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Little is known about fibroblasts from the female re-
productive tract, much less whether or not functional
subsets exist. Fibroblasts are key as sentinel cells for
recruiting white blood cells and for wound healing.
The purpose of this research was to evaluate the pos-
sibility that functional subsets of fibroblasts exist in
the human female reproductive tract. The strategy
used was to define fibroblast subpopulations based on
their surface expression of the Thy 1 antigen. In situ
staining of human myometrium and endometrium
showed heterogeneous staining for Thy 1. Freshly
derived strains of fibroblasts from the myometrium
and endometrium also demonstrated heterogeneous
Thy 1 expression. For the first time, using magnetic
beading and fluorescence-activated cell sorting, hu-
man myometrial fibroblasts were successfully sepa-
rated into functionally unique Thy 1" and Thy 1~
subsets. Both subsets produced the proinflammatory
cytokines interleukin (IL)-6 and IL-8 after IL-18 stim-
ulation, but only the Thy 1* subset produced MCP-1.
Furthermore, only Thy 1% fibroblasts up-regulated
CD40 surface expression with IL-18 or interferon-y
treatment. Engagement of CD40 in the Thy 1% sub-
population induced IL-6, IL-8, and MCP-1. The discov-
ery of functional subsets of reproductive tract fibro-
blasts now permits assessment of their roles in the
normal functions of the reproductive tract and in
disease states such as adhesions and menorrhagia.
(Am J Patbol 2001, 159:925-935)

The human female reproductive tract is a complex set of
tissues whose roles are crucial for human existence. The
maintenance of pregnancy and the initiation of labor are
dependent on how these tissues respond to local stimuli,
such as sex steroid hormones, cytokines, and lipid me-
diators. Furthermore, the endometrium must repeatedly

differentiate and regenerate in response to the aforemen-
tioned mediators every menstrual cycle. A controlled and
well-timed inflammatory response must also occur as
part of menstruation, host defense, and cervical ripening
during labor."? An exuberant or inappropriate inflamma-
tory response could lead to pathophysiological situations
such as preterm labor and menstrual dysfunction. Pre-
mature labor afflicts 7% of women, whereas 20% of
women suffer from menstrual dysfunction.

CD40 is a 45-to 50-kd type | glycoprotein and a mem-
ber of the tumor necrosis factor-a receptor family. CD40
was initially discovered on the surface of B lymphocytes®
and was later shown to be expressed on several cell
types including monocytes, vascular endothelial cells,*
and some epithelial cells.® CD40 is the cognate receptor
for CD40 ligand (CD40L/CD154), which is found on acti-
vated T cells, mast cells,® eosinophils,” and basophils.®
Platelets were recently found to have an intracellular pool
of preformed CD40L, which is surface-expressed on ac-
tivation.® The CD40-CD40L interaction is a critical activa-
tion signal in hematopoietic cells, but is also important in
nonhematopoietic cell activation. Human fibroblasts from
several sites were recently shown to express CD40 and
to up-regulate its expression after interferon (IFN)-v treat-
ment.% ' CD40 ligation on some types of fibroblasts re-
sults in the production of proinflammatory cytokines such
as interleukin (IL)-6 and IL-8.2"""2 Fibroblasts from the
endometrium, myometrium, and cervix not only express
CD40, but also up-regulate synthesis of the chemoattrac-
tant MCP-1 in addition to IL-6 and IL-8 after CD40 en-
gagement with CD40L."3

An emerging paradigm is that fibroblasts are not mere
structural cells, but have key functional roles in the tissue
in which they reside. The concept of fibroblasts as sen-
tinel cells has provided a role for fibroblasts as initiators
of inflammation.*'® Fibroblasts can produce proinflam-
matory cytokines and prostaglandins on stimulation and
can thus form a bridge of communication with classic
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immune cells. Fibroblasts are also the major tissue struc-
tural cell and source of collagen. It is the collagen matrix
that gets degraded by infiltrating neutrophils and pre-
pares the human cervix (ie, cervical softening or ripening)
for parturition.'®

Besides their role as sentinel cells, much interest lies in
the concept that, like lymphocytes, fibroblasts are heter-
ogeneous and that functional subpopulations exist. Fibro-
blasts differ between organs and also within tissues.
Evidence supporting fibroblast heterogeneity includes
differences in morphology,'” proliferation rates,'® colla-
gen synthesis,'® PGE, synthesis,?° and effects of estro-
gen.?" To successfully define fibroblast subsets, the sur-
face glycophosphatidylinositol-linked protein Thy 1 was
previously chosen by our laboratory as the discriminatory
cell surface marker. In these studies, we demonstrated
that mouse lung and spleen fibroblasts were separable
into Thy 1* and Thy 1~ subpopulations that defined
functional differences.'”??2% Separation of fibroblasts
according to expression of Thy 1 and characterization of
subsets’ distinct roles will lead to advances in under-
standing fibroblast biology and is key for understanding
normal and abnormal wound healing and for defining the
role of fibroblasts in inflammation.

We investigated the possibility that functional subpopu-
lations of fibroblasts exist in the human female reproductive
tract. These surface marker studies based on Thy 1 are the
first we are aware of that clearly demonstrate fibroblast
heterogeneity in the human female reproductive tract (myo-
metrium and endometrium). To demonstrate proof of con-
cept, myometrial fibroblasts were separated into Thy 1"
and Thy 1~ fractions and showed unique functional differ-
ences. The identification of fibroblasts from the reproductive
tract that have unique profiles suggests the importance of
considering fibroblast subpopulations in development and
dysfunctions of the female reproductive tract.

Materials and Methods

Tissue Collection

Tissue samples were obtained as described in King and
colleagues.™ In brief, biopsies were collected from the
myometrium and endometrium of women that underwent
gynecological procedures for benign conditions. All
women had regular menstrual cycles (25 to 35 days) and
did not receive any form of hormonal treatment in the 3
months before the procedure. Donors were between the
ages of 20 to 40 years and were premenopausal. Endo-
metrial biopsies were dated according to the criteria of
Noyes and colleagues®* and circulating sex steroid lev-
els were consistent with the date of the last menstrual
period. Written consent was received from all patients
and ethical approval for biopsy collection was received
from Lothian Research Ethics Committee.

Fibroblast Strain Derivation

Myometrial or endometrial tissue was cut into pieces of
1-mm?® approximate size and placed under glass cover-

slips in 100-mm tissue culture dishes (Costar, Cam-
bridge, MA). This resulted in fibroblast outgrowth from the
tissue as previously described.’®' The cells were
stained for fibroblast markers using immunostaining.
Cells were positive for vimentin (stains fibroblasts), but
negative for cytokeratin (epithelial cell marker), a-smooth
muscle actin (myofibroblasts and smooth muscle cells),
CD34 (endothelial cell marker), and CD45 (bone marrow-
derived cell marker). The cells that proliferate under
these conditions had fibroblast-consistent morphology.
Fibroblasts used for separation into subsets and for cy-
tokine analysis were as early passage as possible. En-
dometrial and myometrial strains were cultured in RPMI
1640 media (Life Technologies, Gaithersburg, MD) sup-
plemented with 10% fetal bovine serum (FBS; Hyclone
Laboratories, Logan, UT), nonessential amino acids, and
gentamicin (Life Technologies). No additional factors
were included in the RPMI 1640 culture media. Fibro-
blasts were removed from confluent cultures by dissoci-
ating monolayers with 1:1 0.05%Trypsin:0.1% ethyl-
enediaminetetraacetic acid solution (Life Technologies),
and 5 X 10° cells were reseeded in 75-mm? tissue cul-
ture flasks (Costar). Cultures were grown 3 to 4 days
before trypsinization.

Immunohistochemistry

Immunohistochemistry for Thy 1 expression was done on
endometrial and myometrial tissue sections. Biopsies for
immunohistochemistry were collected with an endome-
trial suction curette (Pipelle, Laboratoire CCD, Paris,
France) and full-thickness endometrial samples were
also obtained. These included superficial and basal en-
dometrium along with the endometrial-myometrial junc-
tion. Frozen tissue sections were fixed in neutral-buffered
formalin for 10 minutes at room temperature. Endoge-
nous peroxidase activity was blocked with 3% hydrogen
peroxide and blocked with diluted normal horse serum
(Vector Laboratories, Burlingame, CA) for 20 minutes at
room temperature. Tissue sections were incubated over-
night at 4°C with mouse monoclonal anti-human Thy 1
(F15-421-5, 10 pg/ml), a cell-free supernatant that was
prepared from a mouse hybridoma. An isotype control
antibody mouse IgG1 (Caltag, Burlingame, CA) was in-
cluded at 10 pg/ml. Sections were then incubated with
biotinylated horse anti-mouse 1gG (Vector Laboratories)
and the avidin-biotin-peroxidase detection system was
used (Elite ABC 6101; Vector Laboratories). Sections
were counterstained with hematoxylin.

Immunofluorescence Analysis and Fibroblast
Subset Separation

Immunofluorescence was used to determine Thy 1 ex-
pression in the myometrial and endometrial fibroblast
strains. Monolayers were dissociated by trypsin:ethyl-
enediaminetetraacetic acid solution and suspended in
PAB (phosphate-buffered saline containing 1% bovine
serum albumin and 0.1% sodium azide). It was previously
shown that Thy 1 does not get cleaved from the surface



of fibroblasts with trypsin treatment.’”252% As a primary
anti-human Thy 1 antibody, a cell-free supernatant was
used that was prepared from a mouse hybridoma (F15-
421-5). One million cells were used for each sample. Cell
samples were incubated with F15-421-5 or an isotype
control antibody for 45 minutes at 4°C. Samples were
washed three times with PAB and then incubated with
goat anti-mouse immunoglobulin conjugated with fluores-
cein isothiocyanate (Sigma Chemical Co., St. Louis, MO)
as a secondary antibody for 45 minutes at 4°C. Cells
were then washed again three times and resuspended in
1 ml PAB and analyzed on a FACSCalibur flow cytometer
(Sigma Chemical Co.). CellQuest software was used for
data analysis. The above procedure was also used to
stain fibroblasts for confocal microscope analysis.

Fibroblast subset separation was accomplished by
first sorting by fluorescence-activated cell sorting ac-
cording to Thy 1 expression followed by three to four
rounds of magnetic bead selection. Magnetic beads (Dy-
nal, Oslo, Norway) had a human anti-mouse monoclonal
antibody attached onto them via a DNA linker. Cells were
stained for Thy 1 with F15-421-5 and incubated with the
beads for 30 minutes at 4°C. By negative selection, the
Thy 1~ population was isolated using a magnetic device
to hold the beads. After incubation with DNase for 15
minutes, the Thy 17 population was released and iso-
lated. Once fibroblasts were separated into subsets, their
Thy 1 phenotype remained stable over culture. Early
passage cells were used throughout experiments (pas-
sages 4 to 12). Furthermore, fibroblast subsets were
tested for Thy 1 expression by flow cytometry before
each experiment to ensure that Thy 1" and Thy 1~ pro-
files were maintained. A cytogenetic assessment of
ploidy was also performed in both subsets by propidium
iodide staining in concert with flow cytometry. The ploidy
was normal and indicated stable DNA content (data not
shown).

CDA40 Expression by Flow Cytometry

Fibroblasts were cultured with or without IFN-y (500 U/ml)
for up to 72 hours or IL-18 (10 ng/ml) for 24 hours. The
cells were lightly trypsinized, washed, and resuspended
in PAB. One million cells were used for each sample.
Mouse anti-human CD40 (G28-5) was used as the pri-
mary antibody for 45 minutes at 4°C. Mouse 1gG1 (Sigma
Chemical Co.) was used as the isotype control. The cells
were washed three times with PAB and then incubated
with goat anti-mouse immunoglobulin conjugated with
fluorescein isothiocyanate (Sigma Chemical Co.) as a
secondary antibody for 45 minutes at 4°C. Cells were
then washed again three times and resuspended in 1 ml
of PAB and analyzed on a FACSCalibur.

Cytokine Production

Fibroblasts were seeded at 5 x 10* cells/well in a 48-well
plate (Costar) in RPMI 1640, 10% FBS supplemented with
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gentamicin. After 24 hours, cells were serum-starved for
72 hours in fresh media containing 0.5% FBS with or
without IFN-y (500 U/ml). The culture supernatant was
then removed again and serum-free media was added.
The treatments used for the final 24 hours were no stim-
ulation, IFN-y or IL-18 (10 ng/ml; R&D Systems Inc.,
Minneapolis, MN) treatments. Finally, supernatants were
harvested and tested for IL-6, IL-8, and MCP-1 produc-
tion by enzyme-linked immunosorbent assay.?’

CD40L was generated from insect cell membranes
expressing CD40L as described previously.'"'? CD40
ligation was accomplished by addition of CD40L when
cells were serum-free for the final 24 hours. The anti-
CD40L antibody MK13A4 (2.5 upg/ml; Boehringer In-
gelheim) was used the final 24 hours on fibroblasts stim-
ulated with IFN-y and CD40L. Mouse IgG1 (Sigma
Chemical Co.) was also added at 2.5 ug/ml as a control
antibody.

Statistical analysis was done using the student’s
paired two-tailed t-test. A probability of P < 0.05 (as-
signed as *) or P < 0.01 (assigned as **) indicates
statistical significance.

Results

In Situ Expression of Thy 1 in Endometrium and
Myometrium and Development of Fibroblast
Strains Heterogeneous for Thy 1 Expression

In situ staining of human myometrial tissue sections for
Thy 1, revealed Thy 1 expression only in particular re-
gions (Figure 1). Thy 1 immunoreactivity was present in
smooth muscle cells and in some fibroblastic stromal
cells of the myometrium (Figure 1a). Staining of endome-
trial tissue showed Thy 1 expression to be scattered
among the fibroblastic stromal cells and to be highly
expressed in some endothelial cells and concentrated in
the layers of structural cells surrounding the spiral arte-
rioles (Figure 1, c and e). There is not a significant differ-
ence in Thy 1 staining throughout the menstrual cycle
based on the samples herein evaluated (data not shown).
In the tissue sections tested, Thy 1 is highly expressed
around the majority of the blood vessels (data not
shown). As shown in Figure 1c, Thy 1 is mainly localized
to the perivascular region of the endometrium basalis. It
was interesting to observe a different staining pattern for
Thy 1 in the endometrium functionalis (Figure 1e), where
Thy 1 expression is widely distributed among fibroblastic
stromal cells. Thus the endometrial basalis region shows
Thy 1 to be localized around blood vessels (Figure 1c),
whereas in the functionalis region Thy 1 is expressed
throughout the stroma (Figure 1e) as well as around
blood vessels (data not shown). Besides staining individ-
ual cells, Thy 1 may also be localized extracellularly
(Figure 1, a and c). Thy 1 has recently been shown to
exist in soluble form in serum.?® The presence of soluble
Thy 1 could reflect the contiguous staining of Thy 1 in the
myometrium and endometrium.
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Figure 1. Immunohistochemical localization of Thy 1 in human myometrium and endometrium. Frozen tissue sections were fixed in formalin and blocked with
5% normal horse serum for 20 minutes at room temperature. Tissue sections were incubated overnight at 4°C with mouse monoclonal anti-human Thy 1
(F15-421-5, 10 ug/mb). A negative control antibody (mIgG1) was included at 10 ug/ml. Sections were incubated with biotinylated horse anti-mouse IgG and the
avidin-biotin-peroxidase detection system was used. Sections were counterstained with hematoxylin. a: Myometrium. Immunoreactivity is present in some smooth
muscle cells and in some fibroblastic stromal cells. b: Myometrium. Negative control; primary antibody replaced with mouse immunoglobulin. ¢: Endometrium
basalis. Thy 1 is localized mainly to the perivascular region. d: Endometrium basalis. Negative control. e: Endometrium functionalis. Thy 1 immunoreactivity is
present in some stromal cells. f: Endometrium functionalis. Negative control. Original magnifications, X400. Scale bar, 50 wm.

Primary myometrial and endometrial fibroblast strains
were generated and characterized as previously de-
scribed’ (see Materials and Methods for details). Hu-
man endometrial and myometrial tissue was cut into
pieces of ~1-mm?® size. Explants were then placed under
glass coverslips in 100-mm diameter Petri dishes, result-
ing in the outgrowth of fibroblasts from the individual
tissues. The cells were tested for expression of markers
consistent with fibroblast phenotype. Immunostaining
showed the cells to be vimentin-positive (fibroblast mark-

er), but negative for CD45 (bone marrow marker), CD34
(endothelial cell marker), a(alpha)-smooth muscle actin
(myofibroblasts and smooth muscle cells), and cytoker-
atin (epithelial cell marker). Confocal staining for Thy 1
demonstrated heterogeneity for this marker in the myo-
metrial and endometrial fibroblast strains. As shown in
Figure 2A, the M5 myometrial fibroblast strain contained
some cells staining very brightly for Thy 1, whereas other
cells adjacent to them were completely negative for Thy 1
expression. The E7 endometrial strain had a higher per-
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Figure 2. Thy 1 expression by the M5 myometrial fibroblast strain and the E7 endometrial fibroblast strain. Fibroblasts were stained for Thy 1 using the F15-421-5
antibody and analyzed using confocal microscopy. A: Thy 1 expression by the M5 fibroblast strain. Some fibroblasts stain positive for Thy 1 whereas others
adjacent to them fail to stain. B: Thy 1 expression by the E7 fibroblast strain. A majority of fibroblasts stain positive for Thy 1, although there are clearly some Thy

17 fibroblasts. Original magnifications, X400.

centage of Thy 1-expressing cells, and thus stained
mostly positive for Thy 1 (Figure 2B). Among five different
fibroblast strains obtained, Thy 1 expression ranged from
21 to 94% in myometrial strains and from 27 to 90% in
endometrial strains (Table 1).

Separation of M5 Myometrial Fibroblasts into
Thy 1" and Thy 1~ Subsets

The myometrial fibroblast strain M5 was chosen for fur-
ther study, as approximately one half of the cells ex-
pressed Thy 1 and it grew relatively well. This made it an
ideal candidate for separation into Thy 17 and Thy 1~
subsets. Initial analysis using flow cytometry profiles
showed that the M5 myometrial fibroblasts were hetero-
geneous for the surface marker Thy 1, where 41% of the
fioroblasts were Thy 1*. To separate the cells into Thy 1
subsets, the parental M5 strain was first sorted based on
their Thy 1 expression by fluorescence-activated cell
sorting, as described in Materials and Methods. Further
sorting using three to four rounds of magnetic bead se-
lection resulted in two fibroblast subsets, where one was

Table 1. Diversity of Thy 1 Expression in Human
Myometrial and Endometrial Fibroblasts

Myometrial Endometrial
strain % Thy 1+ strain % Thy 1*
M1 77 E6 72
M2 93 E7 90
M4 94 E8 27
M5 44 E9 31
M8 21 E10 88

Myometrial and endometrial human fibroblast strains were stained
with an isotype control antibody or with a mouse anti-human Thy 1
antibody (F15-421-5) and analyzed using in situ immunofluorescence,
as well as with flow cytometry.

>99% Thy 17 and the other >99% Thy 1. These sub-
sets displayed differences in morphology. The Thy 1+
fibroblasts were larger, with more elongated processes,
whereas the Thy 1~ fibroblasts were more rounded and
spread. Flow cytometry profiles and morphology of the
parental fibroblasts and the Thy 1" and Thy 1~ subsets
are shown in Figure 3.

Cytokine Production by M5 Fibroblast Subsets

The M5 fibroblast strain and the Thy 1% and Thy 1~
populations were next evaluated for rate of proliferation,
morphology, and cytokine production. The M5 Thy 1"
fibroblast subpopulation proliferated at a slower rate than
did the M5 Thy 17 fibroblasts (data not shown). Differ-
ences were also observed in their morphology, where the
M5 Thy 17 fibroblasts were more spindle-shaped and
had more elongated processes, whereas the M5 Thy 1~
cells were more rounded and spread (Figure 3; D to F).
To determine cytokine production, cells were stimulated
with IL-18 or IFN-y for 24 or 72 hours, respectively, as
described in Materials and Methods. Supernatants were
collected from each treatment, and concentrations of
IL-6, IL-8, and MCP-1 were determined by enzyme-linked
immunosorbent assay (Figure 4; A to C). Both subsets
produced increased amounts of IL-6 and IL-8 after IL-1B
stimulation, when compared to untreated cells. IFN-v stim-
ulation did not significantly up-regulate IL-6 or IL-8 produc-
tion in either subpopulation. This supports the concept of
fibroblast heterogeneity across tissues, as only the Thy 1"
fioroblasts were shown to produce IL-6 in the mouse
spleen.?? Interestingly, only the M5 Thy 1% subpopulation
was capable of increased MCP-1 production after IFN-y
and IL-1B8 stimulation. IFN-y treatment yielded a 25-fold
increase and IL-18 a 100-fold increase of MCP-1 over un-
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Figure 3. Separation of the M5 fibroblast strain into Thy 1" and Thy 1~ subsets. A—C: Flow cytometry analysis for Thy 1 expression by M5 parental fibroblasts,
showing 41% of the cells positive for Thy 1 (A), the M5 Thy 1~ subset, where <1% cells were positive for Thy 1 (B), and the M5 Thy 1% subset, where >99%
cells were positive for Thy 1 (C). Separation into Thy 1% and Thy 1~ subsets was accomplished using fluorescence-activated cell sorting followed by three to four
rounds of magnetic beading as described in Material and Methods. D—F: Phase contrast microscopy (original magnification, X400) indicating morphology of M5
parental (D), M5 Thy 1~ (E), and M5 Thy 1% fibroblasts (F). M5 Thy 1" fibroblasts had more elongated processes whereas the M5 Thy 17 fibroblasts were more
rounded and spread. Fibroblasts were cultured on chamber slides and viewed under phase contrast on a light/phase microscope connected to a digital camera.

Original magnification, X400.

treated cells. M5 Thy 1~ fibroblasts did not induce higher
levels of MCP-1 with cytokine stimulation.

M5 Thy 17 but Not Thy 1 Fibroblasts Up-
Regulate CD40 Surface Expression

We previously reported that myometrial fibroblasts up-
regulated CD40 expression after IFN-y treatment.’® It
was of great interest to determine whether the capability
to up-regulate CD40 was characteristic of only one of the
myometrial fibroblast subsets. Interestingly, only the M5
Thy 1*subpopulation could up-regulate CD40 expres-
sion. As shown in Figure 5A, stimulation with IFN-y for 72
hours or IL-1B for 24 hours induced a substantial up-
regulation of CD40 of 28 and 26%, respectively. M5 Thy
1% fibroblasts did not significantly express CD40 at a
basal level, with only 2% of the cells staining positive for
surface CD40. The M5 Thy 1~ subpopulation did not
considerably up-regulate CD40 expression after either
IFN-vy or IL-1B stimulation (<2%) (Figure 5B).

CD40-CD40L Interaction Induces Increased
IL-6, IL-8, and MCP-1 Production by M5 Thy
17 Fibroblasts

Since we established that only M5 Thy 1" fibroblasts
expressed high levels of CD40 on their surface, we
sought to determine whether the CD40 was functional.
IFN-y was used to up-regulate CD40 surface expression
on M5 Thy 17 fibroblasts. CD40L was then added to
ligate CD40 and thus determine the outcome of CD40-
CDA40L interaction on cytokine and chemokine produc-
tion by the M5 Thy 1% subset. As shown in Figure 6A, the
combination of IFN-y and CD40L stimulation gave a 3.5-
fold increase in IL-6 production over IFN-y or CD40L
stimulation alone. Addition of the mouse anti-human
CD40L antibody MK13A4 to cells treated with IFN-y plus
CD40L, completely blocked IL-6 production. Levels of
IL-6 were sustained when mouse IgG1 was added as a
control antibody to IFN-y- and CDA40L-treated cells.
Treatment with IFN-y together with CD40L, induced a
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Figure 4. M5 Thy 1* and Thy 1~ fibroblast subsets synthesize IL-6 and IL-8,
but only M5 Thy 17 fibroblasts produce MCP-1. Cells were serum-starved for
72 hours in 0.5% FBS and RPMI 1640 and stimulated with IFN-vy or IL-18 for
the final 24 hours in serum-free media. Supernatants were harvested and
analyzed by enzyme-linked immunosorbent assay for IL-6 and IL-8 produc-
tion as described in the Materials and Methods. IL-6 production (A) and IL-8
production (B) by M5 fibroblast subsets. IL-6 and IL-8 were produced by
both Thy 1 subsets only after IL-18 stimulation. C: MCP-1 production by M5
fibroblast subpopulations. Only M5 Thy 17 fibroblasts synthesized significant
levels of MCP-1 in response to IFN-vy. IL-18 stimulation yielded a further
4.5-fold increase in MCP-1 production. This is a representative of three
experiments (*, P < 0.05; **, P < 0.01 indicates value is statistically signifi-
cant).
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sevenfold increase in IL-8 production and a fourfold in-
crease in MCP-1 production in M5 Thy 1% fibroblasts over
stimulations with IFN-y or CD40L alone (Figure 6, B and
C). Addition of MK13A4 again reduced IL-8 and MCP-1 to
control levels, attributing a specific role of this increase to
CD40L and its interaction with CD40. IL-8 and MCP-1
levels in IFN-y- and CD40L-treated cells were not af-
fected by addition of the negative control antibody.

Discussion

Fibroblasts are dynamic cells whose functions and char-
acteristics vary according to their anatomical location
and the environment to which they are exposed. Fibro-
blast heterogeneity based on Thy 1 expression was first
established by this laboratory in the mouse lung and
spleen,?®25 and by others in the rat lung.?®*° Human
orbital fibroblasts also seem heterogeneous for Thy 1
expression.’” In this article, we report for the first time that
fibroblasts from the human endometrium and myome-
trium are heterogeneous based on bona fide surface
marker expression. It is also the first time that human
myometrial fibroblasts have been successfully separated
into two stable subsets on the basis of a surface marker
(Thy 1) and shown to be functionally heterogeneous. We
originally proposed that because Thy 1 was successfully
used to define unique subpopulations in cells of the
hematopoietic lineage (B and T lymphocytes), it could be
also used to delineate functional subsets in structural
cells.®®

Both M5 Thy 1* and Thy 1~ fibroblast subpopulations
up-regulated IL-6 and IL-8 production on stimulation with
IL-18, whereas only the M5 Thy 17 subset was capable of
MCP-1 production. IL-8 is a strong activator and che-
moattractant for neutrophils and has important functions
in the reproductive tract.”3" Neutrophils release their
specific granules (that contain collagenase) when acti-
vated and are involved in degrading the collagen fibers in
the cervix.®® Increased neutrophil accumulation has
been observed premenstrually®® and in the ripening of
the cervix, which is a prerequisite for safe labor.®* IL-6 is
a proinflammatory cytokine that is shown to participate in
cases of premature labor along with IL-18." MCP-1 is a
potent chemoattractant for monocytes and is found to
increase in the endometrial perivascular region before
menstruation.®® MCP-1 is up-regulated in the cervix after
RU486 treatment and this may cause accumulation of
leukocytes contributing to cervical ripening.®®> MCP-1
also attracts CD4- and CD8-positive T lymphocytes.*® So
when activated, myometrial Thy 17 fibroblasts contribute
to processes such as cervical ripening, acting as medi-
ators in the initiation of the inflammatory response and
neutrophil, monocyte, and T-lymphocyte recruitment via
their production of IL-6, IL-8, and MCP-1. If improperly
activated, this fibroblast subset could mediate afflictions
such as preterm labor and menstrual dysfunction.

It is now clear that the fibroblast is a key sentinel cell
that has important functions in fibrosis, wound healing,
maintenance of tissue integrity, as well as the regulation
of immune responses in various tissues.'*'® The CD40-
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Figure 5. M5 Thy 1™ fibroblasts express surface CD40. Fibroblasts were cultured with or without IFN-y (500 U/ml) for 72 hours or IL-18 (10 ng/ml) for 24 hours.
Mouse anti-human CD40 (G28-5) was used as the primary antibody and mouse IgG1 was used as the isotype control. Cells were then incubated with goat
anti-mouse Ig-FITC as a secondary antibody. Samples were analyzed on a FACSCalibur. A: CD40 expression by M5 Thy 17 fibroblasts. Stimulation with IFN-y led
to a 28% CD40 surface expression, whereas IL-1f yielded a 26% CD40 expression. Unstimulated cells only expressed minimal CD40 (<2%). B: CD40 expression
by M5 Thy 1 fibroblasts. IFN-y and IL-18 stimulation did not up-regulate CD40 expression in the M5 Thy 1~ subset (CD40 expression, <2%). This figure is

representative of three experiments.

CD40L interaction is not only crucial in signaling among
cells of the immune system, but is also important for
different inflammatory responses of nonhematopoietic
cell types.®”%8 Human orbital fibroblasts were activated
through CD40 engagement to produce IL-6 and IL-8.°
Human lung fibroblasts activated through the CDA40-
CD40L pathway, showed up-regulated cyclooxygen-
ase-2 expression and prostaglandin E, production.®®
Furthermore, human fibroblasts from various tissues and
pathological settings are shown to express CD40, sug-
gesting direct interaction with recruited inflammatory
cells established through cell adhesion.*® Fibroblasts of
the human female reproductive system were reported to
express CD40 after treatment with IFN-y."® We have es-
tablished in this report that only the M5 Thy 1 myometrial
fibroblast subpopulation is capable of up-regulating ex-
pression of CD40 with IFN-y or IL-1 stimulation, and that
CD40 engagement led to increased levels of IL-6, IL-8,
and MCP-1. This result designates the myometrial Thy 17
fibroblast as a significant player in inflammatory re-
sponses involving CD40L-bearing cells such as activated

T cells, eosinophils,” mast cells,® macrophages,*’ NK
cells,*? and activated platelets.® T cells and macro-
phages infiltrate the myometrium at the onset of labor and
mast cells exist at higher levels in the nonpregnant state.?
Besides interaction via CD40 and CD40L, it is possible
that recruited T cells further activate and stimulate che-
mokine production by Thy 17 myometrial fibroblasts via
their production of IFN-y (Th1 CD4 lymphocytes) at the
site of inflammation. In addition, activated macrophages
and neutrophils infiltrating the myometrium are a rich
source of proinflammatory mediators including IL-1.
These proinflammatory mediators are associated with
preterm labor and are responsible for inducing the cel-
lular arm of the immune response, which can be detri-
mental to successful pregnancy.*® Alternatively, Th2 CD4
lymphocytes produce cytokines that sustain the humoral
arm of the immune response, and support pregnancy.
Furthermore, at times of infection and bleeding, activated
platelets and their CD40L** may assist myometrial Thy 1%
fibroblasts in playing a role in wound-healing processes
in reproductive tissues.



A

unst.
IFNy
CD40L

CD40L/IFNy *
CD40L/IFNy
+MK13A4

CD40L/IFNy %
+Control Ab

(=]

5 10 15 20 25 30 35 40
B IL-6 conc. (ng/ml)

unst.
IFNy
CD40L

CDA40L/IFNy

*%

CD40L/IFNy
+MK13A4

CDA40L/IFNy *
+Control Ab |

0 500 1000 1500 2000 2500 3000 3500
C IL-8 conc. (pg/mi)

unst.

IFNy *

CD40L

CD40L/IFNy

* %

CD40L/FNy
+MK13A4

CDA40L/IFNy *
+Control Ab *

0 1000 2000 3000 4000 5000 6000 7000
MCP-1 conc. (pg/ml)

Figure 6. CD40-CD40L interaction induces increased IL-6, IL-8, and MCP-1
production by M5 Thy 17 fibroblasts. Fibroblasts were serum-starved for 72
hours in fresh media containing 0.5% FBS with or without IFN-y (500 U/ml).
The treatments used for the final 24 hours were: no stimulation, IFN-vy alone
(500 U/ml), CD40L alone, or IFN-y together with CD40L. The anti-CD40L
antibody MK13A4 (2.5 pg/ml) was used the final 24 hours on fibroblasts
stimulated with IFN-y and CD40L. Mouse IgG1 was added at 2.5 pg/ml as a
control antibody. Supernatants were harvested and tested for IL-6, IL-8, and
MCP-1 production by enzyme-linked immunosorbent assay. A: IL-6 produc-
tion. IFN-y and CD40L stimulation gave a 3.5-fold increase in IL-6 production
over IFN-y or CD40L stimulation alone. Addition of MK13A4 (anti-CD40L
antibody) to cells treated with IFN-y plus CD40L, completely blocked IL-6
production. B: IL-8 production. Treatment with IFN-y together with CD40L
induced a sevenfold increase in IL-8 production that is blocked by MK13A4.
C: MCP-1 production. Addition of IFN-y with CD40L yielded a fourfold
increase in MCP-1 production, which is inhibited by MK13A4. Addition of
control antibody did not affect induced IL-6, IL-8, or MCP-1 levels (¥, P <
0.05; **, P < 0.01 indicates value is statistically significant).
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The heterogeneity in Thy 1 expression among myome-
trial and endometrial fibroblasts from different specimens
indicates diverse profiles of Thy 1" fibroblasts among
patients. This could be an indication of the susceptibility
of a patient to preterm labor by untimely inflammation or
to dysfunctions of the reproductive tract such as menor-
rhagia. Local distribution of Thy 1 in the reproductive tract
also varies within the tissue. For example, in the endo-
metrium, the basalis shows Thy 1 to be restricted to the
perivascular cells, whereas in the functionalis Thy 1 ex-
pression is widely distributed among stromal cells. The
localization of Thy 1 around vessels further ensures the
possibility of Thy 17 fibroblasts coming into contact with
infiltrating immune cells. It was recently reported that a
natural human Thy 1 ligand is expressed on monocytes
and polymorphonuclear cells.*® Interaction between Thy
1 and the putative Thy 1 ligand was shown to be involved
in the cell adhesion of polymorphonuclear cells (mostly
neutrophils) and monocytes to fibroblasts and endothelial
cells expressing Thy 1.*° Furthermore, Thy 1 is highly
expressed in the uterus in new blood vessels formed after
pregnancy.*® This supports our observations and the
hypothesis that the Thy 1" fibroblasts and Thy 1 local-
ization around blood vessels in the endometrium are
important in recruiting and interacting with immune cells.
Angiogenesis is critical during pregnancy. Thy 17 fibro-
blasts recruit monocytes via production of MCP-1, and
these become tissue macrophages that are a source of
proinflammatory cytokines and are associated with an-
giogenesis.*® Furthermore, immune cells (T and B cells)
are localized particularly in the basal region, so Thy 17
fibroblasts may be involved in their presence.*”

We conclude that Thy 1" and Thy 1~ fibroblast sub-
sets in the human female myometrium are unique, dy-
namic cell populations that act differentially as mediators
in controlling normal functions and dysfunctions in the
female reproductive tract. Both Thy 1" and Thy 1~ sub-
sets produced IL-6 and IL-8, whereas only the Thy 17
subset was capable of CD40 up-regulation and MCP-1
production. The identification and characterization of dis-
tinct fibroblast subpopulations in the human reproductive
tract that have unique profiles suggests the importance of
considering alternate roles of fibroblast subpopulations in
reproductive tract processes associated with inflamma-
tion and wound healing. It is likely that each fibroblast
subpopulation contributes differently to the development
of inflammation by their secretion of soluble mediators
that orchestrate the immune response. A delineation of
the role of each subpopulation in the reproductive system
may provide insight to the development of treatments for
preterm labor and reproductive tract disorders, such as
menstrual dysfunction.
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