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Vascular remodeling in chronic hypoxic pulmonary
hypertension includes marked fibroproliferative
changes in the pulmonary artery (PA) adventitia. Al-
though resident PA fibroblasts have long been consid-
ered the primary contributors to these processes, we
tested the hypothesis that hypoxia-induced pulmo-
nary vascular remodeling requires recruitment of cir-
culating mesenchymal precursors of a monocyte/
macrophage lineage, termed fibrocytes. Using two
neonatal animal models (rats and calves) of chronic
hypoxic pulmonary hypertension, we demonstrated
a dramatic perivascular accumulation of mononu-
clear cells of a monocyte/macrophage lineage (ex-
pressing CD45, CD11b, CD14, CD68, ED1, ED2).
Many of these cells produced type I collagen, ex-
pressed a-smooth muscle actin, and proliferated,
thus exhibiting mesenchymal cell characteristics at-
tributed to fibrocytes. The blood-borne origin of these
cells was confirmed in experiments wherein circulat-
ing monocytes/macrophages of chronically hypoxic
rats were in vivo-labeled with Dil fluorochrome via
liposome delivery and subsequently identified in the
remodeled pulmonary, but not systemic, arterial ad-
ventitia. The Dil-labeled cells that appeared in the
vessel wall expressed monocyte/macrophage mark-
ers and procollagen. Selective depletion of this mono-
cytic cell population, using either clodronate-lipo-
somes or gadolinium chloride, prevented pulmonary
adventitial remodeling (ie, production of collagen,
fibronectin, and tenascin-C and accumulation of myo-
fibroblasts). We conclude that circulating mesenchy-

mal precursors of a monocyte/macrophage lineage,
including fibrocytes, are essential contributors to hy-
poxia-induced pulmonary vascular remodeling. (4m
J Pathol 2006, 168:659—669; DOIL: 10.2353/ajpath.2006.050599)

Significant fibroproliferative changes in the pulmonary
artery (PA) adventitia are prominent characteristics of
chronic pulmonary hypertension of many causes, includ-
ing hypoxia. These processes occur in both large and
small PAs as a result of adventitial cell proliferation, pro-
duction/deposition of extracellular matrix proteins, espe-
cially collagens, and accumulation of myofibroblasts
[a-smooth muscle actin  (a-SMA)-expressing fibro-
blasts]."™ These fibroproliferative changes have long
been assumed to be due to activation, proliferation, and
differentiation of resident adventitial fibroblasts. However,
the possibility that nonresident cells may contribute di-
rectly to the hypoxia-induced pulmonary remodeling pro-
cess emerges from recent reports in various disease
models (including those of the lung) that demonstrate
recruitment of circulating, bone marrow-derived cells ca-
pable of assuming a mesenchymal/fibroblast phenotype
at the site of tissue injury.°® Among different types of
circulating mesenchymal progenitors, mononuclear cells
(MNCs) of a monocyte/macrophage lineage, and specif-
ically a subpopulation of MNCs termed “fibrocytes,” have
recently received significant attention with regard to their
potential role in various fibroproliferative diseases.®'3
Fibrocytes comprise a subpopulation of circulating
MNCs of a monocyte/macrophage lineage (CD11b™,
CD13*, CD14™) that can exhibit fibroblast properties at
the site of tissue injury (collagen production, differentia-
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tion into myofibroblasts).’®~'® Fibrocytes have been
shown to be an important source of tissue fibroblasts in
asthma and lung fibrosis.’>'®'¢ However, to our knowl-
edge, there are no studies demonstrating the contribution of
circulating fibrocytes or other types of mesenchymal pre-
cursors of a mononuclear origin to pulmonary vascular re-
modeling in the setting of hypoxic pulmonary hypertension.
We thus tested the hypothesis that chronic hypoxic expo-
sure induces recruitment of circulating fibrocytes to the
pulmonary circulation, and that these cells contribute di-
rectly and substantially to pulmonary vascular remodeling.

Two neonatal animal models (rat and calf) of chronic
hypoxia-induced pulmonary hypertension were used to
test this hypothesis in an effort to determine how gener-
alized and consistent the response was across species.
In these models we sought to 1) identify the contribution
of MNCs and fibrocytes to PA adventitial thickening using
immunofluorescence analysis with a panel of cell type-
specific antibodies; 2) delineate the direct contribution of
these cells to fibroproliferative processes (collagen pro-
duction, proliferation, accumulation of myofibroblasts) in
hypoxic pulmonary vascular remodeling using double-
label immunofluorescent staining for leukocyte antigens,
markers of fibrosis (procollagen), cell replication [5-
bromo-2’-deoxyuridine  (BrdU)], and myofibroblasts
(a-SMA); 3) assess the blood-borne origin of these cells
in the remodeled pulmonary adventitia of chronically hy-
poxic animals by in vivo labeling of these cells in the
circulation and subsequent determination of their local-
ization in the lung and systemic vasculature; and 4) eval-
uate the role of these cells in hypoxic pulmonary vascular
remodeling process by selectively depleting them and
subsequently assessing the impact on pulmonary adven-
titial fibrosis and myofibroblast accumulation.

Materials and Methods

Animal Models

Two animal species were used as models of hypoxia-
induced neonatal pulmonary hypertension: weanling rats
and, to confirm the findings in a large mammalian spe-
cies, calves. The advantages of using the hypoxic calf
model have been described before and include remark-
able thickening of PA adventitia, which resembles the
pathological picture in human neonatal pulmonary
hypertension.2~*

Rats were used in this study as an animal model of
hypoxic pulmonary hypertension because these rodents,
in contrast to mice, develop marked PA adventitial thick-
ening'” and because certain experimental manipulations
can be performed in rats but are not economically feasi-
ble in calves. The Wistar-Kyoto rat strain was chosen
because it develops more severe hypoxic pulmonary
hypertension than the Sprague-Dawley strain.'®

Weanling (4 weeks old) male Wistar-Kyoto rats were
purchased from Charles River Laboratories (Wilmington,
MA). Experimental hypoxic groups of rats (n = 4 to 6,
each time point) were exposed to hypobaric hypoxia (Pg
= 380 mmHg) for 24 hours to 4 weeks. Age-matched

controls were kept at ambient altitude. One-day-old male
Holstein calves were purchased from Laluna dairy farm
(Fort Collins, CO). The experimental hypoxic group (n =
7) was exposed for 2 weeks to hypobaric hypoxia (Pg =
445 mmHg), while age-matched controls (n = 6) were
kept at ambient altitude (Denver, CO; Pg = 640 mmHg)."

Animals of both species were euthanized by overdose
of sodium pentobarbital (160 mg/kg body weight). Stan-
dard veterinary care was used following institutional
guidelines: for rats, at the University of Colorado Health
Sciences Center for Laboratory Animal Care (Denver,
CO) in compliance with Institutional Animal Care and Use
Committee-approved protocols; for calves, at the Depart-
ment of Physiology, School of Veterinary Medicine, Col-
orado State University (Fort Collins, CO).

Tissue Samples and Antibodies

Freshly obtained tissue samples were embedded in
O.C.T. (Sakura Finetek, Torrance, CA) and frozen at
—70°C until use. The following antibodies against leuko-
cyte antigens were used in the study: bovine-specific
monoclonal antibodies (mAbs) against CD45, CD11b,
CD14 (15 pg/ml; VMRD Inc., Pullman, WA), CD68
(EBM11, 1:100; DakoCytomation Corp., Carpinteria, CA);
rat-specific mAbs against CD45, CD11b (OX-1, OX-42,
1:100; Chemicon Int., Temecula, CA), mAbs against ED1,
ED2 (1:10, 1:50; BD Pharmingen, San Diego, CA), and
anti-granulocyte mAbs (RK-4, 1:50; Cedarline Laborato-
ries, Ontario, Canada). The following antibodies against
markers of fibrosis were used: mAbs against type | pro-
collagen (SP1.D8, 1:10; Developmental Studies Hybrid-
oma Bank, University of lowa, lowa City, IA), mAbs
against collagen-prolyl-4-hydroxylase-a (6—6H2, 1:50;
Medicorp, Montreal, Canada), mAbs against ED-A-FN
(ist-9, 1:10; Oxford Biotechnology, Oxfordshire, UK), and
rabbit polyclonal anti-tenascin-C Abs (1:100, Chemicon
Int.). To define the expression of a smooth muscle marker
a-SMA, mAb 1A4 was used (1:100; Sigma Chemical Co.,
St. Louis, MO). Proliferating cells were identified using
fluorescein isothiocyanate-conjugated anti-BrdU mAbs
(1:3, BD Pharmingen).

Immunofluorescent Labeling

Tissue cryosections (5 um) were fixed in methanol:ac-
etone (1:1). Nonspecific binding was blocked with fetal
bovine serum:phosphate-buffered saline (PBS) (1:1), and
sections were incubated overnight with primary Abs at
4°C. Secondary biotinylated Abs (Vector Laboratories,
Burlingame, CA), streptavidin-Alexa-594 (red) and
streptavidin-Alexa-488 (green) (Molecular Probes, Eu-
gene, OR) were used at dilutions recommended by the
manufacturers. Immunolabeled sections were mounted in
VectaShield/DAPI (Vector Laboratories) and examined un-
der a Zeiss fluorescent microscope with an AxioVision dig-
ital imaging system (Carl Zeiss Microlmaging, Inc., Thorn-
wood, NY). For double-label confocal microscopy, labeling
with antibodies against CD45, CD11b, CD14, CD68, and
ED1 was accomplished first. Next, anti-procollagen or



a-SMA mAbs, directly labeled with Zenon-Alexa-fluor kit
(Molecular Probes), were applied for 1 to 2 hours. Images
were analyzed on DeltaVision digital deconvolution confo-
cal microscope (Olympus America Inc., Melville, NY). Pho-
tographs were taken with a Photometrics Quantix cooled
digital charge-coupled device camera (Olympus). Quanti-
tative analysis of the percentage of monocytic cells co-
expressing procollagen, BrdU, and a-SMA was performed
on 12 to 18 stained lung sections that were obtained from
four to six animals (rats and calves, respectively).

Time Course Analysis

Rats were exposed to hypoxia for 24 hours, 48 hours, 72
hours, 96 hours, and 1, 2, 3, and 4 weeks. Lung cryosec-
tions were immunolabeled for a monocyte/macrophage
marker CD11b, and the perimeter of the free PA wall (con-
tiguous to alveoli) was examined within the radial distance
of =150 um outward from the external elastic lamina.
CD11b™ cell number was assessed per unit volume (10-um
radial distance by 500-um perimeter length).

BrdU Injections

Rats (72-hour hypoxic or normoxic) were injected with
BrdU (100 pg/kg body weight) at 24, 18, and 2 hours
before euthanization.

Dil-Liposome, Clodronate-Liposome, and
Gadolinium Chloride Injections

Liposomes were prepared as previously described.® For
liposome-mediated in vivo Dil-labeling of circulating
monocytes/macrophages, liposomes containing red flu-
orochrome, Dil, were introduced into the circulation via a
series of intravenous injections (see below). These lipo-
somes are readily taken up via phagocytosis by circu-
lating phagocytic MNCs of a monocyte/macrophage
lineage (but not by other subsets of MNCs), and Dil-
fluorochrome is incorporated into the cell membrane,
resulting in selective labeling of circulating monocytes/
macrophages.'®2° Dil liposomes were intravenously in-
jected (0.1 ml/10 g body weight) into anesthetized rats
(n = 5) every third day during the 3-week hypoxic (or
normoxic) exposure, as well as on 3 consecutive days
before the end of the experiment before euthanasia. Tis-
sues were frozen in O.C.T., and unfixed cryosections
were examined for the red Dil fluorescence. After captur-
ing the image demonstrating Dil fluorescence, the cryo-
section was fixed in acetone:methanol, which completely
bleached Dil fluorescence, and then labeled with anti-
bodies against CD11b, and/or ED1, and/or ED2.

To deplete circulating MNCs of a monocyte/macrophage
lineage, we used two separate approaches: serial intrave-
nous injections of liposomes containing clodronate
(CILMBP; gift of Roche Diagnostics GmbH, Mannheim, Ger-
many) or intravenous injections of gadolinium chloride
(GdCls, Sigma Chemical Co.). These methods are com-
monly used to target and deplete phagocytic cells. Clodr-
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onate has an extremely short half-life in the circulation and
therefore is not toxic.’™ However, when delivered into
phagocytic cells using liposomes as vehicles, clodronate
accumulates in the cell and induces apoptosis after ex-
ceeding a threshold concentration.'® Importantly, Cl,MBP-
liposomes do not cross vascular endothelial barriers and
thus would not be taken up by resident tissue phagocytic
cells. The selective action of GdCl, on monocytes/macro-
phages is based on the fact that this compound is readily
dissolved in normal saline; however, when injected into the
bloodstream, it rapidly aggregates into relatively large col-
loidal particles at neutral pH. Similar to liposomes, the par-
ticles of GdCl; are taken up exclusively by circulating
phagocytic MNCs but not by other cells. Once inside the
phagocytic cell and after exceeding the threshold concen-
tration, GdCl; causes cell apoptosis.?”

Experimental hypoxic and normoxic rats (n = 8, each
group) were injected intravenously with Cl,MBP-lipo-
somes bi-weekly for 4 weeks (first injection was at 0.1
mi/10 g body weight, subsequent injections were at 0.05
ml/10 g body weight). Control hypoxic and normoxic rats
were intravenously injected with PBS liposomes (n = 6)
on the same schedule. GdCl; (2 mg/ml, 10 mg/kg body
weight) was administered as intravenous injections bi-
weekly for 4 weeks of hypoxic or normoxic exposure (n =
6, each), and control rats were injected with PBS (n = 8).

Data Analysis

Data are presented as mean + SEM. Statistical analysis
used Student’s t-test and one-way analysis of variance;
significance accepted at P < 0.05.

Results

Hypoxia Induces Robust Accumulation of
MNCs of a Monocyte/Macrophage Lineage in
the PA Adventitia

In normoxic animals of both species (rats and calves), the
PA adventitia was thin [Figure 1, A (rat) and C (calf)],
whereas in animals exposed to chronic hypobaric hyp-
oxia (rats for 4 weeks and calves for 2 weeks), the PA
adventitia was remarkably thickened [Figure 1, B (rat)
and D (calf)]. We first examined whether MNCs of a
monocyte/macrophage lineage were recruited to the PA
in response to chronic hypoxic exposure using a panel of
antibodies to monocyte/macrophage antigens (in rats,
CD45, CD11b, ED1, ED2; in calves, CD45, CD11b,
CD14, CD68). In normoxic animals (both rats and
calves), the adventitia contained very few cells express-
ing these antigens [Figure 2, normoxia columns, A and C
(rat) and E (calf)]. However, in chronically hypoxic ani-
mals of both species, numerous cells expressing mono-
cyte/macrophage antigens were observed in the thick-
ened adventitia of both large and small PAs [Figure 2,
hypoxia columns, B and D (rat) and F (calf)]. Accumula-
tion of these cells was specific to the lung vasculature,
because the aorta, carotid, and femoral arteries of hypoxic
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animals were devoid of such cells (data not shown). More-
over, neutrophils were not identified in the PA adventitia of
either hypoxic calves (at 2 weeks of hypoxic exposure) or
hypoxic rats (starting from 24 hours and up to 4 weeks of
hypoxic exposure) (data not shown).

A kinetic analysis demonstrated a progressive accu-
mulation of CD11b™* monocytes/macrophages in the pul-
monary perivascular space of hypoxic (24 hours to 4
weeks) rats with a peak accumulation index of 11 at 4
weeks of hypoxic exposure compared to 2.5 in normoxic
rats (Figure 3). Furthermore, a progressive increase in the
distance from the external elastic lamellae (x axis) of the
CD11b™ cell peak was observed, which correlated with
the progressive increase in the thickening of PA adven-
titia in response to chronic exposure to hypoxia.

, T T - MNCs, Accumulating in the Remodeled PA
Figure 1. Chronic hypoxia induces PA adventitial thickening. H&E staining . L .,
of pulmonary arteries from rats (A, B) and calves (C, D). The adventitial layer Adventltla, Exhibit a F/brocyte Phenotype

(Adv) is very thin in normoxic rats (A) and calves (C). In chronically hypoxic

animals of both species, the PA adventitia is remarkably thickened (B, rats; D, : . : :
calves). Small arrows point to newly formed capillaries of the vasa vaso- Extensive collagen deposmon, accumulation of myoflbro—

rum. M, tunica media. Scale bars, 20 pm. blasts, and cell proliferation in the PA adventitia are

Normoxia Hypoxia Normoxia Hvpoxia

CD45

Figure 2. Hypoxia induces a robust appearance of MNCs in the PA adventitia. Cryosections of PAs from rats (A-D) and calves (E, F) were labeled with antibodies
against MNC/macrophage antigens (red) and cell nuclei (DAPI, blue). Few MNCs are present in the adventitia of normoxic rats and calves (single large
arrowheads in the normoxia columns). In the adventitia of chronically hypoxic rats and calves, abundant MNCs of a monocyte/macrophage phenotype are
present (triple large arrowheads in the hypoxia columns). For rats, micrographs A and B show main PAs, whereas C and D show distal PAs (80 to 100 um
in diameter). Green autofluorescence of the elastic lamellae in A--D defines the boundaries of the PA tunica media. The PA lumens are marked with small green
arrows. M, media; A, adventitia. Scale bars: 100 um (A, B); 20 um (C-F).
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Figure 3. Chronic hypoxia causes a progressive accumulation of MNCs in the
PA adventitia. Time course analysis of accumulation of MNCs expressing
CD11b antigen (CD11b" cell index) in the PA adventitia of chronically
hypoxic (1 day to 4 weeks) rats demonstrates a significant and progressive
increase in the CD11b* cell index throughout time, compared to normoxic
controls. Furthermore, a progressive increase in the distance from the exter-
nal elastic lamellae (x axis) of the CD11b™ cell peak was observed that
correlated with the progressive increase in the thickening of PA adventitia in
response to chronic exposure to hypoxia.

prominent features of hypoxia-induced pulmonary vascu-
lar remodeling.' 522 We thus evaluated whether any of
the MNCs of a monocyte/macrophage lineage accumu-
lating in the pulmonary perivascular space in response to
chronic hypoxia exhibited a phenotype characteristic of a
fibrocyte (ie, produced collagen, expressed a-SMA,
proliferated).® "

Collagen Production

To identify fibrocytes in the PA adventitia, double-label
immunostaining was performed for MNC-macrophage
antigens (in rat, CD45, CD11b, ED1, ED2; in calf, CD45,
CD11b, CD14, CD68) and intracellular collagen precur-
sor molecules [in rat, collagen-prolyl-4-hydroxylase-a
(cP4Ha); in calf, a-I procollagen (pColl)]. Routine and
confocal fluorescence microscopy demonstrated that a
substantial proportion of MNCs, accumulating in the re-
modeled PA adventitia of hypoxic animals, was com-
prised of collagen-expressing fibrocytes (64.3 + 4.3% in
rats, and 38.1 + 3.6% in calves) [Figure 4, A-C (rat) and
D-E (calf)]. No fibrocytes were identified in the PA ad-
ventitia of normoxic calves and/or rats (not shown)

a-SMA Expression

We determined if any MNCs co-expressed a-SMA and
thus contributed directly to the accumulation of myofibro-
blasts (a-SMA-expressing fibroblasts) in the PA adventi-
tia of chronically hypoxic animals. Analysis of double-
label immunostaining demonstrated that, in hypoxic
animals of both animal species, numerous adventitial
cells co-expressed macrophage antigens (CD11b in rats
and CD68 in calves) and a-SMA [Figure 5, A and B (rat)
and C and D (calf)]. Deconvolution confocal microscopy
showed that, among all MNCs within the remodeled ad-

Fibrocytes and Vascular Remodeling 663
AJP February 2006, Vol. 168, No. 2

ventitia, 19.2 + 4.3% MNCs (in rats) and 7.8 = 3.2%
MNCs (in calves) co-expressed a-SMA. No a-SMA-ex-
pressing MNCs were identified in the PA adventitia of
normoxic calves and rats (not shown).

Proliferation

The PA adventitia of hypoxic rats demonstrated
marked increases in nuclear BrdU incorporation (Figure
6B), whereas no proliferating adventitial cells were ob-
served in normoxic rats (Figure 6A). Analysis of double-
label immunofluorescent staining of lung tissues from
chronically hypoxic rats demonstrated that a significant
number (15.4 = 2.3%) of MNCs expressing CD45 and/or
ED2 had incorporated BrdU (Figure 6B, arrows; CD45 is
shown). Cells other than MNCs, potentially resident fibro-
blasts, were also observed to have incorporated BrdU
(Figure 6B, arrowheads). The relative contribution of cells
expressing MNC markers to the overall BrdU labeling
index in the PA adventitia at 72 hours of hypoxic expo-
sure was 28.6 = 4.1%. Thus, the MNCs, accumulating
within the remodeled PA adventitia, contributed signifi-
cantly to the overall increases in cell proliferation ob-
served in the PA adventitia of hypoxic animals.

Fibrocytes, Accumulating in the PA Adventitia,
Originate from the Circulation

Based on expression of hematopoietic markers (in-
cluding CD45), we hypothesized that fibrocytes, accu-
mulating in the remodeled PA adventitia, were re-
cruited from the circulation. We sought to determine
the blood-borne origin of fibrocytes using a liposome-
mediated in vivo labeling approach, wherein phago-
cytic MNCs could be selectively labeled via liposome
delivery of Dil fluorochrome directly in the circulation of
live rats (Materials and Methods)."®2° Figure 7, A-C,
demonstrates that peripheral blood MNCs, exclusively
of a monocytic origin (ED17), take up liposomes
loaded with red Dil fluorochrome. The Dil-labeled cir-
culating cells were subsequently identified in the PA
adventitia of chronically hypoxic (Figure 7, D-G) but
not normoxic (Figure 7H) rats as follows. Lung and
systemic vascular tissues from hypoxic and normoxic
rats, which were intravenously injected with Dil lipo-
somes, were examined for the presence of Dil-labeled
cells within the vessel wall. In hypoxic animals, numer-
ous Dil-labeled cells were identified in the PA adven-
titia (Figure 7D). No Dil-labeled cells were observed
around aortas or carotid arteries of hypoxic rats (Figure
7H, aorta is shown) or around PA of normoxic rats (not
shown). To determine the phenotype of Dil-labeled
cells, immunofluorescent labeling of monocyte/macro-
phage antigens (CD11b, ED1, ED2) was performed on
the same tissue section that was first bleached of
fluorescence (Figure 7E) and then labeled with anti-
MNC antibodies (Figure 7F, also see Materials and
Methods). Most Dil-labeled cells expressed MNC anti-
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CD11b cP4Ho

Figure 4. Monocytic cells in the remodeled PA adventitia express procolla-
gen. A: Serial tissue sections of the rat PA labeled with antibodies against a
monocytic cell marker CD11b (red, left) and collagen precursor molecule,
collagen-prolyl-hydroxylase-a (cP4Ha) (green, right). Elastic lamellae of the
tunica media (left) exhibit green autofluorescence, which is shown to better
define the tunica media boundaries. B: Micrograph of the adventitial area
shown within the frame in A. Double-label immunofluorescent staining
followed by deconvolution confocal microscopy demonstrates that the re-
modeled PA adventitia of chronically hypoxic rats contains numerous cells
that co-express (arrowheads) CD11b (red fluorescence) and cP4Ha (green
fluorescence). There is a cell (small single arrow) that expresses a mono-
cytic antigen CD11b (red) but not cP4Ha, and another cell (small double
arrow) expresses cP4Ha but not CD11b. DAPI (blue) labels all cell nuclei.
C: Routine immunofluorescence microscopy of the small distal PA of chron-
ically hypoxic rat shows adventitial cells that also co-express CD11b (red)
and cP4Ha (green) (arrows). D: Serial sections of the distal PA of chroni-
cally (2 week) hypoxic calf was labeled with CD14 Abs (red) and type I
procollagen (pColl) Abs (green). E: Double-label immunofluorescent stain-
ing followed by deconvolution confocal microscopy demonstrates adventitial
cells from the 2-week hypoxic calf that co-express (arrowheads) CD45
(red) and pColl (green). There is also a cell that expresses CD45 but not
pColl (small single arrow), and a cell that expresses pColl but not CD45
(small double arrows). M, media; A, adventitia. Scale bars, 5 um.

gens (Figure 7F, ED2 immunoreactivity is shown). Im-
portantly, many of the Dil-labeled MNCs in the adven-
titia also expressed type | procollagen (Figure 8), a
phenotype consistent with that of a fibrocyte.

Figure 5. Monocytic cells in the remodeled PA adventitia express a-SMA. A:
Serial tissue sections of the rat PA labeled with antibodies against a mono-
cytic cell marker CD11b (red, left) and a-SMA (aSMA, green, right). Elastic
lamellae of the tunica media (left) exhibit green autofluorescence, which is
shown to better define the tunica media boundaries. B: Micrograph of the
adventitial area shown within the frame in A. Double-label immunofluores-
cent staining and deconvolution confocal microscopy demonstrate adventi-
tial cells that co-express (arrowheads) CD11b (red) and a-SMA (aSMA,
green). There is a cell (small triple arrow) that expresses a monocytic
antigen CD11b (red) but not @-SMA, and another cell (small single arrow)
expresses a-SMA but not CD11b. DAPI (blue) labels cell nuclei. C: Distal PA
of the chronically (2 week) hypoxic calf was labeled with H&E (left) or with
peroxidase-conjugated antibodies against a-SMA (brown, right). PA adven-
titia is remarkably thickened (similar to image in Figure 1D), and a-SMA
immunoreactivity (brown) is observed not only in the tunica media but also
in some areas of the adventitia. D: Double-label immunofluorescent staining
and deconvolution confocal microscopy demonstrate cells from the adven-
titia of a hypoxic calf that co-express (arrowheads) a macrophage marker
CD68 (red) and a-SMA (green). DAPI (blue) labels cell nuclei. M, media; A,
adventitia. Scale bars: 50 um (A, C); 5 wm (B, D).

Selective Depletion of Circulating Fibrocytes
Attenuates Hypoxia-Induced PA Adventitial
Remodeling

Having established that circulating fibrocytes appear in
the PA adventitia of chronically hypoxic animals, we
sought to evaluate their overall contribution to the remod-
eling process by selectively depleting these cells in cir-
culation. Because we showed that a selective ED1% sub-
population of circulating MNCs (monocytes) takes up Dil
liposomes and is subsequently found within the hypoxic
PA, we specifically targeted these cells for depletion
using serial intravenous injections of liposomes contain-
ing clodronate (instead of Dil), a technique successfully
used by us (NVR) and others.'9:20:25-26

Chronically hypoxic rats injected with PBS-containing
liposomes (control hypoxic group) showed abundant
perivascular accumulation of MNCs, markedly thickened
PA adventitia, and a high degree of adventitial fibrosis (as
assessed by expression of procollagen, fibronectin, te-
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Figure 6. Monocytic cells actively replicate in the remodeled PA adventitia.
Double-label immunofluorescent staining of the remodeled PA from the
chronically (72 hours) hypoxic rats (B) demonstrates numerous adventitial
cells that co-express (arrows) MNC antigens (CD45, red) and proliferation-
associated marker, BrdU (green). Several cells that have also incorporated
BrdU, but do not express MNC antigen, CD45, are marked by arrowheads.
Adventitial cells in the PA of age-matched normoxic rats (A) do not demon-
strate BrdU incorporation. Elastic lamellae of the PA media exhibit green
autofluorescence and are shown to define the medial-adventitial border. M,
media; A, adventitia.

nascin-C) and myofibroblast (a-SMA-positive fibroblast)
accumulation, similar to untreated hypoxic animals (Fig-
ure 9B, hypoxia column). In chronically hypoxic rats in-
travenously injected with clodronate-liposomes (CI,MBP-
liposomes), influx and accumulation of MNCs in the PA
adventitia was markedly diminished, as were adventitial
thickening, development of fibrosis (expression of pro-
collagen, ED-A-fibronectin, tenascin-C), and accumula-
tion of myofibroblasts (Figure 9C, hypoxia+CloL column).

To confirm this result we used a second approach to
deplete circulating monocytic cells, intravenous injec-
tions of gadolinium chloride (GdCl;), a method previously
used successfully in other animal models involving mono-
cyte/macrophage accumulation.?™?” In GdCl,-treated
rats, the accumulation of fibrocytes in the PA adventitia
was markedly reduced, as were adventitial thickening,
fibrosis (expression of procollagen, ED-A-fibronectin, te-
nascin-C), and myofibroblast accumulation (Figure 9D,
hypoxia+GdCl; column).

Discussion

In the present study, we tested the hypothesis that a
circulating pool of mesenchymal precursors termed “fi-
brocytes” plays an essential role as precursors of mes-
enchymal cells in hypoxia-induced pulmonary vascular
remodeling. Using two neonatal animal models (rat and
bovine) of chronic hypoxia-induced pulmonary hyperten-
sion, we found that pulmonary adventitial remodeling, at
least in the neonatal period, is due to the robust recruit-
ment of nonresident, blood-borne MNCs of a monocyte/
macrophage lineage that can produce collagen and ex-
press a-SMA, thus representing a subpopulation termed
“fibrocytes.” The critical role of these cells in the remod-
eling process, as compared to that of resident adventitial
fibroblasts, was demonstrated by experiments in which in
vivo depletion of these cells in circulation of chronically
hypoxic rats led to markedly attenuated adventitial thick-
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Figure 7. Fibrocytes, which have accumulated in the remodeled PA adven-
titia, originate from the circulation. A—C: Cytospins of MNCs isolated from
peripheral blood of rats that were exposed to hypoxia for 96 hours and were
intravenously injected with Dil liposomes 2 hours before drawing blood. A:
MNCs that phagocytized Dil liposomes (Dil-L) exhibit red fluorescence. B:
MNCs labeled with antibodies against a monocytic marker ED1 exhibit green
fluorescence. C: Composite image demonstrates that Dil liposomes are taken
up in the circulation by MNCs of exclusively monocytic lineage (ED1%)
(small arrows). An arrowhead points to one of the ED1" MNCs that was
not Dil-labeled in the circulation. D: Monocytic cells labeled in the circula-
tion with Dil (red fluorochrome) via liposome-mediated delivery (see Mate-
rials and Methods and A—C above) are subsequently observed in the remod-
eled PA adventitia of chronically (4 week) hypoxic rats (small arrows). E
and F: The Dil" cells (D) express monocyte/macrophage phenotype. E and
F: After the images of Dil* cells (seen in D) were acquired, Dil fluorescence
was completely bleached by fixing this tissue cryosection in acetone/meth-
anol (E), and next immunolabeling for a macrophage marker ED2 (red) was
performed on the same cryosection (F). Small arrows in D and F point to
numerous cells that show both Dil-labeling (D) and ED2 expression (F).
Large arrowheads in D—F point to elastic lamellae of the tunica media (M),
which exhibit green autofluorescence (shown to define the boundaries of the
medial layer). Yellow double-headed arrows mark the PA adventitia
(adv). G: Cell nuclei on the same tissue section are shown by DAPI immu-
noreactivity (blue). H: Aorta from the chronically hypoxic rat (same one as
in D-G) that was intravenously injected with Dil liposomes, demonstrates the
absence of Dil™ cells. Scale bars, 10 wm.

adv.

Figure 8. Circulating MNCs that have accumulated in the remodeled PA
adventitia express a fibrocyte phenotype. A and B: MNCs that were labeled
with Dil (red fluorescence) in the circulation (see Materials and Methods and
Figure 7, A—C), are subsequently found in the remodeled PA adventitia of
chronically (4 week) hypoxic rat (A), and express cP4Ha (procollagen)
(green fluorescence) (B). Arrowheads point to fibrocytes that demonstrate
both Dil-labeling and expression of cP4Ha. M, media; A, adventitia. Scale
bars, 20 wm.
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A. Normoxia B.Hypoxia C.H poxia+CloL D.Hypoxia+GdCla

Figure 9. De ion of fibri s attenuates PA adventitial remode <ia columr 7 CD11b: the
PA adventitia of normoxic ¢ lamellae of the tunica media exhibit green autofluorescence and are shown
to define th C itia of normoxic rats is comprised of resident adventi
cP4Ha (green fluorescence within the adventitia). Adventitia in normoxic rats i
the PA adventitia of normoxic rats do not express cellular ED bronectin (E
lventitia of normoxic rats do not express a-SMA [SMC of the tunica media (1
remodeled PA adventitia (triple arrows) of chronically (4 week) hypoxic rats de
ickened adventitia (marked by yellow arrows in row cP4Ha) with numerous cP4Ha-e

ED-A : remodeled PA adventitia of chronically hypoxic rats demonstrates deposition of ED-
and TN-C, gree > . Row l-actin: Numerous / i yofibroblasts are ed )
(triple arrows). C and D: Hy ‘ ;: selective depletion (see Materials and Methods and Results sections) of mono
cells in the ulation of chronically xic rats by ei ronz ¢ s (C, Hypoxia+Cl,MBP-L) or gadolinium chlor ;

Its in diminished accumulation of CD117" cells in the PA adventitia (row 11b, red), reduced adventitial thickness (row cP4Hea, yellow arrows),
prevention of adventitial fibrosis [absence of fibronectin (row ED-A-FN) and tenascin-C (row TN-C) deposition], as well as prevention of a-SMA expression
by adventitial f; asts (row a-SMA). M, tunica media. Scale , 100 wm.




ening and substantial diminution of fibrosis and myofibro-
blast accumulation.

Most studies of fibrotic diseases have focused on the
mechanisms and pathways through which resident fibro-
blasts are stimulated to undergo a phenotypic switch into
a fibrotic phenotype. However the possibility that nonlo-
cal cells, including circulating fibrocytes, give rise to
tissue fibroblasts has recently been suggested in wound
healing, asthma, and bleomycin-induced Iung in-
jury.'971216 Yet, there is a paucity of data regarding the
contribution of circulating fibrocytes to the pulmonary
perivascular fibrosis observed in various forms of pulmo-
nary hypertension. The present study demonstrates that
a large proportion of cells contributing to PA adventitial
thickening and fibrosis is comprised of fibrocytes.

The appearance of myofibroblasts (a-SMA-expressing
fibroblasts) is a characteristic feature of various fibropro-
liferative diseases including hypoxic pulmonary hyper-
tension and has long been considered to be due to
differentiation of resident fibroblasts.’>"722 The present
study suggests MNCs of a monocyte/macrophage lin-
eage as yet another source of adventitial myofibroblasts
in hypoxic pulmonary hypertension. Whether these myo-
fibroblasts originated from fibrocytes or from a distinct
subpopulation of MNCs requires further determination.
Several studies in the setting of wound healing and
asthma suggest that fibrocytes can differentiate into myo-
fibroblasts.’®"15:1® These studies base their conclu-
sions on the demonstration of the co-expression of
a-SMA and a certain MNC antigen; however, this exper-
imental approach cannot establish whether the cells
expressing MNC antigens are actually fibrocytes.
Macrophages have been proposed as precursors of
myofibroblasts in models of granulation tissue forma-
tion and neointimal formation after coronary arterial in-
jury.28739 At the same time, fibrocytes are known to ex-
press most of the monocyte/macrophage antigens, and
thus, can be potential candidates for the cellular source
of myofibroblasts in these injury models as well. Impor-
tantly, fibrocytes and other MNCs of a monocytic lineage
have not been described to continue their differentiation
into smooth muscle cells (SMCs). Therefore, they seem to
comprise a distinct population of circulating mesenchy-
mal progenitors that differs from the circulating SMC
precursors described by Simper and colleagues.®’

It should be noted that there were many MNCs in the
PA perivascular areas of chronically hypoxic animals that
lacked expression of the fibrocyte marker, type 1 colla-
gen, and the myofibroblast marker a-SMA. It was not
entirely surprising that hypoxia was capable of causing
leukocytic invasion into the lung. Increased numbers of
macrophages and neutrophils have been described in
murine and rat lungs in response to both acute and
chronic hypoxia.®*=* Interestingly, in our model of
chronic hypoxia, at least beginning at 24 hours after
hypoxic exposure, no influx of neutrophils into the
perivascular areas was observed. Increased numbers of
macrophages have also been documented under various
pathological conditions associated with hypoxia, such as
in ischemic areas of dermal wounds, in atherosclerotic
plagues, malignant tumors, and in eyes with proliferative
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retinopathy.®>~2” MNC/macrophage influx and accumu-
lation has also been reported in primary pulmonary hy-
pertension as well as in secondary forms of pulmonary
hypertension, including high-flow congenital heart dis-
ease, scleroderma, and pulmonary hypertension-associ-
ated acute respiratory distress syndrome.®®°° However,
in none of the aforementioned studies was the potential
for the MNCs to give rise to mesenchymal-like cells de-
scribed. The accumulation of monocytes, macrophages,
and fibrocytes could have significant indirect effects on
the structure and function of lung blood vessels. Acti-
vated fibrocytes act as inflammatory cells (macrophages)
and release a variety of proinflammatory cytokines capa-
ble of causing vasoconstriction and increasing vascular
permeability.®#4° In addition, both macrophages and fi-
brocytes are potent producers of promitogenic and
proangiogenic factors.®%:334941 Thys they may play crit-
ical roles not only in inducing proliferation and pheno-
typic modulation of resident SMCs and fibroblasts but
also in promoting neovascularization of the arterial vasa
vasorum,®” a finding consistent with our previously pub-
lished observation of a marked PA adventitial neovascu-
larization in chronically hypoxic calves (Figure 1, small
arrows pointing to new vasa vasorum capillaries).” The
expanded network of PA vasa vasorum may act as a
conduit for continuous delivery of circulating cells to the
PA adventitia, creating a feed-forward loop of patholog-
ical remodeling.

Because the vascular adventitia itself has recently
been suggested as a source of mesenchymal progenitor
cells,*? we sought to confirm a circulating, nonresident
origin of fibrocytes accumulating in the remodeled PA
adventitia by using a liposome-mediated in vivo Dil-label-
ing strategy. This approach is based on the numerous
previous studies demonstrating that cells of a monocyte/
macrophage lineage could be selectively labeled with
red Dil-fluorochrome encapsulated into liposomes, which
are taken up exclusively by phagocytic MNCs."®2° Using
this strategy we demonstrated that the Dil-labeled MNCs
accumulating in the PA adventitia of chronically hypoxic
rats originated from circulation (Figure 7, A-D, F), and
comprised a subpopulation of fibrocytes (co-expressed
MNC antigens and procollagen) (Figure 8). Interestingly,
expression of CD45 (a common leukocyte antigen) by
fibrocytes within the remodeled PA adventitia (Figure 2)
not only points to the hematopoietic lineage of these cells
but also to their potential origin from the bone marrow.
Several reports demonstrate a bone marrow origin of
circulating cells in injury-induced remodeling in various
tissues.** 46 Data from the Hashimoto’s group® demon-
strate that a large proportion of interstitial lung fibroblasts
in a bleomycin-induced mouse model of pulmonary fibro-
sis originates from the bone marrow. Most recently Ha-
yashida and colleagues® reported the bone marrow ori-
gin of adventitial myofibroblasts in a mouse model of
hypoxic pulmonary hypertension.

The critical role of circulating fibrocytes in the pulmo-
nary vascular remodeling process, as compared to that
of resident adventitial fibroblasts, was demonstrated in
the present study in experiments using a liposome-me-
diated in vivo depletion approach, ie, selectively targeting
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and depleting circulating phagocytic MNCs using
Cl,MBP-liposomes. This depletion approach has been
commonly used by other investigators in models of vari-
ous diseases and experimental settings of vascular
injury. 92924227 |n the present study marked attenuation
of vascular remodeling was achieved with this liposome-
mediated depletion strategy. In the absence of circulat-
ing MNCs and fibrocytes, yet with an intact resident
adventitial fibroblast population, the development of pul-
monary vascular remodeling (adventitial thickening, fi-
brosis, accumulation of myofibroblasts) was prevented.
These findings were confirmed using a separate and
distinct strategy, ie, intravenous injections of gadolinium
chloride (GdCl,), the strategy that has been commonly
used by other investigators to deplete circulating mono-
cytes and resident macrophages in various organs, in-
cluding the lung.?'?®® Combined, the results of
CI,MBP-liposome and GdCl; treatment provide experi-
mental support for the novel concept that recruitment of
circulating fibrocytes is critical to the hypoxia-induced
vascular remodeling process.

In conclusion, our findings provide experimental evi-
dence for an essential pathophysiological role of circu-
lating fibrocytes in the development of hypoxia-induced
pulmonary vascular remodeling. These observations may
have important implications for understanding the patho-
genesis of hypoxic forms of pulmonary hypertension in
the developing lung circulation and for the future devel-
opment of therapeutic approaches aimed at ameliorating
vascular remodeling.
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