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The tumor level of plasminogen activator inhibitor-1
(PAI-1) is an informative biochemical marker of a
poor prognosis in several cancer types. However, the
tumor biological functions of PAI-1 and the identity of
PAI-1-expressing cells are controversial. With the aim
of immunohistochemically localizing PAI-1 in forma-
lin-fixed, paraffin-embedded invasive ductal breast
carcinoma samples, we raised new polyclonal anti-
bodies against PAI-1 from different expression sys-
tems. The antibodies were affinity purified by absorp-
tion on immobilized preparations of PAI-1 different
from those used for immunization. The specificity of
the antibodies was ensured by immunoblotting anal-
ysis. In immunohistochemistry, the staining pattern
obtained with the antibodies showed a good correla-
tion with the PAI-1 mRNA expression pattern. In all 25
cases analyzed, PAI-1 immunoreactivity was predom-
inantly localized in fibroblast-like cells. Double-im-
munofluorescence analyses showed co-expression of
PAI-1 and a-smooth muscle actin in these cells, sug-
gesting that they are myofibroblasts. PAI-1 was also
seen in some myoepithelial cells surrounding occa-
sional foci of ductal carcinoma in situ (9 of 25), some
endothelial cells (8 of 25), some cancer cells (3 of 25),
and some mast cells (6 of 25). In conclusion, we have
provided a robust immunohistochemical procedure
for detection of PAI-1 and shown that the majority of
the PAI-1-expressing cells in invasive ductal breast
carcinomas are myofibroblasts. (Am J Pathol 2003,
163:1887-1899)

One of the proteolytic enzyme systems involved in the
degradation of extracellular matrix during tumor growth,
invasion, and metastasis is the urokinase-type plasmino-

gen activator (UPA) system.' %, uPA catalyzes the con-

version of the inactive zymogen plasminogen to the ac-
tive broad-spectrum protease plasmin, which is able to
degrade many extracellular proteins, eg, fibrin and lami-
nin.>¢ uPA-directed activation of plasminogen occurs
mainly on the cell surface after concomitant binding of uPA
to its specific receptor, uPAR, and of plasminogen to pro-
teins with C-terminal lysines.” The primary inhibitor of uPA is
the serpin plasminogen activator inhibitor-1 (PAI-1).2°

The hypothesis that uPA promotes tumor growth and
spread was originally based on observations with cell
culture and animal tumor models.” The hypothesis has
been supported by quantification of uPA protein in ex-
tracts of primary tumors, including breast carcinomas,
demonstrating that high levels of uPA are correlated with
a poor prognosis.'®"" The hypothesis of a causal role of
uPA-catalyzed plasminogen activation and plasmin pro-
teolytic activity in primary tumor growth, local invasion,
and/or metastasis was recently strongly supported by
studies with tumors growing on mice with targeted dis-
ruption of the uPA or plasminogen genes,® including a
study with a genetically induced mammary carcinoma.'2

It was therefore unexpected that tumors were found to
contain higher amounts of the uPA inhibitor PAI-1 than the
corresponding normal tissue and particularly that a high
PAI-1 level in tumors was correlated with poor prognosis
in several cancer types, including breast cancer,''3
being an even better prognostic marker than uPA.™ In
addition, the value of PAI-1 as a predictor of poor prog-
nosis in breast cancer is independent of tumor size and
of estrogen receptor status,'® and the prognostic value of
combined measurement of uPA and PAI-1 levels in tumor
extracts is independent of the prognostic value of HER2
status.’® It has been suggested that the combined mea-
surement may be of value for planning of individualized
cancer therapy.'”

Despite the prognostic value of PAI-1, the precise
tumor biological functions of PAI-1 are not known. Studies
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with animal tumor models have failed to give a consistent
picture. A high level of PAI-1 expression by human or
murine cancer cells growing on nude mice was reported
to be associated with impairment of tumor growth, inva-
sion, and/or metastasis.'®72° Injections of PAI-1 protein
into immunodeficient mice bearing transplanted human
tumors led to either inhibition of tumor growth®' or stim-
ulation of tumor growth at low PAI-1 level injected and
inhibition of tumor growth at high PAI-1 level injected.??
Overexpression of PAI-1 by transgenic hosts did not
affect the growth or metastasis of a transplanted murine
melanoma.?® In work with PAI-1 gene-deficient mice,
transplanted murine transformed keratinocytes needed
host PAI-1 for tumor invasion and vascularization,*2°
whereas a genetically induced mammary carcinoma was
unaffected by PAI-1 gene deficiency with respect to tu-
mor growth, vascularization, and metastasis.?® Thus,
PAI-1 may have diverse functions in animal tumor mod-
els, depending on the cell type expressing PAI-1, the
level of expression, and the biology of the tumor model
used. Nevertheless, using PAI-1 gene-deficient mice inin
vivo and ex vivo angiogenesis model systems,?#:24:25.27.28
physiological concentrations of PAI-1 were consistently
found to have a proangiogenic effect, suggesting that
PAI-1 may enhance tumor growth and/or invasion by
stimulating angiogenesis.

Important for understanding the role of PAI-1 in human
cancer is identification of the PAI-1-expressing cells.
Such information may also be valuable for selection
of relevant animal tumor models for experimental studies
of the role of PAI-1, and may even provide information of
additional prognostic value. There are several reports on
the localization of PAI-1 in primary breast carcinoma, but
a consistent picture cannot be drawn.?®=37 The aim of
this study was to develop polyclonal antibodies that
could be used on routinely processed paraffin-embed-
ded breast cancer samples. Careful affinity purification
steps were used to provide two specific high-affinity an-
tibody preparations that showed identical staining pat-
terns, which were in good agreement with the pattern
obtained with a monoclonal antibody against PAI-1 as
well as the expression pattern of PAI-1 mRNA obtained
by in situ hybridization.

Materials and Methods

Tumor Samples

Tumor specimens from 25 patients with primary invasive
ductal breast carcinoma (7 grade |, 11 grade Il, 7 grade
II) registered in the Danish Breast Cancer Cooperative
Group were obtained from the Department of Pathology,
Copenhagen University Hospital, Copenhagen, Den-
mark. The tumor specimens were fixed in 10% buffered
formalin for 24 hours at room temperature and paraffin-
embedded. Sections from each of these paraffin blocks
were used for histopathological analysis, and confirmed
the presence of cancer tissue within the samples. Frozen
tissue specimens were obtained from eight invasive duc-
tal carcinomas and were used for protein extraction. The

study was approved by the Regional Scientific-Ethical
Committee for Aarhus (j.nr. 1991/2106) and the Regional
Scientific-Ethical Committee for Copenhagen and Fred-
eriksberg (j.nr. KF 01-456/93).

Antibodies against PAI-1

A rabbit polyclonal anti-PAI-1 antibody was generated
after repeated immunizations with recombinant human
PAI-1 expressed in Pichia pastoris.®® The IgG fraction
(AB-1) was purified from the rabbit serum by chromatog-
raphy on a protein A-Sepharose column. The IgG fraction
was then passed six times through a Sepharose column
with immobilized recombinant human PAI-1 expressed in
Escherichia coli.®® The sixth run-through, which was de-
pleted for most anti-PAI-1 IgG, was used as negative
control IgG and named AB-1D. An affinity-purified anti-
PAI-1 IgG preparation (AB-1A) was prepared by eluting
the column with a buffer of 0.1 mol/L glycin, pH 2.5, and
1 mol/L NaCl. As evaluated by enzyme-linked immu-
nosorbent assay, the reactivity of AB-1A toward PAI-1°
was increased by a factor of 3.3 compared to the starting
material, whereas AB-1D showed an ~500-fold reduction
in PAI-1 reactivity. In brief, this enzyme-linked immu-
nosorbent assay was performed as follows: wells were
coated with HT-1080 PAI-1 and a dilution series of frac-
tions of anti-PAI-1 IgG and anti-PAl-1-depleted IgG were
added. The captured antibodies were detected with
horseradish-peroxidase-conjugated swine anti-rabbit an-
tibodies and a peroxidase reaction.

Another polyclonal anti-PAI-1 antibody preparation
was raised against PAI-1 purified from HT-1080 cells.*®
This 1gG preparation will be referred to as AB-2. Affinity
purification was done as for AB-1A, but using a Sepha-
rose column with immobilized P. pastoris PAI-1. This af-
finity-purified anti-PAI-1 antibody preparation (AB-2A)
showed a fivefold increased reactivity compared with the
starting material. The sixth run-through (AB-2D) had an
~150-fold reduced PAI-1 reactivity. A mouse monoclonal
anti-PAI-1 antibody, clone 380, was purchased from
American Diagnostica (Greenwich, CT).

Antibodies against uPA and tPA

A rabbit polyclonal antibody raised against uPA from
Serono, Aubonne, Switzerland, was a gift from the late Dr.
|. Clemmensen (DakoCytomation, Glostrup, Denmark).
IgG was purified from the rabbit serum by the use of
protein A-Sepharose. The uPA immunogen appeared
pure on Coomassie blue-stained sodium dodecyl! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and we
previously used absorption against the immunogen for
preparing an antibody to be used as a negative control.32
To improve the specificity of the negative control prepa-
ration, the uPA immunogen was affinity-purified by chro-
matography on an anti-uPA monoclonal antibody immo-
bilized on Sepharose.*' Another Sepharose column was
made containing this affinity-purified uPA preparation,
and the protein A-purified anti-uPA 1gG fraction was
passed over the column until the reactivity against uPA



had been reduced more than 100-fold. This run-through
IgG preparation will be referred to as “polyclonal antibod-
ies depleted of uPA-reactivity.” Polyclonal anti-tPA IgG
was a gift from the late Dr. |. Clemmensen (DakoCytoma-
tion, Denmark).

Immunoblotting Analysis

Tumors were taken from —80°C and homogenized imme-
diately in 0.1 mol/L Tris, pH 8.1, 0.5% Triton X-100, 10
mmol/L ethylenediaminetetraacetic acid, and 10 ug/ml
aprotinin (10 wl/mg tissue) with a Ultraturrax with a S 25
N8G head (24,000 rpm) at 4°C. The homogenate was
centrifuged at 10,000 X g for 10 minutes to remove cell
debris and nuclei. The supernatants will be referred to as
“tumor extracts.” Several pools, each consisting of ex-
tracts of 5 to 10 tumors, were analyzed by immunoblot-
ting analysis. Samples of the pools, each corresponding
to ~200 ug of total protein, were subjected to SDS-PAGE
and transferred electrophoretically to polyvinylidene di-
fluoride filters (Immobilon-P; Millipore, Bedford, MA).22
The filters were incubated with affinity-purified polyclonal
anti-PAI-1 antibodies AB-1A and AB-2A, polyclonal anti-
bodies depleted of PAI-1 reactivity AB-1D and AB-2D, poly-
clonal anti-uPA antibodies, polyclonal anti-tPA antibodies,
polyclonal antibodies depleted of uPA immunoreactivity, or
preimmune IgG. The primary antigen-antibody reactions
were visualized with peroxidase-conjugated swine anti-rab-
bit antibodies (P217, DakoCytomation) and the ECL system
(Amersham Pharmacia, Uppsala, Sweden).

Immunoperoxidase Staining

Paraffin sections (3- to 4-um-thick sections of formalin-
fixed and paraffin-embedded tissue samples) were
deparaffinized in xylene and ethanol. For retrieval of
PAI-1 antigen, sections were boiled in a microwave oven
in 10 mmol/L Tris containing 0.5 mmol/L EGTA (pH 9.0,
TEG buffer) for 15 minutes.*?%® We could not retrieve
PAI-1 antigen by boiling in citrate buffer, pH 6.0, or by
proteolytic digestion with 0.05% pronase (S2013, Dako-
Cytomation) in Tris-buffered saline (TBS) buffer, pH 7.2,
for 15 minutes at 37°C. The sections were left for 20
minutes at room temperature and then incubated with 2%
H.,0, in 99% ethanol for 20 minutes to block endogenous
peroxidase activity. Sections were washed in TBS con-
taining 0.5% Triton X-100 (TBS-T) for 30 minutes, and
incubated with Protein Block (X909, DakoCytomation) for
10 minutes to reduce unspecific adhesion of the antibod-
ies. The affinity-purified rabbit polyclonal antibodies
against PAI-1, as well as the anti-PAl-1-depleted IgG
preparations, were diluted in Antibody Diluent (S809,
DakoCytomation) and incubated at 0.5 ug/ml (if not oth-
erwise stated) overnight at 4°C in a humidifying chamber,
followed by ~1 hour at room temperature. Primary anti-
bodies were detected with anti-rabbit IgG-horseradish
peroxidase-conjugated polymers (EnVision rabbit re-
agent, K4003; DakoCytomation). Each antibody incuba-
tion step was followed by thorough washes in TBS-T.
Finally, sections were developed for 15 minutes with ei-
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ther 3-amino-9-ethylcarbazole (Sigma A-5754) or No-
vaRed (Vector Laboratories, Burlingame, CA), resulting in
red staining. Finally Mayer’s hematoxylin was used for
nuclear counterstaining. The monoclonal antibody
against PAI-1 (clone 380) was used in some experiments.
Antigen retrieval was in this case performed by boiling in
citrate buffer, pH 6.0, for 10 minutes.®' Clone 380 and a
monoclonal antibody against trinitrophenyl hapten
(TNP*%) used as negative control (both antibodies are
IgG, subtype), were both used at 5 pg/ml and incubated
overnight at 4°C and detected with Envision mouse re-
agent (K4003, DakoCytomation), followed by tyramine
signal amplification using biotinyl tyramine (NEN, Boston,
MA) according to the manufacturer’s instructions. All
other steps were as for the rabbit polyclonal antibodies
specified above.

Frozen sections (5-um cryostat sections) were imme-
diately dried on a heating plate at 60°C for 2 minutes and
fixed in neutral-buffered formalin overnight at 4°C. After
thorough washes in water, the sections were heat-treated
at 99°C for 3 minutes in TEG-buffer using a Micromed T/T
microwave processor (Milestones, Sorisol, Italy) and sub-
sequently retempered for 30 minutes at room tempera-
ture. Endogenous peroxidase was blocked by 15 minutes
of incubation in 1% H,O,. Sections were incubated with
0.5 pg/ml of AB-2A for 2 hours and subsequently with
EnVision rabbit reagent for 30 minutes at room tempera-
ture. Sections were developed with NovaRed chromo-
gene as specified above for the paraffin sections.

Double-Immunofluorescence Analysis

Four-um paraffin sections were hydrated and boiled in
TEG buffer as specified above. Primary antibodies
against PAI-1 were incubated at 0.5 wg/ml together with
monoclonal antibodies (all obtained from DakoCytoma-
tion) against a-smooth muscle actin (a-SMA, clone 1A4)
diluted 1:400, CD34 (QBend10) diluted 1:200, cyto-
keratin-17 (CK-17, clone E3) diluted 1:50, CD68 (clone
PG-M1) diluted 1:50, and mast cell tryptase (clone AA1)
diluted 1:200, and incubated overnight at 4°C. The poly-
clonal antibodies were detected with Cy3-conjugated
goat anti-rabbit 1gG (1:200) and the mouse monoclonal
antibodies with fluorescein isothiocyanate-conjugated
goat-anti-mouse 1gG (1:200), both obtained from Jack-
son Immunoresearch, West Grove, PA. Sections were
mounted with anti-fade mounting medium (DakoCytoma-
tion). Digital images were obtained with a conventional
fluorescence microscope equipped with a Coolsnap
charge-coupled device camera (Rober Scientific-
Photometrics, Tucson, AZ). Digital image overlays were
processed using MetaMorph software (Universal Imag-
ing Corporation, Downingtown, PA).

In Situ Hybridization

Two nonoverlapping cDNA subclones (phPAI-04, phPAI-
05) for human PAI-1 were described previously.*® 3°S-
Labeled anti-sense and sense RNA probes were gener-
ated by in vitro transcription®® and the in situ hybridization
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performed essentially as described.*® In brief, 3-um par-
affin sections were deparaffinized in xylene, hydrated
through graded ethanol solutions, and digested with pro-
tease K (5 pg/ml) for 5 minutes at 44°C. Sections were
then dehydrated and the *°S-labeled probes (2 x 10°
cpm/slide) incubated overnight at 55°C in a humidified
chamber. Sections were washed with agitation at 55°C
with a buffer of 15 mmol/L sodium citrate, pH 7.0, 0.15
mol/L NaCl (SSC) containing 0.1% SDS and 10 mmol/L
dithiothreitol for 10 minutes in 2Xx SSC, for 10 minutes in
0.5x SSC, and for 10 minutes in 0.2X SSC. Sections
were then RNase A-treated (20 ug/ml) for 10 minutes at
44°C to remove nonspecifically bound riboprobe. Subse-
quent wash was performed in 0.2X SSC as specified
above. Sections were dehydrated in graded ethanol so-
lutions containing 300 mmol/L of ammonium acetate and
soaked into an autoradiographic emulsion (llford), ex-
posed for 7 to 10 days and finally developed. Sections
were counterstained with hematoxylin and eosin.

Combined in Situ Hybridization and
Immunohistochemical Analysis for a-SMA

Combined immunohistochemistry and in situ hybridiza-
tion were performed essentially as described.*® In brief,
3-um paraffin sections were pretreated by boiling in 10
mmol/L sodium citrate, pH 6.0, in a microwave oven for
10 to 12 minutes. The sections were allowed to chill for 20
minutes at room temperature and then transferred to TBS.
Primary antibodies were diluted in TBS containing 0.25%
bovine serum albumin and 1% RNase inhibitor (Roche,
Basel, Switzerland) and incubated with the sections for 2
hours at room temperature, using a monoclonal antibody
(clone 1A4, DakoCytomation) against a-SMA, and a
monoclonal antibody against CD68 (clone PG-M1, Dako-
Cytomation) both diluted 1:200. The primary antibodies
were detected with EnVision mouse. The incubation
steps were followed by washes with autoclaved TBS.
Sections were developed with diaminobenzidine for 7 to
10 minutes, and immediately dehydrated for in situ hy-
bridization, which was performed as described above,
using the anti-sense PAI-1 probe (phPAI-1-05). Finally,
the sections were counterstained with hematoxylin.

Results

Polyclonal Anti-PAI-1 Antibodies

Two polyclonal antibody (IgG) preparations, AB-1 and
AB-2, were obtained from antiserum generated by immu-
nization of rabbits with human PAI-1 expressed either
recombinantly by P. pastoris or by HT-1080 cells. To
remove antibodies against possible contaminating pro-
teins, the anti-PAI-1 IgG preparations were affinity-puri-
fied with PAI-1 from a source different from that used for
immunization. Thus, AB-1 and AB-2 were affinity-purified
on Sepharose-immobilized human PAI-1 expressed re-
combinantly in E. coli and P. pastoris, respectively, to give
AB-1A and AB-2A. Sixth run-through fractions, AB-1D
and AB-2D, from each of the affinity purification columns

were prepared. Being depleted for anti-PAI-1 IgG, these
fractions were used as negative controls.

Immunoblotting Analysis

The specificity of the polyclonal anti-PAl-1 antibodies was
tested by immunoblotting analysis of tumor extracts (Fig-
ure 1). Blots were incubated with AB-1A, AB-1D, AB-2A,
and AB-2D. AB-1A and AB-2A reacted specifically with a
band co-migrating with PAI-1, and bands co-migrating
with the SDS-resistant uPA-PAI-1 and tPA-PAI-1 com-
plexes, respectively, as these bands were absent in blots
analyzed with AB-1D and AB-2D. Supplementing the tu-
mor extracts with purified HT-1080 PAI-1 protein led to
enhancement of the bands co-migrating with PAI-1, uPA-
PAI-1 complex, and tPA-PAI-1 complex and to appear-
ance of two other bands (PAI-1d and PAI-1h in Figure 1),
one representing a PAI-1 degradation product and one
with high M,, probably representing an SDS-resistant
complex of PAI-1 with another protease. The bands co-
migrating with uPA-PAI-1 and tPA-PAI-1 complexes also
reacted with anti-uPA and anti-tPA IgG, respectively, but
not with the corresponding negative controls (data not
shown). The blots also displayed some nonspecific back-
ground and some aggregates at the top of the gels, and
the detection of bands in the M, 50,000 to 60,000 region
of the gel was hampered by the presence of relative large
amounts of serum albumin in the extracts. Similar results
were obtained with AB-1 and AB-2, but the signals were
clearly weaker than those obtained with the affinity-puri-
fied preparations AB-1A and AB-2A. There were no ob-
vious differences between the two affinity-purified anti-
body preparations in immunoblotting analysis (data not
shown). The results show that a large fraction of the PAI-1
in the tumors appears in the extracts as complexes with
uPA and tPA, but clearly suggest that AB-1, AB-1A, AB-2,
and AB-2A react specifically with PAI-1 in the tumors.

Specificity of the Anti-PAI-1 Antibodies in
Immunohistochemical Analysis

Adjacent sections from six breast carcinomas were ana-
lyzed with AB-1A, AB-2A, AB-1D, and AB-2D. PAI-1 im-
munoreactivity was observed with both AB-1A and AB-2A
in all six cases. A virtually identical staining pattern was
observed with AB-1A and AB-2A (Figure 2). However, the
AB-2A preparation appeared to give strong staining of
the positive cells and little background staining, whereas
the staining obtained with AB-1A varied more in intensity
and gave a staining of the border of the sections in some
of the tumors not seen with AB-2A. The anti-PAl-1-de-
pleted IgG fraction, AB-1D, showed little or no staining of
the PAIl-1-positive cells detected with AB-1A. AB-2D
showed little or no reactivity toward the PAI-1-positive
cells detected with AB-2A, but reacted with extracellular
material in vascular and glandular lumens as well as
some necrotic foci present in some of the samples (Fig-
ure 2). PAI-1 immunoreactivity was seen with both anti-
body preparations in several different cell types, includ-
ing fibroblast-like cells, endothelial cells, cancer cells,
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myoepithelial cells, and some stromal mononuclear cells
(Figure 3, see below). We also tested the monoclonal
antibody clone 380, previously used to stain PAI-1 in
human breast cancer tissue.®"3” A moderate staining
intensity was obtained with clone 380 after tyramide sig-
nal amplification. The staining pattern obtained with this
antibody was similar but slightly weaker than that ob-
tained with AB-2A. Thus, staining was seen of fibroblast-
like stromal cells, some endothelial cells, myoepithelial
cells associated with foci of ductal carcinoma in situ, and
some stromal mononuclear cells. A monoclonal antibody
against TNP, which is of the same IgG subclass as clone
380 and incubated at the same concentration, showed no
staining (data not shown). We also tested the AB-2A in
cryostat sections obtained from frozen samples from tu-
mors also tested in paraffin sections. In one of the sam-
ples, AB-2A stained fibroblast-like cells and myoepithelial
cells. In the other sample only fibroblast-like cells were
positive in agreement with the cell types stained in the
paraffin sections (Figure 2, e and f).

To further evaluate the immunohistochemical staining,
we compared the localization of PAI-1 immunoreactivity
obtained with AB-1A and AB-2A with that of PAI-1 mRNA
in eight samples, including the six samples studied
above. In all eight samples, we observed co-localization
of PAI-1 immunoreactivity with its mRNA in fibroblast-like
cells, endothelial cells, cancer cells, as well as myoepi-
thelial cells (Figure 3). PAI-1 immunoreactivity and mRNA
expression was seen in fibroblast-like cells in all eight
cases, endothelial cells in three cases, cancer cells in
one case, and myoepithelial cells surrounding occasional
carcinoma in situ foci in three cases. However, the stain-
ing of stromal mononuclear cells observed in immunohis-
tochemical analysis and identified in a considerable num-
ber in two of the cases was not accompanied by PAI-1
mRNA expression.

Because AB-1A showed some background staining
especially toward the border of the sections, we chose
not to use it for the more extensive immunohistochemical
studies described below. Because the staining pattern
obtained with AB-2A was more reproducible and corre-
lated well with the staining pattern obtained with clone
380 and with the PAI-1 mRNA expression pattern, we
chose the AB-2A preparation for the further studies.

Figure 1. Immunoblotting analysis of the reactivity of anti-PAI-1 antibodies
with tumor extracts. The following samples were subjected to SDS-PAGE: a
portion of a pool of tumor extracts from eight tumors, corresponding to ~200
ug of total protein without additions (lane 1); tumor extract supplemented
with 25 ng of purified HT 1080 PAI-1 (lane 2); tumor extract supplemented
with 50 ng of purified uPA (lane 3); 25 ng of purified PAI-1 (lane 4); 100 ng
of purified uPA-PAI-1 complex (lane 5); or 100 ng of purified tPA-PAI-1
complex (lane 6). Blots of the gel lanes on polyvinylidene difluoride filters
were prepared and analyzed with AB-1A, AB-1D, AB-2A, or AB-2D, as
indicated. The migration of PAI-1, uPA-PAI-1 complex, and tPA-PAI-1 com-
plex are indicated to the left. Two additional bands, appearing after supple-
menting tumor extracts with purified PAI-1 (lane 2), are labeled PAI-1d and
PAI-1h. Please note that the preparations of uPA-PAI-1 complex and tPA-
PAI-1 complex contain some free PAI-1, which in the case of the uPA-PAI-1
complex is in the form of reactive center-cleaved PAI-1, migrating slightly
faster than native PAI-1. The slowly migrating band in the PAI-1 preparation
in lane 4 is aggregated PAI-1.
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Figure 2. Inmunoperoxidase staining with affinity-purified anti-PAI-1 polyclonal antibodies in human breast cancer tissue. Four adjacent paraffin sections were
analyzed immunohistochemically for PAI-1 with affinity-purified anti-PAI-1 IgG, AB-1A (a), and AB-2A (¢), and anti-PAI-1-depleted IgG, AB-1D (b), and AB-2D
(d). PAI-1 immunoreactivity obtained with AB-1A and AB-2A was seen in the very same (stromal) cells (arrows), whereas no staining was seen with AB-1D and
AB-2D (b, d). The weak background staining observed with AB-1A (a) is related to the difficulties with this antibody preparation generally staining intensely
toward the border of the sections. A cryostat section (e) and a paraffin section (f) from the same tumor were incubated with AB-2A. PAI-1 immunoreactivity is
seen in stromal cells in both sections (arrows) and no staining is seen in cancer cells. Scale bars: ~80 um (a—d); ~20 (e, f).

Localization of PAI-1 Immunoreactivity in 25
Cases of Invasive Ductal Breast Cancer

Twenty-five cases of invasive ductal carcinoma including
those described above were analyzed with the AB-2A
and AB-2D preparations. PAI-1 immunoreactivity was
seen in fibroblast-like cells in all 25 cases. These PAI-1-
positive cells were seen both in central tumor areas and in
the periphery, but generally the number of PAI-1-positive
cells increased toward the very periphery of the carcinoma.
A few endothelial cells were PAI-1-positive in eight of the
cases and were seen in central areas as well as in the tumor
periphery. Myoepithelial cells surrounding foci of carcinoma
in situ located together with invasive carcinoma in nine of the

cases often showed distinct PAI-1 immunoreactivity. One
case had many (~20%) PAl-1-positive cancer cells, partic-
ularly in the tumor periphery, and two of the cases had a few
positive cancer cells (~1%). PAI-1-positive stromal mono-
nuclear cells were seen in a considerable number (more
than 10 in a tissue section) in six of the cases incidentally
located within in the tumor stroma.

Characterization of the PAI-1-Expressing Cells
with Specific Cell-Type Markers

The specific identity of the different PAI-1-expressing cell
types could to a certain extent be determined by mor-
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Figure 3. Expression of PAI-1 protein and mRNA in various cell types in human breast cancer. Two adjacent sections were processed for PAI-1 immunoperoxidase
staining using rabbit polyclonal affinity purified anti-PAI-1 IgG, AB-2A (a—e) and in situ hybridization with a *>S-labeled PAI-1 anti-sense probe (a'—e’, a"—e")
shown in dark-field (a’—e") and bright-field (a"—e”) illumination. PAI-1 immunoreactivity and mRNA are seen in the very same cells, as indicated by arrows in
fibroblast-like cells surrounding cancer cell (Ca) nodules (arrows in a), vascular endothelial cells (arrows in b), cancer cells (arrows in ¢), and myoepithelial
cells (arrows in d). No PAI-1 mRNA signal (e'—e”) is detected in the PAI-1 immunoreactive stromal mononuclear cells (e) identified as mast cells. The cancer
cell compartment is indicated by Ca and the stromal compartment by St. Scale bars: ~75 um (a—d); ~150 um (e).
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phological criteria, eg, endothelial cells of vascular struc-
tures, myoepithelial cells, and foci of cancer cells. A
closer characterization of the PAI-1-expressing cells was
done by double immunofluorescence of sections incu-
bated with AB-2A together with antibodies against
a-SMA, CD34, CD68, CK-17, or mast cell tryptase. In
breast cancer, a-SMA is expressed by myofibroblasts,
vascular smooth muscle cells, and myoepithelial
cells.*”%® CD34 is a marker of endothelial cells and CD68
(clone PG-M1%°) is specifically expressed in macro-
phages. CK-17 is a marker of myoepithelial cells.®© PAI-1
immunoreactivity was co-expressed with a-SMA in the
majority of the PAI-1-positive fibroblast-like cells (Figure
4; atof)in all of six samples tested. Many of the a-SMA-
positive myofibroblasts were PAIl-1-negative, indicating
that PAI-1 is expressed in a subpopulation of myofibro-
blasts. The PAI-1/a-SMA-positive cells surrounding can-
cer cell nodules were generally CK-17-negative and
therefore not myoepithelial cells, but in three of the six
cases, PAI-1 and CK-17 (and o-SMA) were co-ex-
pressed, indicating PAI-1 expression in myoepithelial
cells in carcinoma in situ foci (results not shown). CD34
immunoreactivity was seen in a few PAI-1-positive stro-
mal cells in two of the six cases (Figure 4; g, h, i), but
most CD34-immunoreactive capillaries were PAI-1-nega-
tive (Figure 4; |, k, 1). Because many of the CD68-positive
macrophages showed autofluorescence, we could not
with this method clarify whether PAI-1 is expressed in
macrophages and thereby relate our observations to
those of Bianchi and colleagues®' who reported PAI-1-
positive macrophages in 13 of 15 cases of invasive
breast cancer. Using combined immunohistochemistry
for CD68 and in situ hybridization for PAI-1 mRNA, we
could however not detect PAI-1 mRNA in the CD68-
positive macrophages in the eight cases tested, but we
could detect PAI-1 mRNA in a-SMA-positive myofibro-
blasts in all eight cases (Figure 5). The PAI-1-positive
stromal mononuclear cells observed in 6 of the 25 cases
were recognized as a small subpopulation of mast cells
by double immunofluorescence performed on two of the
six cases using an antibody against mast cell tryptase
(Figure 4; m, n, 0). These co-expression studies indicate
that the PAI-1-expressing stromal fibroblast-like cells in
breast cancer primarily are myofibroblasts. The mast
cells express PAI-1 immunoreactivity and a few endothe-
lial cells and myoepithelial cells express PAI-1 mRNA and
immunoreactivity.

Discussion

Previously, a number of studies®®~3" have reported on
immunohistochemical analysis of PAI-1 in human breast
carcinomas. However, it has been surprisingly difficult to
reach a consensus on the localization of PAI-1 because
PAI-1 immunoreactivity was reported to be present solely
or mainly in cancer cells by some authors,?®3° mainly in
the stromal fibroblast-like cells by others,®' or both in
cancer cells and stromal fibroblast-like cells by still oth-
ers.®2737 The difficulty in reaching conclusive results
should be seen in relation to the low amounts of PAI-1 in

1

breast tumors, in extracts in the order of magnitude of 10
ng/mg total protein. This fact renders the requirement for
strict specificity controls particularly pertinent. The aim of
the present study was to generate new polyclonal anti-
bodies that could be used for immunohistochemical de-
tection of PAI-1 in routinely processed, formalin-fixed and
paraffin-embedded breast cancer samples, to overcome
the ambiguities appearing from the previous reports. Two
different rabbit polyclonal antibodies, AB-1 and AB-2,
were raised against PAI-1 purified from two different
sources. Affinity-purified IgG preparations, AB-1A and
AB-2A, respectively, were prepared by the use of immo-
bilized recombinant PAI-1 from sources different from
those used for producing the antigens. The advantage of
this affinity purification procedure is that it reduces the
risk of antibodies against other human proteins in the
antibody preparation. Run-through fractions from the af-
finity columns, depleted for anti-PAl-1 IgG, were used as
negative controls. In immunoblotting analysis of tissue
extracts, the antibodies reacted specifically with PAI-1,
uPA-PAI-1 complex, and tPA-PAI-1 complex. By immu-
nohistochemistry, we obtained very similar and intense
staining patterns with the two affinity-purified anti-PAI-1
preparations, however, AB-1A showed some back-
ground staining especially toward the border of the sec-
tions. The anti-PAl-1-depleted IgG preparations showed
no or little staining of the cells that were stained with the
affinity-purified anti-PAI-1 antibodies. In addition, a
monoclonal anti-PAI-1 antibody gave a staining pattern in
agreement with that obtained with the AB-2A but showed
slightly weaker staining intensity. Moreover, we found
virtually identical localizations of PAI-1 immunoreactivity
and PAI-1 mRNA, the latter being identified by in situ
hybridizations with two PAI-1 mRNA anti-sense probes.
One exception was the PAl-1-immunoreactive stromal
mononuclear cells that were stained with all three anti-
PAI-1 antibodies, but in which no PAI-1 mRNA was
detected. Based on this wide spectrum of specificity
controls, we concluded that AB-2A provides an unam-
biguous detection of the PAI-1 protein, while we could
not exclude that AB-1A gave some nonspecific back-
ground staining.

In total, we analyzed 25 cases of invasive ductal
carcinoma with AB-2A. By morphological criteria, PAI-1
immunoreactivity was in all cases (25 of 25) seen in
fibroblast-like cells, some endothelial cells (8 of 25),
some myoepithelial cells surrounding carcinoma in situ
foci (9 of 25), small subpopulations of cancer cells (3 of
25), and in some stromal mononuclear cells (6 of 25).
Using double-immunofluorescence analysis with AB-2A
together with antibodies against cell-type-specific mark-
ers, including a-SMA for myofibroblast, CD34 for endo-
thelial cells, and CK-17 for myoepithelial cells, we could
conclude that the predominant PAIl-1-expressing cell
type in breast cancer tissue is the myofibroblast. This
conclusion was supported by the observation that many
PAI-1 mRNA-positive cells were a-SMA-positive. There
was co-expression of PAI-1 and CD34 in some obvious
vascular structures, but only in few stromal fibroblast-like
cells, and most CD34-positive capillaries were PAI-1-
negative. None of the cell-specific markers, including
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Figure 4. Double immunofluorescence of PAI-1 with a-SMA, CD34 and mast cell tryptase immunoreactivities in human breast cancer. Paraffin sections were
incubated with polyclonal anti-PAI-1 antibodies (AB-2A) together with a monoclonal antibody to a-SMA (a—f), monoclonal antibody to CD34 (g-1), or monoclonal
antibody against mast cell tryptase (m—o0). The polyclonal antibodies were recognized with C 1igated goat anti-rabbit (a, d, g, j, m) and the mono
antibodies with FITC-conjugated goat anti-mouse (b, e, h, k, n). Image ove of Cy3 and FITC signals were processed (c, f, i, 1, 0). PAI-1 immunor

is co-expressed with a-SMA immunoreactivity in myofibroblasts surrounding cancer cell (Ca) nodules (arrows in a—c, yellow color in ¢), and in myofibroblast:
located in stromal tissue with multiple myc oblast (arrows in d—f, yellow color in £). Only a few PAI-1-positive cells were CD34-positive (arrows in g—i, yellow
color in i), but most CD34-positive capillary endothelial cells were negative (arrows in j=1). Strong PAI-1 immunor

is seen in two mast cell
tryptase-positive cells (white arrows in m—o) close to a PAI-1-positive myofibroblast (blue arrow in m and o). Scale bar,
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Figure 5. Double labeling for PAI-1 mRNA and CD68 or a-SMA immunoreactivities in human breast cancer. Sections were first processed for immunohisto-
chemical staining of CDG8 (a, b) or a-SMA (¢, d; brown color, left), and then for PAI-1 mRNA #n situ hybridization [black silver grains in bright-field illumination
(a, ©) and light grains in dark-field illumination (b, d)]. No PAI-1 mRNA signal (black arrows in a, white arrows in b) is detected in CD68-positive macrophages
cells (blue arrows in a, yellow arrows in b), but is clearly seen in the a-SMA-positive myofibroblasts (arrows in c). Scale bar, ~20 pwm.

a-SMA, CD34, CK-17, or the macrophage-specific
marker CD68/PG-M1 stained the PAI-1-positive stromal
mononuclear cells. The morphological characteristics of
this cell population suggested that they could be mast
cells, and this was confirmed by double-immunofluores-
cence staining using an antibody against mast cell
tryptase. Because some macrophages showed autofluo-
rescence, we used combined in situ hybridization and
immunohistochemistry in an attempt to clarify whether
some of the PAI-1-expressing stromal cells were macro-
phages, but we were unable to detect PAI-1 mRNA in
CDe68-positive cells.

A main difference between our conclusions and most
of the previous reports is our finding of a less abundant
presence of PAI-1 in carcinoma cells. In a recent immu-
nohistochemical study of uPA in breast cancer tissue,® it
was reported that the use of some negative control mono-
clonal antibodies as well as some anti-uPA monoclonal
antibodies resulted in unspecific staining of cancer cells
under certain methodological circumstances. Such im-
munohistochemical difficulties could account for the can-
cer cell staining described in the previous reports, in
which no isotype-matched negative control antibody was
used. Bianchi and colleagues®' did use an isotype-
matched negative control monoclonal antibody in parallel
with the clone 380 anti-PAI-1 antibody. In 15 of 20 inva-
sive carcinomas positive for PAI-1, only 2 showed stain-
ing of many cancer cells and 10 of only few cancer cells.
PAI-1 immunoreactivity was found primarily in fibroblasts,

but also in macrophages (13 of 15), endothelial cells (5 of
15), and in myoepithelial cells in carcinoma in situ lesions,
mostly based on morphological criteria. Their findings are
in good agreement with ours. However, a noteworthy
disagreement is that Bianchi and colleagues®’ reported a
high frequency of cases (13 of 15) with expression of
PAI-1 in macrophages. This disagreement may be ex-
plained by the fact that we measured PAI-1 expression at
the mRNA level with in situ hybridization, whereas Bianchi
and colleagues®' used double immunolabeling with the
clone 380 anti-PAI-1 antibody and a macrophage-spe-
cific anti-CD68 monoclonal antibody. In the method used
by Bianchi and colleagues®’ it is unclear whether cross-
reaction of the detecting antibodies toward the anti-PAI-1
and anti-CD68 mouse monoclonal antibodies was pre-
vented. If not, false-positive PAI-1 staining in all CD68-
positive cells would be expected.

Because several studies of mice with targeted disrup-
tion of the PAI-1 gene have pointed to a role of PAI-1 in
angiogenesis,??2+2>27.28 and because high levels of
PAI-1 measured in tumor extracts is associated with poor
prognosis, it could be presumed that vascular cells in the
breast cancer tissue expressed the majority of the PAI-1
antigen. However, our analyses showed that only a few of
the PAI-1-positive cells were endothelial cells. Whether
the eight cases with evident PAI-1 immunoreactivity in
endothelial cells could be associated with particular vas-
cularized or aggressive carcinomas is uncertain. Thus,
our findings do not exclude a proangiogenic effect of



PAI-1in human breast cancer, but it does not support the
assumption that this is the main function. It is relevant to
note that the prognostic values of estimates of angiogen-
esis and the PAI-1 level in breast cancer were recently
reported to be independent.>?

In all 25 cases, PAI-1 was detected in fibroblast-like
cells, most of which were found to be a-SMA-positive.
a-SMA is not confined to myofibroblasts but is also ex-
pressed in vascular smooth muscle cells and myoepithe-
lial cells. Because the PAI-1-positive fibroblast-like cells
were not directly associated with vessels, we could ex-
clude that they were vascular smooth muscle cells. High
PAI-1 expression was seen in cells, which immediately
surrounded invasive cancer cell nodules and could be
misinterpreted as myoepithelial cells. However, myoepi-
thelial cells are not associated with invasive breast can-
cer and the nodular foci were clearly different from car-
cinoma in situ foci. Furthermore, we conclusively
excluded (with few exceptions, see below) that the ma-
jority of the PAI-1-positive cells directly associated with
cancer cell nodules could be myoepithelial cells, be-
cause they were negative for the myoepithelial cell
marker CK-17. We therefore concluded that the predom-
inant PAl-1-expressing cell type is the myofibroblast.
Myofibroblasts are modified fibroblasts that may consti-
tute up to 80% of the interstitial cells in the breast cancer
stroma, whereas they are essentially absent from normal
breast.*®5® Subpopulations of breast cancer-associated
myofibroblasts were previously demonstrated to express
uPAS15455 and collagenase-3.4 In addition, other matrix
metalloproteases (MMPs), such as gelatinase-2, strome-
lysin-3, and MT1-MMP, and MMP inhibitors, such as
TIMP-2 and TIMP-3, have all been detected in fibroblast-
like cells that may well be myofibroblasts.*6:5%:57 Myofi-
broblasts also secrete a variety of extracellular matrix
components, and the desmoplastic stroma contains in-
creased amounts of hyaluronan, chondroitin sulfate, col-
lagen [, fibrin, fibronectin, tenascin, and thrombospondin,
as compared to normal breast.®¢°8 The concomitant syn-
thesis by myofibroblasts of extracellular matrix proteins,
proteases, and their inhibitors suggests a function of
these cells in remodeling of the tumor stroma extracellu-
lar matrix.

In 9 of the 25 carcinomas investigated, we observed
foci of carcinoma in situ, and PAI-1 immunoreactivity was
detected in some of the myoepithelial cells surrounding
these foci. The myoepithelial cell layer is the basal cell
layer of the mammary gland. During breast carcinogen-
esis, the myoepithelial cells rarely undergo malignant
transformation, but remain as a continuous basal cell
layer of the carcinoma in situ lesion. The myoepithelium is
considered a natural suppressor of tumor invasion by
producing basement membrane components and by
providing a cellular barrier for the underlying cancer
cells.®°® Myoepithelial cells may release protease inhibi-
tors such as PAI-1, as suggested from this study, and
tissue inhibitor of metalloproteinases-1 (TIMP-1), which
may be protecting the basement membrane against pro-
teolytic activity.*¢°° Interestingly, Bianchi and col-
leagues®' reported that PAI-1 was detected in myoepi-
thelial cells in two of nine pure carcinoma in situ lesions.
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In 6 of the 25 carcinomas, we identified a considerable
number of PAI-1-expressing stromal mononuclear cells
identified as a subpopulation of mast cells. Zhao and
colleagues®” and Christensen and colleagues®? also re-
ported PAI-1 immunostaining in cells in human breast
cancer samples that morphologically were characterized
as mast cells. PAI-1 can be expressed by mast cells
following stimulation, but is not detected in resting mast
cells.?>¢" Cho and colleagues® showed that the PAI-1
mRNA level was increased dramatically after 3 hours of
stimulation of resting mast cells, but was decreased
again after 24 hours, whereas the PAI-1 protein within the
mast cell granules remained more than 150-fold in-
creased after 24 hours. Such a relationship between
PAI-1 mRNA and protein levels may explain the lack of
detectable PAI-1 mRNA and the presence of PAI-1 pro-
tein in mast cells observed here. Factors regulating de
novo synthesis of PAI-1 in mast cells in breast cancer
remain to be elucidated.

In 3 of the 25 cases, some cancer cells expressed
PAI-1 protein and mRNA. PAI-1 produced by malignant
cells could restrict the invasive capacity of those cells by
inhibiting plasminogen activation.

Thus, as discussed above, for each of the cell types
shown here to express PAI-1, a PAI-1 function may be
suggested on the basis of general knowledge about the
functions of these cell types. Furthermore, as the PAI-1
present in tumor extracts must originate from the cell
types identified as PAI-1 expressing, the association be-
tween a poor prognosis and a high PAI-1 level in tumor
extracts could suggest a function of PAI-1 in the cell type
with the predominant expression, ie, the myofibroblast, in
tumor growth and spread. A possible lack of association
or even adverse association with prognosis of PAI-1 pro-
duced by some of the other cell types may be overridden
by the more predominant expression by the myofibro-
blasts, and future immunohistochemical studies may re-
veal the prognostic significance of PAI-1 expressed by
this and each of the other cell types found to express
PAI-1. In line with this idea, Dublin and colleagues®
reporting PAI-1 in both stromal fibroblast-like cells and
cancer cells, noted a correlation between fibroblast ex-
pression and poor prognosis. Alternatively, the associa-
tion between a high PAI-1 level in myofibroblasts and a
poor prognosis could merely reflect a carcinogenesis-
induced increase in the PAI-1 expression, varying with
the aggressiveness of the tumor, the expressed PAI-1
being without functions related to the malignant pheno-
type. It may be possible to design animal tumor models
for studying the functions of PAI-1 expression by each
specific cell type. Expression of PAI-1 by stromal cells,
which may well be myofibroblasts, has been reported in
some of the models previously used to study PAI-1’s role
in cancer.?*~2% A genetically induced murine mammary
tumor, in which PAI-1 was expressed by stromal cells,
grew and metastasized as well on PAI-1 gene-deficient
mice as on wild-type mice.?® Further studies with this and
similar models may elucidate whether the association
between a high PAI-1 level and a poor prognosis in
human breast cancers is because of the PAI-1 level just
reflecting aggressiveness, or whether PAI-1 has a causal
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function in tumor growth and spread, which in the model
was taken over by other protease inhibitors with an over-
lapping function.

Conclusively, we have shown that PAI-1 is present in
myofibroblasts and in some cases also in endothelial
cells, myoepithelial cells, mast cells, and cancer cells in
the breast carcinomas. The multiplicity of the cell types
expressing PAI-1 points to a multifunctional role in the
tumors. The immunohistochemical technique developed
in the present study appears well suited for analysis of
larger series of tumors and evaluation of a possible prog-
nostic significance of expression by certain cell types. A
possible perspective is that immunohistochemical detec-
tion of PAI-1 could be implemented in the routine histo-
pathology together with, eg, estrogen receptor and
HER2, and may thereby provide additional prognostic
information aimed at individualized therapy.
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