with Gpr75~~ mice together with results from
earlier GPR75 overexpression studies suggest GPR75 associates with G j-coupled receptor
signaling.

It is well established that cAMP signaling robustly elicits relaxation of SMCs and

dilation of blood vessels, including pulmonary arteries, by: 1] decreasing Ca2* influx
through voltage-gated and store-operated Ca?* channels (1, 36), 2] increasing Ca2* uptake
and sequestration by the sarcoplasmic reticulum (37, 38), and 3] decreasing the Ca%*
sensitivity of myofilaments (39). Hypoxia increases intracellular Ca?* and enhances the
Ca?* sensitivity to myofilaments in SMCs and thus elicits pulmonary artery contraction
(40). In that regard, IPAs from Gpr75~~ mice contracted less than those from wild-type
mice in response to 1] hypoxia; 2] U46619 (a thromboxane analogue) and endothelin-1,
two mediators of pulmonary hypertension; 3] KCI, a membrane depolarizing agent; and 4] a
cyclic nucleotide (cCAMP)-gated ion channel inhibitor. These results indicate that activation
of cCAMP-PKA signaling would likely reduce force generation in IPAs from Gpr757~ mice
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in response to various contractile agents. This was confirmed by our results showing that
IPAs from wildtype mice, but not Gor75”~ mice, contracted less to KCI or endothelin-1
when pretreated with a PKA activator. These observations therefore suggest that IPAs from
Gpr75™~ mice, which had five-fold higher cAMP levels, were refractory to the cAMP
analogue and paradoxically contracted more in the presence of KCI, which evokes SMC
contraction by activating Ca2* influx through voltage-gated Ca2* channels as well as by
activating Rho kinase-mediated pathway (33). At the same time, IPAs from Gpr75~~ mice
pretreated with a PKA inhibitor only gradually contracted, suggesting it took longer for the
inhibitor to competitively inhibit PKA signaling in IPAs from Gpr75~" than wild-type mice.
Intracellular as well as secreted CAMP-dependent signaling inhibits SMC contraction and
mitigates PH (41). In addition, cCAMP signaling controls cell proliferation, migration, and
gene expression (42, 43). We therefore propose that the elevated cCAMP in Gpr75™~ mice
acted to dilate the pulmonary circulation and mitigate PH.

Elevated levels of chemokines, including CCL5, contribute to unresolved inflammation and
remodeling of pulmonary arteries in the lungs of PH patients and animal models (1, 2).
CCLS5 has been detected in NK-cells, T and B cells, mast cells, macrophages, ECs, and
SMCs in lungs. As expected, lungs from wild-type Hx mice expressed higher levels of
CCL5 mRNA and protein than lungs from Nx mice. Interestingly, hypoxia-induced Cc/5
expression was prevented in the lungs of Gpr75~~ mice. Because hemodynamic stress
contributes to perivascular inflammation in experimental models of PH (44), we suggest
cAMP-mediated relaxation of pulmonary arteries, leading to decreased hemodynamic
stress, prevented hypoxia-induced Cc/5expression in the lungs of Gor75~~ mice. CAMP
signaling represses Cc/5in human airway SMCs and cancer cells (45-47), and CREB
prevents recruitment of myeloid cells to the adventitia (48). Because GPR75is expressed
in leukocytes and Gpr75knockout blocked the increase in pulmonary Cc/5/CCLS5 in

mice exposed to hypoxia, this also suggests Gpr75 knockout reduces chemotaxis and
recruitment of precursors of immunogenic and proinflammatory cells to the lungs of
hypoxic mice. Nonetheless, Gpr75 knockout did not mitigate pulmonary arterial remodeling
(wall thickening/hypertrophy). That suggests reducing CCL5 was either not sufficient to
reverse remodeling of the pulmonary artery or CCL5-GPR75 signaling does not contribute
to the pathogenesis of the remodeling, and other proinflammatory cytokines/chemokines
unaffected by Gpr75knockout contribute to its development.

CCL5 and 20-HETE, two proposed GPR75 ligands (5, 6, 16), are proinflammatory
molecules as well as vasoconstrictors (17, 18, 49). CCL5 strengthened contraction during
the second phase of hypoxia-induced response in IPAs isolated from wild-type mice but

not those from Gpr75~~ mice. Moreover, the finding that CCLS5 significantly decreased
cAMP in lung tissue from wild-type mice but not Gpr75~~ mice implies that CCL5-GPR75
pairing in conjunction with other CCL5-CCR signaling plays a role in lowering cCAMP levels
and mediating hypoxia-induced pulmonary contraction. CCL5 has been shown to induced
contraction of saphenous vein and coronary artery (30), and we showed here for the first
time that CCL5 augments hypoxia-induced pulmonary artery contraction. 20-HETE has
been shown to evoke a potent dilatory response in human and rabbit pulmonary vascular
and bronchiolar rings (50) and to only transiently contract bovine pulmonary artery (20).
We therefore propose that reducing 20-HETE levels in the lungs of wild-type Hx mice
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contributed to the enhancing the hypoxia-induced IPA contractions. Normally, hypoxic
pulmonary contraction occurs as a homeostatic response to focal pneumonia or atelectasis
that adjusts Po, without changing pulmonary arterial pressure (51). However, sustained
global hypoxic pulmonary contraction, such as occurs at high altitude or with chronic
obstruction of an airway, increases pulmonary arterial pressure and initiates PH (51). We
therefore suggest that increased CCL5-GPR75 signaling contributes to hypoxia-induced
pulmonary arterial contraction and the pathogenesis of PH.

PH is an incurable disease. In the present study, we provide significant evidence that GPR75
signaling, which has been associated with lung squamous cell carcinoma (15), is a novel
contributor to the pathogenesis of hypoxia-induced PH in an experimental model. Moreover,
our results demonstrate that EC Gpr75 knockout is sufficient to ameliorate the hypoxia-
induced PH. In sum, we propose that GPR75 signaling plays a pivotal role in respiratory
physiology and in the pathogenesis of pulmonary diseases. Thus, GPR75 could be a useful
new pharmacotherapeutic target for the treatment of pulmonary vascular diseases.

It should be noted that non-inducible Tie2 is expressed in precursor cells in addition to
ECs. Therefore, results from this study should be cautiously interpreted in the view of the
plausibility that Tie2-Cre driven Gpr75 gene could be deleted in precursor cells and ECs.
Therefore, contribution of precursor cell Gpr75knockout to reduce hypoxia-induced PH
cannot be eliminated or ignored at this stage. More studies are needed to determine the role
EC-specific Gpr75 in mediating PH.
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Figure 1: GPR75 mRNA and CCLS5 protein are increased in PH.
(A-C) Levels of GRP75 mRNA and CCLS5 protein are higher in white blood cells and

plasma from idiopathic PH patients (N=6; and sex: F) than control individuals (N=6; and
sex: F). 20-HETE levels do not differ between the two groups. (D-F) GRP75 mRNA and
CCLS5 protein expression are higher, while 20-HETE levels are lower, in lungs from female
wild-type mice exposed to hypoxia (Hx; N=5) than in those exposed to normoxia (Nx; N=5).
Statistical comparisons were made with Student’s #test.
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Figure 2: Gpr75 expression is increased in lungs of mice exposed to hypoxia.

(A) Representative micrographs from three different experiments using RNAscope™ probes
for /n situhybridization of Gpr75 (red) and wVF (yellow/orange indicated by arrow)

in lungs of normoxic and hypoxic (5 weeks) wild-type and Gpr75~~ mice. Nuclei are
stained with DAPI (blue). Magnification: 20x. Arrows indicate pulmonary arteries, asterisks
the airways. (B, C) gPCR results showing that Gpr75 mRNA levels were increased in

lungs and decreased in hearts from wild-type (WT) mice, but not Gpr75 knockout mice
(Gpr75™"), exposed to hypoxia (Hx). Statistical comparisons were made with two-way

ANOVA followed by Fisher’s LSD post hoc test. *2<0.05 and ** P<0.005.

Vascul Pharmacol. Author manuscript; available in PMC 2024 December 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Addario et al. Page 17

A r— - B 1 — . ns

=207 ¢ wid-type ns £100 o Widtype [
c® ® Gor7s": | ° Gpr75™
6§ pr Hdokk o 8004 |
.a |~ 1-5- | I a ns *
o2 ns i > 600-
25 1.0 ® E
ll-‘lJ’ N o g 400
- © _ [Te)
3 EOS ® o 2004

[} o O

2

=0.0- 0-

Nx Hx
C ewr o Gpr75*-

@ WT+CCL5 O Gpr75"+CCL5

1.07

—kk

Force (N'mm?)
o O O 0 O
onNsOP®

S
n

S
a

4 9 13 18 23 28
Time (min)

1
o
o
N 4

Figure 3: Increased CCL5 in lungs of wild-type mice exposed to hypoxia augments hypoxia-
induced contractions in intralobar pulmonary arteries.

(A and B) Expression of CCL5 mRNA and protein was higher in lungs from WT Hx mice
than Nx mice, but there was no difference between Gpr757~-Hx and Nx mice. (C and D)
Hypoxia-induced contractions of intralobar pulmonary arteries (IPAs) from Gpr757~ mice
were weaker than those in IPAs from WT mice (Po,=40 Torr). Both the first and second
phases of hypoxia-induced pulmonary artery contractions are weaker in Gpr75~~ than
WT mice. IPA rings from Gpr75~~and WT mice were precontracted with phenylephrine
(1 pmol/L) and had similar baseline tones prior to exposure to hypoxia. Notably, CCL5

(1 ng/ml) augmented the second phase of hypoxic contractions. Statistical comparisons
were made with two-way ANOVA followed by Fisher’s LSD post hoc test. N=40 in the
WT control group; N=16 in the Gpr75~~ control group; N=6 in the WT CCL5/20-HETE
group; N=5 in the Gpr757~ CCL5/20-HETE group (Panel C). *P<0.05, ** P<0.005, and
*xxx P 0.0005.
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Figure 4: Gpr75 knockout increases cCAMP and decreases IPA contractions elicited by various
contractile agents.

(A\) Inositol 1,3,5-triphosphate (IP3) levels in the lungs of Gpr75~~and WT mice do

not differ between those in the Hx and Nx groups. (B) cAMP levels are higher in lungs
from Gpr75~~than WT mice. Application of (C) KCI, (D) ZD7288, (E) U46619 or

(F) endothelin-1 (ET-1) to IPAs from WT and Gpr75~~ mice elicited contraction in a
dose-dependent manner. Contractions were stronger in IPAs from WT than Gpr75~~ mice.
Statistical comparisons were made with two-way ANOVA followed by Fisher’s LSD post
hoc test. *P<0.05, ***P<0.001. N=8 in wild-type and N=12 in Gpr75~~ group (Panels C to
F).
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Figure 5: Effect of a PKA activator and inhibitor on KCI- and endothelin-1-evoked contractions
in IPAs from wild-type and Gpr75_/_ mice.

IPAs from wild-type (A, B) and Gpr757~ (C, D) mice were pretreated for 10 min with
8-Br-cAMP, a PKA activator, or with Rp-cAMPs, a PKA inhibitor, before applying KCI
(60 mM) or endothelin-1 (1 uM). Force generation was recorded with wire myography. (A,
B) Pretreatment with 8-Br-cAMP or Rp-cAMPs respectively decreased or increased KCI-
and endothelin-1-evoked contractions in IPAs from wild-type mice. (C) Pretreatment with
8-Br-cAMP did not decrease KCI- or endothelin-1-evoked IPA contractions in Gpr757~
mice. (D) Unlike with IPAs from wild-type mice, Rp-cAMPs gradually enhanced KClI-
and endothelin-1-evoked contractions in IPAs from Gpr75~~ mice. In panel D, control
and 8-Br-cAMP curves overlap. Statistical comparisons were made with two-way ANOVA
followed by Fisher’s LSD post hoc test. *<0.05, ** P<0.005, and **** P<(0.0001. N=5 in
the wild-type group; N=13 in the Gpr75~~ control group and N=6 in the Gpr75~-treated
groups.
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Figure 6: Global Gpr75 knockout decreases hypoxia-induced PH.
(A) Representative traces show right ventricular pressure recorded by inserting a pressure

catheter into the right heart of Gor757~and WT mice. (B, C) Right ventricular systolic
(RVSP) and diastolic (RVDP) pressures increased in WT but not Gpr757~ mice. (D)

Right ventricular hypertrophy (Fulton’s Index) increased in WT but not Gpr75~~ mice.

(E) Pulmonary arterial wall thickness (hypertrophy) increased in WT and Gpor757~ mice.
Statistical comparisons were made with two-way ANOVA followed by Fisher’s LSD

post hoc test. **£<0.005, ** P<0.001, and **** P<(0.0001. Average wall thicknesses of
approximately 200-300 pulmonary arteries (100 pm) counted in five WT and Gpr75~~ mice
are shown (Panel F).
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Figure 7: EC Gpr75 knockout decreases hypoxia-induced PH.
A) Enrichment of ECs isolated from lungs, as measured based on eNos expression with

bead-sorted CD31-conjugated Dynabeads. B) Gpr75 expression in CD31-sorted ECs from
lungs of WT (Tie-Cre) and EC Gpr75 knockout mice (EC-Gpr75™"). (C) Right ventricular
pressure was recorded in EC-Gpr75~ mice exposed to normobaric hypoxia (Hx; 10%

0O») or normoxia (Nx) for 5 weeks. (D, E) Right ventricular systolic (RVSP) and diastolic
(RVDP) pressures were increased in WT and EC-Gpr75~~ mice but to a lesser degree in
EC-Gpr757~ mice than WT mice. Statistical comparisons were performed with two-way
ANOVA followed by Fisher’s LSD post hoc test. **P<0.005, ** P<0.001 and **** £<0.0001.
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