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Abstract

Vascular remodeling in adult atherosclerotic pulmonary arter-
ies is characterized by discrete areas of neointimal extracellular
matrix gene expression, suggesting regulation by local factors.
Though the factors responsible for inducing matrix gene ex-
pression in atherosclerotic lesions are largely unknown, several
observations suggest macrophages may be a focal source of
those factors.

Immunohistochemistry confirmed the presence of macro-
phages in the neointima of atherosclerotic elastic pulmonary
arteries from patients with unexplained pulmonary hyperten-
sion. Areas of neointima containing dense clusters of macro-
phages were separated by sparsely populated areas. Foamy
macrophages resided more deeply within the neointima than
nonfoamy macrophages, which were found more often subja-
cent to the endothelium or within the lumenal one-third of the
neointima. Combined immunohistochemistry-in situ hybridiza-
tion indicated neointimal fibronectin and type I procollagen
gene expression was intimately associated only with nonfoamy
neointimal macrophages.

These observations suggest that: (a) nonfoamy neointimal
macrophages participate in the local regulation of extracellular
matrix gene expression in atherosclerotic pulmonary arteries;
(b) foamy macrophages, which are not associated with matrix
gene expression, have undergone modulation of their secretory
phenotype. (J. Clin. Invest. 1993. 91:588-594.) Key words:
vascular remodeling , atherosclerosis - pulmonary hypertension
* macrophages - extracellular matrix

Introduction

Macrophages constitute a significant proportion of the cells
present in human atherosclerotic lesions ( 1-3) as well as le-
sions found in hypercholesterolemic animal models of athero-
genesis (4, 5). They are derived from blood monocytes which
adhere to the vascular endothelium and subsequently migrate
into the subendothelial intima (5, 6). Within the neointima,
these macrophages may contribute to lesion formation and pro-
gression by synthesizing several growth and differentiation fac-
tors. For example, analysis of human carotid atherosclerotic
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lesions indicates a correlation between the levels of PDGF-B
mRNAand c-ffms mRNA,a macrophage-specific marker, indi-
rectly suggesting PDGF-B is produced by macrophages (7).
More directly, IL- 1 protein and mRNA(8) and PDGF-BB
protein (9) are detectable in macrophages within atheroscle-
rotic plaques from cynomolgus monkeys. Although macro-
phages and their secreted products may be present within ath-
erosclerotic lesions, the extent to which macrophages contrib-
ute to lesion formation and progression is unknown.

The pathogenesis of atherosclerosis includes the abnormal
production of extracellular matrix proteins by neointimal
smooth muscle cells. Several factors secreted by macrophages
( 1O, I ) are capable of stimulating extracellular matrix protein
synthesis. TGF-f3, stimulates production of fibronectin ( 12,
13), collagen ( 14, 15), and tropoelastin ( 16, 17). IGF induces
the synthesis of tropoelastin ( 18-20), and type I collagen (21 ).
Interleukin-1 (22, 23) and tumor necrosis factor also induce
type I collagen synthesis. Finally, PDGF(24), EGF(24), 1,25
dihydroxyvitamin D3 (25), and y-interferon (26) all stimulate
fibronectin synthesis. Thus, macrophages may contribute to
the formation or progression of atherosclerotic lesions by in-
ducing neointimal extracellular matrix production.

Lobar pulmonary arteries from patients with severe unex-
plained pulmonary hypertension are grossly atherosclerotic,
characterized by a thick, concentric neointima (27). Normo-
tensive vessels do not have a hyperplastic neointima. Immuno-
histochemistry shows elastin, type I collagen, and fibronectin
proteins present diffusely throughout the neointima of hyper-
tensive vessels. However, by in situ hybridization, neointimal
cells expressing extracellular matrix genes are found in discrete
clusters. Such focal extracellular matrix gene expression sug-
gests regulation by local factors.

The purpose of these studies was to begin defining the role
of macrophages in the progression of atherosclerotic lesions by
determining the spatial relationship between neointimal macro-
phages and extracellular matrix gene expression in human ath-
erosclerotic pulmonary arteries.

Methods

Tissue
Lobar pulmonary arteries were obtained from the excised lungs of
seven patients undergoing single lung transplant surgery for unex-
plained pulmonary hypertension at Washington University Medical
Center. Immediately after surgical resection, lobar pulmonary arteries
from transplant recipients were processed for histological study and in
situ hybridization.

Immunohistochemistry
Lobar pulmonary artery segments were fixed in 4%buffered formalde-
hyde for 6 h at room temperature and subsequently dehydrated in
sequential 30, 50, and 70% ethanol washes. Tissues were embedded in
paraffin and prepared for immunoperoxidase staining as described pre-
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viously (27). Endogenous peroxidase was blocked with 0.3% (vol/vol)
H202 in methanol for 20 min at room temperature. Nonspecific immu-
noglobulin-binding sites were blocked with 2%BSA (Sigma Immuno-
chemicals, St. Louis, MO), porcine sodium heparin (5 mg/ml)
(Sigma), 0.5% (wt/vol) dithiothreitol (Sigma), and 0.3% (vol/vol)
Triton X- 100 (Sigma) for 1 h at 4VC. Sections were subsequently incu-
bated overnight at 4VCwith HAM56, a mouse antimacrophage mono-
clonal antibody that mayalso cross-react with endothelial cells (a gener-
ous gift of Dr. A. Gown, University of Washington, Seattle, WA) (1).
Normal mouse serum served as a negative control. Sections were then
incubated for 30 min with affinity-purified biotin-conjugated goat
anti-mouse IgM ( 1:1,600 dilution), washed, and incubated for 30 min
with horseradish peroxidase-streptavidin (1:400 dilution). Immuno-
globulin complexes were then visualized by incubation with 3,3'-
diaminobenzidine (0.5 mg/ml in 50 mMTris-HCl, pH 7.4), 0.1%
H202 and NiCl2. Sections were washed, counterstained with Harris
hematoxylin, dehydrated, mounted in Permount, and examined by
light microscopy.

Immunohistochemistry-in situ hybridization
Immunohistochemistry. Immunohistochemistry was performed as de-
scribed above with several modifications to prevent RNAdegradation.
Aqueous solutions and glassware were treated with diethylpyrocarbon-
ate (Sigma) and autoclaved. Nonspecific binding sites were inhibited
with the blocking solution described above but including RNasin (4
U/ml) (Promega Corp., Madison, WI). HAM56was diluted 1:4,000
with PBS, pH 7.5, containing 1% (wt/vol) BSA and porcine sodium
heparin (10 mg/ml). Sections were incubated overnight at 4°C with
either HAM56or normal mouse serum containing heparin (10 mg/
ml). RNasin was not added to the primary antibody solution due to
the destabilizing effects of DTTpresent in the buffer. After conjugation
with horseradish peroxidase-streptavidin ( 1:400 dilution), an intensifi-
cation step was performed to preserve immunostaining during in situ
hybridization (28). Sections were washed with 0.1 Msodium acetate
(pH 6.0), incubated in 1%cobalt acetate in 0.1 MNaOAc(pH 6.0) for
10 min, and rewashed in 0. 1 MNaOAc. The sections were then incu-
bated with 3,3'-diaminobenzidine (0.5 mg/ml in 50 mMTris-HCl, pH
7.4) and 0. 1%H202 for 2-7 min, washed three times in PBS for 5 min,
and stored in 95%ethanol for subsequent in situ hybridization. Immu-
nohistochemical staining was evaluated before performing in situ hy-
bridization.

In situ hybridization. 3"S-labeled human fibronectin (pFH-6) (gift
of Dr. A. Kornblihtt, Institute for Studies in Genetic Engineering and
Molecular Biology, Buenos Aires, Argentina) and type I procollagen
(Hf677) cRNA probes were prepared with a-355-UTP (>1,200 Ci/
mmol, ICN Biochemicals, Irvine, CA) as described (29). pFH-6 is
complementary to the first four type I repeats of fibronectin mRNA
(30). Hf677 is complementary to the COOH-terminal propeptide re-
gion of aI (I) procollagen mRNA(31 ). 3S-labeled T66, a 500-nucleo-
tide sense RNAprobe transcribed from a bovine tropoelastin cDNA,
served as a negative control. This RNAis 68%guanosine-cytosine-rich
and should have a propensity for nonspecific hybridization. Therefore,
lack of in situ hybridization signal with this probe indicates appropri-
ately stringent wash conditions.

In situ hybridization was performed essentially as previously de-
scribed (27). Immunohistochemically stained sections were incubated
with 35S-labeled pFH-6 or Hf677 antisense RNAprobes. As controls,
some sections were treated with 100 gg/ml RNase A (Sigma) to re-
move endogenous RNA. Sections were pretreated with 1 gg/ml nu-
clease-free proteinase K (Sigma) for 12 min rather than 30-45 min.
This minimized loss of immunoreactive staining without sacrifice in
subsequent in situ hybridization signal.

Hybridization solution containing 2.5 X 105 cpm of 3"S-labeled
probe was added to the processed sections and slides were incubated
overnight at 55°C. After hybridization, slides were washed extensively
under stringent conditions. To decrease background, slides were incu-
bated with 20 ,g/ml RNase A to remove unhybridized probe. Washed
slides were then processed for autoradiography.

Results

Macrophages were found in the neointima and adventitia of
atherosclerotic lobar pulmonary arteries but were not observed
within the medial layer (Fig. 1 A). Within the neointima, focal
collections of macrophages were observed, separated by areas

of neointima containing few macrophages. The size of these
dense collections of macrophages varied between patients. In
contrast to the neointima, macrophages appeared randomly
within the adventitia and no focal collections were observed.

Two populations of neointimal macrophages were clearly
identified (Fig. 1, B and C). Many macrophages contained
lucent vacuoles in their cytoplasm and resembled lipid-laden
macrophages. These foam cells tended to be found in clusters
deeper within the neointima. A second population of small,
nonfoamy macrophages with a small rim of cytoplasm
surrounding the nucleus were observed more frequently within
the lumenal inner third of the neointima. In addition, an inter-
mediate population of macrophages were observed, larger than
nonfoamy macrophages but containing few, if any, vacuoles.
These intermediate-sized cells were found throughout the mac-

rophage clusters and may be cells in transition between small,
nonfoamy, and large, foamy macrophages.

A prerequisite for macrophage participation in local regula-
tion of extracellular matrix protein synthesis is colocalization
of neointimal macrophages and matrix synthesizing cells. To
evaluate the spatial relationship between macrophages and
cells expressing matrix genes, sequential immunohistoche-
mistry-in situ hybridization was performed with tissue sections
from three patients with unexplained pulmonary hyperten-
sion. Sequential immunohistochemistry-in situ hybridization,
compared with in situ hybridization alone, indicated minimal
attenuation of the autoradiographic signal in sections treated
with either HAM56or normal mouse serum (data not shown).
Focal fibronectin gene expression was again observed in the
neointima. Small and intermediate sized, nonfoamy macro-

phages were found in close proximity to cells with a positive in
situ hybridization signal for fibronectin in all three patients
(Fig. 2). Large, foamy macrophages with extensive cytoplas-
mic vacuoles were not associated with fibronectin gene-ex-
pressing cells. Although macrophages can synthesize fibronec-
tin in vitro (32) and in vivo (33), we did not observe any
macrophages expressing fibronectin mRNA. Control studies,
with 35S-labeled sense T66 RNA, were negative (data not
shown).

To confirm an intimate association between neointimal
cells expressing extracellular matrix genes and macrophages,
immunohistochemistry-in situ hybridization was performed
with an "S-labeled Hf677 cRNA probe. Procollagen gene ex-

pression was limited to the neointima. Macrophages were

again closely associated with cells expressing type I procollagen
mRNA(Fig. 3). Smooth muscle cells near the smaller non-

foamy macrophages again demonstrated strong in situ hybrid-
ization signal for procollagen mRNA,whereas cells near large
foamy macrophages were negative.

Discussion

Previous observations suggested vascular remodeling in pa-
tients with severe pulmonary hypertension undergoing lung
transplantation differed from remodeling in animal models of

pulmonary hypertension (27). Marked medial hypertrophy ac-

companied by increased connective tissue synthesis and deposi-
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Figure 1. Macrophages are present as discrete clusters in the neointima. Humanlobar pulmonary arteries from patients with pulmonary hyper-
tension undergoing unilateral pulmonary transplantation were resected, fixed in 4%buffered formaldehyde, and embedded in paraffin. Im-
munohistochemistry was performed with HAM56, a mouse antimacrophage monoclonal antibody. (A) Neointimal macrophages are found in
clusters separated by areas with few macrophages (X40). In the same patient, small nonfoamy macrophages (B) and larger, foamy macrophages
(C) are clearly identified (X200).

tion in the proximal pulmonary arteries, rather than diffuse
intimal thickening or atherosclerosis, is observed in several ani-
mal models of hypoxic pulmonary hypertension (29, 34-38).
Multiple factors may account for these differences between an-
imal models of pulmonary hypertension and patients with se-
vere pulmonary hypertension including age and species differ-
ences or duration and severity of hypertension. The presence of
macrophages within the neointima and their association with
extracellular matrix gene expression indicates another differ-
ence between vascular remodeling in adult patients and animal
models, further suggesting different mechanisms may be in-
volved. Vascular smooth muscle cells are the source of factors
inducing matrix protein synthesis in a calf model of hypoxic

pulmonary hypertension (38), whereas the intimate associa-
tion between extracellular matrix gene expression and neointi-
mal macrophages suggests these macrophages may be a source
of factors inducing matrix protein synthesis in adult patients.
However, in addition to stimulating extracellular matrix syn-
thesis, many growth factors are mitogenic and chemotactic.
Whether PDGF, IL- 1, or other macrophage-derived factors co-
localize to areas of extracellular matrix gene expression or, in-
stead, are associated with neointimal cell proliferation or mi-
gration, requires further studies.

Many factors secreted by macrophages ( 10, 11 ) are capable
of stimulating extracellular matrix protein synthesis including
TGF-fl, PDGF, IGF, and IL-1. The presence of IL-1 and

590 Liptay et al.

,..MML

AM

Ahmm-



le 4.

,C.

4

V -%

a01

44.

w

p
V1%

or

v

4 4

4k

U

I40

It

OD

.

_

C

~~
$pi

v

41

a
p

I'

f- -%*&V
AkV' ,%_,. 4~ .

14

.4 9 it 7

U

9 go
#

U

464

9
p

VN~~~~~~~~~~~

we Stt- ~*
a

t~~

4 -4

i v i; XA

It

t.
1%

la.*~

* *aU

s* *a

Figure 2. Macrophage immunohistochemistry and fibronectin in situ hybridization. Sequential immunohistochemistry-in situ hybridization was

performed on the same tissue section of hypertensive lobar pulmonary arteries to evaluate the spatial relationship between macrophages and
neointimal cells expressing fibronectin mRNA. Immunohistochemistry was performed with HAM56 and in situ hybridization was performed
with "5Slabeled pFH-6 antisense cRNAprobe. Macrophages are stained brown on bright-field microscopy (A, C, and E) and cells with a positive
autoradiographic signal for fibronectin mRNAare seen on dark-field microscopy (B, D, and F). A close relationship is observed between non-

foamy macrophages and fibronectin gene expression (A and B) (X400). Fibronectin gene expression does not colocalize with foamy macro-

phages (E and F) (X400). There is little fibronectin gene expression in areas with few macrophages. The few cells with a positive autoradio-
graphic signal for fibronectin mRNAare associated with macrophages (C and D) (X200). Cross-reactivity between HAM56 and endothelial
cells is seen (C).
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PDGF-BBin neointimal macrophages (8, 9) suggests these fac-
tors could be stimulating matrix synthesis in remodeling ves-
sels. The presence of immunoreactive PDGF-BBprotein only
in non-lipid-laden macrophages (9) is consistent with our ob-
servation of a close association between small nonfoamy mac-
rophages and matrix gene expression. The association of ma-
trix gene expression around nonfoamy macrophages suggests
that neointimal macrophages do not have a single, uniform
phenotype but, rather, undergo modulation by the local
milieu. Our results also indicate that macrophage subpopula-
tions, distinguishable by different morphologies, have different
secretory phenotypes and biological activities.

The atherosclerotic neointima contains both smooth mus-
cle cells and macrophages (1-3). Sequential immunohisto-
chemistry-in situ hybridization allows identification of the
cells expressing extracellular matrix genes. The absence of fibro-
nectin in situ hybridization signal in neointimal macrophages
indicates these cells are not synthesizing fibronectin since
mononuclear phagocyte fibronectin synthesis parallels fibro-
nectin mRNAsteady-state levels (32). This contrasts with in-
creased fibronectin gene expression and synthesis by tissue mac-
rophages isolated from patients with inflammatory diseases
compared to normal alveolar macrophages (33). The differ-
ence between alveolar and neointimal macrophage fibronectin
gene expression suggests there is no single inflammatory macro-
phage phenotype and again indicates modulation by the local
milieu. Type I procollagen gene expression was also confined
to nonmacrophage neointimal cells. Since procollagen gene ex-
pression correlates with cells actively synthesizing procollagen
(Botney, M. D., M. J. Liptay, L. R. Kaiser, J. D. Cooper, W. C.
Parks, and R. P. Mecham, manuscript submitted for publica-
tion), the present observations confirm earlier observations
that neointimal smooth muscle cells are the source of type I
procollagen (27).

How peripheral blood monocytes are recruited to specific
sites within the neointima is unknown. Monocyte chemoat-
tractant proteins have been detected in human and rabbit ath-
erosclerotic lesions, particularly in macrophage-rich inflamma-
tory regions (39, 40). However, degradation products of fibro-
nectin (41), elastin (42), and collagen (43) have chemotactic
properties that may also promote migration of macrophages to
areas of local matrix synthesis. Once recruited, macrophage
adherence to extracellular matrix proteins may induce cyto-
kine synthesis and secretion (44). Thus, previously synthesized
matrix proteins may contribute to further neointimal extracel-
lular matrix protein synthesis by participating in macrophage
recruitment and activation.

In summary, vascular remodeling in adult patients with
severe unexplained pulmonary hypertension is characterized
by focal extracellular matrix protein gene expression and a
mononuclear infiltrate. An intimate association between these
neointimal mononuclear cells and matrix gene expression was
established by sequential immunohistochemistry-in situ hy-
bridization. In addition, the technique identified neointimal
smooth musclelike cells, and not mononuclear cells, as the ma-
trix expressing cells. These observations illustrate the potential
of sequential immunohistochemistry-in situ hybridization for
providing additional insights into mechanisms of vascular re-
modeling in pulmonary hypertension.
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