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Pulmonary hypertension is a vascular proliferative disease charac-
terized by pulmonary artery remodeling because of dysregulated
endothelial and smooth muscle cell proliferation. Although the role
of inflammation in the development of the disease is not well-
defined, plexogenic lesions in human disease are characterized by
perivascular inflammation composed, in part, of T cells. We explored
the role of T-cell infiltration on pulmonary vascular remodeling after
endothelial cell damage. We induced endothelial cell damage using
monocrotaline and isolated the role of T cells by using Rag1tm1Mom
mice and performing adoptive T-cell transfer. We found that mono-
crotaline causes pulmonary vascular endothelial cell injury followed
by a perivascular inflammatory response. The infiltration of inflam-
matory cells primarily involves CD4* T cells and leads to the pro-
gressive muscularization of small (<30 um) arterioles. Pulmonary
vascular proliferative changes were accompanied by progressive
and persistent elevations in right ventricular pressure and right
ventricular hypertrophy. Supporting the central role of CD4" T cells
in the inflammatory response, Rag1t™Mom (Rag1-/-) mice, which
are devoid of T and B cells, were protected from the development of
vascular injury when exposed to monocrotaline. The introduction of
T cells from control mice into Rag1~/~ mice reproduced the vascular
injury phenotype. These data indicate that after endothelial cell
damage, CD4" T-cell infiltration participates in pulmonary vascular
remodeling. This finding suggests that a CD4" T-cell immune re-
sponse may contribute to the pathogenesis of inflammatory vascular
lesions seen in some forms of pulmonary hypertension.
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Pulmonary arterial hypertension (PAH) is a rare, debilitating,
progressive, and fatal disease for which no cure yet exists. PAH
is a proliferative disease of the pulmonary vasculature that leads
to a persistent rise in pulmonary artery pressure. This eventu-
ally leads to right ventricular failure and death. Histologically,
PAH is characterized by pulmonary artery smooth muscle and
endothelial cell proliferation and the formation of hallmark
plexogenic lesions in the pulmonary vasculature (1). Inflamma-
tion is thought to play a role in the pathogenesis of pulmonary
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CLINICAL RELEVANCE

This study explored the role of inflammation in the de-
velopment of pulmonary vascular disease. We showed an
important role for CD4* T cells in vascular remodeling
after endothelial cell injury. Understanding the role of
inflammation in pulmonary vascular injury and repair may
lead to novel therapies in diseases such as pulmonary
hypertension.

hypertension, and evidence exists that markers of inflammation
can predict poor outcomes in PAH (2, 3). An increased
incidence of PAH occurs in autoimmune inflammatory diseases
such as scleroderma and lupus (4, 5). T and B lymphocytes have
been described to surround and penetrate plexiform lesions (6
8). The specific role of these cells in the onset and propagation
of the disease has not been elucidated.

Vasculitides are characterized by the inflammation of blood
vessels and commonly have both cutaneous and systemic
features (9). Many diseases associated with the onset of PAH,
such as connective tissue diseases, HIV infection, and sarcoid-
osis, are also associated with vasculitis syndromes (10-13). The
best-described animal model of pulmonary hypertension (i.e.,
the rat monocrotaline model) is characterized by early-onset
mononuclear cell vasculitis of the pulmonary arteries (14).
Systemic vasculitides predispose patients to vascular remodel-
ing and thrombosis. Both processes are thought to play a role in
the progression of PAH (15). The mechanisms through which
vasculitis leads to vessel remodeling and clinical manifestations
of the disease are not fully understood. Some forms of PAH,
such as lupus-related PAH, may respond to immunosuppressive
therapies, whereas other forms, such as scleroderma-related
PAH, do not (16). Understanding the interactions between the
immune system and the pulmonary vasculature may exert
a profound impact on the treatment of pulmonary vascular
diseases.

Here, we demonstrate that the administration of mono-
crotaline causes endothelial cell injury, associated with a CD4*
T cell-mediated inflammatory response in mice. We further
demonstrate that this T cell-mediated inflammation predates
the development of vascular remodeling, characterized by arte-
riolar muscularization, sustained elevations in right ventricular
pressure, and right ventricular hypertrophy. This study provides
insights into the role of inflammation in pulmonary vascular
remodeling. Further studies are needed to evaluate whether the
inhibition of T-cell recruitment would prevent or reverse pulmo-
nary vascular remodeling.
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MATERIALS AND METHODS

Animal Handling and Experimental Design

Five-week-old C57BL/6J and Ragl™!M°m mjce on a C57BL/6J genetic
background (Jackson Laboratory, Bar Harbor, ME), were subjected to
weekly subcutaneous injections of different body weight-adjusted
doses of monocrotaline (MCT; Sigma, St. Louis, MO) for 1, 2, 4, and
8 weeks. Based on dose-response data, 300 mg/kg/week was deter-
mined to be the optimal dose for inducing perivascular inflammation,
and was used in all subsequent experiments. Mice injected with PBS
served as controls. The mice were analyzed at the end of the various
time points. Bromodeoxyuridine (BrdU) (25 mg/kg) was injected 24
hours and 1 hour before tissue harvest, to label actively proliferating
cells. All animal experiments were approved by and conducted
according to the guidelines of the Animal Care and Use Committee
of the National Heart, Lung, and Blood Institute.

Measurements of Right Ventricular Pressure and Assessment
of Right Ventricular Hypertrophy

Right and left ventricular pressures were measured using a Millar
catheter transducer (Millar Instruments, Houston, TX). Internal jugu-
lar vein and carotid artery approaches were used. Right and left
ventricular systolic pressures are reported. Further information is
available in the online supplement.

The hearts were isolated, and divided into right ventricular (RV)
and left ventricular (LV) with the interventricular septum by the same
investigator in all experiments. The wet weights of the RV and LV plus
septum were measured. The Fulton index was calculated as RV/LV +
septum.

Immunostaining

For histology, lungs were flushed through the RV with PBS solution.
The left lungs were isolated and perfused via the trachea with either
10% buffered formalin or 20% sucrose, fixed for 24 hours in the same
fixative, and embedded in paraffin or optimum cutting temperature,
respectively. Lung sections were stained with hematoxylin and eosin.
Immunohistochemistry was performed using an ABC immunoperox-
idase protocol or immunofluorescence, using antibodies against smooth
muscle actin (Fluor 594 donkey anti-rat IgG, smooth muscle cy3
sigma), CD45 (CD45R, catalogue number 550286 clone RA3-6B2 rat
monoclonal; BD, Franklin Lakes, NJ), T cells (CD3 T cells, catalogue
number A 0452, anti-CD4 and anti-CD8; DAKO, Carpinteria, CA), B
cells (CD79a B-cells, ab5691, rabbit polyclonal; Abcam, Cam-
bridge, MA), macrophages (F4/80 AdD, catalogue number
MCA497GA, Clone CIA3-1, rat monoclonal; Serotec, Oxford, UK),
neutrophils (mouse neutrophils, catalogue number CL 8993B, antigen
7/4, clone 7/4, rat monoclonal, Cedarlane, Burlington, NC), and
Bromodeoxyuridine (catalogue number 6326-250; Abcam), as de-
scribed elsewhere (17).

Assessment of Pulmonary Arteriolar Muscularization
and Vessel Wall Thickness

Cross-sectional areas of the media were measured in smooth muscle
actin—stained sections by the same investigator, blinded to the geno-
type, using Image-Pro Plus software (Media Cybernetics, Betehsda,
MD). At least 10 vessels were examined from each lung section. For
analysis, vessels were divided into two groups according to vessel
diameter (i.e., <30 pm and 30-100 wm).

Cross-sectional areas of pulmonary arterioles in hematoxylin and
eosin—stained sections were analyzed by the same investigator, using
Image-Pro Plus software (Media Cybernetics). Measurements of vessel
wall and vessel lumen were taken from at least 10 vessels in each
section, and the vessel wall/vessel lumen ratio was calculated.

Measurements of Cytokine and Serum
Angiotensin-Converting Enzyme Concentrations

Concentrations of cytokines were measured in the supernatant of lung
homogenates, using a murine SearchLight proteome array (Pierce
Biotechnology, Rockford, IL). Further details are available in the
online supplement.

The serum activity of angiotensin-converting enzyme (ACE) was
measured using an ACE colorimetric assay according to the manufac-
turer’s protocol (Alpco, Salem, NH). A detailed description of
methods is available in the online supplement.

Adoptive T-Cell Transfer

Five-week-old C57BL/6J mice were treated weekly with 300 mg/kg
monocrotaline for 8 weeks, and were killed after the last treatment.
Untreated, age-matched C57BL/6J mice served as control donors.
Splenocytes were harvested, and red blood cells were lysed. CD4" T
cells were stained with CD4 microbeads and separated using the
AutoMACS cell separation system, according to the manufacturer’s
protocol (Miltenyi Biotech, Auburn, CA). The positive cell fraction
consisted of at least 90% CD4* cells, as measured by flow cytometry.
Five to 10 X 10° CD4" cells derived from monocrotaline-treated or
control C57BL/6J mice were injected into the tail veins of 5-week-old
Ragl ™/~ mice. Ragl~/~ mice were allowed to recover without further
treatment, or received weekly treatments of 300 mg/kg monocrotaline
(only when receiving CD4" cells from control donors). Blood was
drawn 1 and 8 weeks after T-cell transfer, to confirm the presence of
CD4* T cells. Hemodynamic and histologic assessments were per-
formed 8 weeks after T-cell transfer, as already described.

Data Analysis

Statistical analysis was performed using Kruskal-Wallis one-way
ANOVA with Dunn’s post hoc comparison, when applicable. Results
are expressed as mean = SD, and are considered significant at P <
0.05.

RESULTS

Pulmonary Vascular Endothelial Cell Injury in a Murine Model
of Monocrotaline-Induced Pulmonary Artery Remodeling

Endothelial cell damage is considered important in the initiation
of vascular remodeling (18, 19). Therefore, we developed a model
to induce endothelial cell damage in the pulmonary vasculature.
We tested various doses of intraperitoneal monocrotaline in-
jections. Based on our dose-response data, 300 mg/kg/week was
determined to be the optimal dose for initiating the perivascular
inflammatory response, and all further experiments were per-
formed at this dose. To localize and confirm that the site of
injury was primarily perivascular, staining with CD45 antibody
was performed. Staining was localized to the perivascular area,
with no evidence of CD45 staining in the bronchial tree
(Figure 1A).

In mice receiving monocrotaline, evidence occurred of pro-
gressive, monocrotaline-induced endothelial cell (EC) injury
at 1 and 2 weeks after initiating treatment. This injury was
characterized histologically by the beading of ECs in treated
mice. The normally flat EC monolayer had become raised and
rounded compared with control samples (Figure 1B). Serum
ACE concentrations, which were shown to be elevated after EC
injury, were significantly elevated in mice treated at 1-week and
2-week time points compared with control mice (Figure 1C).
Furthermore, vascular endothelial growth factor (VEGF) con-
centrations in lung homogenates began to decline after 1 week
of treatment, and were even further decreased after 2 weeks
compared with control lungs (Figure 1D). These data suggest
that intraperitoneal injections of monocrotaline lead to EC
damage in the pulmonary arterioles, thereby initiating a process
that ultimately leads to remodeling of the lung vasculature.

Perivascular Infiltration of Inflammatory Cells Follows EC
Damage during Pulmonary Arteriolar Remodeling

Histologically, a perivascular inflammatory cell infiltration was
evident in small and large vessels in mice treated with mono-
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Figure 1. Evidence of perivascular inflammation and endothelial cell damage induced by injections with monocrotaline. (A) CD45 staining of
representative pulmonary vasculature in control mice (left) and in mice after 8 weeks of monocrotaline (MCT) injections (right) shows localization of
inflammatory infiltrate surrounding the vasculature (solid arrows) and sparing airways (open arrows). (B) Hematoxylin and eosin staining of small
(< 50 pm) pulmonary vessels in control mice (a) and in mice after 1 week (b) and 2 weeks (c) of MCT injections. Arrows indicate beading of
endothelial cells. (C) Serum angiotensin-converting enzyme (ACE) concentrations in control mice and mice receiving injections of monocrotaline at
1-week and 2-week time points. Control mice (n = 5), 259.4 + 5.8 pmol/L/minute; 1 week (n = 5), 279.4 = 3.1 wmol/L/minute (P < 0.05), 2
weeks (n = 5), 278.7 = 3.7 umol/L/minute (P < 0.05). (D) vascular endothelial growth factor (VEGF) concentrations in lung homogenates in
control mice and at 1-week and 2-week time points. Control mice (n = 5), 42.2 + 8.7 pg/ml; 1 week (n = 5), 34.9 = 4.1 pg/ml (P > 0.05); 2 weeks
(n=15),21.8 = 6.9 pg/ml (P < 0.05). Results are expressed as mean * SD.

crotaline compared with control mice. To characterize these and for neutrophils by neutrophil-specific markers. This in-
cells, staining was performed for T cells by the CD3 marker, for flammatory cell infiltration was found to be T cell-predominant,
macrophages by F4/80 markers, for B cells by B220 markers, beginning as early as 1 week after the first monocrotaline
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Figure 2. Perivascular infiltration of in-
flammatory cells after endothelial cell
injury is characterized by CD4" T cells.
(A, top) Percentage of perivascular cells
positive for CD3 (squares). Control mice,
2.8% = 2.9% total perivascular cells; 1
week, 27.6% * 2.7% total perivascular
cells (P < 0.001); 2 weeks, 40.6% =
3.3% total perivascular cells (P < 0.001);
4 weeks, 63.2% * 2.4% total peri-
vascular cells (P < 0.001); 8 weeks,
62.1% = 2.9% total perivascular cells
(P < 0.001); recovery, 29.1% * 2.8%
total perivascular cells (P < 0.001).
F4/80 (macrophage antigen) (light blue
upside-down triangle), B cells (circles), or
neutrophils (dark red upside-down trian-
gle) staining. (A, bottom) Representative
images of inflammatory cell staining in
control mice and after 8 weeks of mono-
crotaline injections show CD3* T cell-
predominant inflammatory response. (B)
IL-6. Control mice (n = 4), 9.9 = 0.5
pg/ml; 1 week (n = 5), 11.5 = 3.5 pg/mi;
2 weeks (n = 5), 16.7 = 2.4 pg/mi;
4 weeks (n = 5), 27.7 = 5.2 pg/ml (P =
0.01). H&E, hematoxylin and eosin. (C)
Immunohistochemical staining for CD4
(row 1) and CD8 (row 2) in control mice
and at 4-week and 8-week time points
(scale bar, 50 p.m) shows that inflamma-
tory response consists predominantly of
CD4* T cells. Results are expressed as
mean = SD.
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injection, peaking after 4 weeks of injections, and sustained
until the withdrawal of monocrotaline (Figure 2A).

We found that the proinflammatory T-cell cytokine IL-6 was
trending upward by the 2-week time point, and was significantly
elevated after 4 weeks of exposure to monocrotaline (Figure
2B). To characterize further this T-cell response to injury,
immunohistochemical staining for CD4 and CD8 was per-
formed. This revealed the inflammatory infiltrate to be pre-
dominantly CD4* T cells (Figure 2C). B cells, neutrophils, and
macrophages constituted the minority of inflammatory cells
recruited to the injured vasculature.

These results confirm that after EC damage, an inflammatory
response occurs that appears to be mediated by CD4* T cells.
We speculate that this inflammatory response may be linked to
the initiation of a process of pulmonary arteriolar remodeling.

Elevations of RV Pressure and RV Hypertrophy Develop after
EC Injury and the Ensuing Inflammatory Response

Pulmonary vascular changes, characterized by the musculariza-
tion of arterioles and inflammation, are associated with hemo-
dynamic changes in animal models of pulmonary hypertension.
Therefore, we explored the effects of our model on RV pressure
and the Fulton index. We found that after 4 and 8 weeks of
exposure to monocrotaline, an elevation in RV pressure was
evident. Furthermore, after 4 weeks off treatment, RV pres-
sures remained elevated (Figure 3A). We assessed the role that
LV dysfunction might play in elevated right-sided pressures by
measuring LV pressures directly. No difference was evident in
LV systolic pressures between control mice and monocrotaline-
treated mice (control mice, 8 weeks: 98.0 = 1.3 mm Hg;
monocrotaline-treated mice, 8 weeks: 98.5 = 2.3 mm Hg; P >
0.05).

Mice treated with monocrotaline showed evidence of RV
hypertrophy, as assessed by the Fulton index. After 4 weeks of
exposure, a trend toward an elevated Fulton index was evident,
and this achieved statistical significance after 8 weeks. Further-
more, after 4 weeks off treatment, the Fulton index remained
significantly elevated above control values (Figure 3B).

These data suggest that EC damage and the persistent CD4*
T-cell inflammatory response lead to a rise in pulmonary artery
pressure, which in turn leads to RV hypertrophy. Furthermore,
these changes appear fixed, and after the withdrawal of mono-
crotaline, elevations of pulmonary artery pressure and RV
hypertrophy do not regress. We speculate that these physiologic
changes in the heart are related to the pathologic remodeling of
the pulmonary vasculature.

>
w

Smooth Muscle Cell Proliferation and Increased Medial Area
Lead to Remodeling of the Pulmonary Vasculature in
Response to EC Injury and Inflammation

The muscularization of small arteries is a characteristic histo-
logic finding of pulmonary hypertension (20). The vascular area
positive for smooth muscle actin staining was calculated for
vessels less than 30 wm in diameter and for vessels 30-100 pm in
diameter. In vessels less than 30 wm in diameter, the vessel wall
area positive for smooth muscle actin staining was significantly
increased in treated mice compared with control mice. This
result was also found in vessels ranging from 30-100 wm in
diameter (Figure 4A). Furthermore, we assessed changes in
vessel wall thickness as an additional means of measuring
vascular remodeling. The wall thickness/vessel lumen ratio in
monocrotaline-treated mice was double that of control mice at
both 4 and 8 weeks (Figure 4B).

Bromodeoxyuridine/a actin double staining revealed pro-
liferating smooth muscle cells, 1 week after the initiation of
monocrotaline treatment. This suggests that the muscularization
of the small pulmonary arteries is caused by smooth muscle cell
proliferation (Figure 4C). Later time points (4 weeks and 8
weeks) did not reveal proliferating smooth muscle cells (data
not shown).

Matrix metalloproteinases (MMPs) are involved in extracel-
lular matrix turnover, contributing to endothelial and smooth
muscle migration and proliferation. MMP-2 was shown to be
associated with structural remodeling of the pulmonary vessel
during experimental pulmonary hypertension (21). MMP-2
concentrations were determined from mouse lung homoge-
nates. MMP-2 concentrations had not significantly changed
after the 1-week and 2-week time points (data not shown).
However, MMP-2 concentrations were elevated at both 4 and 8
weeks (Figure 4D).

These data suggest that after EC injury and T-cell infiltration,
the pulmonary vasculature begins a process of remodeling, as
evidenced by smooth muscle cell proliferation, medial thicken-
ing of the artery, and the elevation of MMP-2 (Figure E1).

Monocrotaline-Induced Perivascular Inflammation and
Vascular Remodeling Predominantly Involves the
Monocyte Chemoattractant Protein-1-Associated
Recruitment of CD4* T Cells

To confirm the role of CD4™" T cells in the pathology of mono-
crotaline-induced vascular injury and remodeling, we used the
Ragl~/~ strain of mice. Mice homozygous for the Ragl=—/~
mutation produce no mature T or B cells, and have no CD3*

Figure 3. Elevation of right ventricular
(RV) pressure and RV hypertrophy in
response to vascular remodeling. (A) RV
pressures in control mice and at 4, 8,
* and 12 weeks (recovery). Control mice
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(P < 0.05); 4 weeks off treatment (n =
5),37.0 = 3.4 mm Hg (P < 0.01). (B) RV
to left ventricle (LV) plus septum weight
ratio (Fulton index) in control mice and
at 4, 8, and 12 weeks (recovery). Control
mice (n = 10), 0.18 *= 0.02; 4 weeks
(n=10),0.2 = 0.02 (P> 0.05); 8 weeks
(n = 10), 0.22 = 0.03 (P < 0.01); 4
weeks off treatment (n = 5), 0.22 =
0.01 (P < 0.05). Results are expressed as
mean = SD.
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cells. We exposed Ragl™'~ mice to serial injections with mono-
crotaline and reintroduced CD4* T cells via an adoptive T-cell
transfer, in an attempt to reproduce the inflammatory phenotype.

Ragl~'~ mice receiving T cells and treatment with mono-
crotaline produced a marked perivascular inflammatory re-
sponse (Figure 5A). In contrast, Ragl™'~ mice without
reintroduced T cells and treated with monocrotaline showed
evidence of only minimal perivascular inflammation, involving
predominantly neutrophils and macrophages (Figure 5B). We
used CD4* T cells from both untreated wild-type mice and wild-
type mice treated with monocrotaline for 8§ weeks. We found no
difference in the inflammatory response to monocrotaline when
reintroduced CD4* T cells were from monocrotaline-treated or
untreated mice. This suggests that monocrotaline does not prime
T cells to induce pulmonary vascular EC injury (data not shown).

Monocyte chemoattractant protein—1 (MCP-1), part of the
C-C chemokine family, exerts its affects predominantly on the
trafficking of monocytes and T lymphocytes. However, it was
also shown to exert immunomodulatory effects on CD4+ T
lymphocytes (22, 23). In C57B16 mice, MCP-1 was significantly
elevated after 4 weeks of exposure to monocrotaline (Figure
5C). In Ragl~—/~ mice, a twofold rise in MCP-1 concentrations
was found to be T cell-dependent (Figure 5C). To highlight the
role of T cells further, we measured IL-6 concentrations. In
alignment with minimal perivascular inflammation, the IL-6

Control

Figure 4. Pulmonary vascular remodel-
ing is characterized by smooth muscle
cell proliferation and increased arterial
wall thickness in response to inflamma-
tion. (A) Area of smooth muscle actin
(SMA) staining in controls and at 4-week
and 8-week time points in vessels less
than 30 pm in diameter. Control mice
(n = 5), 157.7 = 17.7 um?; 4 weeks
(n=15),270.5 £ 17.6 pm? (P = 0.004);
8 weeks (n = 5), 280.1x 23.8 um?2 (P =
0.003). In vessels 30-100 wm in diame-
ter, control mice (n = 5), 466.1 =
45.6 pm?; 4 weeks (n = 5), 818.4 +
129.1 um? (P < 0.05); 8 weeks (n = 5),
1,144 = 353.5 pm? (P < 0.05). (B
Evaluation of wall thickness as measured
by wall thickness to vessel lumen ratio.
Control mice (n = 5), 13.7 £ 2.4, 4
weeks (n = 5), 34.75 = 4.5 (P < 0.05); 8
weeks (n = 5), 35.2 = 8.9 (P < 0.05).
(C) Bromodeoxyuridine (BRDU) (red)
and «a-actin (green) double staining of
control mice and at 1-week time point
shows smooth muscle cell proliferation
in monocrotaline-treated mice (solid ar-
row). (D) Matrix metalloproteinase-2
(MMP2). Control mice (n = 5), 2,343
+ 710 pg/ml; 4 weeks (n = 5), 3,226 =
473 pg/ml (P > 0.05); 8 weeks (n = 5),
4,588 = 444 pg/ml (P < 0.001). Results
are expressed as mean = SD.

4 Week 8 Week

concentrations of Ragl™~ mice treated with monocrotaline
were unchanged compared with control mice. When T cells
were reintroduced and mice were exposed to monocrotaline,
a significant rise in IL-6 concentrations occurred (Figure 6A).

Furthermore, in Ragl ™'~ mice treated with 4 or 8 weeks of
monocrotaline, no difference in RV pressure was evident,
compared with control mice. However, in Ragl ™/~ mice that
underwent adoptive T-cell transfer and were treated with 8
weeks of monocrotaline injections, a significant rise in RV
pressure and an elevation of the Fulton index were evident,
compared with control mice (Figures 6B and 6C). These
changes correlated with evidence of vascular remodeling. In
Ragl~/~ mice treated with 4 and 8 weeks of monocrotaline
injections, concentrations of MMP-2 were not significantly
elevated. When CD4" T cells were reintroduced and mice were
treated with monocrotaline, concentrations of MMP-2 were
increased fivefold above control concentrations (Figure 6D).
This suggests that the concentrations of MMP-2 involved in
vessel remodeling after vascular injury and inflammation are
dependent on CD4" T cells.

These data suggest that CD4* T cells play a pivotal role in
the pathology of monocrotaline-induced pulmonary vascular
injury and remodeling. The absence of CD 4™ T cells leads to an
attenuated inflammatory response after exposure to monocrota-
line, and in turn protects against a rise in RV pressure and RV
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hypertrophy. The reintroduction of CD4* T cells leads to
marked perivascular inflammation, vessel remodeling, the ele-
vation of RV pressures, and RV hypertrophy after exposure to
monocrotaline.

DISCUSSION

PAH exists in both an idiopathic form and in association with
a wide variety of diseases such as HIV, connective tissue
diseases such as scleroderma, liver disease, and exposure to
certain drugs and toxins (24). Despite the wide variety of
underlying causes, patients with PAH tend to develop common
histologic findings of the lung vasculature. These findings
include a proliferation of smooth muscle cells with medial
hypertrophy and the muscularization of arterioles, in situ
thrombosis, the proliferation of ECs with the formation of
neointima and plexogenic lesions, and the infiltration of vascu-
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lar lesions with inflammatory cells (macrophages and lympho-
cytes) (6-8). Vascular injury with a secondary inflammatory
response appears to be a common finding that may help explain
the shared histologic endpoint for the diverse variety of diseases
causing pulmonary hypertension.

Inflammation plays a key role in vascular biology. The role
of inflammatory cells (and particularly T cells) in peripheral
vascular disease and atherosclerosis is well known. Markers of
chronic inflammation, such as C-reactive protein and macro-
phage colony—stimulating factor, were shown to be predictors of
cardiovascular disease, including PAH in humans (2, 25). T and
B cells were shown to be key players in the development of
atherosclerotic lesions, with immunodeficient mice showing
a 40-80% decrease in the formation of lesions (26, 27). When
apoprotein E—deficient mice, which are hypercholesterolemic
and prone to the formation of atherosclerosis, are crossed with
severe combined immunodeficiency mice, which lack T and B
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Figure 6. CD4* T cells are required for
pulmonary artery inflammatory response
and vessel remodeling. (A) IL-6 concen-
—— trations in lung homogenates in control
mice and in adaptive T-cell transfer.
Rag1~/—, 9.9 = 3.1 pg/ml; Ragl~/~ +
MCT, 6.5 = 1.0 pg/ml; Rag1~/~ + CD4
cells, 9.0 = 5.1 pg/ml; Rag1~/~ + CD4
cells + MCT, 16.6 = 6.4 pg/ml (P <
0.05). (B) RV pressure measurements in
adaptive T-cell transfer experiment. Con-
trol mice (n = 4), 30.5 = 0.65 mm Hg; 4
weeks (n = 5), 30.6 = 1.3 mm Hg; 8
weeks (n = 4), 31.8 = 1.3 mm Hg;
Adaptive T-cell transfer (ATCT), 8 weeks
(n=4),38.0 = 1.7 mm Hg (P < 0.05).
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cells, the formation of atherosclerotic lesions drops by 70%.
Interestingly, when CD4* T cells are transferred into these
mice, the development of atherosclerosis is similar to that in
immunocompetent control mice (28). Similarly, in a wire injury
model of vascular disease, the importance of T cells was
demonstrated by the observation that Ragl™'~ mice were
protected from vascular proliferation after injury, as were mice
that had undergone a thymectomy (17). This shows that an
inflammatory response (including CD4" T cells) to a vascular
injury seems to play a key role in the remodeling process of the
vessel wall.

The role of inflammatory cells in pulmonary vascular disease
is less clear. Although they were described as present in lesions
of PAH, whether they play a role in the pathogenesis and
progression of the disease or are incidental findings is unclear.
Evidence suggests that the immune system may play an active
role in disease progression. PAH, a rare disease with an
incidence of about six cases per million in the idiopathic form,
has an increased prevalence in patients with autoimmune
disorders such as systemic sclerosis and lupus (4, 5, 29). Patients
with PAH were found to have elevated concentrations of
autoantibodies (30, 31). Patients with idiopathic PAH have in-
creased concentrations of FoxP3*CD4* T cells or T-regulatory
cells in peripheral blood compared with control subjects (32).
These findings suggest that the immune system, and particularly
T cells, may play a role in the pathogenesis of pulmonary
hypertension.

Here we describe a murine model of monocrotaline-induced
pulmonary vascular injury and remodeling. Monocrotaline-
induced pulmonary hypertension in rats is a well-established
animal model of the disease (33). It is characterized by
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monocrotaline-induced EC injury, followed by an inflammatory
response and vascular remodeling (34). Few publications have
described this model in mice (35, 36). Interspecies differences in
the amount of liver cytochrome P450 3A enzyme required to
convert monocrotaline to its toxic pyrrole metabolite may
explain the difficulty in establishing a murine model of mono-
crotaline-induced pulmonary hypertension. Mice require a much
higher exposure to this toxin than do rats to induce pulmonary
vascular injury (35, 37, 38).

Within 1 week of injection with monocrotaline, we began to
see histologic evidence of EC injury. Serum ACE concentra-
tions, previously shown to correlate with lung injury, were
significantly upregulated (39). Furthermore, VEGF concentra-
tions were decreased, which was shown to occur in the rat
monocrotaline model as well as in a rat model of pulmonary
fibrosis with pulmonary hypertension. This decrease in VEGF
concentrations is thought to be related to EC injury and
apoptosis (40, 41).

We found that serial injections with monocrotaline led to
a perivascular CD4* T-cell inflammatory response. The in-
flammation was characterized by elevations in the T-cell in-
flammatory cytokine IL-6. This response began as early as 1
week after the initial injection with monocrotaline, and lasted as
long as the exposure to monocrotaline. The chemokine MCP-1
appeared to play a role in the trafficking of CD4* T cells. MCP-
1 was observed to be trending upward by 2 weeks of injections
with monocrotaline, and was significantly elevated by 4 weeks,
which correlated with the infiltration of CD3*CD4* T cells.
This chemokine was previously shown to play a role in
experimental animal models of pulmonary hypertension and
in human disease (42, 43). Specifically, blocking the MCP-1
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signaling pathway was shown to attenuate the development of
pulmonary hypertension in the rat monocrotaline model of
pulmonary hypertension (43). MCP-1 concentrations were
shown to be significantly elevated in the serum of patients with
idiopathic PAH, compared with control subjects (42).

The inflammatory reaction induced by monocrotaline led to
a remodeling of the pulmonary vasculature. This was charac-
terized by medial thickening and smooth muscle proliferation,
with increased muscularization (as assessed by smooth muscle
actin staining) of the small (<30 pm) pulmonary arterioles.
MMP-2 concentrations were elevated and likely play a role in
remodeling of the vessel wall. MMP-2 participates in the
degradation of basement membrane, facilitates smooth muscle
proliferation, and was previously shown to play a role in rat
models of pulmonary hypertension (21). These vascular changes
coincide with an increase in RV pressures and RV hypertrophy.
The remodeling of vessels persisted even after 4 weeks off
monocrotaline therapy, despite a drop in the number of
perivascular inflammatory cells. RV pressure and the Fulton
index remained significantly elevated above control levels. This
suggests that inflammatory remodeling appears to be fixed, and
that it may lead to a progressive rise in pressures and right heart
failure, even after the removal of the inflammatory insult.

We found that CD4* T cells are necessary for the induction
of pulmonary hypertension by monocrotaline in mice. When
Ragl™'~ mice are exposed to monocrotaline, they have an
attenuated inflammatory response, and markers of vascular re-
modeling such as MMP-2 are not significantly elevated. Fur-
thermore, they do not manifest significant elevations in RV
pressures or increased RV hypertrophy. When CD 47 cells are
transplanted from normal control mice into Ragl '~ mice and
are then exposed to serial injections of monocrotaline, they
experience exuberant perivascular inflammation, a threefold
rise in MMP-2 concentrations, and a significant rise in RV
pressures and the Fulton index.

Our findings highlight the important role of inflammation,
and specifically of CD4* T cells, in the propagation of vascular
remodeling in a monocrotaline model of vascular injury. These
findings seem to be in conflict with the findings of Tarasevi-
ciene-Stewart and colleagues, who showed a protective role for
T cells in the development of a proliferative vasculopathy in
athymic nude rats exposed to vascular endothelial growth factor
receptor 2 inhibitor (44). Several key differences between our
studies may help explain these seemingly disparate findings.
First, the athymic nude rat is known to be deficient in T cells,
but with normal B-cell function and increased natural killer and
macrophage cell populations. In contrast, wild-type mice obvi-
ously have an intact immune system, and Ragl~/~ mice are
characterized by an absence of mature T or B cells. These three
different animal lines have very different immunologic back-
grounds, and thus likely different immunologic responses to
vascular injury. Furthermore, the vascular injury caused by the
VEGEF inhibitor is likely different from that caused by serial
monocrotaline injections. The end result of the injury in each
model is also quite different. The model of Taraseviciene-
Stewart and colleagues (44) attempted to model PAH by
inducing an EC proliferative response, whereas the monocrota-
line model involves inflammatory injury that is not primarily
characterized by EC proliferation. The presence of T cells
appears to play an important role in the response of athymic
nude rats to exposure to SU5416. The absence of T cells likely
alters the immune response and allows for EC proliferation
under normoxic conditions. The introduction of T cells into the
athymic rat presumably normalizes the immune response and
confers protection from SUS5416 during normoxia. These two
studies are linked insofar as they both highlight the importance of

inflammation and immune response to vascular injury and
vascular remodeling. However, we feel that the specific role of
T cells differs because of the differences in animal models used
and the mode of injury in the separate experiments.

We found that monocrotaline induces EC damage in the
pulmonary vasculature of mice. Vascular remodeling in
response to this EC injury was characterized by CD4* T cell-
dominated inflammation and smooth muscle cell proliferation.
This CD4* T cell-dependent remodeling of the pulmonary
vasculature leads to a rise in RV pressure and RV hypertrophy.
This model of monocrotaline-induced pulmonary artery injury
and remodeling allows for insights into the role of inflammation
in the remodeling of the pulmonary vasculature, and further
facilitates the use of genetic murine models in pulmonary
vascular research. This, in turn, may help us understand the
role of inflammation in vascular lesions in human pulmonary
hypertension.
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