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An Immunohistochemical Method for Identifying Fibroblasts in
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Tracy Goodpaster, Aster Legesse-Miller, Meera R. Hameed, Seena C. Aisner,
Julie Randolph-Habecker, and Hilary A. Coller

Experimental Histopathology, Fred Hutchinson Cancer Research Center, Seattle, Washington (TG,JR-H); Department of
Molecular Biology, Princeton University, Princeton, New Jersey (AL-M,HAC); and Department of Pathology, University of
Medicine and Dentistry of New Jersey, Newark, New Jersey (MRH,SCA)

SUMMARY Fibroblasts are critical for tissue homeostasis, and their inappropriate prolifera-
tion and activation can result in common and debilitating conditions including fibrosis and
cancer. We currently have a poor understanding of the mechanisms that control the growth
and activation of fibroblasts in vivo, in part because of a lack of suitable fibroblast markers.
We have taken advantage of an antibody previously shown to stain stromal cells in frozen
tissues (TE-7) and identified conditions in which it can be used to stain fibroblasts and myo-
fibroblasts in the paraffin-embedded tissue samples routinely collected for pathological
analysis. We show that this antibody recognizes growing and quiescent fibroblasts and
myofibroblasts by immunohistochemistry, immunofluorescence, and ELISA assays. We also
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present its staining patterns in normal tissue samples and in breast tumors.

immunohistochemistry

(J Histochem Cytochem 56:347-358, 2008) TE-7

FBROBLASTS play a critical role in maintaining homeo-
stasis of the microenvironment and in coordinating
the complex physiological response to wounds (Martin
1997; Iyer et al. 1999). During early wound healing,
growth factors released by inflammatory cells stimu-
late fibroblasts to migrate toward a wound, proliferate,
and secrete a collagen-rich extracellular matrix (Martin
1997). During the wound healing process, fibroblasts
differentiate into myofibroblasts, defined by their ex-
pression of smooth muscle actin, and actively close the
wound by contraction (Garana et al. 1992). Normally,
the myofibroblasts disappear at the end of the wound.
The continued presence of myofibroblasts within a
wound may be associated with fibrous neoplasms
called fibromatoses (Fletcher 2000), fibrotic disease
(Desmouliere et al. 2005), and a predisposition to can-
cer (Chang et al. 2004). In addition, epithelial tumors
of a number of organs, including breast, are often
surrounded by an activated stroma characterized by
myofibroblasts that can promote tumorigenesis (van den
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Hooff 1988; Olumi et al. 1999; Tlsty 2001; Tlsty and
Hein 2001; Tuxhorn et al. 2001; Bissell et al. 2002;
Coussens and Werb 2002; Beacham and Cukierman
20035; Orimo et al. 2005).

To date, fibroblasts have been difficult to positively
identify. In some cases, fibroblasts are identified based
on their spindle shape combined with positive staining
for the mesenchymal marker vimentin and the absence
of staining for epithelial or other mesenchymal cell
types, such as muscle cells, astrocytes, or hematopoietic
cells (Chang et al. 2002). However, this approach is
hardly definitive. Fibroblasts can take on a wide array
of shapes in different tissues, whereas vimentin-positive
cells that are not fibroblasts, including macrophages,
can also have a spindle-shaped appearance. Further-
more, vimentin stains a large number of cell types, mak-
ing it difficult to identify fibroblasts by elimination.

A few antibodies have been previously reported to
recognize fibroblasts, some of which take advantage
of fibroblasts as the major producer of collagen. One
monoclonal antibody (anti-pC) is directed against the
cleaved carboxy terminal propeptide of the triple-helical
procollagen molecule. This antibody stains some of the
fibroblasts from patients with active pulmonary fibro-
sis, but not fibroblasts that are not actively dividing
(McDonald et al. 1986). 1B10, an IgM antibody that
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reacts with a surface membrane protein (Singer et al.
1989), has also been reported to be fibroblast-specific.
The 1B10 antibody is reported to recognize human fi-
broblasts, tissue macrophages, and peripheral monocytes
(Singer et al. 1989). Yet another reported anti-fibroblast
antibody, 5BS, is directed against prolyl-4-hydroxylase.
This enzyme catalyzes a hydroxylation reaction that is
a prerequisite for triple helix formation of the colla-
gen protein. The 5BS antibody recognizes fibroblasts in
loosely cellular regions, but false-negative staining was
observed for resting, mature fibroblasts in dense con-
nective tissue (Janin et al. 1990). Furthermore, the 5BS
antibody has been reported to recognize not only fibro-
blasts, but also myoepithelial cells (Janin et al. 1990),
plasma and acinar cells (Janin et al. 1990), follicular
dendritic cells (Bosseloir et al. 1994), and type II alveo-
lar and bronchial epithelial cells (Kasper et al. 1994).

In an attempt to better understand epithelial-
mesenchymal interactions during thymus development,
Haynes et al. (1984) raised a monoclonal antibody
against human thymic stroma, TE-7. Using immuno-
fluorescence on fresh, acetone-fixed tissue, they found
that TE-7 defined the mesodermal portion of the stroma
and reacted with fibrous tissue and vessels in inter-
lobular septae. TE-7 recognized stroma from every 1 of
16 tissues tested. TE-7 also reacted with fibrosarcomas
but none of 10 other tumor types.

Formalin fixation followed by embedding in paraffin
is widely used to achieve the best preservation of tissue
biopsies before light microscopic analysis. The ability
to identify fibroblasts in formalin-fixed, paraffin-
embedded tissues would be extremely helpful for a
wide variety of pathological analyses. We adopted the
TE-7 antibody for identifying fibroblasts in formalin-
fixed, paraffin-embedded tissue. We report here its
application using immunohistochemistry, ELISA, and
immunofluorescence. We also show the results when
this antibody is used to stain cultured fibroblasts and
other cell types, normal tissue samples, and the fibro-
blasts surrounding breast tumors.

Materials and Methods
Cell Culture

For ELISA assays and immunofluorescence, human
dermal fibroblasts (strain 91FS5) were grown in Fi-
broblast Growth Medium (FGM)-2 (Cambrex Bio-
Science; Walkersville, MD), which contains 2% FBS,
insulin, and fibroblast growth factor (FGF). For cell
pellets for immunohistochemistry, human foreskin
fibroblasts (HFFs), WI-38 lung fibroblasts, osteoblast-
like Saos cells, and glioblastoma U373 cells were grown
in DMEM, 0.1 mM non-essential amino acids, 1.0 mM
sodium pyruvate, 1% penicillin/streptomycin, and
15% FBS. For THP-1 cells, the same medium was
used except the FBS concentration was 10% and

0.05 mM B-mercaptoethanol was added. For cell pel-
lets, cells were rinsed twice with warm PBS and fixed
with 10% neutral-buffered formalin at room temper-
ature for 4 hr. Cells were scraped with a rubber po-
liceman, pelleted, and washed with PBS. Pellets were
processed and embedded in paraffin as for tissue sam-
ples. Alternatively, cells were plated in BD Biocoat
poly-p-lysine—coated chamber slides (Thermo Fisher
Scientific; Waltham, MA) in appropriate media and
incubated overnight at 37C. After transferring the slides
to room temperature, the medium was removed and
washed twice with PBS. The cells were fixed with 10%
neutral-buffered formalin at room temperature for 8 hr
and transferred to PBS for immunohistochemistry.

Human Tissue Samples

Normal skin and breast tumors were obtained from the
Breast Specimen Repository at Fred Hutchinson Cancer
Research Center. Skeletal muscle was collected through
the Fred Hutchinson tissue retrieval service. Young
thymus tissue from a control tissue block was obtained
from the University of Medicine and Dentistry of New
Jersey. Informed consent was obtained as described in
the Institutional Review Board protocols. Tissue sam-
ples were fixed in 10% neutral-buffered formalin and
paraffin-embedded.

Immunohistochemistry

For immunohistochemistry, 4-wm sections were cut,
baked at 60C for 30 min, and cooled. Sections were
deparaffinized and rehydrated through graded alco-
hols to water. If antigen retrieval was required, it was
done at this time as specified for each antibody below.
Slides were placed in Tris-buffered saline with 0.1%
Tween-20 and loaded onto a DakoCytomation Auto-
stainer. Endogenous peroxidase was blocked with a
10-min incubation of 3% hydrogen peroxide. When
using the Vectastain Universal Elite ABC kit (Vector
Laboratories; Burlingame, CA), endogenous biotin
was blocked using the DAKO Biotin Blocking System
(DakoCytomation; Glostrup, Denmark). Slides were
washed, and a serum block of 15% normal goat or
swine serum plus 5% human serum (Jackson Immuno-
research Laboratories; West Grove, PA) in antibody
diluent (TBS, 0.1% Tween-20, 1% BSA) was added for
10 min. The serum block was blown off, and the pri-
mary antibody was applied for 30 min at room tem-
perature. A biotin-conjugated goat-derived secondary
antibody (Jackson Immunoresearch Laboratories;
Zymed, South San Francisco, CA; or Caltag/Invitrogen,
Carlsbad, CA) was applied followed by the Vectastain
Elite ABC for 30 min for detection unless noted. Slides
were washed with wash buffer, incubated with liquid
diaminobenzidine tetrahydrochloride plus substrate
(DakoCytomation) for 7 min, and rinsed with water.
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Immunohistochemical Detection of Fibroblasts

They were counterstained for 2 min with hematoxylin
(DakoCytomation), blued with wash buffer, rinsed with
water, dehydrated, cleared, and coverslipped. Images
were visualized with an Eclipse 50i microscope with Plan
Fluor lenses (Nikon; Melville, NY). Images were taken
with a Digital DS-L1 camera (Nikon).

Isotype control antibodies were used at the same
concentration as primary antibodies. Isotype control
antibodies were mouse IgG (I-2000; Vector Laborato-
ries), mouse IgG1 (CBL600; Chemicon, Temecula, CA),
mouse IgG2a (CBL601; Chemicon), mouse IgG3
(M9019; Sigma-Aldrich, St Louis, MO), mouse IgM
(PP50; Chemicon), and rabbit IgG (011-000-003; Jack-
son Immunoresearch Laboratories). For mouse IgG
antibodies, biotinylated goat anti-mouse IgG F(ab’),
was used as a secondary antibody (Code 115-066-003;
Jackson Immunoresearch Laboratories). For mouse
IgM antibodies, biotinylated goat anti-mouse IgG,
IgA, and IgM (Cat. No. 65-6400; Zymed Laboratories)
was used as a secondary antibody. To identify epithelial
and glandular cells, we used clone AE1/AE3 (mouse
monoclonal IgG1 at 1.27 wg/ml; DakoCytomation) with
pH 6 citrate buffer target retrieval (DakoCytomation).
To identify endothelial cells, megakaryocytes, and
platelets, we used an antibody to von Willebrand factor
(rabbit polyclonal IgG at 15.5 pg/ml; DakoCytoma-
tion) with pH 8 EDTA antigen retrieval (Trilogy; Cell
Marque Corporation, Rocklin, CA) followed by the
Envision Rabbit Polymer (DakoCytomation) instead of
the Vectastain. To identify macrophages, monocytes,
neutrophils, basophils, and natural killer (NK) cells, we
used an antibody to the cell surface protein CD68
(mouse monoclonal IgG3 1.9 pg/ml; PG-M1, DakoCy-
tomation) with pH 6 citrate buffer target retrieval
(DakoCytomation). To identify smooth muscle cells,
myofibroblasts, and myoepithelial cells, we used clone
1A4 against smooth muscle actin (mouse monoclonal
IgG2a 1.4 pg/ml; DakoCytomation) with pH 6 citrate
buffer target retrieval (DakoCytomation). To identify
fibroblasts, we used clone TE-7 (mouse monoclonal
IgG1 1.3 pg/ml; Chemicon) with pH 8 EDTA antigen
retrieval (Trilogy). For samples on chamber slides, Triton
X-100 was added for 20 min prior to the addition of
the TE-7 antibody. To identify mesenchymal cells, we
used an antibody to vimentin (mouse monoclonal IgG1
1.2 pg/ml; Clone V9, DakoCytomation) with pH
8 EDTA antigen retrieval (Trilogy). To identify prolif-
erating cells, we used an antibody against Ki67 clone
MIB1 (mouse monoclonal IgG1l 0.8 wg/ml; Dako-
Cytomation) with pH 6 citrate buffer target retrieval
(DakoCytomation). For the 5BS antibody (mouse mono-
clonal IgG1 at 3.1 pg/ml; DakoCytomation), we used
pH 6 citrate buffer target retrieval (DakoCytomation).
For the 1B10 antibody (mouse monoclonal IgM at
2 wg/ml; Sigma-Aldrich), we used pH 8 EDTA antigen
retrieval (Trilogy).
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For analysis of skin samples, we used a blue chro-
mogen so as not to confuse brown antibody stain with
melanin. We performed immunohistochemistry as
described above up to the tertiary step. Instead of the
Ready-to-use ABC-HRP reagent, the Vectastain ABC-
AP kit was used according to the manufacturer’s in-
structions and incubated for 30 min. We washed the
slides in Dako Wash Buffer and then PBS for 5 min.
We used the Vector Blue Alkaline Phosphatase Sub-
strate Kit Il (Vector Laboratories). The reagent was
prepared as per the manufacturer’s directions immedi-
ately before use. One half of the reagent was applied,
slides were incubated in the dark for 20 min, the liquid
was removed, and the remaining half of the solution
was applied for another 20 min. Slides were rinsed in
three changes of PBS, followed by three changes of
dH,O. Sections were counterstained using Nuclear
Fast Red (DakoCytomation) for 3 min, rinsed in
dH,0O, and mounted.

Indirect Immunofluorescence

Quiescent 91FSS5 cells were grown for 4 days in FGM-2
and either collected while proliferating or made quies-
cent by serum starvation for 6 days in Fibroblast Basal
Medium containing 0.1% FBS and insulin. Growing or
quiescent cells were removed from the plates with
trypsin, and the trypsin was inhibited with soybean
trypsin inhibitor. Cells were plated on glass coverslips
with the appropriate medium and incubated for 24 hr
at 37C. The coverslips were collected, washed twice
with PBS and fixed with 3% paraformaldehyde for
15 min at room temperature. The cells were washed
with PBS three times, permeabilized with 1% Triton
X-100 for 30 min, and blocked with PBS containing
5% BSA for 1 hr at room temperature to prevent
nonspecific binding of antibodies. Cells were incubated
for 1 hr at room temperature with the indicated pri-
mary antibody diluted (1:50) in PBS, 1% BSA, 0.1%
Tween 20, or in the same buffer in the absence of any
antibody (no primary antibody control). Coverslips
were washed five times with PBS and incubated for 1 hr
at room temperature with 1:75 dilution of FITC-
conjugated donkey anti-mouse IgG (Jackson Immuno-
research Laboratories) diluted in the same buffer used
for the first antibodies. To visualize the nucleus, Draq 5
(Alexis Biochemicals; San Diego, CA) was added to the
samples in a 1:750 dilution for the last half hour of
incubation. The cells were washed five times with
PBS and mounted with PBS/glycerol in a 1:1 dilution.
Images were acquired with a PerkinElmer RS3 spin-
ning disk microscope (PerkinElmer; Waltham, MA)
mounted on a Nikon TE2000S microscope using a Plan
Apochromat 40 X 1.3 NA objective. Using an Ultra-
VIEW LCI confocal imaging system (PerkinElmer),
image stacks (15-20 frames) were recorded every 0.3 pm,
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and the optical sections were merged. The same mag-
nification and exposure time were used for all samples.

Whole Cell ELISA

ELISA assays were performed using a modified version
of the protocol described by Wewetzer et al. (1996) for
whole cell ELISA assays. 91FSS dermal fibroblasts or
U373 glioblastoma cells were plated in triplicate into
96-well plates in an appropriate medium with a total
volume of 200 pl. Cells were plated at 5000, 8000, and
30,000 cells/well. Cells were incubated overnight at
37C. After transferring the plates to room temperature,
the medium was removed and washed twice with PBS.
Cells were fixed with 3% paraformaldehyde in PBS for
15 min and washed twice. Cells were permeabilized
with 1% Triton X-100 for 30 min and blocked with
PBS containing 5% BSA for 1 hr at room temperature.
Primary antibody was added in the indicated dilution,
and the mixture was incubated at room temperature for
30 min. Plates were washed three times with PBS and
treated with 50 pl of horseradish peroxidase (HRP)-
conjugated secondary antibody (goat anti-mouse IgG;
Sigma), diluted 1:3000 in PBS, 1% BSA, and 0.1%
Tween-20, and incubated for 1 hr at room temperature.
Plates were washed four times with PBS. To detect the
reaction, 100 wl of 2,2"-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (ABTS; Invitrogen) was added to each
well. After 15-30 min, when the substrate had pro-
duced a green color on reaction with peroxides, sam-
ples were read with a plate reader at 415 nm. For the
primary antibody, we used monoclonal antibodies 1B10
(Sigma-Aldrich), TE-7 (Millipore; Billerica, MA), and
5B5 (GeneTex; San Antonio, TX). Antibodies were di-
luted to the appropriate concentration with PBS and
1% BSA. As a control, we incubated the cells with
Concanavalin A (Con A), which recognizes carbohy-
drate moieties on cell surface proteins, to normalize for
the number of cells in each well. Fixed cells were in-
cubated for 1 hr at room temperature with peroxidase-
conjugated Con A (Sigma) and washed three times with
PBS. Color development with ABTS was performed as
described above.

Results

Immunohistochemical Staining of Cultured Cell Pellets
Shows That TE-7 Specifically Recognizes Fibroblasts

Our goal was to identify growing and quiescent fi-
broblasts in formalin-fixed, paraffin-embedded tissue
samples. Formalin fixation is the method of choice for
preservation of tissue morphology and architecture and
is routinely used for collection and storage of patient
samples. We tested the TE-7, 1B10, and 5BS antibodies
on formalin-fixed cell pellets from cultured cells to de-
termine which antibody showed the best specificity

for fibroblasts (Figure 1; Table 1). Cells and their sur-
rounding extracellular matrix were fixed on tissue
culture plates, scraped off the plate, pelleted, paraffin-
embedded, and analyzed by immunohistochemistry. As
controls, we included an antibody to smooth muscle
actin as a marker for smooth muscle cells and myo-
fibroblasts, an antibody to CD68 as a marker for
monocyte/macrophage lineages, and an antibody to
vimentin as a marker for mesenchymal cells. Isotype
controls for all antibodies were included. All anti-
bodies were tested on two types of fibroblasts: normal
lung fibroblasts (WI138) and normal dermal fibroblasts
from foreskin. The dermal fibroblasts were tested in
both growing and quiescent conditions. For quiescence,
the cells were grown to confluence and maintained
under low serum conditions for 1 week. The same
antibodies were also tested on glioblastoma U373 cells,
monocyte-like THP-1 cells, and osteoblast-like Saos
cells. Staining for each antibody on each cell type was
scored as negative, weakly positive, or positive. In cases
of positive staining, the intensity of the staining was
graded on a scale of 1-3, and the fraction of positive
cells was noted.

The three isotype control antibodies did not posi-
tively stain any of the various cell types (Table 1). The
antibody to vimentin stained the fibroblasts, the glio-
blastoma cells, the osteoblast-like cells, and a subset of
the monocyte-like cells. The antibody to cell surface
marker CD68 recognized the monocyte-like line THP-1.
The antibody to smooth muscle actin was negative on
the THP-1 monocytes as expected, but stained the glio-
blastoma U373 and Saos osteoblast-like cells weakly.
Stronger staining was observed with smooth muscle
actin on a subset of dermal fibroblasts in both the grow-
ing and quiescent conditions. Intense smooth muscle
actin staining was observed in essentially all of the
W1I-38 lung fibroblasts, suggesting that these cells have
a myofibroblast character.

The 5BS antibody and the 1B10 antibody positively
stained dermal and lung fibroblasts (Table 1; Figure 1)
as would be expected for fibroblast markers. However,
these antibodies also positively stained non-fibroblast
cell types: the osteoblasts, monocytes/macrophages,
and glioblastoma cells. The TE-7 antibody, in contrast,
was negative for staining in the monocyte THP-1, the
glioblastoma U373, and the osteoblastoma Saos cells.
Approximately 50% of the WI-38 lung fibroblasts and
50% of the growing and quiescent dermal fibroblasts
appeared positive for TE-7 staining. TE-7 stained these
cell pellets with moderate intensity. We thus conclude
that, in formalin-fixed, paraffin-embedded tissues, the
TE-7 antibody, but not 5B5 or 1B10, is specific for
fibroblasts. Furthermore, the TE-7 antibody recognized
dermal and lung fibroblasts, growing and quiescent fi-
broblasts, and fibroblasts with and without a myofi-
broblast phenotype.



>~
=
@
=
D)
e
O
S
—
>~
@)
=
>~
=
%
=
D)
e
O
S
—
%
T
G
o
—
C
S
)
=)
b}
e
|_

Immunohistochemical Detection of Fibroblasts 351

Dermal
Fibroblasts

Quiescent :
Dermal
Fibroblasts =%

Lung
Fibroblasts

Monocyte/ -
Macrophage . -

Glioma -

AL o

A3

M

Osteoblasts

o h‘:v'
‘-\:(3_’

vE.
e

PN e B
a

Ee SR WAL

Figure 1 The TE-7 antibody, but not 1B10 or 5B5, is specific for formalin-fixed cultured fibroblasts. Growing THP-1 monocytes/macrophages,
U373 glioblastoma cells, osteoblast-like Saos cells, lung fibroblasts, and dermal fibroblasts in both growing and quiescent states were
fixed with formalin and embedded in paraffin. Slides of each cell type (shown in rows) were stained with the TE-7, 1B10, and 5B5 antibodies
(shown in columns). Nuclei are stained blue with hematoxylin. Antibody staining is shown in brown from DAB plus substrate. TE-7 but not 1B10
or 5B5 displayed fibroblast-specific staining. Bar = 10 um.
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Table 1 Immunohistochemical staining of cell pellets from a variety of cell types with TE-7 and other antibodies

Dermal Quiescent dermal Lung fibroblasts Monocyte/macrophage Osteosarcoma

fibroblasts fibroblasts WI-38 THP1 Glioma U373 Saos
IgG1 N2 +/-P N N N N
IgG2 N N N +/— N 2¢, 40%¢
19G3 N N N N N N
IgM N N N N N N
Vimentin 3, 100% 3, 100% 3, 100% 2, 10% 3, 100% 3, 100%
CD68 N N N 2, 50% N N
Smooth muscle actin 2, 10% 2,30% 3, 100% N +/— 1, 80%
TE-7 2, 50% 2, 50% 2,50% N N N
1B10 2, 100% 1, 100% 1, 100% 2, 100% 1, 100% +/—
5B5 2, 90% 3, 100% 2, 90% 3, 100% 3, 50% 3, 60%
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°N, negative for staining.

b+/—, weak staining.

Staining intensity on a scale from 1 to 3.
dpercent of cells that are positive.

Immunohistochemistry and Immunofluorescence on
Cultured Fibroblasts Shows That TE-7 Stains Growing
and Quiescent Fibroblasts

When we used TE-7 to stain cell pellets, we discovered
that only 50% of the fibroblasts were clearly positive
for TE-7 staining. We hypothesized that this might be
because the cells within the cell pellet are not a mono-
layer and that slicing through the three-dimensional cell
pellet in a single thin plane missed the staining actually
present in a different focal plane of the same cell. To test
this hypothesis, we plated fibroblasts in a monolayer
on chamber slides, fixed them with neutral-buffered
formalin, and stained them with TE-7. As shown in
Figure 2, each and every fibroblast stained with TE-7,
showing that TE-7 does not stain only a subpopulation
of cultured fibroblasts. Fibroblasts also stained with an
antibody to vimentin, but not with an isotype control
antibody. Glioblastoma cells stained under the same
conditions did not stain with TE-7 (Figure 2). To fur-
ther characterize TE-7 staining of fibroblasts, we per-
formed immunofluorescence followed by confocal
microscopy on growing and quiescent dermal fibro-
blasts with the TE-7 antibody (Figure 2). Negative con-
trols incubated in the absence of primary antibody did
not stain. As a positive control, we used an antibody
to a-tubulin. 1B10 stained essentially every growing
cell. TE-7 displayed a punctate staining pattern in es-
sentially every fibroblast in both growing and quies-
cent conditions.

ELISA Assays Show That TE-7 Has High Sensitivity and
Specificity for Fibroblasts

To further characterize the sensitivity and specificity
of the TE-7 antibody and to compare it with the 1B10
and 5B5 antibodies, we performed a whole cell ELISA
assay on fibroblasts and the glioblastoma U373 cells. As
shown in Figure 3, TE-7 produced a significantly stron-
ger signal for the same number of cells in fibroblasts
compared with glioblastoma cells. This was not the case
for 5BS or 1B10, which gave similar signals for the
fibroblasts and glioma cells, consistent with the im-
munohistochemistry results on cell pellets. When the
assay was performed on as few as 5000 fibroblasts
per well, increased TE-7 signal was observed compared
with the glioblastoma cells.

TE-7 Recognizes the Fibroblasts Within the Adventitia
Surrounding Blood Vessels in Skeletal and
Heart Muscle

We tested TE-7 in formalin-fixed, paraffin-embedded
normal human tissue samples. In Figure 4A, we show
the staining pattern with a number of antibodies, in-
cluding TE-7, on a large blood vessel in skeletal muscle.
Isotype controls were negative as expected. Staining
with the AE1/AE3 antibody that recognizes epithelial
cells was negative in skeletal muscle. Endothelial cells
lining the large blood vessels and smaller blood vessels
were recognized by an antibody against von Willebrand

>

Figure 2 TE-7 recognizes growing and quiescent cultured fibroblasts. Human diploid fibroblasts (strain 91FS5) were analyzed with
immunohistochemistry and immunofluorescence. Fibroblasts were plated onto chamber slides, fixed in formalin, and stained with the
indicated antibody using immunohistochemistry (top). An anti-vimentin antibody and TE-7 recognized essentially every cell. An IgG isotype
control was negative. As a control, glioblastoma cells were also analyzed, and TE-7 was negative on these cells, whereas an anti-vimentin
antibody stained them. Growing and quiescent fibroblasts were also grown on coverslips and analyzed by immunofluorescence (bottom).
Growing cells were incubated with 1B10, anti-a-tubulin, or TE-7. All three antibodies recognized antigen in the growing cells. In quiescent cells,
no staining was observed in the absence of primary antibody, as expected. The expected pattern for a-tubulin was observed and the TE-7
antibody recognized essentially every quiescent fibroblast. Black bar = 10 um. White bar = 20 um.
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Figure 3 TE-7, but not 5B5 or 1B10, specifically reacts with fibro-
blasts using ELISA. Whole cell ELISA assays were performed using the
TE-7, 5B5, and 1B10 antibodies on fibroblasts and glioblastoma cells.
Cells were plated at 5000, 10,000, and 30,000 cells/well in triplicate.
Optical densities at 415 nm were determined for each antibody
and were normalized to concanavalin A levels for cells in the same
condition. The average signal intensities and SDs are plotted. TE-7
staining on fibroblasts vs glioblastoma cells was statistically signifi-
cantly different for 5000, 10,000, and 30,000 cells/well. An asterisk
indicates p<<0.05. Two asterisks indicate p<<0.0005.

factor. An anti-vimentin antibody recognized all mesen-
chymal cells, including the smooth muscle cells and
fibroblasts in the tunica media and the adventitia sur-
rounding the large blood vessel. The anti-vimentin
antibody also recognized the smooth muscle cells lin-
ing smaller capillaries scattered throughout the skele-
tal muscle. A small number of vimentin-positive cells
scattered throughout the tissue are most likely cells of
monocyte/macrophage origin because they were recog-
nized by an antibody against the monocyte/macro-
phage surface marker CD68. Smooth muscle cells of the
tunica media surrounding the endothelial cells were
recognized by an antibody against smooth muscle actin.
Smooth muscle actin was also expressed by cells that
are likely myofibroblasts in the adventitia of the large
vessel. The TE-7 antibody stained essentially all of the
spindle-shaped cells in the adventitia of the large blood
vessel, as would be expected for a marker that recog-
nizes fibroblasts. TE-7 also stained regions surrounding
smaller vessels throughout the skeletal muscle area. In
addition, the protein recognized by TE-7 is a constitu-
ent of the endomysium that surrounds individual mus-
cle fibers. Staining with the 5BS antibody previously
reported to recognize fibroblasts (Janin et al. 1990) re-
sulted in staining of the muscle cells themselves, which
would not be consistent with fibroblast-specific stain-
ing. Therefore, in a complex human tissue containing
a wide variety of cell types, TE-7 antibody staining is
consistent with it recognizing fibroblasts. Finally,

staining with an antibody to the proliferation marker
Ki-67 (Figure 4) showed that only a small fraction of
the cells were actively dividing. Thus, our observations
on human tissues support our conclusion that the TE-7
antibody recognizes a protein synthesized by fibroblasts
and that it can be used to recognize non-dividing as well
as proliferating fibroblasts.

In Figure 4B, we show further staining of an artery
within heart muscle. Staining with an isotype control is
negative as expected. An antibody to vimentin recog-
nizes the smooth muscle cells surrounding the vessel as
well as the fibroblasts in the adventitia and cells within
the heart muscle itself. An antibody to smooth muscle
actin recognizes the smooth muscle cells surrounding
the artery. TE-7 is largely negative for the smooth mus-
cle cells while staining the fibroblasts within the ad-
ventitial region and scattered fibroblasts in the heart
muscle. Thus, TE-7 does not routinely stain smooth
muscle cells surrounding vessels.

TE-7 Recognizes Fibroblasts Below the Epidermal
Layer in Normal Skin

Fibroblasts are prominent in the layer of tissue below
the epidermis in skin. We tested whether TE-7 recog-
nizes fibroblasts in this anatomical region. We used the
TE-7 antibody to identify fibroblasts in normal breast
skin tissue (Figure 5). The TE-7 antigen was present
in the fibroblast-rich region below the epidermis as ex-
pected. For staining of the skin, we used a blue chromo-
gen to distinguish antibody staining from melanin.

TE-7 Recognizes Stromal Regions in Normal Thymus

We also used immunohistochemistry with TE-7 to stain
paraffin-embedded young human thymus. We discov-
ered that TE-7 did not stain the epithelial cells but did
recognize the vimentin-positive fibrous tissue and ves-
sels of the interlobular septae (Figure 6). These results
are similar to those reported by Haynes et al. (1984) in
their original report describing the production and
characterization of the TE-7 antibody. Using indirect
immunofluorescence, they came to a similar conclu-
sion that TE-7 stains the fibrous interlobular septae in
acetone-fixed frozen thymus from a 3-month-old sub-
ject (Haynes et al. 1984).

TE-7 Recognizes Myofibroblast-like Cells Within a
Breast Tumor

Myofibroblast-like cells surround breast tumors and
likely contribute to the tumorigenic process (van den
Hooff 1988; Olumi et al. 1999; Tlsty 2001; Tlsty and
Hein 2001; Tuxhorn et al. 2001; Bissell et al. 2002;
Coussens and Werb 2002; Beacham and Cukierman
20035; Orimo et al. 2005). We asked whether the TE-7
antibody and an antibody to smooth muscle actin recog-
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Figure 4 TE-7 recognizes adventitial fi-
broblasts surrounding blood vessels. (A) A
portion of skeletal muscle from a healthy
individual was formalin-fixed and paraf-
fin-embedded. Serial sections were pro-
cessed with a different primary antibody
with its associated antigen retrieval meth-
od and secondary antibody. Results are
shown for isotype controls (IgG1, 19G2,
IgG3, and rabbit polyclonal). Staining
with the AE1/AE3 antibody against epi-
thelial cytokeratin was negative. Endo-
thelial cells lining the blood vessels were
recognized by an antibody against von
Willebrand factor. All cells of mesenchy-
mal origin, including fibroblasts and
smooth muscle cells, were recognized by
an anti-vimentin antibody. Cells of mono-
cyte/macrophage lineage were scattered
through the tissue and are identified by
an anti-CD68 antibody. Smooth muscle
cells of the tunica media labeled posi-
tively with an antibody to smooth muscle
actin. Staining with the TE-7 antibody
identified fibroblasts in the adventitia.
The 5B5 antibody stained mostly surround-
ing muscle rather than fibroblasts. A small
fraction of the cells are actively prolifer-
ating as determined by staining with an
antibody that recognizes the prolifera-
tion marker Ki-67. (B) Heart muscle was
formalin-fixed and paraffin-embedded.
Serial sections were processed with anti-
bodies as described in Materials and
Methods. Staining with an isotype control
1gG antibody resulted in little staining. An
antibody to vimentin stained the tunica
media, the adventitia, and cells within the
heart muscle. An antibody to smooth mus-
cle actin recognized the smooth muscle
cells of the tunica media. Staining with
the TE-7 antibody identified fibroblasts in
the adventitia. TE-7 was largely negative
on the tunica media smooth muscle cells.
TE-7 also stained scattered cells and pos-
sibly a portion of the endomysium in the
heart muscle. Bar = 10 pm.

s rd R Tey o

von Willebrand factor

Smooth Muscle Ac‘.‘tirn ‘

v g iy

Isotype Vimentin Smooth Muscle Actin

. 7P
¥ 3o mﬂ‘nfrg( <

‘ "fw




>~
=
%
=
)
e
O
O
—
>~
)
o
>~
s
%
=
D)
e
O
O
—
L
I
(U
®)
Tﬁ
C
S
)
2
b}
e
—

356 Goodpaster, Legesse-Miller, Hameed, Aisner, Randolph-Habecker, Coller

IgG1 Isotype

e

nizes these cells, as would be expected for myofibro-
blasts. In Figure 7, we show staining of a high-grade
infiltrating ductal breast carcinoma with a range of
antibodies including TE-7. Isotype controls did not
stain. Vimentin, smooth muscle actin, and TE-7 all
stained the stromal regions strongly. At high magnifi-
cation, it is clear that these antibodies are staining the

Isotype

Vimentin

TE-7 Figure 5 TE-7 stains cells below the

epidermis in normal skin tissue. Human
dermis was collected from breast tissue,
fixed, and paraffin-embedded. Slides
were cut and stained with an IgG1 iso-
type control or the TE-7 antibody as de-
scribed in Materials and Methods. An
image of the isotype control was taken
to show that there was no background
staining. TE-7 staining is shown in blue
so as not to confuse antibody staining
with melanin. The TE-7 antibody stains
cells just below the epidermis as ex-
pected for fibroblasts. Bar = 10 um.

same cell population. Thus, in this tumor, TE-7 stained
the stromal fibroblasts and myofibroblasts.

Discussion

Fibroblast proliferation and activation is critical for
wound healing (Martin 1997; Iyer et al. 1999) and goes

B A R

Figure 6 TE-7 stains stromal cells in the interlobular region within young thymus. Young thymus tissue was stained with isotype controls, TE-7,
or vimentin. Although staining with an isotype control results in negligible staining, TE-7 recognizes the fibrous tissue of the interlobular

septae also recognized by vimentin. Bar = 10 pm.
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Immunohistochemical Detection of Fibroblasts
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Figure 7 TE-7 recognizes the fibroblast-like cells in the stromal regions of a breast tumor. Serial sections of a high-grade infiltrating ductal
breast carcinoma were stained with an isotype control antibody, an antibody to vimentin, an antibody to smooth muscle actin, or TE-7. Each
row represents a different antibody. Three magnifications of the same image are shown. The antibody to vimentin, the antibody to smooth
muscle actin, and the TE-7 antibody all stained the stromal myofibroblasts but not the tumor cells themselves. Bar = 10 um.

awry in a number of pathologies including fibromato-
sis, sarcomas, and fibrosis (Fletcher 2000; Desmouliere
et al. 20035). Activated fibroblasts stimulate tumor pro-
gression of adjacent epithelial cells (van den Hooff
1988; Olumi et al. 1999; Tlsty 2001; Tlsty and Hein
2001; Tuxhorn et al. 2001; Bissell et al. 2002; Coussens
and Werb 2002; Beacham and Cukierman 2005). A
better understanding of these complex pathologies
would be aided by methods to positively identify fibro-
blasts under a wide range of cellular states. At present,
identification of fibroblasts is often based on posi-
tive staining with vimentin followed by elimination of

other non-fibroblast mesenchymal cells (Chang et al.
2002). We report here an immunohistochemical method
to positively identify fibroblasts in formalin-fixed,
paraffin-embedded tissue. A pH 8 EDTA antigen re-
trieval allowed specific, reproducible, and clear de-
tection of the TE-7 antigen in formalin-fixed tissues.
Importantly, we discovered that TE-7 staining must be
performed on freshly cut slides to get reliable and repro-
ducible results.

In formalin-fixed cell pellets, the TE-7 antibody was
more specific than the 1B10 or 5B5 antibodies on the
cell types tested (Figure 1; Table 1). The TE-7 antibody
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recognized both dermal and lung fibroblasts and both
growing and quiescent fibroblasts, but did not react with
osteosarcoma, glioblastoma, or monocyte/macrophage
cells. The 1B10 and 5B5 antibodies were less specific;
they recognized fibroblasts, but also recognized the
non-fibroblast cell types tested. Other anti-fibroblast
antibodies have been found to recognize only prolifer-
ating fibroblasts. The 5BS antibody and the (anti-pC)
fibroblast-specific antibody, which recognizes the por-
tion of the procollagen molecule that is cleaved before
secretion, recognize only fibroblasts that are actively
dividing (McDonald et al. 1986; Janin et al. 1990). This
limits their usefulness for identifying fibroblasts in
quiescent conditions. In contrast, the TE-7 antibody
recognizes growing and quiescent cultured fibroblasts
by immunohistochemistry on cell pellets (Figure 1) and
immunofluorescence (Figure 2). TE-7 recognizes fibro-
blasts in tissues with little Ki-67 staining (Figure 4A).

TE-7 also recognized myofibroblasts. In several ex-
amples of fibroblasts surrounding blood vessels, includ-
ing the skeletal muscle blood vessel shown in Figure 4A,
TE-7 stained both fibroblasts and myofibroblasts in the
adventitia. TE-7 also stained myofibroblasts surround-
ing breast tumors (Figure 7). We conclude that TE-7
recognizes both fibroblasts and myofibroblasts and
fibroblasts in both proliferating and quiescent con-
ditions. We expect the TE-7 antibody will prove a
valuable tool for unraveling the role of fibroblasts in
development, homeostasis, fibrotic disease, soft tissue
tumors, and epithelial carcinomas.
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