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In pulmonary arterial hypertension (PAH), there is overexpression
of the chemokine, C-C chemokine ligand type 2 (CCL2), and in-
filtration of myeloid cells into the pulmonary vasculature. Inhibition
of CCL2 in animals decreases PAH, suggesting that the CCL2 recep-
tor (CCR2) plays a role in PAH development. To test this hypothe-
sis, we exposed wild-type (WT) and CCR2-deficient (Ccr22/2) mice
to chronic hypobaric hypoxia to induce PAH. After hypoxic stress,
Ccr22/2 mice displayed a more severe PAH phenotype, as demon-
strated by increased right ventricular (RV) systolic pressures, RV hy-
pertrophy, and tachycardia relative to WT mice. However, these
mice also exhibited increased RV systolic pressures and increased
pulmonary artery muscularization under normoxic conditions.
Moreover, Ccr22/2 mice displayed decreased pulmonary vascular
branching at 3 weeks of age and increased vascular muscularization
at birth, suggesting that an abnormality in pulmonary vascular de-
velopment leads to spontaneous PAH in these animals. No signifi-
cant differences in cytokine responses were observed between WT
and Ccr22/2 mice during either normoxia or hypoxia. However,
Ccr22/2mice displayed increasedNotch-3 signaling and dysregulat-
ed Notch ligand expression, suggesting a possible cause for their
abnormal pulmonary vascular development.Our findings imply that
CCR2 does not directly contribute to the development of PAH, but
does play a previously unrecognized role in pulmonary vasculature
development and remodeling wherein the absence of CCR2 results
in spontaneous PAH, most likely via dysregulation of Notch signal-
ing. Our results demonstrate that CCR2 has impacts beyond leu-
kocyte recruitment, and is required for the proper expression of
Notch signaling molecules.
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Pulmonary arterial hypertension (PAH) is defined by elevated
pulmonary arterial pressure and subsequent right ventricular (RV)
hypertrophy and failure caused by progressive remodeling of small
pulmonary arterioles (1). This remodeling process is induced by
environmental triggers, such as hypoxia, by some types of in-
flammation, and by genetic factors. A search for genetic disease
determinants has identified bone morphogenic protein receptor
2, which belongs to the transforming growth factor-b (TGF-b)
receptor super family, but bone morphogenic protein receptor 2
(BMPR2) is only associated with a small percentage of PAH,
and exhibits low penetrance (2, 3). Major determinants of dis-
ease severity in PAH remain to be identified, and there are
likely multiple disease-modifying genes to be uncovered (2).

It is currently thought that pulmonary vascular remodeling
involves endothelial dysfunction, vascular smooth muscle cell
(VSMC) proliferation, and immune cell recruitment as patho-
logic consequences of dysregulation of specific cellular and mo-
lecular signaling pathways (1, 4, 5). In addition to the transforming
growth factor-b pathway, Notch signaling contributes to pulmo-
nary vasculature remodeling. In mammals, four Notch receptors
(Notch 1–4) have been identified. Notch-3–mediated signaling
regulates VSMC differentiation and proliferation, and is required
for development of hypoxia-induced PAH in animals (6, 7). In
addition, Notch-3 expression levels in patients are correlated with
disease severity (7). Of the four mammalian Notch ligands ex-
pressed on endothelial cells and VSMCs (Jagged-1, Jagged-2,
Delta-like [DLL]-1, and DLL-4), Jagged-1 interacts with Notch-3
on developing VSMCs (8). However, the contribution of indi-
vidual Notch ligands to pulmonary vascular remodeling and PAH is
not known.

Another important pathological characteristic of pulmonary
vascular remodeling is inflammation. In both patients with and
animal models of PAH, there are prominent inflammatory cell
infiltrates around the pulmonary vasculature, consisting predom-
inately of cells of myeloid cell lineage monocytes, dendritic cells
(DCs), and macrophages (5, 9, 10). In animal models of PAH,
depletion of myeloid cells attenuates the disease (11, 12). Myeloid
cells in the lung arise from circulating monocytes, and, in mice,
there are two subsets of monocytes: inflammatory (CD11b1Ly6C1

CCR2hi) and constitutive (CD11b1Ly6C2CX3CR1hi) monocytes
(13). Constitutive monocytes enter tissues continuously to form
resident myeloid populations, and are thought to have a role in
surveillance. Inflammatory monocytes exit the bone marrow and
enter tissues under inflammatory conditions via the activity of CCR2
(14). Each monocyte population gives rise to distinct lung myeloid
populations, the accumulation of which can be prevented by delet-
ing their required chemokine receptor. Constitutive monocytes give
rise to alveolar macrophages and interstitial macrophages, whereas
inflammatory monocytes give rise to inflammatory DCs and exuda-
tive macrophages (15). Because inflammatory monocyte recruit-
ment is CCR2 dependent, its accumulation is abrogated by CCR2
deletion.

The early recruitment of alternatively activated (M2) macro-
phages promotes PAH progression, and these macrophages are
thought to be polarized and activated by T helper (Th) type 2
cytokines (i.e., IL-4 or IL-13, IL-6) and the chemokine, CCL2
(16, 17). Interestingly, endothelial cells isolated from patients
with idiopathic PAH (IPAH) demonstrate increased CCL2
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CLINICAL RELEVANCE

This article describes novel interactions between the che-
mokine and Notch signaling pathways and effects of C-C
chemokine ligand type 2 receptor (CCR2) deficiency on
lung vascular development. This is likely to have implica-
tions for the numerous investigators using CCR2-deficient
mice in various studies, and raises important issues about
the use of CCR2 antagonists in humans.
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expression (18). Blockade of CCL2 expression attenuates the
disease severity (19). Taken together, these data suggest that
CCL2 may regulate pulmonary hypertension (PH) progression
through macrophage accumulation or polarization. However, the
role for CCR2, the receptor for CCL2, has not been investigated.
Because of the capacity of CCR2 to recruit inflammatory mono-
cytes and, possibly, when activated by CCL2, to polarize M2 mac-
rophages, we hypothesized that CCR2 deletion would mitigate
PAH due to absence of inflammatory monocyte and M2 macro-
phage accumulation.

Using CCR2-deficient (Ccr22/2) and CCL2-deficient (Ccl22/2)
mice, we found that, contrary to our hypothesis, CCR2 deficiency
promotes spontaneous PAH at a young age and, in the setting of
hypoxia-induced stress, increases the severity of PAH. Hypoxia-
induced immune responses in Ccr22/2 mice are similar to those in
wild-type (WT) mice. The increase in PAH severity appears to be
due to an effect on pulmonary vasculature development. In addi-
tion, we found that CCR2 deficiency has profound effects on
Notch signaling pathways, which we argue affects pulmonary
vascular development and contributes to spontaneous PAH in
Ccr22/2 mice.

MATERIALS AND METHODS

Animals

Mouse experiments were preapproved by the Institutional Animal Care
and Use Committee of Duke University School of Medicine. Male
Ccr22/2 and C57BL/6 (WT) mice between 6 and 7 weeks of age were
placed either in room air or at 18,000 ft altitude in an environmentally
controlled hypobaric chamber. The duration of treatments are specified
in each experiment.

Cardiac Function Evaluation

Animals were anesthetized with ketamine (100 mg/kg) and xylazine (2.5
mg/kg), intubated using a 20-gauge catheter, and ventilated (Volume ¼
0.3 ml; Rate ¼ 110/min). After bilateral vagatomy, the right jugular
vein was cannulated with a transducer (Millar Instruments Inc., Hous-
ton, TX) and PE-10 tubing (BD Biosciences, Franklin Lakes, NJ). The
transducer was advanced to the RV, and heart rate and RV hemody-
namic values were recorded with PowerLab (ADInstruments, Colo-
rado Springs, CO). Hemoglobin concentrations were measured using
a 682 Co-oximeter (Instrumentation Laboratory, Bedford, MA). Sub-
sequently, RV and left ventricle (LV) plus septum weights were
quantified.

Flow Cytometry

Single-cell suspensions were prepared from whole lung. Lung tissues
were minced and treated with 1 mg/ml collagenase A and 0.6 mg/ml
DNase I (Roche USA, Indianapolis, IN) in Hanks’ balanced salt solu-
tion. This mixture was incubated at 378C for 35 minutes and strained
through a 70-mm cell strainer. Red blood cells were removed using red
blood cell lysis buffer. The resulting single-cell suspensions were enumer-
ated and analyzed using flow cytometry. Approximately 5 3 105 lung
cells were stained with CD11c, CD11b, F4/80, CD31, Ly6G, CD45, and
IA/IE (eBiosciences, San Diego, CA), and Gr-1 (BD Bioscience, San
Jose, CA). Cell viability was assessed using the Aqua Live/Dead Fix-
able Dead Cell staining kit (Invitrogen, Grand Island, NY). To distin-
guish between macrophages and DCs, at least one channel was
dedicated to autofluorescence monitoring.

Quantitative Real-Time RT-PCR

Quantitative analysis of mRNA expression was performed using real-
time RT-PCR. Total RNA was isolated from whole lung cells using
TRIzol Reagent (Invitrogen), and DNA was removed with a DNase-free
kit (Invitrogen). Subsequently, cDNA was synthesized using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA). Amplification was per-
formed using IQ SYBRGreen Supermix reagent (Bio-Rad) on a OneS-
tepPlus Real-time PCR system (Applied Biosystems, Carlsbad, CA).

The specificity of real-time PCR was confirmed via melting-curve analysis.
All analyzed targets were normalized to glyceraldehyde 3-phosphate dehy-
drogenase (GADPH) level in each sample. The primers used are listed in
the online supplement.

Immunohistochemistry

Animals were anesthetized and perfused via the RV with PBS, followed
by 4% paraformaldehyde. Lungs were inflated with 4% paraformalde-
hyde and fixed overnight at 48C. Sections were deparaffinized, hydrated,
permeabilized, and stained sequentially for von Willebrand factor
(vWF) (Clone A0082; Dako, Carpinteria, CA) and anti–a-smooth mus-
cle actin (a-SMA) conjugated to alkaline phosphatase (Clone 1A4; Sigma-
Aldrich, St. Louis, MO). The number of vWF-positive and a-SMA–positive
vessels were counted.

Vascular casting

Casts of the pulmonary vasculature were generated by injecting 3 ml of
Microfil (Flow Tech Inc., Carver, MA) into the pulmonary artery. Lungs
were cured at 48C overnight. Tissues were cleared with SCALEA2 so-
lution (Olympus, Center Valley, PA) for 1–2 weeks.

Statistical Analysis

All data are expressed as means (6SEM). Group comparisons were
made using Student’s t test or one-way ANOVA.

RESULTS

Inflammatory Responses to Hypoxia in WT

and Ccr22/2 Mice

To determine whether CCR2 plays a role in PAH, we exposed
WT and Ccr22/2 mice to either normoxia or hypobaric hypoxia
for 4 weeks. In initial studies under normoxic conditions, we
found no significant differences in the body weight, hemoglobin,
heart rate, or left ventricular plus septum weight/body weight
([LV1S]/body weight) between WT and Ccr22/2 mice (Table
1). After 4 weeks of hypoxia, neither WT nor Ccr22/2 mice de-
veloped LV hypertrophy, and WT and Ccr22/2 mice exhibited
a similar degree of weight loss and increase in hemoglobin levels
(Table 1). Overall, WT and Ccr22/2 mice displayed a similar LV

TABLE 1. CHARACTERISTICS OF NORMOXIC AND HYPOXIC
WILD-TYPE AND C-C CHEMOKINE LIGAND TYPE 2
RECEPTOR–DEFICIENT MICE

Normoxia Hypoxia

Body weight, g

WT 24.29 6 0.25 22.36 6 0.40*

CCR2 24.70 6 0.46 22.00 6 0.47*

Hemoglobin, g/dl

WT 12.90 6 0.20 19.00 6 0.31*

CCR2 13.00 6 0.25 19.60 6 0.53*

Heart rate, bpm

WT 381.40 6 9.00 403.00 6 12.00*

CCR2 416.70 6 22.31 480.70 6 30.38*†

LV 1 S/weight, mg/g

WT 3.59 6 0.07 3.43 6 0.07

CCR2 3.49 6 0.09 3.59 6 0.20

Definition of abbreviations: bpm, beats per minute; LV, left ventricular; S,

septum; WT, wild type.

Normoxic WT mice (n ¼ 24) and CCR2-deficient (Ccr22/2) mice (n ¼ 17) have

similar baseline body weight, hemoglobin, heart rate, and [LV 1 S]/body weight.

After 4 weeks of continuous hypoxia, WT mice (n ¼ 27) and Ccr22/2 mice (n ¼
22) had responded similarly in body weight, hemoglobin, and [LV 1 S]/body

weight. After hypoxic exposure, Ccr22/2 animals had significant increases in

resting heart rate.

* P , 0.001 (comparison between normoxia and hypoxia).
y P , 0.001 (comparison between WT and Ccr22/2).
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mass, body weight, and hemoglobin response under both nor-
moxic and hypoxic conditions.

To determine the effects of hypoxia on lung myeloid cell pop-
ulations, WT mice were exposed to hypobaric hypoxia for in-
creasing periods of time (0, 7, 14, 21, and 28 d) and their total
lung immune cells subjected to flow cytometric analysis using,
with minor modification, an established protocol (15). As we
have previously shown, both inflammatory (Ly6C1) and constitu-
tive (Ly6C2) monocytes are present in the lung in significant and
roughly equal numbers at baseline. Unexpectedly, there was a sub-
stantial decrease in both monocyte populations after just 7 days of
hypoxia, with a 9-fold reduction in inflammatory monocytes and
a 3-fold reduction in constitutive monocytes (Figure 1A). Despite
a slight recovery in both monocyte populations, the significant
reduction in lung monocyte numbers persisted throughout the
hypoxia exposure (Figure 1A). Both DC and macrophage numbers
increased roughly 3-fold over the course of hypoxia exposure (Figure
1A). Thus, hypoxia appears to reduce the migration of monocytes
into the lung, while stimulating their differentiation into more mature
cell types.

To determine the role of CCR2 in the accumulation of lung
myeloid cell populations during hypoxia, WT and Ccr22/2 mice
were exposed to hypoxia for 28 days, and whole-lung digests
were analyzed by flow cytometric analysis. Consistent with
reports that CCR2 is critical for the trafficking of inflammatory
monocytes into the lung, Ccr22/2 mice displayed a 4.5-fold re-
duction in lung inflammatory monocyte numbers relative to WT
mice during both normoxia and hypoxia (Figure 1B). Despite
the baseline differences in cell numbers, WT and Ccr22/2 mice
displayed a similar 5.5-fold decrease in inflammatory monocyte
numbers after 4 weeks of hypoxia (Figure 1B). Neither consti-
tutive monocyte nor macrophage cell numbers were altered by
CCR2 deficiency. However, Ccr22/2 mice displayed a z1.5-fold
increase in DC numbers during both normoxic and hypoxic

conditions (Figure 1B). Thus, although CCR2 deficiency led
to a decrease in inflammatory monocytes and an increase in DCs
at baseline, it had no effect on the relative changes in myeloid cell
populations in hypoxia.

Due to a defect in the accumulation of inflammatorymonocyte-
derived DCs in lymph nodes, Ccr22/2 mice lack Th1 immune
responses and display increased Th2 responses in some conditions
(20, 21). To determine if CCR2 deficiency alters the profile of
cytokine production in lungs, we collected bronchoalveolar lavage
fluid, total lung homogenates, and total lung RNA from WT and
Ccr22/2 mice for cytokine analysis after 28 days of normoxia or
hypoxia. By multiplex cytokine analysis, we found no significant
differences in the levels of IL-1b, IL-2, TNF-a, vascular endothe-
lial growth factor (VEGF), or eotaxin between WT and Ccr22/2

mice, and no significant change in the cytokines with hypoxia
(data not shown). Levels of IL-4, IL-5, IL-6, IL-10, IL-13, and
IFN-g were below the limit of detection. To evaluate further
the possible changes in Th2 response, we measured signal trans-
ducer and activator of transcription 6 (Stat-6) and GATA
binding protein 3 (GATA-3) transcript levels, but found no
significant differences in their expression levels, regardless of
treatment (Figure 1C). We conclude that CCR2 deficiency does
not significantly increase lung inflammatory cytokine levels dur-
ing hypoxia.

Ccr22/2 Mice Have Increased Severity

of Hypoxia-Induced PAH

To test the hypothesis that Ccr22/2 mice would be protected
from hypoxia-induced PAH, we examined several indices of
pulmonary hypertension in WT and Ccr22/2 mice that underwent
hypoxia for 4 weeks. In contrast to our hypothesis, Ccr22/2 mice
were found to have increased indices of pulmonary hyperten-
sion relative to WT mice (Figure 2A). Ccr22/2 mice displayed

Figure 1. Effects of C-C chemokine ligand type

2 (CCL2) receptor (CCR2) deficiency on cellular im-
mune response. (A) Flow cytometry of monophago-

cytic cell responses under chronic hypoxic stress

shows that, after 7 days of hypoxia, there is a signif-

icant and persistent decline in both inflammatory
and constitutive monocytes. Along with decreasing

monocytes, there is an accumulation of monocyte-

derived dendritic cells (DCs) and macrophages. (B)
Effects of CCR2 deficiency on monophagocytic cell

response. CCR2-deficient (Ccr22/2) mice have de-

creased inflammatory monocytes under normoxic

and hypoxic conditions, and these mice also have
increased accumulation of monocyte-derived DCs.

Baseline difference in monocytes and DCs are pre-

served in hypoxic Ccr22/2 mice. (C) Quantitative RT-

PCR of T helper (Th) type 2 regulatory genes. There
were no significant differences in Stat-6 and GATA-3

between WT and Ccr22/2. *P , 0.05; **P , 0.01;

***P , 0.001.
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a significantly higher RV systolic pressure (RVSP) than WTmice
(46.71 6 1.99 mm Hg versus 40.81 6 1.40 mm Hg; P , 0.05), as
well as more pronounced RV hypertrophy than WT mice (RV/
[LV 1 S]: 0.414 6 0.016 versus 0.370 6 0.007; P , 0.01) (Figure
2B). In PAH, resting tachycardia is associated with a poor out-
come (22). Upon hypoxic stress,Ccr22/2 mice becamemore tachy-
cardic than WT mice (480.70 6 30.38 bpm versus 403.00 6 12.00
bpm; P , 0.01) (Figure 2C).

These findings suggest that Ccr22/2 mice have a heightened
hypoxic response; however, some of the abnormalities seen in
hypoxic Ccr22/2 mice were also present under normoxic con-
ditions. Ccr22/2 mice displayed an elevated RVSP compared
with that of WT mice after 4 weeks of normoxia (30.67 6 1.09
mm Hg versus 22.82 6 1.06 mm Hg; P , 0.001) (Figure 2A). In
addition, although not reaching statistical significance, RV:body
weight ratios in Ccr22/2 mice tended to be higher than in WT
mice (1.018 6 0.031 versus 0.961 6 0.032; data not shown).
These findings suggest that pulmonary hypertension develops
spontaneously in Ccr22/2 mice.

Ccr22/2 Mice Display Increased Muscularization

of Pulmonary Arterioles

In PAH, increased RVSP and RV hypertrophy arise as a conse-
quence of changes in the anatomy and vascular resistance of pul-
monary arterioles, and are measures of the process that leads to
pulmonary hypertension. A diagnostic hallmark of PAH is the
increased muscularization of small pulmonary arteries. To deter-
mine if the pulmonary hypertension and RV hypertrophy seen in
Ccr22/2 mice is actually due to abnormalities in the pulmonary

vasculature, we exposed WT and Ccr22/2 mice to hypoxia or
normoxia for 4 weeks and examined the muscularization of
small pulmonary arteries. To identify vascular endothelium
and smooth muscle cells, lung sections were stained for vWF
and a-SMA. Compared with WT mice, Ccr22/2 mice had in-
creased a-SMA staining regardless of experimental conditions.
In Ccr22/2 mice, the number of muscularized small arteries was
increased at baseline, and this number increased to a much
greater extent than in WT mice after hypoxia (Figure 3A). To
quantify these differences, the number of fully muscularized
intra-acinar arteries (decorated with a full ring of a-SMA), par-
tially muscularized intra-acinar arteries (partially decorated
with a-SMA), and nonmuscularized (vWF staining only) were
enumerated and expressed as percentage of the total number of
vessels examined. In hypoxic Ccr22/2 mice, 68.23 (63.65)% of
vessels were fully muscularized compared with 41.98 (64.34)%
in WT mice (P , 0.001; Figure 3C). There was also a non–
statistically significant trend toward an increased percentage
of partially muscularized vessels in Ccr22/2 mice (27.39 6
3.65% versus 19.13 6 2.22%; P ¼ 0.068). Overall, hypoxic
Ccr22/2 mice had a substantially lower percentage of nonmus-
cularized vessels than WT mice (4.38 6 1.32% versus 38.89 6
2.76%; P , 0.001; Figure 3C). In addition, during normoxia,
Ccr22/2 mice already displayed an increased percentage of fully
muscularized vessels (12.6 6 1.69% versus 4.90 6 1.08%; P ,
0.01) and partially muscularized vessels (10.51 6 1.33% versus
6.03 6 0.87%; P , 0.05) compared with WT mice (Figure 3B).
Increased arteriolar muscularization in normoxic Ccr22/2 mice
further supports an abnormality in pulmonary vascular devel-
opment in these animals.

Figure 2. CCR2 deficiency leads to increased severity
of hypoxia-induced pulmonary arterial hypertension

(PAH). (A) Measurements of right ventricular (RV)

systolic pressure (RVSP) in WT and Ccr22/2 mice.

After 4 weeks of exposure to hypoxia, Ccr22/2 mice
(n ¼ 22) have increased RVSP compared with WT

(n ¼ 27). (B) Measurements of RV/[LV 1 S] ratio in

WT and Ccr22/2 mice. With hypoxic stress, Ccr22/2

mice exhibit increased RV hypertrophy. (C) Measure-

ment of heart rate (bpm, beats per minute). Com-

pared with hypoxic WT mice, hypoxic Ccr22/2 mice

have more tachycardia. *P , 0.05; **P , 0.01; ***P ,
0.001.

Figure 3. CCR2 deficiency affects muscularization
of pulmonary arteries. (A) Fluorescent a-smooth

muscle actin (a-SMA) staining of normoxic and

hypoxic lungs of WT and Ccr22/2 mice. Ccr22/2

mice show increased muscularization of vessels
(white arrows). Original magnification, 503. (B)

Quantification of muscularized vessels in WT and

Ccr22/2 mice. Under normoxic conditions, Ccr22/2

mice have a higher proportion of vessel musculariza-
tion; with hypoxia, Ccr22/2 mice have a significantly

increased percentage of muscularized pulmonary ar-

tery compared with WT mice (n ¼ 5 to 7 mice per
group). *P , 0.05; **P , 0.01; ***P , 0.001.
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Neonatal Ccr22/2 Mice Exhibit Abnormal Vascular Content

and Muscularization

Under normoxic condition, adult Ccr22/2 mice exhibited ele-
vated RVSPs and pulmonary arteriolar muscularization, sug-
gesting the spontaneous development of PAH. To determine
if pulmonary hypertension is an innate characteristic of Ccr22/2

mice or develops in response to some exogenous stimulus, we
tracked the RVSPs of WT and Ccr22/2 mice beginning at
6 weeks of age, the earliest time that such a measurement is
feasible due to animal size. As shown in Figure 4A, Ccr22/2

mice displayed a significantly elevated RVSP at all times exam-
ined. RVSP values were elevated at 6 weeks in these mice, but
did not increase further over the next 10 weeks, suggesting that
pulmonary hypertension develops spontaneously in Ccr22/2

mice.
To characterize the pulmonary vasculature, lung sections from

3- and 10-week-oldmice were stained for vWF, and the number of
arterioles enumerated. At 10 weeks of age, Ccr22/2 mice dis-
played a decreased number of vessels per 53 field compared with
WT mice (14.976 1.15 versus 19.606 1.22; P, 0.05; Figure 4C).
This abnormality was also observed at 3 weeks of age, with
Ccr22/2 mice having z30% fewer pulmonary arterioles per
103 field than WT mice (8.69 6 0.26 versus 12.13 6 0.43; P ,
0.001; Figure 4D). Higher magnification was used to accommodate
the small size of the lung in young animals. A general decrease in
vascular branching and complexity was observed in pulmonary
vascular casts of Ccr22/2 compared with WT mice (Figure 4B).
To determine if abnormal pulmonary arteriolar muscularization
arises during development in Ccr22/2 mice, lung sections from
postnatal Day-0 (P0) and 3-week-old mice were stained for
a-SMA expression. At both P0 and 3 weeks of age, Ccr22/2 mice
displayed increased muscularization of vessels relative to WT mice
(Figure 4E), to an extent similar to that seen at 10 weeks of age.

Ccr22/2 Mice Have Increased Notch-3 Expression

and Signaling

The unexpected finding that Ccr22/2 mice displayed increased
pulmonary vascular density, pulmonary arteriolar hypertrophy, and
pulmonary hypertension raises the question of mechanism. Because
Ccr22/2 mice showed no evidence of increased inflammation or
abnormal cytokine production, we sought to determine if these
mice have abnormalities in the Notch signaling pathway, which
is known to participate in vascular development and the devel-
opment of pulmonary hypertension in mice. To examine Notch
expression in hypoxia-induced PH, we determined transcript
levels of the four Notch receptors in the lungs of WT mice
exposed to hypoxia for various times (0, 1, 3, 7, 14, 21, and
28 days) using quantitative RT-PCR. Of the four receptors, only
Notch-3 expression changed significantly during hypoxia, dem-
onstrating a 3-fold increase in transcript levels after 28 days
(Figure 5).

To determine if Notch-3 expression is abnormal in Ccr22/2

mice, lung Notch-3 transcript levels were compared in WT and
Ccr22/2 mice during normoxia and after 4 weeks of hypoxia.
Remarkably, relative to WT mice, Ccr22/2 mice displayed
a roughly 5-fold increase in Notch-3 expression at baseline and
a roughly 6.5-fold increase in expression after hypoxia (Figure
5). Regardless of conditions, there were no significant differ-
ences in Notch-1, Notch-2, or Notch-4 expression between WT
and Ccr22/2 mice (data not shown). To examine Notch-3 ac-
tivity, we measured expression of Hairy and enhancer of Split-5,
a transcriptional target of Notch-3 that is associated with an
undifferentiated VSMC phenotype and increased VSMC pro-
liferation. Importantly, normoxic Ccr22/2 mice exhibited
a z2.5-fold increase in Hairy and enhancer of Split-5 (Hes-5)
expression (Figure 5), implying baseline Notch-3 activation in
these animals.

Figure 4. CCR2 deficiency leads to spontaneous PAH and abnormal vascular development. (A) Measurement of RVSP in WT and Ccr22/2 mice at 6,

10, and 16 weeks of age. Under normoxic conditions, Ccr22/2 mice have persistently elevated RVSP compared with WT mice at 6, 10, and 16 weeks

of age (n ¼ 9–18 for each group). (B) Microfil pulmonary vascular casting of WT and Ccr22/2 mice at 3 weeks of age. Entire left lobe of the lung is
shown in the picture. There is significant reduction of small arteriolar branching in lungs of Ccr22/2 mice (representative of four animals). (C–D)

Pulmonary arteriolar counts in Ccr22/2 and WT mice. Ccr22/2 mice have z25–30% reductions in pulmonary arteriolar count at 10 weeks (C) and

3 weeks (D) of age (n ¼ 6 per group). (E) Fluorescent a-SMA staining of lungs of untreated WT and Ccr22/2 mice at Postnatal Day 0 (P0) and

3 weeks of age. Ccr22/2 mice have increased arteriolar muscularization as early as time of birth (representative of five animals). *P , 0.05; **P ,
0.01; ***P , 0.001.
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Ccr22/2 Mice Have Dysregulated of Notch

Ligand Expression

To determine the cause of the increased Notch-3 activity in
Ccr22/2 mice, we examined the transcript expression for the
Notch ligands, Jagged-1, Jagged-2, DLL-1, and DLL-4, in these
animals during normoxia and after 4 weeks of hypoxia. We
found a complex dysregulation of Notch ligand transcript ex-
pression in Ccr22/2 mice. Ccr22/2 mice displayed markedly
reduced and barely detectable levels of Jagged-1 mRNA both
at baseline and under hypoxic conditions (Figure 6). At the
same time, these mice demonstrated significant increases in
Jagged-2 (z12.5-fold), DLL-1 (z6.5-fold), and DLL-4 (z3.5-
fold) expression during normoxia (Figure 6). After hypoxia,
Ccr22/2 mice displayed increased Jagged-2 (z2.7-fold) and
DLL-4 (z7-fold) expression relative to WT mice (Figure 6).
Although the full implications of this abnormal Notch ligand
expression are unclear, CCR2-deficiency has a profound impact
on the Notch signaling pathway.

Ccl22/2 Mice Have Increased Baseline RVSP

and Hypoxia-Induced PAH

Because Ccr22/2 mice are predisposed to develop pulmonary
hypertension, we sought to determine if this abnormal phenotype
is directly related to CCR2 signaling. We reasoned that, if this
phenotype is related to CCR2 signaling, it should be present in
mice that lack one or more CCR2 ligands. Because CCL2 is the
major CCR2 ligand in the lung, and Ccl22/2 mice typically ex-
hibit phenotypes that are similar to, albeit less severe than, those
of Ccr22/2 mice, we chose to examine the development of pul-
monary hypertension in Ccl22/2 mice. We exposed WT and
Ccl22/2 mice to either normoxia or hypoxia for 4 weeks and
examined RV pressures and weights, as described previously here.
Compared with normoxic WT mice, Ccl22/2 mice displayed
a mildly elevated RVSP at baseline (25.7 6 0.59 mm Hg versus
23.8 6 0.53 mm Hg; P , 0.05; Figure 7A). Although not reaching
statistical significance, RVSP tended to increase more in Ccl22/2

mice than in WT mice during hypoxia (42.3 6 1.67 mm Hg versus
39.86 1.21 mmHg).Ccl22/2 mice displayed significantly more RV
hypertrophy than WT mice (RV/[LV 1 S]: 0.421 6 0.012 versus
0.370 6 0.007; P , 0.001; Figure 7B). These findings demonstrate
that both Ccr22/2 and Ccl22/2 mice have a propensity to develop
pulmonary hypertension, suggesting that this phenotype is directly
related to CCR2 signaling, rather than, for example, an abnormal-
ity in the CCR2 locus associated with the deletion of this gene.

DISCUSSION

The pathogenesis of PAH is complex and involves genetic and
environmental factors that stimulate small pulmonary artery

remodeling (1, 5). The remodeling process involves not only
all components of the vessel wall, but is also modulated by
immune response. Accordingly, CCR2, an essential chemokine
for inflammatory monocytes, serves to recruit precursors for
inflammatory DC and exudative macrophages into the lung.
On this basis, we hypothesized that CCR2 promotes inflamma-
tion and PAH, and that deletion of CCR2 would protect ani-
mals from PAH. Our findings argue against this hypothesis,
because Ccr22/2 mice had more severe PAH than WT mice,
and hypoxic Ccr22/2 mice had increased RVSP, increased RV
hypertrophy, and increased pulmonary vascular muscularization
compared with hypoxic WT mice. We also demonstrate that
Ccr22/2 mice have decreased vascular density, and develop in-
creased pulmonary vascular muscularization and increased RV
pressure, even in the absence of hypoxia. The spontaneous de-
velopment of PAH is seen in mice as young as 6 weeks of age,
abnormal vascular content at 3 weeks of age, and increased vas-
cular muscularization at birth, suggesting that embryonic CCR2
deficiency leads to an abnormality in the development or physio-
logy of the pulmonary vasculature. Therefore, we cannot totally
exclude a contribution of CCR2 to the hypoxic induction of PAH.
In addition, because inflammation is not a prominent feature of

Figure 5. CCR2 deficiency affects hypoxia-induced
Notch signaling. (A) Time course of pulmonary

Notch receptor expression in hypoxia by quantita-

tive RT-PCR. Of the four Notch receptors, only

Notch-3 shows significant increase in expression
under chronic hypoxic stress. (B) Notch-3 expres-

sion in WT and Ccr22/2 mice. At baseline, Ccr22/2

mice have a 5-fold higher Notch-3 expression, and
a 6.5-fold increase with hypoxic stress compared

with WT. (C) Hairy and enhancer of Split-5 (HES-5)

expression in WT and Ccr22/2 mice. At baseline,

Ccr22/2 mice exhibited a 2.5-fold increase in HES-5
expression (there were approximately n ¼ 6 per

group). *P , 0.05; ***P , 0.001.

Figure 6. Effects of CCR2 deficiency on Notch ligand expression. Quantita-

tive RT-PCR of normoxic and hypoxic lungs from Ccr22/2 mice show sig-

nificantly decreased Jagged-1 expression; these mice also had significantly

increased baseline expression of Jagged-2, Delta-like (DLL)-1, and DLL-4.
Expression of Jagged-2 and DLL-4 were further enhanced with hypoxic ex-

posure (n ¼ 5–7 animals per group). *P , 0.05; **P , 0.01; ***P , 0.001.
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hypoxia-induced PH inmice, CCR2 deficiency in this model may not
accurately predict the effects of CCR2 inhibition in human PAH. A
definitive answer to the question of whether or not CCR2 contrib-
utes to PAH in adults will likely require the use of CCR2-inducible
knockout mice or CCR2 antagonists. In addition, our studies
did not address the role of noninflammatory myeloid cell types,
such as constitutive monocytes, on the development of PAH.

The spontaneous PAH and increased severity of hypoxia-
induced PAH in Ccr22/2 and Ccl22/2 animals are unexpected.
Previous studies have shown that inhibition of CCL2 amelio-
rates monocrotaline-induced PH (19). Although this may be
explained by the difference in experimental models, it more
likely reflects an unexpected role of CCR2-mediated signaling
in pulmonary vasculature development. At this point, it is not
clear if the spontaneous development of pulmonary hyperten-
sion in Ccr22/2 mice is due to the decreased pulmonary vascular
density in these animals and a presumed increase in pulmonary
vascular resistance, or if the increased muscularization of pul-
monary arterioles is due to increased Notch-3 signaling. It appears
that the defect in vascular development seen in Ccr22/2 mice is
limited to the lungs. Skeletal muscle vascular density in these mice
has been reported to be normal (23), and, to our knowledge, no
developmental defect or morphologic abnormality has previously
been described in these animals.

In an attempt to identify the mechanism by which CCR2 de-
ficiency leads to pulmonary hypertension, we examined the Notch
signaling pathway and found increasedNotch-3 expression and ac-
tivation, a dramatic decrease in Jagged-1 transcript levels, and sig-
nificant increases in Jagged-2, DLL-1, and DLL-4 transcripts.
Notch-3 activation has been demonstrated to stimulate VSMC
proliferation and pulmonary arteriolar muscularization in animal
models of PAH, andNotch-3 displays increased activity in humans
with pulmonary hypertension (7, 8). In early vascular develop-
ment, sprouting, and tumor angiogenesis, four of the five Notch
ligands are expressed in the endothelial cells (Jagged-1, Jagged-2,
DLL-1, and DLL-4); VSMCs also express Jagged-1 (24). Endo-
thelial Jagged-1 and/or DLL-1 are thought to induce Jagged-1
expression and activate Notch-3 in VSMCs and pericytes; these
interactions regulate VSMC proliferation and maturation (8).
During sprouting angiogenesis, Jagged-1 antagonizes DLL-4 on
endothelial cells to promote vascular branching (25), and DLL-4
and DLL-1 regulate arterial specification and identity mainte-
nance (26). The role of Jagged-2 on vascular development and
angiogenesis is unclear. In Ccr22/2 mice, a decrease in vascular
branching–promoting transcript (Jagged-1) and increase in

branching-inhibiting transcript (DLL-4) is associated with
decreased pulmonary arteriolar branching. Thus, although we
have not demonstrated a causal link between altered Notch sig-
naling, increased pulmonary vascular density, increased vascular
muscularization, and the spontaneous development of pulmonary
hypertension, the phenotypes we observe in Ccr22/2 mice are
fully consistent with the pattern of Notch signaling abnormalities
that we find in these animals.

At present, the reason that Notch signaling is increased in
Ccr22/2 mice is not clear. To our knowledge, no abnormality
in Notch signaling or Notch ligand expression has been de-
scribed in Ccr22/2 mice. Two papers have described alterations
in Notch receptor expression in response to CCL2. In one, Notch-4
was 1 of 31 angiogenesis-related genes up-regulated in human
umbilical vein endothelial cells by CCL2 treatment (27). In the
second, CCL2 induced Notch-1 expression in breast cancer cells
(28). It is known that b-arrestin, a mediator of G protein-coupled
receptor (GPCR) desensitization, through interactions with Del-
tex, can regulate ubiquination of Notch receptors (29); however,
this mechanism does not seem to apply here. It is possible that
CCR2 may regulate Notch expression indirectly through an auto-
crine or paracrine pathway. For example, during muscle regener-
ation, CCR2 deficiency leads to delayed VEGF production (30),
and VEGF is known to regulate Notch receptor and ligand expres-
sions (31). Delayed VEGF responses may potentially impact
Notch expression; however, the lack of significant differences in
VEGF or other cytokine levels in our system argues for a novel
regulation of Notch expression. Because CCR2 is expressed by
VSMCs, it may modulate Notch expression directly through in-
tracellular cross-talk. CCR2 signaling does activate several
mitogen-activated protein kinases (MAPK): extracellular signal–
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38
MAPK (32), and differential activation of various MAPK path-
ways can modulate both Notch receptor and ligand expression
(33, 34). For example, inhibition of p38 MAPK has been shown
to decrease and inhibition of p42/44 MAP to increase Notch-4
expression (34). Thus, CCR2, via MAPK activation, might di-
rectly modulate Notch-3 and Notch ligand expression. Clearly,
additional studies will be required to define the mechanisms by
which CCR2 influences Notch signaling.

The predisposition to PAH in the setting of CCR2 deletion
has implications in understanding disease pathogenesis and treat-
ment. Polymorphisms of CCR2 have been linked to several dis-
eases (35–37); thus, the examination of genetic polymorphisms
of CCR2 in patients with IPAHmay provide useful insights. From
a therapeutic standpoint, there is interest in using CCR2 antago-
nists as therapeutic anti-inflammatory agents, but the complex
role of CCR2 in pulmonary vasculature development and remod-
eling shown here indicates a need for further understanding of the
CCL2–CCR2 functional axis.

In conclusion, using Ccr22/2 mice in altitude-induced PH, we
define a role for CCR2 in pulmonary vascular development and
in regulating PAH pathogenesis. CCR2 has a clear impact on
VSMC development and/or maturation and regulation of Notch
signaling pathway; thus, CCR2 deletion leads to spontaneous PAH
at a young age, and hypoxia leads to significantly more severe PAH.
Our findings show that the functions of CCR2 reach far beyond the
recruitment inflammatory cells. Based on its effects on pulmonary
vascular development, CCR2 may be a candidate susceptibility lo-
cus for IPAH.

Author disclosures are available with the text of this article at www.atsjournals.org.
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Figure 7. CCL2 deficiency affects development of hypoxia-induced
PAH. After 4 weeks of hypoxia exposure, the RVs of WT and CCL2-

deficient (Ccl22/2) animals were analyzed. (A) Ccl22/2 animals show

a mild baseline increase in RVSP (n ¼ 23–26 animals per group). With
hypoxic exposure, Ccl22/2 mice (n ¼ 13) trended toward a higher

RVSP compared with WT mice (n ¼ 28). (B) RV/[LV 1 S] ratios of

normoxic and hypoxic animals are analyzed. Compared with WT (n ¼
29), Ccl22/2 mice (n ¼ 21) have worsening RV hypertrophy. *P , 0.05;
***P , 0.001.
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