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Abstract

Background—Pulmonary arterial hypertension (PH), whether idiopathic or related to underlying

diseases such as HIV infection, results from complex vessel remodeling involving both

pulmonary-artery smooth muscle cell (PA-SMC) proliferation and inflammation. CCR5, a co-

receptor for cellular HIV-1 entry expressed on macrophages and vascular cells, may be involved

in the pathogenesis of PH. Maraviroc is a new CCR5 antagonist designed to block HIV entry.

Methods and Results—Marked CCR5 expression was found in lungs from patients with

idiopathic PH, in mice with hypoxia-induced PH and in SIV-infected macaques, in which it was

chiefly localized in the PA-SMCs. To assess the role for CCR5 in experimental PH, we used both

gene disruption and pharmacological CCR5 inactivation in mice. Because maraviroc does not bind
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to murine CCR5, we used human-CCR5ki mice for pharmacological and immunohistochemical

studies. Compared to wild-type mice, CCR5−/− mice or human-CCR5ki mice treated with

maraviroc exhibited decreased PA-SMC proliferation and recruitment of perivascular and alveolar

macrophages during hypoxia exposure. CCR5−/− mice reconstituted with wild-type bone-marrow

cells and wild-type mice reconstituted with CCR5−/− bone-marrow cells were protected against

PH, suggesting CCR5-mediated effects on PASMCs and macrophage involvement. The CCR5

ligands CCL5 and the HIV-1 gp120 protein increased intracellular calcium and induced growth of

human and h-CCR5ki mouse PASMCs; maraviroc inhibited both effects. Maraviroc also reduced

the growth-promoting effects of conditioned media from CCL5-activated macrophages derived

from human-CCR5ki mice on PA-SMCs from wild-type mice.

Conclusions—The CCL5-CCR5 pathway represents a new therapeutic target in PH associated

with HIV or with other conditions.
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Pulmonary arterial hypertension (PH) develops either as an idiopathic condition or in

association with various underlying diseases such as collagen vascular disease, portal

hypertension, or HIV infection 1-3. The hallmark pathological feature of all forms of PH is

structural remodeling of the small pulmonary vessels 2. Proliferation of vascular smooth

muscle, accumulation of extracellular matrix, and perivascular infiltrates of inflammatory

cells are the main components of the remodeling process 2, 4.

Chronic inflammation is now considered an important feature of PH that contributes to the

structural pulmonary-vessel remodeling 5. Among immune mediators, chemokines, which

control leukocyte trafficking and can activate resident vascular cells, are believed to play a

major role 6, 7. In PH, chemokines are secreted by inflammatory cells, as well as by resident

vascular cells including pulmonary vascular endothelial and smooth-muscle cells 5.

Alterations in the expression and production of several chemokines such as CCL2/Monocyte

chemoattractant protein 1 (MCP-1) 8, CX3CL1/Fractalkine 9, and CCL5/Regulated on

Activation, Normal T-cell Expressed and Secreted (RANTES) 10 have been demonstrated in

severe PH and shown to predominate within the pulmonary vascular lesions. Delineating the

role and importance of chemokines involved in the pulmonary vascular remodeling process

is therefore essential to the identification of specific therapeutic targets within the

chemokine system. As several chemokines may activate a single receptor, the role for

chemokines is best assessed through their receptor-mediated effects.

The G-protein-coupled receptor CCR5 acts as a co-receptor required for HIV cell entry and

is therefore a therapeutic target in HIV infection 11, 12. New CCR5 antagonists have been

developed 13, 14. Whether these antagonists may slow the progression of HIV-associated PH

and perhaps of other forms of PH deserves evaluation. CCR5 is activated upon stimulation

by the CCR5 ligands CCL3 (MIP-1α), CCL4 (MIP-1β), and CCL5 (RANTES) and is

strongly expressed on the principal cell types implicated in PH progression, including

endothelial cells (ECs), smooth-muscle cells (SMCs), T cells, and macrophages 6, 7, 15, 16.

Moreover, CCL5 overexpression has been demonstrated within the pulmonary vascular wall
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of patients with idiopathic PH 10. That the CCR5 pathway plays an important role in

atherosclerotic lesion formation is now well established, and several studies have

documented protection against vascular lesions via inhibition of CCR5-mediated

effects 6, 17. Of note, several studies suggest a role in the pathogenesis of vascular injury for

several HIV proteins, most notably HIV1 gp120, which binds directly to CCR5 18-20.

The potential role for inflammatory processes in human PH, together with the importance of

CCR5 in HIV infection and potentially in HIV-related PH or PH due to other causes,

prompted us to investigate the CCR5 pathways in the pulmonary vascular remodeling

process. To this end, we used several approaches: we evaluated CCR5 expression and

localization in lung tissue from patients with PH; CCR5−/− mice exposed to chronic

hypoxia; and the effect of maraviroc-induced CCR5 inhibition on PH induced in mice by

exposure to chronic hypoxia or SU5416/hypoxia. For these studies, we used CCR5 knock-in

mice expressing human CCR5, as maraviroc does not bind to murine CCR5 21-23 and we

also conducted cell studies in bone marrow (BM)-chimeric mice generated from CCR5−/−

and wild-type (WT) mice, to investigate whether the CCL5-CCR5 pathway led to PH

through direct effects on pulmonary vascular cells or through cross-talk between

macrophages and pulmonary-artery smooth muscle cells (PA-SMCs).

Methods

Patients

Human lung tissue was obtained from 6 patients with idiopathic pulmonary artery

hypertension who underwent lung transplantation at the University Hospital of Leuven,

Belgium. The study protocol was approved by the Institutional Ethics Committee of the

University Hospital of Leuven under agreement #S51577, and written informed consent was

obtained from each patient. Control lung tissue was obtained from 6 patients undergoing

lung resection surgery for localized lung tumors at the Montsouris Mutualist Institute in

Paris, France. The controls had an FEV1/FVC ratio greater than 70%; none of the patients or

controls had chronic cardiovascular, hepatic, or renal disease or a history of cancer

chemotherapy. This study was approved by the institutional review board of the Henri

Mondor Teaching Hospital (Creteil, France). All controls signed an informed consent

document before study inclusion. Pulmonary tissue was snap frozen then stored at −80°C

until use. Lung tissue samples collected during surgery were used for in situ

immunohistochemical studies and CCR5 protein level determinations. PA-SMCs were

isolated from control lung tissues.

Macaque tissue analysis

Lung tissues were collected from Chinese rhesus macaques infected 1 year earlier with SIV

Δ-B670. SIV-infected macaques reported previously to exhibit increased pulmonary artery

pressure due to histopathological changes in the pulmonary vessels were used for CCR5

immunohistochemical analysis in comparison with controls 24.
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Mouse models

CCR5-deficient, h-CCR5ki, WT C57Bl/6j mice are described in the online supplemental

methods section. Bone-marrow (BM) chimera were generated (see online supplemental

methods) and maintained under pathogen-free conditions at the functional investigations

animal facility at the Pitié-Salpêtrière Teaching Hospital, Paris, France 25. The experiments

were performed under agreement #94-28245 at a level-2 animal platform at the INSERM-

Unit 955, Créteil, France.

Exposure to chronic hypoxia

Male mice aged 3 months were exposed to chronic hypoxia (9% O2) in a ventilated chamber

(Biospherix, New York, NY) 26. The hypoxic environment was a mixture of air and

nitrogen. The chamber was opened daily for 1 hour if drug treatment was necessary and

twice a week otherwise to replenish the food and water supplies and clean the cages. Mice

subjected to SU5416/hypoxia received an intraperitoneal injection of SU5416 20 mg/Kg

once a week during hypoxia exposure. Maraviroc obtained from Pfizer was administered

daily by oral gavage (200 mg/Kg).

Hemodynamics and ventricular weight measurements

At the specified time points after hypoxia exposure, mice were anesthetized, and

hemodynamic and ventricular weight measurements were performed as previously

described 26.

Antibodies, recombinant proteins, reagents

Antibodies for immunohistochemistry, Western-Blot, and fluorescence-activated cell sorting

(FACS); as well as recombinant proteins (CCL5 and, gp120) and SU5416 are described in

the online supplemental methods section.

Mouse lung tissue analysis

Lung tissue sections for immunostaining and immunolabeling were prepared as described in

the online supplemental methods section. Total RNA and protein were extracted from the

right lung of each animal. Total RNA was used for real-time PCR and total protein for

Western blot and ELISA. The immunostaining, Western-Blot, ELISA, and real-time PCR

methods are described in the online supplemental methods section.

Flow cytometry

Lungs, BAL cells preparation and FACS analysis are performed as previously

described 27,17. The methods are detailed in the supplemental data section.

Cells studies

Cultured human and mouse PA-SMCs were isolated by enzymatic digestion using a mix of

collagenase and elastase as previously described 28, 29. Alveolar macrophages from BAL

fluid were obtained and cultured as previously described 27. Serum-free conditioned media

from BAL macrophages were collected after incubation for 24 h. Human PA-SMC

proliferation was assessed by BrdU incorporation using the Cell Proliferation Elisa BrdU kit
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(Roche Diagnostics, Meylan, France) according to the manufacturer’s instructions. Mouse

PA-SMC cell proliferation was assessed by MTT assay as previously described29.

Intracellular free calcium concentrations were measured in FURA-2 loaded cells using a

340/380 fluorescence ratio 28, 30 (see online supplemental methods).

Assessment of pulmonary vascular remodeling and wall thickness

Standard procedures were used to assess the morphologic characteristics of pulmonary

muscular arteries in lung-tissue sections stained with hematoxylin-eosin (HE). Vascular

remodeling and wall thickness were assessed as previously described 26.

Statistical analysis

Quantitative variables from animal studies are reported as median and individual values.

These variables were compared using the nonparametric Kruskal-Wallis test followed by the

Mann-Whitney post-hoc test with Bonferroni’s correction for multiple comparisons. Data

from cell studies are reported as mean±SEM and compared using the Mann-Whitney test

with Bonferroni’s correction. For qPCR data, the values were normalized and a Wilcoxon

rank-sum test was performed. P values<0.05 were considered significant

Results

Expression of CCR5 was increased in lungs from patients with iPH, mice with hypoxia-
induced PH, and SIV-infected macaques

In explanted lungs from patients with idiopathic PH, we found marked increases in CCR5

protein levels compared with healthy donor lungs (Figure 1A). Immunofluorescence staining

for CCR5 protein in lung tissues from the patients predominated in PA-SMCs from the

hypertrophied media of pulmonary vessels, ECs, and macrophages, as shown by double-

immunofluorescence staining for CCR5 and α smooth muscle actin (α-SMA), von

Willebrand factor (vWF), and CD68, respectively, of paraffin-embedded lung sections

(Figure 1B, C and D). CCR5 immunostaining was more marked in areas characterized by

greater severity of medial hypertrophy. Immunostaining for CCR5, which was markedly

increased in remodeled pulmonary vessels from SIV-infected macaques compared to

controls, also predominated in the hypertrophied medial layer (Supplemental Figure 1).

We then evaluated the expression of CCR5 and its ligands in lungs from wild-type (WT)

mice developing hypoxic PH. Hypoxia exposure was followed by progressive increases in

right ventricular systolic pressure (RVSP) and in the RV hypertrophy index (RV weight/left

ventricle + septum weight [LV+S]), which became significant on day 3 compared with

control normoxic mice then continued until day 18 (Figure 2A). Lung CCR5 mRNA levels

were increased on day 3 and remained elevated until day 18 of hypoxia exposure (Figure

2B). CCL3, CCL4, and CCL5 mRNA levels were also elevated on day 3 (Figure 2B), and

the corresponding protein levels increased from day 8 to day 18 (Figure 2C).

CCR5 gene deficiency abrogates the development of hypoxic PH in mice

Our finding of CCR5 overexpression in PH prompted us to test whether CCR5 gene deletion

altered PH development in mice. After hypoxia exposure for 18 days, RVSP was
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significantly lower and right ventricular hypertrophy less severe in CCR5−/− mutants than in

WT mice (Figure 3A). Furthermore, distal pulmonary vessels exhibited less muscularization

in CCR5−/− than in WT mice, with a smaller percentage of dividing Ki67-positive

pulmonary vascular cells (Figure 3A). In both CCR5−/− and WT mice, the total number of

lung macrophages determined by either flow cytometry (Figure 3B) or

immunohistochemical analysis (data not shown) remained unchanged after 18 days of

hypoxia exposure and did not differ between mouse strains. However, the number of

macrophages surrounding pulmonary vessels (Figure 3C) or present in bronchoalveolar

lavage (BAL) fluid (Figure 3D), which did not differ between CCR5−/− and WT mice under

normoxic conditions, increased markedly from normoxia to hypoxia in WT mice but not in

CCR5−/− mice. Consistent with decreased perivascular and alveolar macrophage

recruitment, CCR5−/− mice had lower counts of lung inflammatory (CCR2hi) monocytes,

but not of constitutive (CX3CR1hi) monocytes, compared to WT mice, during both

normoxia and hypoxia (Supplemental Figure 2).

Maraviroc-induced CCR5 inhibition protects against PH development in human-CCR5ki
mice

We hypothesized that pharmacological CCR5 inhibition with maraviroc altered PH

development. Because maraviroc does not bind to murine CCR5 21-23, we used CCR5

knock-in mice expressing human CCR5 (h-CCR5ki) for pharmacological studies and

immunohistochemical analyses of CCR5-expressing cells. After 18 days of hypoxia, the h-

CCR5ki mice had similar PH severity to that in WT mice and showed large increases in lung

CCR5 protein levels (Figure 4A) and CCR5 staining in the PA-SMC layer of remodeled

vessels (Figure 4B), whereas CCR5 staining in PA-ECs and macrophages was less affected

by PH development (Figure 4C and D). Maraviroc 200 mg/Kg/day markedly attenuated, but

did not fully abrogate, PH development as assessed by RVSP, RV/LV+S, and distal

pulmonary artery muscularization in chronically hypoxic h-CCR5ki mice (Figure 5A); this

treatment had no effect in WT mice. The protective effect of maraviroc in h-CCR5ki mice

coincided with a decrease in the percentage of Ki67-positive cells (Figure 5A). Consistent

with our findings in WT and CCR5−/− mice, we found that the total lung macrophage count

remained unchanged after 18 days of hypoxia exposure, with no effect of maraviroc

treatment (Figure 5B). In contrast, perivascular and BAL-fluid macrophage numbers were

substantially decreased by maraviroc treatment in hypoxic h-CCR5ki mice and unchanged in

hypoxic WT mice (Figure 5C and D). In contrast to our finding in CCR5−/− mice, lung-

monocyte subset counts were unaltered by maraviroc in h-CCR5ki mice (data not shown).

Similar effects of maraviroc on PH severity were obtained in another model of PH induced

in mice by simultaneous hypoxia exposure and treatment with the VEGF receptor inhibitor

SU5416 (Supplemental Figure 3). In addition to its preventive effect, maraviroc from day 15

to day 30 partially reversed PH in chronically hypoxic mice (Supplemental Figure 4).

Hypoxic PH development is altered in bone marrow-chimeric mice generated from CCR5−/−

and WT mice

Given the potential effect on PH of alveolar macrophages recruited during hypoxia

exposure, we assessed the effects of bone marrow (BM) transplantation on hypoxic PH in

CCR5−/− and WT mice. WT and CCR5−/− mice received BM cells from WT or CCR5−/−
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donors. As shown in Figure 6A, strong protection against hypoxic PH was observed in

CCR5−/− mice reconstituted with WT BM cells, compared to control WT mice reconstituted

with WT BM cells, suggesting prominent CCR5-mediated effects on PA-SMCs. These

protective effects were associated with a marked decrease in the number of macrophages

surrounding lung microvessels (Figure 6B). Of note, CCR5−/− mice reconstituted with

CCR5−/−versus WT BM cells did not differ regarding PH parameters. However, WT mice

reconstituted with CCR5−/− BM cells also benefited from some protection against PH when

compared to WT mice reconstituted with WT BM cells and exhibited a significant decrease

in perivascular macrophages (Figure 6B).

CCR5 activation leads to proliferation of cultured human PA-SMCs, which is inhibited by
maraviroc

To establish that cultured human PA-SMCs express CCR5 protein, we performed a double

immunostaining analysis for CCR5 and α-SMA (Figure 7 A). We found strong CCR5

immunostaining in all cultured PA-SMCs, which co-localized with the membrane-bound

Transient Receptor Potential Channel 4 (TRPC4, Figure 7B). CCR5 expression increased in

PA-SMCs exposed to hypoxia, and this effect was unaffected by maraviroc (Supplemental

Figure 5). We next assessed the ability of CCL5 to induce proliferation of human PA-SMCs.

CCL5 added to human PA-SMCs cultured in serum-free media produced a concentration-

dependent increase in BrdU incorporation (Figure 7 C) that was not observed with similar

concentrations of CCL3 or CCL4 (data not shown). Of note, mouse and human recombinant

CCL5 produced similar levels of human PA-SMC stimulation (data not shown). Cell

pretreatment with maraviroc (10 μM) completely abolished PA-SMC growth induced by

CCL5 but did not affect growth induced by platelet-derived growth factor (PGDF, Figure 7

D). Because SMC proliferation requires intracellular calcium mobilization, we then

analyzed the ability of CCL5 to increase the PA-SMC cytoplasmic calcium concentration

[Ca2+]i, as a means of determining whether PA-SMC CCR5 was functionally coupled.

CCL5 induced a transient [Ca2+]i increase in cells cultured in Ca2+-free medium (Figure 7 E

and H). Cell pretreatment with maraviroc (10 μM) completely abolished [Ca2+]i changes

induced by CCL5, whereas the transient [Ca2+]i increased by PDGF was not abrogated by

maraviroc (Figure 7 E, G and H).

In addition, we found that treatment of human PA-SMCs with picomolar concentrations of

the HIV1 protein gp120 also stimulated growth and increased intracellular calcium, both

responses being inhibited by maraviroc (Figure 7 D, F and H). The heat-inactivated gp120

was without effects (Supplemental Figure 6).

Alveolar macrophages contribute to CCR5-mediated PA-SMC proliferation

We then examined the effects of CCL5 on mouse PA-SMCs. CCL5 stimulated the growth of

PASMCs derived from WT and h-CCR5ki mice but, in contrast to PDGF, failed to alter

PASMCs from CCR5−/− mice (Supplemental Figure 7). In h-CCR5ki and WT mice, CCL5

produced a concentration-dependent increase in cell proliferation that was not observed with

similar concentrations of CCL3 or CCL4 (data not shown). Of note, mouse and human

recombinant CCL5 stimulated h-CCR5ki PA-SMC cells similarly (data not shown). Cell

pretreatment with maraviroc (10 μM) completely abolished the growth-promoting effect of
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CCL5 on PA-SMCs derived from h-CCR5ki mice but not from WT mice (Supplemental

Figure 7). Similarly, maraviroc abolished the migration of h-CCR5ki cells but not of WT

cells stimulated by CCL5 (Supplemental Figure 8).

To investigate whether lung macrophages contributed to PA-SMC growth, we assessed the

effects of conditioned medium (CM) from cultured alveolar macrophages on PA-SMC

growth. Compared to CCL5, supernatants of alveolar macrophages from WT mice induced

greater stimulation of h-CCR5ki PA-SMC proliferation (Figure 8A). Maraviroc treatment

abolished PA-SMC proliferation induced by CCL5 and attenuated that induced by

macrophage-conditioned media (Figure 8A). The CCL5 level in macrophage-conditioned

media from hypoxic mice was increased compared to those from normoxic mice

(Supplemental Figure 9). However, compared to normoxic macrophage CM, hypoxic

macrophage CM did not induce greater cell proliferation (data not shown).

We then evaluated whether CCR5-mediated macrophage stimulation promoted the growth

of cultured PA-SMCs. To this end, we used macrophages from h-CCR5ki mice and PA-

SMCs from WT mice. As shown in Figure 8B, CCL5 potentiated the PA-SMC growth-

promoting effects of alveolar macrophages, and this effect was slightly reduced by

maraviroc. As expected, maraviroc did not affect CCL5-induced proliferation of PA-SMCs

from WT mice.

Discussion

The role for chemokines and chemokine receptors in PH progression is receiving

considerable attention. The recent addition of CCR5 receptor antagonists to the treatment

armamentarium for HIV infection prompted us to evaluate the CCR5 receptor. To assess the

role for CCR5 in experimental PH, we used both gene disruption and pharmacological

CCR5 inactivation in mice. CCR5 receptor antagonists such as maraviroc do not bind to

murine CCR5 and we therefore used h-CCR5ki mice for pharmacological studies and

immunohistochemical analyses of CCR5-expressing cells. Using a combination of studies

on human lung tissues and derived cultured cells, macaque lung tissues, transgenic mouse

models, and mouse cells, we demonstrated that CCR5 activation in PA-SMCs and lung

macrophages played a major role in PH progression.

Our findings provide strong support for CCR5 inhibition as a novel therapeutic approach in

PH. Marked upregulation of the CCR5 receptor was found in our PH patients. As previously

emphasized, inflammation is a common feature in human PH that is not targeted by any of

the current treatments. An important point when considering chemokines as targets for PH

treatment is that some ligand-receptor pairs are involved in activating not only inflammatory

cells, but also constitutive vascular cells directly involved in the remodeling process 6. We

found that CCR5 in lungs from patients with PH was strongly expressed, not only by lung

macrophages, but also by PA-SMCs and PA-ECs, most notably at sites of intense vascular

remodeling. Moreover, strong CCR5 immunostaining was detected in the media of

pulmonary vessels from SIV-infected macaques exhibiting marked pathological changes 24.

Although previous studies documented CCR5 expression by systemic vessels 6, a potential
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direct role for CCR5 in the pathogenesis and progression of PH had not been considered

previously.

Here, we used the well-known animal model of hypoxic PH, in which inflammation is

considered a potential contributor 31. In most species, hypoxia exposure immediately

induces overexpression of inflammatory mediators such as CCL2, IL-6, and IL-1β, which

usually precedes the development of hypoxic PH 31. In some species such as rats and

neonatal calves, increased counts of lung macrophages and neutrophils have also been

reported 31. In mice, hypoxia was recently shown to be associated with early macrophage

accumulation around the pulmonary vessels and in BAL fluid, and this accumulation was

linked to the pulmonary remodeling process 27. The role for inflammation in hypoxic PH,

however, remains unclear, since specific cytokine-receptor pathways appear to have

opposite effects 8, 32, 33.

We found that lung CCR5 and CCR5 ligands increased early after hypoxia exposure then

remained elevated during PH development. CCR5 immunolocalization in h-CCR5ki mice

was similar to that in human lungs, with prominent staining of the pulmonary vessel walls

and macrophages. A major finding from our study is that either genetic deletion or

pharmacological inhibition of CCR5 protected against PH development, with an effect of

maraviroc treatment in two experimental models, hypoxia- and SU5416/hypoxia-induced

PH. Both CCR5−/− mice and h-CCR5ki mice treated with maraviroc exhibit attenuations in

PH severity with decreases in both distal pulmonary artery muscularization and dividing

Ki67-positive PA-SMCs. Interestingly, these effects were not associated with changes in

total counts of lung macrophages or lung monocyte subsets. However, the macrophage

counts around vessels and in BAL fluid, which increased during hypoxia exposure, were

lower in CCR5−/− mice compared to WT mice and decreased with maraviroc treatment in h-

CCR5ki mice, suggesting a contribution of CCR5 to macrophage recruitment during

hypoxia exposure. Thus, pharmacological inhibition or genetic deletion of CCR5 produced

similar effects, markedly diminishing pulmonary vascular remodeling and PA-SMC

proliferation and also decreasing perivascular and alveolar macrophage counts.

CCR5 exerted a strong functional effect on PA-SMCs when stimulated by CCR5 ligands in

low physiological concentrations. Our finding that CCL5 was more potent than CCL3 or

CCL4 for activating PA-SMCs is consistent with the differences in CCR5 ligand efficacy

across cell types 7. PA-SMCs from h-CCR5ki and WT mice responded similarly to CCL5,

indicating that CCR5-mediated signals did not depend on the human or murine origin of

CCR5. Our results also show that maraviroc binds only to human CCR5, since CCL5-

induced activation of human and h-CCR5ki PA-SMCs, but not of WT PA-SMCs, was

completely suppressed by maraviroc. Thus, the close similarities between results from

human and h-CCR5ki tissues and cells in terms of CCR5 localization, expression, and

functional activities are consistent with a major role for the CCL5/CCR5 pathway in

mediating pulmonary vascular remodeling through direct PA-SMC activation. In keeping

with such a role, protection against PH was similar in CCR5−/− mice reconstituted with WT

BM and in CCR5−/− mice reconstituted with CCR5−/− BM cells. These results are consistent

with a prominent effect of CCR5-mediated signals on resident lung cells and more

specifically on PA-SMCs, given the decrease in dividing Ki67-positive cells within the
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pulmonary vessel media. In addition, we found that the HIV1 envelope protein gp120,

which is known to bind to CCR5,19 also stimulated PA-SMC growth and calcium signaling,

and that both effects were inhibited by maraviroc. Of note, we used gp120 protein in

concentrations recently found in several organs from HIV-infected patients 34. These results

therefore suggest that, in HIV-infected patients, maraviroc may inhibit both CCL5-CCR5

and gp120-CCR5 signaling in PASMCs.

As mentioned before, several studies recently documented a link between activated lung

macrophages and the development of PH, particularly of hypoxic PH in mice 27, 31. In our

study, perivascular and alveolar macrophage counts were diminished in maraviroc-treated

mice and in CCR5−/− mice, although lung levels of CCR5 ligands either remained

unchanged or increased, suggesting decreased lung macrophage recruitment related to CCR5

inactivation. Consistent with this possibility, WT mice reconstituted with CCR5−/− BM cells

showed substantial protection from PH, together with decreased perivascular macrophage

counts, supporting a role for BM-derived inflammatory cells possibly mediated by the

CCL5/CCR5 pathway. Our finding that lung macrophages were the main cell type strongly

expressing CCR5 in addition to vascular cells supports a contribution of these cells to PH

through the CCL5/CCR5 pathway.

CM from alveolar macrophages stimulated PA-SMC growth, and this effect was only

partially inhibited by maraviroc, suggesting that macrophages released growth-promoting

mediators other than CCL5 27. Also, the growth of WT PA-SMCs exposed to conditioned

media of CCL5-stimulated macrophages from h-CCR5ki mice was increased compared to

vehicle-treated macrophages, indicating that the CCL5/CCR5 pathway contributed to

activate the monocyte/macrophage lineage involved in pulmonary vascular remodeling

during PH progression. However, this effect was only slightly altered by maraviroc

treatment, a finding consistent with the fact that CCL5 activation of alveolar macrophages

can be mediated by receptors other than CCR5 7. Taken together, these results indicate that

the CCL5-CCR5 pathway plays a major role in the pulmonary vascular remodeling process

through both direct PA-SMC activation and lung macrophage recruitment and activation.

These findings are highly relevant to the clinical management of patients with PH. That

chronic maraviroc treatment markedly attenuated the development of hypoxic PH in h-

CCR5ki mice but had no effect in WT mice indicates that maraviroc protected against PH by

specifically binding to human CCR5 and was devoid of CCR5-independent effects.

Moreover, we chose the maraviroc dose for our in vivo studies in h-CCR5ki mice based on

the plasma levels achieved in humans. Thus, our results are consistent with a

pharmacological action of maraviroc in humans, in whom the drug blocks the CCR5

receptor in micromolar plasma concentrations 13. These findings carry major implications

for the treatment of HIV-related PH, whose clinical presentation and underlying pathology

are similar to those of idiopathic or associated PH and whose prevalence in HIV-infected

patients is 1000-fold higher than the prevalence of idiopathic PH in the general population 3.

Moreover, several studies of vascular-injury pathogenesis in HIV-infected patients have

implicated HIV proteins, most notably gp120, which binds to CCR5 19, 20. Our results

showing a growth-stimulating effect of gp120 on human PA-SMCs and its inhibition by

maraviroc may be of major clinical relevance. CCR5 inhibitors may therefore be of

Amsellem et al. Page 10

Circulation. Author manuscript; available in PMC 2015 September 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



considerable clinical benefit in HIV-infected patients who develop PH. They should be

considered for addition to other antiretroviral therapies such as HIV protease inhibitors,

which we have previously shown to interfere with the pathophysiology of PH 35.

The identification of specific therapeutic targets in the chemokine system is crucial to the

development of treatments that counteract the progression of PH due to various causes. Our

results also support the potential usefulness of CCR5 inhibition in patients with other forms

of PH. We characterized specific roles for the CCL5/CCR5 pathway in mediating

pulmonary vascular remodeling, using a CCR5-receptor antagonist designed to inhibit HIV

cell entry. Thus, using available drugs to block the CCR5 signaling pathway might benefit

patients with PH complicating HIV infection or with other forms of PH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Increased expression of CCR5 in human PH. (A)- CCR5 protein level measured by Western

blot in total lung protein extracts from patients P1 to P6 with idiopathic PH (iPH) and

controls C1 to C6. Individual values and median (black bar) from 6 patients and 6 ageand

sex-matched controls. **P<0.01. (B)- Representative micrographs of lung tissue from

patients and controls. CCR5 (Red), α-SMA for SMC staining, vWF for endothelial cell

staining, CD68 for macrophage staining (Green), or Dapi for nucleus staining (Blue). No
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positive immunoreactivity was detected in sections incubated with the appropriate control

IgG followed by secondary anti-rabbit and anti-mouse antibodies. Bar=40 μm.
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Figure 2.
Increased expression of CCR5 and its ligands in murine hypoxia-induced PH (A)- Effect of

hypoxia on pulmonary hypertension development. Graphs of right ventricular systolic

pressure (RVSP) and right ventricular hypertrophy index (RV/[left ventricle plus septum

(LV+S)] weight) in wild-type mice exposed to hypoxia for various durations. Both

individual and median values are shown. *P<0.016, **P<0.0033 vs. normoxia. (B)- Lung

mRNA levels for CCR5 and its ligands CCL5, CCL3 and CCL4 measured using quantitative

RT-PCR after hypoxia exposure for various durations. Both individual and median values

are shown. *P<0.025, **P<0.005 vs. normoxia. (C)- Lung CCL5, CCL3 and CCL4 protein

levels measured by ELISA. Both individual and median values are shown. *P<0.025,

**P<0.005 vs. normoxia.
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Figure 3.
CCR5 gene deficiency abrogates the development of hypoxic PH in mice. (A)- Graphs of

right ventricular systolic pressure (RVSP) and right ventricular hypertrophy index (RV/[left

ventricle plus septum (LV+S)] weight), pulmonary vessel muscularization, and dividing

Ki67-positive cells in wild-type (WT) mice and CCR5−/− mice under normoxia and hypoxia.

Representative micrographs of pulmonary vessels stained for Ki67 are shown in the right

panel. Red arrows show Ki67-positive nuclei. No immunoreactivity was detected in sections

incubated with rabbit IgG control and secondary anti-rabbit antibody. Bar=50 μm. (B)- Total

macrophage counts in the lung. Graph shows the number of CD11b F4/80-positive
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macrophages isolated from 1 mg of lung tissue and micrographs showing representative

FACS profiles of cells from mouse lungs. (C)- Macrophage counts surrounding small

pulmonary vessels. Graph shows the number of perivascular F4/80-positive macrophages

detected using α-SMA staining. Micrographs show representative staining of macrophages

surrounding lung vessels in WT and CCR5−/− mice under hypoxia; F4/80 (Red), α-SMA

(Green), Dapi (Blue). No positive immunoreactivity was detected in sections incubated with

control IgG followed by secondary anti-rabbit or anti-rat antibody. (D)- Macrophage counts

in bronchoalveolar lavage (BAL) fluid. The graph shows the number of CD11c- and F4/80-

positive macrophages. Micrographs show representative FACS profiles of BAL fluid cells

from WT and CCR5 −/− mice under hypoxia. For all graph, both individual and median

values are represented. * P<0.025 **P<0.005.

Amsellem et al. Page 18

Circulation. Author manuscript; available in PMC 2015 September 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Maraviroc-induced CCR5 inhibition protects against PH development in human-CCR5ki

mice but not in wild-type (WT) mice. (A)- CCR5 expression during hypoxia exposure:

CCR5 protein level measured by Western blot in lung tissue from h-CCR5ki mice under

normoxia and after hypoxia exposure for various durations. Both individual and median

values are represented. *P<0.016, **P<0.0033 vs. normoxia. (B)- CCR5 (Red) co-localizes

with SMCs. Lung sections from h-CCR5ki mice under normoxia and after 18 days of

hypoxia were stained for CCR5 (Red) and α-SMA (Green). Nuclei were stained with Dapi
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(Blue). (C)- CCR5 (Red) co-localized with ECs stained with vWF (Green). (D)- CCR5

(Red) co-localized with macrophages stained with Mac-3 (Green). No positive

immunoreactivity was detected in sections incubated with the appropriate IgG control

followed by secondary anti-rabbit and anti-mouse antibodies. Bar=25 μm
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Figure 5.
Maraviroc-induced CCR5 inhibition protects against PH in CCR5ki mice but not in wild-

type (WT) mice. (A)- Graphs of right ventricular systolic pressure (RVSP), right ventricular

hypertrophy index (RV/(LV+S)] weight), pulmonary vessel muscularization, and

percentages of dividing Ki67-positive cells in WT and h-CCR5ki mice treated daily with

maraviroc (MVC) or vehicle (Ve) during hypoxia exposure. Representative micrographs of

pulmonary vessels stained for Ki67 are shown in the right panel. Red arrows show Ki67-

positive nuclei. No immunoreactivity was detected in sections incubated with rabbit IgG
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control and secondary anti-rabbit antibody. Bar=50 μm. (B)- Total lung CD11b F4/80-

positive macrophages and FACS profiles of cells from mouse lungs. (C)- Macrophage

counts surrounding small pulmonary vessels (<100 μm) and micrographs showing

representative staining of macrophages surrounding lung vessels in h-CCR5ki mice treated

with MVC or vehicle: F4/80 (Red), α-SMA (Green), Dapi (Blue). (D)- Number of CD11c-

and F4/80-positive macrophages in bronchoalveolar lavage (BAL) fluid and representative

FACS profiles of BAL fluid cells from h-CCR5ki mice treated with MVC or vehicle. For all

graph, both individual and median values are represented. * P<0.025, **P<0.005. Values

recorded during hypoxia did not differ between vehicle-treated WT and h-CCR5ki mice.
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Figure 6.
Hypoxic PH development is altered in bone marrow-chimeric mice generated from CCR5−/−

and wild-type (WT) mice. (A)- Graphs of right ventricular systolic pressure (RVSP) and

right ventricular hypertrophy index (RV/[left ventricle plus septum (LV+S)] weight),

pulmonary vessel muscularization, and percentages of dividing Ki67-positive cells in WT

mice and CCR5−/− mice under normoxia or hypoxia. Representative micrographs of

pulmonary vessels stained for Ki67. Bar=50 μm. No immunoreactivity was detected in

sections incubated with rabbit IgG control and secondary anti-rabbit antibody. (B)- Graphs
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of F4/80-positive macrophage counts around lung microvessels detected using α-SMA

staining. Micrographs showing stained lung vessels surrounded with macrophages in WT

and CCR5−/− mice under hypoxia; F4/80 (Red), α-SMA (Green), Dapi (Blue). No positive

immunoreactivity was detected in sections incubated with the appropriate IgG control

followed by secondary anti-rabbit and anti-rat antibodies. Bar=50 μm. For all graph, both

individual and median values are represented. *P<0.016, **P<0.0033.
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Figure 7.
Effect of CCR5 activation on intracellular calcium imaging and proliferation of PA-SMCs.

(A)-Double immunolabeling of CCR5 (Red) and α-SMA (Green) in human PASMCs.

Bar=10 μm. (B)- Double immunolabeling of CCR5 (Red) and TRPC4 (Green) in human

PA-SMCs. Images at the bottom and left of the figure represent Z-stack orthogonal views of

the cell at the positions of the horizontal and vertical bars, respectively. Co-localization of

CCR5 and TRPC4 is indicated in yellow. (C)- Dose-response curve of the effect of CCL5 on

human PA-SMC proliferation measured by BrdU incorporation. Data are mean±SEM of
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10-15 values from at least three different experiments *P<0.0016, **P<0.0033 vs. vehicle.

(D)- Effect of PDGF (50 ng/mL), CCL5 (10 nM) and gp120 (100 pM) on human PA-SMC

proliferation in the presence of maraviroc (MVC: 10 μM) or vehicle. Data are mean±SEM of

10-15 values *P<0.05. (E.F,G) - Effects of CCL5 (10 nM), PDGF (50 ng/mL), and gp120

(100 pM) on intracellular calcium imaging in FURA-2 loaded cells in the presence of MVC

(10 μM; dotted line) or vehicle (solid line). Each curve represents the mean of 10-20 cells

from the same experiment. The capacity of the agonist to trigger Ca2+ mobilization from

intracellular stores was assessed in the absence of extracellular calcium (EGTA 100 μM),

and Ca2+ influx through plasma membrane channels was assessed after addition of

extracellular Ca2+ (2 mM). (H)- Bar graph comparing the intracellular calcium peak

induced by PDGF, CCL5, and gp120 with or without MVC. Data are mean±SEM of 25-100

cells from at least three different experiments *P<0.05; ***P<0.001.
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Figure 8.
Alveolar macrophages contribute to CCR5-mediated proliferation of pulmonary-artery

smooth muscle cells (PA-SMCs). (A)- Effect of cultured WT alveolar-macrophage-

conditioned media on h-CCR5ki PA-SMC proliferation. Values are expressed as percent of

control values in DMEM starvation medium. Data are mean±SEM of 10-15 values from at

least three different experiments. *P<0.025; †P<0.01 ††P<0.001 for MVC vs. vehicle (Ve)

under the same condition. (B)- Effect of cultured h-CCR5ki alveolar-macrophage-

conditioned media on MVC-insensitive WT PA-SMC cell proliferation. Starved cultured

macrophages were treated with CCL5 and Ve or MVC before collection of the conditioned

media. Values are expressed as percent of control values in DMEM starvation medium. Data
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are mean±SEM of 10-15 values from at least three different experiments.*P<0.025,

**P<0.005.
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