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Immunobistochemical and confocal microscopic
studies of the localization of matrix metallopro-
(MMPs), their tissue inbibitors
(TIMPs), and type IV collagen were made in lung
tissues from patients with normal pulmonary
bistology (n = 3), diffuse alveolar damage (n =
14), and idiopatbic pulmonary fibrosis (n = 12).
Pretreatment with pepsin revealed otherwise un-
detectable MMP- and TIMP-immunoreactive sites.
In normal lung, MMP-2, MMP-9, TIMP-1, and
TIMP-2 were localized in ciliated cells, endothe-
lial cells, pneumocytes, macropbages, and
smooth muscle cells; fibroblasts showed a strong
reaction only for MMP-2. Only TIMP-2 showed
co-localization with type IV collagen. Myofibro-
blasts and epithelial cells expressed increased
reactivity for MMPs and TIMPs in both disor-
ders. The reactivities for MMPs and TIMPs were
stronger in diffuse alveolar damage. MMP-2
showed focal co-localization in capillary endo-
thelial and disrupted epitbelial basement mem-
branes, suggesting activation of collagenolysis. A
Protective effect against this lysis was suggested
by the extensive co-localization of TIMP-2 with
type IV collagen and fibrillar collagens. Alveolar
buds showed increased reactivity for MMPs and
TIMPs in their lining epitbelial cells, myofibro-

teinases

blasts, and their basement membranes; bowever,
their matrices were mostly unreactive. These
[findings empbasize the complexity of the roles of
MMPs and TIMPs in collagen turnover in diffuse
alveolar damage and idiopathic pulmonary fi-
brosis. (Am J Patbol 1996, 149:1241-1256)

The development of fibrotic changes can be con-
ceptualized as resulting from an imbalance in the
equilibrium of the normal processes of synthesis and
degradation of extracellular matrix (ECM) compo-
nents. Morphological and biochemical studies have
demonstrated that acute tissue injury initiates a se-
ries of changes, including infiltration by acute inflam-
matory cells and release of various cytokines and
other mediators, that induce proliferation of fibro-
blasts and myofibroblasts, followed by the synthesis
of increased amounts of connective tissue compo-
nents by these cells. The extent to which alterations
in matrix proteolysis play a role in the development
and regression of fibrosis is poorly understood. The
lysis of the various types of collagens is regulated by
the balance between the activities of the matrix met-
alloproteinases (MMPs) and their tissue inhibitors
(TIMPs).

The family of MMPs has at least 10 soluble, se-
creted members, which have several characteristics
in common including 1) requirement of Zn atoms for
protease activity, 2) secretion in proenzyme form, 3)
activation by proteolytic removal of the amino termi-
nus, and 4) inhibition by specific TIMPs."2 MMP-2
and MMP-9 (also referred to as gelatinase A and
gelatinase B) rapidly degrade denatured collagens
(gelatin) as well as a number of native collagen types
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that contain regions in which the helical structure of
the protein is disrupted.’? High levels of the 72-kd
MMP-2 are associated with lysis of basement mem-
branes and metastatic invasion of tumor cells.
MMP-2 and MMP-9 are distinct from other members
of the MMP family in that they possess a unique
region that is immediately adjacent to the putative
metal-binding domain, is homologous to the gelatin-
binding domain of fibronectin, and may function in
substrate binding. MMP-2 and MMP-9 also differ
from other members of the family by their ability to
interact, as latent proenzymes, with their endoge-
nous inhibitors, the TIMPs.>™ These proenzyme-in-
hibitor complexes are specific in that pro-MMP-2
binds TIMP-2 and pro-MMP-9 binds TIMP-1.12
TIMP-1 is a 28.5-kd glycoprotein that forms a 1:1
complex with all activated MMPs as well as with the
proenzyme form of MMP-9.5-8 TIMP-2 is a 21-kd
nonglycosylated protein that shares 37% amino acid
identity and 65.6% overall homology with TIMP-1;
however, these two proteins are immunologically dis-
tinct.®

Accumulating evidence indicates the importance
of the MMPs and TIMPs in lung development'®~'2 as
well as in a variety of pulmonary disorders, including
idiopathic pulmonary fibrosis (IPF),">'* emphyse-
ma,'® bronchiectasis,'® acute lung injury,’” pleural
effusions,’® and lung carcinomas.'®2" However,
only a few studies have reported the immunohisto-
chemical localization of MMPs and TIMPs in the lung.
Bronchial epithelial cells and smooth muscle cells in
normal lung were reported to show a faint positive
reaction for type IV collagenase.?? Fibroblasts and
endothelial cells in the stroma of lung carcinomas
showed a strong reaction for MMP-2.2% Biochemical
studies have demonstrated that various collag-
enases are produced by lung fibroblasts,'® macro-
phages,?* and neutrophils.2® TIMPs also are known
to be present in lung fibroblasts'® and alveolar mac-
rophages®® as well as in various cell types in fetal
lung.?” Messenger RNAs for MMPs and TIMPs also
have been identified in a variety of cell types in the
Iungs.9'12'19'23'28

Immunohistochemical techniques for the detec-
tion of MMPs and TIMPs have not been applied
systematically to the study of non-neoplastic pulmo-
nary diseases. In the present study, we have used
conventional immunohistochemical methods as well
as multiple antibody labeling techniques in conjunc-
tion with laser scanning confocal fluorescence mi-
croscopy to investigate changes in the activity and
distribution of MMPs and TIMPs in open lung biopsy
specimens from patients with diffuse alveolar dam-
age (DAD) and IPF. We have paid special attention

to the co-localization of type IV collagen with the
MMPs and TIMPs, because this type of collagen is a
preferred substrate of both MMP-2 and MMP-9 and
is of critical importance in maintaining the structural
integrity of the alveolar wall. Furthermore, disruption
of the epithelial basement membranes is known to
be associated with the migration of myofibroblasts
into the alveolar spaces, the formation of alveolar
buds, and the structural remodeling that character-
izes the fibrotic lung disorders.?®

Materials and Methods

Patients

The study materials consisted of 26 open-lung bi-
opsy specimens from 14 patients with DAD (10 men
and 4 women; age range, 18 to 73 years; mean age,
51.1 = 16.4 years) and 12 patients with IPF (5 men
and 7 women; age range, 30 to 71 years; mean age,
51.8 = 13.5 years). For control studies, lung tissues
were obtained at necropsy from 3 adult subjects who
died of causes unrelated to pulmonary disease, were
nonsmokers, and showed normal pulmonary histol-
ogy. The diagnosis in each of these patients was
established on the basis of standard clinical criteria
and of histopathological studies of the biopsy spec-
imens.®° The patients with IPF had the clinicopatho-
logical features of usual interstitial pneumonia.

Preparation of Tissues

For histological study, the tissues were fixed with
neutral buffered 10% formalin, embedded in paraf-
fin, and sectioned at a thickness of 5 um. Sections
were stained with hematoxylin and eosin (H&E),
Masson trichrome, and Movat pentachrome meth-
ods.

Immunohistochemical Studies

Immunohistochemical studies were made using pri-
mary antibodies against MMP-2, MMP-9, TIMP-1,
and TIMP-2. Immunohistochemical staining proce-
dures were also used for the detection of type IV
collagen to compare the patterns of distribution of
this component with those of the MMPs and TIMPs.
Both peroxidase- and fluorochrome-conjugated sec-
ondary antibodies were used in conjunction with
these primary antibodies.

Antibodies

The primary antibodies against MMP-2 (Ab-45),
MMP-9 (Ab-110), TIMP-1, and TIMP-2 were rabbit



polyclonal antibodies. Details of the preparation,
characteristics, and specificity of these antibodies
have been presented previously.®3'32 The anti-pep-
tide antibodies against MMP-2 and MMP-9 react with
both the activated and latent forms of these en-
zymes.®"*2 The antibody against type IV collagen
(M785, Dako Corp., Emeryville, CA) was a mouse
monoclonal antibody.

Peroxidase Staining Procedures

For the demonstration of MMP-2, MMP-9, TIMP-1,
and TIMP-2, sections were stained with and without
pretreatment with pepsin as described below. For
the demonstration of type IV collagen, all sections
were treated with pepsin. The sections were depar-
affinized, hydrated, and treated with 0.3% H,0, in
methanol for 30 minutes at room temperature (RT) to
eliminate endogenous peroxidase activity. After
washing, some of the sections were treated with
0.4% pepsin (P-7125, Sigma Chemical Co., St.
Louis, MO) in 0.01 mol/L HCI for 30 minutes at 37°C.
The sections were then washed and incubated with
1.5% normal goat or horse serum for 20 minutes at
RT to suppress nonspecific binding of the antibod-
ies. The sections were then incubated overnight at
4°C with the primary antibodies against MMP-2,
MMP-9, TIMP-1, and TIMP-2 and for 30 minutes at RT
with the antibody against type IV collagen. For sec-
tions not treated with pepsin, the antibodies were
diluted 1:1000 for MMP-2, 1:750 for MMP-9, 1:4000
for TIMP-1, and 1:1000 for TIMP-2. For sections
treated with pepsin, the antibodies were diluted
1:2000 for MMP-2, 1:1000 for MMP-9, 1:4000 for
TIMP-1, 1:1000 for TIMP-2, and 1:50 for type IV col-
lagen. The sections were then processed by the
avidin-biotin-peroxidase complex method using the
Vector Elite kit (Vector Laboratories, Burlingame, CA)
and the Vector VIP kit to produce a violet color at the
sites of reactivity. This method was preferred be-
cause in many tissue sections brownish deposits of
hemosiderin interfered with the specific detection of
the color of the reaction product resulting from incu-
bation with diaminobenzidine. The sections were
then counterstained with hematoxylin and mounted.

Double-Staining Procedures for
Immunofiuorescence

For immunofluorescent staining, sections were
deparaffinized and treated with pepsin as described
above, washed and incubated with the mixture of
10% normal goat serum and 10% normal horse se-
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rum for 20 minutes at RT, and then incubated over-
night at 4°C with the mixture of rabbit polyclonal
(MMP-2, MMP-9, TIMP-1, or TIMP-2) and mouse
monoclonal antibody against type IV collagen. In the
mixture, the antibodies were diluted 1:50 for type IV
collagen, 1:400 for MMP-2, 1:200 for MMP-9, 1:800
for TIMP-1, and 1:200 for TIMP-2. The sections were
then incubated with the mixture of the two secondary
antibodies  (fluorescein-isothiocyanate-conjugated
horse anti-mouse 1gG, diluted 1:100 (F1-2000 from
Vector Laboratories), and Texas-red-conjugated
goat anti-rabbit IgG, diluted 1:100 (T1-1000 from
Vector Laboratories) for 1 hour at RT. After washing,
the nuclei were counterstained with 4’,6-diamidino-
2-phenylindole  (D-9542 from Sigma), diluted
1:10,000, and the sections were examined with a
confocal microscope (Leica model TCS4D/DMIRBE)
equipped with argon and argon-krypton lasers for
UV (351 to 364 nm), blue (488 nm), and green (568
nm) excitation.

Immunohistochemical Control Procedures

Negative control immunohistochemical procedures
included 1) omission of the primary antibody from
the staining protocol and 2) substitution of the pri-
mary antibody by normal rabbit or mouse IgG in
appropriate concentrations.

Evaluation of Immunohistochemical Results

The intensity of the staining observed in different
tissue components was evaluated on a scale of 0 to
3 as follows: 0, negative; 1, mild; 2, moderate; and 3,
strong staining.

Results
Histological Findings

In DAD, 3 of the patients showed changes that were
compatible with an early stage of the disorder and
consisted of hyaline membranes and fibrin masses
in the alveolar spaces, edema of the alveolar septa,
and infiltration by variable numbers of acute and
chronic inflammatory cells. In the other 11 patients,
the changes were more consistent with the organiz-
ing phase of the disorder and were characterized by
formation of alveolar buds and thickening of the al-
veolar septa by edema, proliferation of myofibro-
blasts, and early fibrotic changes.

In contrast to this, the patients with IPF showed
much less individual variation in their lung biopsy
findings, which were characterized by patchy areas
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Table 1. Immunoreactivity of Components of Lesions of Diffuse Alveolar Damage and Idiopathic Pulmonary Fibrosis for
MMPs and TIMPs
MMP-2 MMP-9 TIMP-1 TIMP-2

Site NOR DAD IPF NOR DAD IPF NOR DAD IPF NOR DAD IPF
Bronchiolar epithelial cells 2 2 2 0-1 1 1 1 1 1-2 0-1 0-1 1
Type | pneumocytes 1-2 1 1 o-t+ 01 0-1 0-1 0-1 0-1 0-1 0-1 0-1
Type Il pneumocytes 1 1 1 0 0-1 1 0-1 1 0-1 0-1 0-1 041
Bronchiolar cuboidal epithelial cells 2 2 2 1 1 2 0-1 0-1 0-1 1 0-1 0-1
Epithelial cells lining alveolar buds - 2-3 2 - 2 2-3 - 2 2-3 - 2 2
Interstitial fibroblasts/myofibroblasts 2-3 2-3 2-3 0 0-2 0-1 0 2 0-1 0-1 2 01
Myofibroblasts in alveolar buds - 2-3 2 - 2 -2 - 2 1-2 - 2-3 23
Vascular smooth muscle cells 1 1 1 1 1 1 1 1 1-2 1 1 1-2
Airway smooth muscle cells 1 1 1 2 1-2 1-2 1 1 1-2 1 1 1-2
Endothelial cells 23 2-3 23 0-1 0-1 0-1 1 1 1 2 2 2
Tissue macrophages 12 12 12 0-t 0-1t 0-1 0-1 0-1 0-1 0-1 O0-1 O0-1
Alveolar macrophages -2 12 12 0-1 0-1 12 041 1 -2 0-1 0-1 O0-1
Lymphocytes 0-1 0-1 0-1 0 0-1 01 0 0-1 0-1 0 0 0
Neutrophils 0 0 0 3 3 3 0 0 0 0 0 0
Interstitial matrix 0 0 0 0 0 0 1 1 1 1 0-1 1
Dense collagen 0 0 0 1-2 1 1 1 1 1 1 0-1 1
Matrix of alveolar buds - 0 0 - 0 0 - 0 0 - 0 0-1
Hyaline membranes - 0-1 - - 0-1 - 1-2 - - 2 -

The intensity of the immunohistochemical staining was graded as follows: 0, no reaction; 1, mild or weak staining; 2, moderate staining;
3, intense or strong staining. NOR, normal; DAD, diffuse alveolar damage; IPF, idiopathic pulmonary fibrosis; —, not applicable.

of dense fibrosis, structural remodeling, continuing
formation of alveolar buds, and less pronounced
proliferation of myofibroblasts than that observed in
the patients with DAD.

Immunoperoxidase Studies

The results of the immunohistochemical staining
methods are presented in Table 1.

Control Patients

MMP-2: In sections not treated with pepsin be-
fore immunohistochemical staining, the reaction for
MMP-2 was moderate in ciliated epithelium and
weak to negative in bronchiolar cuboidal cells, basal
cells, and endothelial cells. Goblet cells and Clara
cells were negative. Type | and type Il pneumocytes
showed a focal, weakly positive reaction. After pep-
sin treatment (Figure 1, A and B), an increase in
reactivity was observed in bronchiolar cuboidal
cells, ciliated cells, smooth muscle cells, endothelial
cells, and pneumocytes. The latter two cell types
showed a diffusely positive reaction. However, little
or no change was observed in the reactivity of basal
cells, goblet cells, and Clara cells. The stromal ma-
trix was unreactive, with or without pepsin pretreat-
ment. Without pepsin pretreatment, fibroblasts/myo-
fibroblasts showed a negative reaction. After pepsin
treatment, the staining of the cytoplasm of fibroblasts
around bronchial tissue and arteries became mod-

erately intense. Lymphocytes showed a negative to
weak reaction. Neutrophils were unreactive. Tissue
and alveolar macrophages showed a weak to mod-
erate reaction. The staining of these cells was not
altered by pepsin treatment.

MMP-9:  Without pepsin pretreatment, the reac-
tion for MMP-9 was negative in alveolar epithelial
cells and endothelial cells, negative to weakly posi-
tive in bronchial ciliated cells, bronchiolar cuboidal
cells, basal cells, and Clara cells, weak in vascular
smooth muscle, and moderate in bronchiolar smooth
muscle. After pepsin treatment (Figure 1C), the in-
tensity of the reaction in bronchial ciliated cells,
bronchiolar cuboidal cells, and smooth muscle cells
showed a mild increase; endothelial cells showed a
weak reaction and type | pneumocytes showed a
weak but focal reaction, but type Il pneumocytes
remained unreactive. The reaction in perivascular
and peribronchial collagen was negative but be-
came weak to moderate after pepsin treatment. The
connective tissue matrix of alveolar septa, the fibro-
blasts/myofibroblasts, and the lymphocytes were un-
reactive with or without pepsin treatment. Neutro-
phils showed a weak reaction, which was greatly
increased by pepsin pretreatment. Tissue and alve-
olar macrophages were negative but became
weakly reactive after treatment with pepsin.

TIMP-1:  Without pepsin pretreatment, bronchial
ciliated epithelial cells and endothelial cells were
weakly reactive for TIMP-1; basal cells, Clara cells,
and bronchiolar cuboidal cells were negative;



Metalloproteinases in Fibrotic Lung Diseases 1245
AJP October 1996, Vol. 149, No. 4

Figure 1. Immunoperoxidase reactions in bronchiolar (A) and alveolar (B to F) structures in normal lung. All sections were pretreated with pepsin.
Al MMP-2. The reaction is strong to moderate in bronchiolar ciliated cells and moderate in bronchiolar smooth muscle cells. The stromal matrix is
unreactive. Magnification, X 1000. B: MMP-2. A thin, linear reaction is seen in the endothelial cells along the alveolar walls. The type I pnetumocytes
also show a positive reaction (double arrow). Magnification, X 820. C: MMP-9. The reaction is weak in endothelial cells (arrow) and weak and focal
in type I pneumocytes (double arrow). Magnification, X 820. D: TIMP-1. Type I pneumocytes show a weak, focal reaction (double arrow). Endotbelial
cells show a focal but more intense reaction (arrow). Magnification, X 820. E: TIMP-2. Alveolar wall shows linear staining, with areas of single and
double layers that probably represent basement membranes (as indicated by confocal microscopy observations; compare with Figure 4B). Magnifi-
cation, X820. F: Type IV collagen. The staining is limited to the basement membranes of alveolar epithelial cells and endotbelial cells. In some areas,
the basement membranes of the epithelial cells and the endothelial cells are separated and appear clearly distinguishable; however, in other areas they
are fused and appear as single lines. Magnification, X 820.
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smooth muscle cells were negative to weakly posi-
tive, and type | and type Il pneumocytes were neg-
ative. After pepsin treatment (Figure 1D), type |
pneumocytes showed focal areas of weak reactivity,
endothelial cells showed a moderate increase in
staining, and vascular smooth muscle cells became
mildly reactive. The stromal matrix showed a weak
reaction with and without pepsin treatment. Fibro-
blasts/myofibroblasts, lymphocytes, and neutrophils
were negative. The reaction in tissue and alveolar
macrophages varied from negative to weakly posi-
tive.

TIMP-2: Ciliated cells, basal cells, Clara cells,
and type | and Il pneumocytes were negative; bron-
chiolar cuboidal epithelial cells and bronchiolar and
vascular smooth muscle cells showed a weak reac-
tion. Endothelial cells showed a focal and weak re-
action. After pepsin treatment (Figure 1E), the epi-
thelial cells showed weak and focal reactivity and
endothelial cells showed a diffuse, moderate reac-
tion; however, the reaction in other cell types was not
altered. The stromal matrix showed weak reaction
with and without pepsin treatment. Fibroblasts/myo-
fibroblasts, lymphocytes, and neutrophils were neg-
ative. Tissue and alveolar macrophages showed a
weak reaction.

Type IV Collagen: A reaction for type IV collagen
was observed (Figure 1F) in the basement mem-
branes of endothelial cells, bronchial, bronchiolar,
and alveolar epithelial cells, and smooth muscle
cells. In some areas, the basement membranes of
the epithelial cells and the endothelial cells were
separated and appeared clearly distinguishable;
however, in other areas they were fused and ap-
peared as single lines.

DAD Patients

MMP-2:  Significant increases in the activity of
MMP-2 were observed in DAD, particularly in the
proliferative phase. In the early phase, the hyaline
membranes (Figure 2A) and the fibrin masses in
alveolar lumina showed a negative to weak reaction
with and without pepsin treatment. In the proliferative
phase, the most important changes involved the
myofibroblasts and the epithelial cells, which
showed a stronger reaction than in patients with IPF
and in control patients. Myofibroblasts in some of the
more organized and fibrosing alveolar buds showed
surface reactions both in DAD and in IPF. Epithelial
cells in nonfibrotic areas showed a normal (weak)
reaction. The epithelial cells lining fibrin masses,
alveolar buds, and thickened septa were moderately
to strongly reactive (Figure 2B). Necrotic and degen-

erating epithelial cells showed weak to moderate
reactivity. The ECM in alveolar walls and alveolar
buds was unreactive.

MMP-9: Hyaline membranes, fibrin masses, and
degenerating epithelial cells showed weak to nega-
tive reactions. As in the case of MMP-2, the myofi-
broblasts and the alveolar epithelial cells in DAD also
showed increased reactivity for MMP-9. The patterns
of staining for MMP-9 were generally similar in DAD
and in IPF; however, the myofibroblasts were more
reactive for MMP-9 in DAD than in IPF. Epithelial cells
lining alveolar buds, fibrin masses, and thick alveolar
walls showed a moderate reaction. Thick collagen
bundles around larger vessels showed a weaker
reaction than those in control lungs. The ECM in
alveolar buds and in areas showing myofibroblastic
proliferation was negative.

TIMP-1: The reaction was weak to moderate in
hyaline membranes and negative to weak in fibrin
masses. The reaction for TIMP-1 was also increased
in the proliferative phase of DAD. As in the case of
MMP-2 and MMP-9, the reaction of myofibroblasts
for TIMP-1 was stronger in DAD than in IPF. The
epithelial cells covering the alveolar buds, fibrin
masses and thickened alveolar walls showed mod-
erate reactions without pepsin pretreatment and very
weak reactions after pepsin (Figure 2C). Degenerat-
ing epithelial cells and the matrix in thickened septa
and alveolar buds were negative. Thick bundles of
collagen fibers were weakly reactive.

TIMP-2: The reaction for TIMP-2 was moderate
in hyaline membranes, weak in fibrin masses, and
negative in degenerating epithelial cells. The reac-
tions for TIMP-2 in the proliferative phase of DAD
differed from those in control tissues with respect to
1) the myofibroblasts, which gave a more intense
cytoplasmic reaction, and 2) the capillaries in areas
of cellular proliferation associated with developing
fibrosis, in which they were more intensely reactive
than in other sites (Figure 2D). However, the surface
reaction of the myofibroblasts in DAD was variable,
ranging from negative to strong (the latter was found
only in organizing buds; Figure 2E). The staining of
capillaries was much less pronounced in cases in
which the DAD appeared to be more acute and of
more recent onset. The epithelium lining alveolar
buds and thickened alveolar septa showed more
intense reaction than did the epithelium in more nor-
mal areas of the biopsy specimens. This reaction
was not modified by pretreatment with pepsin. The
ECM in alveolar buds was negative and varied from
negative to weakly reactive in other areas.

Type IV Collagen:  The basement membranes of
epithelial and endothelial cells in thickened alveolar
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Figure 2. immunoperoxidase reactions in carly (A) and proliferative (B to F) lesions in DAD. All sections were pretreated with pepsin. A: MMP-2.
Hyaline membranes lining alveolar walls show a weak reaction, which is more pronounced in the luminal surfaces of the membranes. Magnification,
X 560.B: MMP-2. Epithelial cells covering alveolar bud and thickened alt olar septa show a moderate cytoplasmic reaction. Myofibroblasts in alveolar
bud show a moderate cytoplasmic reaction, but their basement membranes are unredctive. Fragments of basement membranes present in the
interstitium (@rrows) show: a strong reaction. The matrix in the thickened septa and the alveolar bud is unreactive. Magnification, X 560. C: TIMP-1.
A moderate cytoplasmic reaction is present in myofibroblasts in thickened alveolar septa. The matrix is negative. Magnification, X 560. D: TIMP-2.
A weak to moderate reaction is observed in the cytoplasm of epithelial cells and myofibroblasts. A strong reaction is localized in the basement
membranes of alveolar epithelial and capillary endothbelial cells in thickened septa. Focal discontinuities are evident in the basement membranes of
the epithelial cells (arrows). The matrix is unreactive. Magnification, X 560. E: TIMP-2. A strong reaction is localized in the basement membranes
of myofibroblasts and epithelial cells (arrows) of an alveolar bud. The cytoplasm of these cells shows a weak reaction. The matrix is unreactive.
Magnification. X 560. F: Type IV collugen. The reaction is limited to the basement membranes of epithelial and endotbelial cells. This staining pattern
is similar to that of TIMP-2 (compare with D). Note the discontinuities in the staining of the epithelial basement membranes. Magnification, X 560.
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septa showed strong reactions (Figure 2F). The ep-
ithelial basement membranes of alveolar buds
showed a strong but sometimes focally discontinu-
ous reaction. A focal reaction was also seen on the
surface of myofibroblasts in the interstitium and al-
veolar buds. Some masses of fibrin were partially
lined by epithelial cells, the basement membranes of
which were moderately reactive. In acute DAD, the
alveolar capillaries and the epithelial basement
membranes next to hyaline membranes showed a
thin, discontinuous, and uneven reaction.

IPF Patients

MMP-2:  The reaction for MMP-2 (Figure 3A) in
alveolar epithelial cells, myofibroblasts, and epithe-
lial cells covering alveolar buds was generally less
intense than in DAD. The ECM of the alveolar buds
and interstitium was negative whereas endothelial
cells in the buds were positive. Squamous metaplas-
tic and cuboidal epithelial cells showed a moderate
reaction. The reactions in bronchial and bronchiolar
epithelial cells, endothelial cells, smooth muscle
cells, alveolar epithelial cells, lymphocytes, neutro-
phils, and alveolar and tissue macrophages were
similar to those observed in normal lung, as was the
reaction in large vessels. However, treatment with
pepsin resulted in increased staining of focal areas
of the surfaces of some of the smooth muscle cells
and myofibroblasts but without change in the inten-
sity of their cytoplasmic staining. As in control lungs,
the ECM did not stain for MMP-2.

MMP-9: In general, the reactions for MMP-9
were similar in normal and IPF lung. Nevertheless, in
IPF (Figure 3B), the epithelial cells of the alveolar
buds were more strongly reactive than those of nor-
mal and fibrotic alveoli. In addition, the type |l alve-
olar epithelial cells frequently were more reactive
than those in normal lung. Squamous metaplastic
and cuboidal epithelial cells showed moderate reac-
tivity. Myofibroblasts in interstitium and alveolar buds
showed weak to moderate reactivity. The staining of
connective tissue cells for MMP-9 was not altered by
pepsin pretreatment. Thick bundles of collagen were
weakly positive, but other components of the ECM in
normal and fibrotic areas of interstitium and in alve-
olar buds were unreactive. Alveolar macrophages
also reacted more intensely than in normal lung.

TIMP-1: In comparison with normal lung (Figure
1D), the staining for TIMP-1 also was increased (Fig-
ure 3C). The epithelial cells lining the alveolar buds
were more strongly reactive for TIMP-1 than those
lining both normal and fibrotic alveoli. Squamous
metaplastic epithelium and myofibroblasts showed a

weak to moderate reaction. Bronchial ciliated epithe-
lial cells, bronchiolar cuboidal epithelial cells, and
smooth muscle cells also showed a stronger reaction
than in control lung. Basal epithelial cells showed a
weak reaction (this reaction was negative in normal
lung). Treatment with pepsin reduced the cytoplas-
mic staining of myofibroblasts, epithelial cells, and
endothelial cells but also caused focal reactivity to
appear in endothelial basement membranes of
larger vessels. Lymphocytes showed a weak reac-
tion, in contrast to a negative reaction in normal lung.
Macrophages showed only a minimal increase in
reactivity. Thick bundles of collagen fibers in
less cellular fibrotic septa and around large ves-
sels showed weak reactions. The matrices in
fibrotic but cellular septa and alveolar buds were
negative.

TIMP-2: Bronchial epithelial cells and smooth
muscle cells showed a mild increase in reactivity,
whereas bronchiolar cuboidal cells showed a de-
crease. The epithelial cells lining the alveolar buds
were more reactive than the other epithelial cells in
other areas. Myofibroblasts showed a negative to
weak cytoplasmic reaction. After treatment with pep-
sin, the myofibroblast, particularly those in alveolar
buds, developed a strong reaction on their surfaces,
and the epithelial basement membranes in alveolar
buds became reactive (compare Figure 3, D and E).
In sections not treated with pepsin, the endothelial
cells showed weak, focal cytoplasmic reactivity and
the basement membranes were unreactive; after
treatment with pepsin, the cytoplasmic staining be-
came more diffuse and the basement membranes
became intensely reactive. Smooth muscle cells in
bronchi, bronchioles, and larger vessels also
showed similar but less marked changes in reactivity
after pepsin treatment. The ECM of the buds did not
stain, in contrast to a weak and diffuse reaction in the
interstitial matrix. However, a weak reaction was also
observed in the basal portions of buds undergoing
fibrotic changes.

Type IV Collagen: In fibrotic septa, remnants of
old basement membranes were seen in addition to
basement membranes of epithelial and endothelial
cells. In alveolar buds (Figure 3F), the epithelial
basement membranes were uneven, sometimes
multilayered, and often focally disrupted, in contrast
to their even and continuous appearance in unal-
tered alveolar walls. In the matrix of alveolar buds,
remnants of basement membranes were seen in ad-
dition to the basement membranes of myofibro-
blasts.
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Figure 3. Immunoperoxidase reactions in alveolar buds in IPF. All sections except those shown in C and D were pretreated with pepsin. A: MMP-2.
The epithelial cells lining the bud show a moderate reaction. Myofibroblasts show a strong surface reaction and a weak to moderate cytoplasmic
reaction. The matrix is negative. Magnification, X 560. B: MMP-9. The epithelial cells of the alveolar bud are moderately reactive. The myofibroblasts
in the bud show only weak cytoplasmic reactivity and the matrix is unreactive. Intensely reactive neutrophils (arrows) are present near the base of
the bud. Magnification, X 560. C: TIMP-1. The reaction is moderate in epithelial cells, weak in the cytoplasm of myofibroblasts, and negative in the
matrix. Magnification, X 560. D: TIMP-2. Myofibroblasts and epithelial cells lining an alveolar bud show a weak cytoplasmic reaction. The matrix
at the base of the bud (lower left) and in surrounding interstitial tissue shows a weak and diffuse reaction; however, the matrix of the remainder of
the bud (upper right) is unreactive. Note that this section was stained without pretreatment with pepsin. Therefore, it does not show surface staining
such as that evident in E, in which the tissue was treated with pepsin before immunostaining. Magnification, X 220. E: TIMP-2. A strong reaction
is seen on the suifaces of the myofibroblasts and focally in the epithelial basement membranes (@rrows). The cytoplasm of the epitbelial cells and
myofibroblasts shows weak reactions. The matrix is negative. Magnification, X 560. F: Type IV collagen. The epithelial basement membranes are
uneven, multilayered, and focally disrupted. In the matrix of an alveolar bud, remnants of basement membranes are seen in addition to the basement
membranes of myofibroblasts. Magnification, X 560.
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Confocal Microscopic Study

Staining with fluorochrome-conjugated antibodies
gave results similar to those observed after immuno-
peroxidase staining. On examination by confocal mi-
croscopy, a green fluorescence was indicative of
type IV collagen; a red fluorescence identified either
the MMPs or their corresponding TIMPs; a yellow
fluorescence indicated co-localization of the red and
green colors; and a blue fluorescence (4',6-dia-
midino-2-phenylindole stain) revealed the nuclei.

Control Patients

No co-localization of type IV collagen with either
MMP-2, MMP-9 (Figure 4A), or TIMP-1 was observed
in control tissue. Co-localization of type IV collagen
and TIMP-2 was observed in the basement mem-
branes of the alveolar epithelial cells and endothelial
cells (Figure 4B). A weak red fluorescence for
TIMP-2 was also observed in the cytoplasm of endo-
thelial cells as well as in type | and type Il alveolar
epithelial cells. In the arteries, the endothelial cells
showed a weak red fluorescence (TIMP-2) and the
basement membranes showed green fluorescence
(type IV collagen) and focal yellow fluorescence for
co-localization of these two components. The base-
ment membranes of the bronchiolar smooth muscle
cells and epithelial cells showed no co-localization.

DAD Patients

In patients with DAD, type IV collagen and MMP-2
were focally but extensively co-localized in thick-
ened alveolar septa and alveolar buds and in dis-
rupted epithelial and capillary basement membranes
(Figure 4C). The myofibroblasts did not show surface
co-localization; however, focal co-localization was
observed in the basement membranes of the epithe-
lial cells and myofibroblasts in mature buds, endo-
thelial cells, and smooth muscle cells of larger ves-
sels and smooth muscle cells of bronchioles. After
double labeling for MMP-9 and type IV collagen, the
basement membranes of epithelial cells, endothelial

cells, smooth muscle cells, and myofibroblasts did
not show co-localization (Figure 4D).

Double labeling for TIMP-1 and type IV collagen
disclosed focal co-localization in the basement
membranes of capillary endothelial and epithelial
cells in thickened alveolar walls and of endothelial
and smooth muscle cells of larger vessels. No co-
localization was observed in the basement mem-
branes of bronchiolar smooth muscle cells and epi-
thelial cells. TIMP-2 and type IV collagen were
diffusely co-localized (Figure 5A) in the basement
membranes of endothelial cells, epithelial cells, and
smooth muscle cells. The basement membranes of
myofibroblasts in thickened septa showed focal co-
localization of type IV collagen and TIMP-2, as did
the basement membranes of the epithelial cells and
myofibroblasts in alveolar buds. In cases of acute
DAD, some alveolar walls next to fibrin masses did
not show co-localization.

IPF Patients

Nonfibrotic alveoli showed the same patterns of
co-localization of type IV collagen with MMP-2,
MMP-9, and TIMP-1 as in normal lung. Fibrotic alve-
olar walls frequently showed co-localization of
MMP-2 and type IV collagen in focal areas of capil-
lary and epithelial basement membranes. Focal co-
localization of MMP-2 and type IV collagen was ob-
served to a variable extent in some of the basement
membranes of myofibroblasts and alveolar epithelial
cells of buds (Figure 5B), endothelial cells, smooth
muscle cells, and remnants of basement mem-
branes in the interstitium. Co-localization of type IV
collagen and TIMP-1 was very focal and was limited
to portions of the basement membranes of epithelial
cells and endothelial cells in capillaries in fibrotic
septa.

Much more extensive co-localization of type IV
collagen was observed with TIMP-2 than with
MMP-2, MMP-9, or TIMP-1. The basement mem-
branes of capillary endothelial cells and epithelial
cells in fibrotic septa and of endothelial and smooth
muscle cells in larger vessels showed diffuse co-

Figure 4. Confocal microscopic images showing fliorescent staining of nuclei (blue), type IV collagen (green), MMPs or TIMPs (red). and areas of
co-localization of type IV collagen with either a MMP or a TIMP (yellow). A: Normal lung stained for MMP-9 and type IV collagen. Alveolar endothelial
and epithelial basement membranes show green fluorescence (type 1V collagen). Epithelial cells and endotbelial cells show a weak reaction (red
Slworescence) for MMP-9. No co-localization is observed. Magnification, X 1200. B: Normal lung stained for TIMP-2 and type IV collagen. The
basement membranes of the alveolar epithelial cells and endothelial cells show yellow fluorescence indicative of co-localization. A weak red
Sluorescence CTIMP-2) is observed in the cytoplasm of endothelial cells and of type I and type Il alveolar epithelial cells. Magnification, X 1200.C: DAD
stained for MMP-2 and type 1V collagen. Proliferative lesion shows discontinuities in the staining of the epithelial basement membranes for type IV
collagen (green fluorescence). Focal arcas of yellow fluorescence, indicative of co-localization, are seen in the basement membranes of the epithelial
and endothelial cells. The cytoplasm of myofibroblasts shows red (MMP-2) fluorescence. Magnification, X 1200. D:DAD stained for MMP-9 and type
1V collagen. Endothelial and epithelial basement membranes show type IV collagen (green fluorescence). Disruption of the epithelial basement
membranes is evident in the form of discontinuities in this green fluorescence. Myofibroblasts show cytoplasmic red (MMP-9) fluorescence. No

co-localization is evident. Magnification. X 1200.
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localization. In addition, the basement membranes of
myofibroblasts in the buds and fibrotic septa, the
epithelial cells in the buds (Figure 5, C and D), the
remnants of basement membranes in fibrotic foci,
and the basement membranes of bronchial and ar-
terial smooth muscle cells showed focal areas of
co-localization.

Discussion

The present study provides the first systematic eval-
uation of the histochemical localization of MMPs and
TIMPs in interstitial lung disorders. Two novel ap-
proaches were utilized in this study: 1) the use of
pepsin digestion, which enhances detection of cer-
tain antigens,®® and 2) the application of confocal
microscopy to evaluate the co-localization of type IV
collagen with the MMPs and TIMPs.

MMPs and TIMPs in Normal Lung

In normal lung, the immunoreactivity for MMP-2 was
more intense and more widely distributed than that
for MMP-9. These observations are consistent with
the notion that MMP-2 activity is regulated at the level
of proenzyme activation, whereas MMP-9 can be
transcriptionally regulated.”? The mRNA for MMP-2
is known to be present in pulmonary fibroblasts and
endothelial cells.?® Cultured lung fibroblasts synthe-
size MMP-2.343% Collagenases and TIMPs are pro-
duced by cultured pulmonary fibroblasts from pa-
tients with IPF.'>7436 Moloney et al®” found
collagenase and collagenase inhibitors in bron-
choalveolar lavage fluid from patients with IPF and
other interstitial lung diseases. A large proportion of
the collagenase may have been derived from neu-
trophils and macrophages. Neutrophils express
MMP-8%8 and MMP-9.2° Macrophages showed weak
reactions for MMP-2 and MMP-9 and negative to
weak reactions for TIMP-1 and TIMP-2. These obser-
vations are in agreement with the results of other
studies showing that these cells produce MMPs and
TIMPs. Rat alveolar macrophages stimulated with
bleomycin secrete larger amounts of MMP-9 than do
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nonstimulated macrophages.?* Alveolar macro-
phages from patients with active pulmonary sarcoid-
osis release greater amounts of type IV collagenase
than do macrophages from patients with inactive
disease and control subjects.*® Cultured alveolar
macrophages from cigarette smokers secrete
TIMP-2; however, when stimulated, they also secret
TIMP-1 but decrease their secretion of TIMP-2.2¢
Thus, both the parenchymal cells and the inflamma-
tory cells participate in the regulation of ECM turn-
over in pulmonary disorders.

In many areas of normal lung, the presence of
MMP-2 within the cytoplasm of epithelial and endo-
thelial cells correlated with the presence of TIMP-2 in
both the cytoplasm and basement membranes of
these cells. The co-expression of MMP-2 and TIMP-2
in endothelial cells suggests that this inhibitor (which
was present in the basement membranes adjacent
to these cells but without being associated with
MMP-2 at these sites) may prevent MMP-2 from
causing damage to the basement membranes. The
lack of TIMP-2 expression in the basement mem-
branes of smooth muscle cells and bronchiolar epi-
thelial cells indicates potential differences between
the basement membranes at these two sites.

MMPs and TIMPS in DAD

After lung injury, the expression of MMPs and TIMPs
is enhanced to allow for increased collagen deposi-
tion or breakdown, or both. In DAD, the injury initiates
inflammatory and fibroproliferative processes that
can either progress to end-stage fibrosis or resolve
completely. In IPF, there seems to be a continuing
series of processes of tissue injury and repair, in
which the altered balance of MMPs and TIMPs leads
to irreversible fibrosis. Our data do not provide infor-
mation concerning whether or not the co-localization
of MMPs and TIMPs is related to the formation of
specific enzyme-inhibitor complexes at the cell sur-
faces. The MMPs in such complexes undergo acti-
vation by a membrane-type MMP.*" We found abun-
dant reactivity for TIMP-2 in basement membranes in
which no reactivity for MMP-2 was demonstrable,

Figure 5. Confocal microscopic images showing fluorescent stuining of nuclei (blue), type IV collagen (green), MMPs or TIMPs (red), and areas of
co-localization of type 1V collagen with either a MMP or a TIMP (yellow). A: DAD stained for TIMP-2 and type IV collagen. The basement membranes
of endothelial and epithelial cells show diffuse co-localization (yellow fluorescence). Magnification, X 1200. B: IPF stained for MMP-2 and type IV
collagen. Focal co-localization (yellow) is observed in the basement membranes of epithelial cells covering two alveolar buds (lower left and center
right). The epithelial basement membranes of a mildly thickened alveolar wall adjacent to the buds also show focal co-localization (yellow), but most
of the alveolar basement membranes show green fluorescence (no co-localization). The cytoplasm of the endothbelial cells shows red (MMP-2)
Jluworescence. Red and yellow fluorescence is observed in remnants of basement membranes at the base of the buds. Magnification, X 1200. C: IPF
stained for TIMP-2 and type IV collagen. Epithelial and endothelial basement membranes of a fibrotic alveolar wall show co-localization. The
myofibroblasts in an alveolar bud show red (TIMP-2) fluorescence. Areas of green (type IV collagen) and yellow (co-localization) fluorescence are
present in the basement membranes of the myofibroblasts and the epithelial cells of the bud. Magnification, X 1200. D: IPF stained for TIMP-2 and
type 1V collagen. Surface epithelial cells and myofibroblasts show cytoplasmic red (TIMP-2) fluorescence. Orange and yellow fluorescence, indicative
of co-localization, is observed in the basement membranes of epithelial cells and myofibroblasts in the bud. Magnification, X 1200.
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suggesting that TIMP-2 is bound to extracellular sites
that are not related to complexing with MMP-2.

The most important immunohistochemical differ-
ence observed in DAD was the more intense staining
of myofibroblasts for MMP-2, MMP-9, TIMP-1, and
TIMP-2. This probably reflects the very active role of
these cells in the changes that take place in the ECM
during the proliferative phase of DAD. These findings
are similar in some respects to those reported in
wound healing.*?=*° The abundance of MMPs in the
proliferating myofibroblasts may provide an explana-
tion for the rapid evolution of the pulmonary morpho-
logical changes in DAD, as increased activity of
these enzymes would favor ECM proteolysis in alve-
olar septa and in alveolar buds.

An important difference between DAD and IPF
was the accentuated staining of the basement mem-
branes of endothelial cells for TIMP-2 in areas of
cellular proliferation in DAD. The accumulation of
TIMPs could protect the alveolar capillaries from the
lytic effects of MMPs on their basement membranes.
Both MMPs and TIMPs appear to play critical roles in
angiogenesis. MMP-2 promotes the formation of
tubes in cultures of endothelial cells, and TIMP-2
inhibits both endothelial proliferation and tube forma-
tion.%%®" It is not known to what extent these effects
of TIMP-2 modulate the angiogenic response to
acute lung injury. An increase in TIMPs also may
promote vascular fibrosis in the pulmonary hyperten-
sion associated with fibrotic lung disorders.

An important similarity between the fibrotic phase
of DAD and that of IPF concerned the presence of
TIMP-1 and TIMP-2 in areas of dense fibrosis in both
disorders. This may contribute to stabilizing the col-
lagen and other matrix components deposited in
these areas.

MMPs and TIMPs in IPF

IPF is characterized not only by progressive deposi-
tion of collagen in the pulmonary interstitium but also
by lysis and remodeling of lung tissue. Therefore, it is
not surprising that increased expression of both
MMPs and TIMPs was found in IPF. Two sites were of
particular importance with respect to the develop-
ment of pulmonary fibrotic changes: alveolar buds
and alveolar septa.??° Alveolar buds are lined by a
layer of epithelial cells and contain myofibroblasts
scattered in a loosely arranged matrix. This matrix is
composed of abundant amounts of proteoglycans
and, depending upon its stage of organization, vari-
able quantities of collagen.?® Damage to the alveolar
basement membranes allows the migration of myo-
fibroblasts into the alveolar lumina to form alveolar

buds.?® These buds can either undergo regression
(as in resolving DAD) or become fibrotic and incor-
porated into the adjacent fibrotic alveolar walls (as in
progressive DAD and in IPF).2° In IPF, the myofibro-
blasts and the epithelial cells of the buds showed
moderate to strong reactions for MMP-2 and MMP-9.
A moderate reaction for TIMP-1 and TIMP-2 was also
observed in the epithelial lining cells of the buds. The
basement membranes of these cells often appeared
discontinuous and multilayered and also were reac-
tive for TIMP-2. This reflects the ongoing destruction
of these basement membranes and the attempted
protective effect of TIMP-2. The surfaces of the myo-
fibroblasts in alveolar buds usually were more
strongly reactive for TIMP-2 in IPF than in DAD. This
is consistent with the more frequent development of
fibrotic changes in alveolar buds in IPF. The ECM in
many alveolar buds showed no reaction either for
MMPs or TIMPs, in contrast to the reactivity for these
components in fibrotic alveolar septa. An excess of
MMP-2 and MMP-9 in relation to the TIMPs reflects
an overall proteolytic effect in the buds, consistent
with the concept that these structures represent the
advancing edge of tissue destruction and can un-
dergo involution without residual fibrosis.

The conclusions of the present study can be sum-
marized as follows. First, pretreatment with pepsin
was necessary to disclose reactive sites for MMPs
and TIMPs, particularly in basement membranes,
that were considered to be important and were not
evident without this procedure. Second, confocal mi-
croscopy was a valuable method to demonstrate the
co-localization of the MMPs or TIMPs with type IV
collagen. Third, in normal lung, MMP-2, MMP-9,
TIMP-1, and TIMP-2 were localized in bronchial and
bronchiolar ciliated cells, endothelial cells, pneumo-
cytes, and smooth muscle cells; fibroblasts were
strongly positive only for MMP-2, and goblet cells
and Clara cells were negative for both MMPs and
TIMPs. MMP-9 and TIMPs were also localized in the
collagenous matrix. Only TIMP-2 showed co-local-
ization with type IV collagen in the alveolar endothe-
lial and epithelial basement membranes, suggesting
a protective role of TIMP-2 in these structures.
Fourth, myofibroblasts and epithelial cells lining the
proliferative lesions in DAD and IPF were the main
cell types that expressed increased reactivity for
MMPs and TIMPs in both conditions. Fifth, the reac-
tivities for MMPs and TIMPs were stronger in DAD
than in IPF or normal tissue. These findings corre-
lated with the rapidly evolving changes in DAD.
Sixth, alveolar buds showed increased reactivity for
MMPs and TIMPs in their lining epithelial cells, myo-
fibroblasts, and their basement membranes; how-



ever, their matrices were unreactive, except for the
presence of TIMP-2 in association with early fibrotic
changes in some buds. Seventh, in DAD and IPF,
MMP-2 showed focal co-localization with type IV col-
lagen in capillary endothelial and disrupted epithelial
basement membranes, suggesting activation of this
protease and subsequent proteolysis of basement
membrane components; however, a protective effect
against collagen breakdown was suggested by the
extensive co-localization of TIMP-2 with type IV col-
lagen and with dense fibrillar collagen in both disor-
ders.
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