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Previously, our laboratory showed that bovine and caprine mammary secretions are chemotactic and that
chemoattractants found in these secretions are qualitatively different according to infection status and/or
lactation stage. However, the cellular source of the chemoattractants has not been defined. In this study we
used a modified Boyden chamber assay to examine the ability of previously established caprine mammary
epithelial cell (CMEC) and myoepithelial cell (CMMyoEC) lines to produce chemoattractants for neutrophils.
We found that CMEC culture supernatants, but not those of CMMyoEC cultures, induced in vitro neutrophil
chemotaxis. Further characterization showed that chemotactic activity was produced when the cells underwent
contact-induced differentiation. Neutrophil migration was chemotactic, not chemokinetic, and was augmented
when the epithelial and myoepithelial cells were cocultured. Additionally, chemotactic activity was inducible by
Staphylococcus aureus plus alpha-toxin, Escherichia coli, and interleukin-1f3 (IL-1B) in CMEC cultures. How-
ever, CMMyoEC cultures could not be induced to produce chemotactic activity. Anti-IL-8 antibody was able to
block some constitutively produced chemotactic activity and chemotactic activity induced by IL-13 and S.
aureus plus alpha-toxin. These results indicate that epithelial cells may play a major role in producing

chemoattractants, specifically IL-8, in the mammary gland.

Mastitic, nonmastitic, and mammary secretions from differ-
ent lactation stages induce migration of neutrophils (1, 16).
The migration of neutrophils from the peripheral blood,
through the mammary tissue, and into the mammary secretions
is called chemotaxis (24). Briefly, chemotaxis is a highly regu-
lated process in which selectins, integrins, and chemoattrac-
tants interact to generate cell migration (32). Selectins are
adhesion molecules on leukocyte membranes that have an
N-terminal domain homologous to that of Ca®"-dependent
lectins, and they are responsible for attachment of leukocytes
to vessel walls (4). Integrins are responsible for leukocyte-
endothelial cell interactions preceding migration into tissue
(13, 14). Lastly, chemoattractants are soluble mediators re-
leased at or near the site of chemotaxis. They function to
regulate integrins, bind leukocytes, and modulate migration
(24, 32). The cytokine interleukin-8 (IL-8) is one such chemo-
tactic factor.

IL-8 is a chemokine that is produced by numerous cell types,
including lymphocytes (10), neutrophils (35), monocytes/mac-
rophages (29, 34), and epithelial cells (8, 9), including human
mammary gland epithelial cells (2, 17, 20). IL-8 has several
biological roles, including the following: recruiting and activat-
ing neutrophils (11), inducing neutrophil degranulation (29),
stimulating phagocytosis of opsonized particles (7), and re-
cruiting T lymphocytes (17, 36). In addition, IL-8 has been
detected in human mammary secretions, and human maternal
cells in breast milk express mRNA for IL-8 (33). IL-8 has also
been detected in mammary secretions from glands challenged
with Escherichia coli (30, 31) and in mastitic mammary secre-
tions (1).

In this study we examined whether caprine mammary epi-
thelial cells (CMEC) and caprine mammary myoepithelial cells
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(CMMyoEC) were able to produce chemoattractants for ca-
prine neutrophils, whether the chemokine IL-8 was present,
and whether chemoattractant production by these cells was
inducible by a variety of agents. The cell lines used have been
previously described (21-23). Briefly, the CMEC show func-
tional differentiation when grown on a plastic substratum by
expressing lactation-specific proteins preferentially in cells
which form dome-like structures. Morphologic differentiation
is observed with the formation of duct-like and acinus-like
structures when cells are grown within a collagen matrix.
CMEC proliferate in response to insulin, insulin-like growth
factor 1, transforming growth factor alpha, hydrocortisone, and
the ovarian steroid estradiol, when estradiol is combined with
triiodothyronine. The complementing syngeneic CMMyoEC
line (21) was derived from the same primary mixed mammary
cell culture as CMEC. CMMyoEC have been shown to be
alpha-smooth muscle actin positive and to have a contractile
response to exogenous oxytocin. Coculture and culture super-
natant bioassay experiments with epithelial and myoepithelial
cells suggest the presence of paracrine-cell-mediated epithelial
modulation of mammary myoepithelial cells. CMEC culture
supernatants are able to augment myoepithelial-cell prolif-
eration and are chemotactic for myoepithelial cells. How-
ever, myoepithelial-cell culture supernatants are not chemo-
tactic for epithelial or myoepithelial cells. Our previous
studies have shown that epithelial and myoepithelial cell
lines are a relevant in vitro model in which to study mam-
mary gland function.

In this study, we found that CMEC but not CMMyoEC
culture supernatants were chemotactic for neutrophils. In con-
fluent cultures, the chemotactic activity was inhibited by anti-
IL-8 antibodies. Also, chemotactic activity of CMEC cultures
was induced by the proinflammatory cytokine I1L-18, by Staph-
ylococcus aureus plus alpha-toxin, and to a lesser degree by E.
coli. In contrast, CMMyoEC cultures could not be induced to
produce chemotactic factors. Additionally, the induced chemo-
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FIG. 1. Chemotactic activities of CMEC and CMMyoEC culture superna-
tants. Cells were plated at 5 X 10%, and supernatants were collected on day 5. The
data are from three separate experiments and are expressed as means + SEMs.
*, P < 0.05 compared to medium control.

tactic activities of CMEC cultures stimulated with IL-1f and S.
aureus plus alpha-toxin was inhibited by anti-IL-8 antibodies.
These studies indicate that epithelial cells, but not myoepithe-
lial cells, produce IL-8 in the mammary gland.
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FIG. 2. Chemokine activity is preferentially expressed by nonproliferating,
confluent mammary epithelial cells. A total of 5 X 10> CMEC were plated onto
6- or 24-well tissue culture plates. The culture supernatant was harvested daily
and assayed for neutrophil migration. The data are from three separate exper-
iments and are expressed as means + SEMs. *, P < 0.05 compared to the
medium control.
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FIG. 3. Checkerboard analysis of CMEC culture supernatants. Various con-
centration gradients were established by placing different dilutions (neat =
undiluted) of sample (along with responder cells) in the bottom and top wells of
the Boyden chamber. The data indicate that migration is dependent on an
increasing concentration gradient. Data are expressed as means of triplicates.

MATERIALS AND METHODS

Reagents. All reagents were obtained from Sigma Chemical Co., St. Louis,
Mo., unless otherwise noted. Anti-human IL-8 antiserum that was produced in
chickens and that was found to cross-react with (ruminant) bovine IL-8 (25) was
kindly provided by Donald L. Kreutzer (Departments of Pathology and Surgery,
School of Medicine, University of Connecticut, Farmington).

Cells and culture conditions. The CMEC and CMMyoEC established by our
laboratory were used in all experiments. The cell lines were originally derived
from a biopsy specimen of a mammary gland from a lactating (114 days post-
parturition) Anglo-Nubian (Capra hircus) goat. The established cultures showed
no evidence of a transformed phenotype and maintained anchorage dependence
and contact inhibition. Cells were routinely cultured in phenol red-free Dulbecco
modified Eagle medium—Ham’s or F-12 medium (1:1), both supplemented with
2.2 mg of sodium bicarbonate per ml, 5 mM sodium acetate, 5 g of holotrans-
ferrin per ml, 0.5 mM ethanolamine (Fisher Scientific Co., Pittsburgh, Pa.), 10 pg
of bovine insulin (Intergen Co., Purchase, N.Y.) per ml, 5 ng of hydrocortisone
(Fisher) per ml, 5% fetal bovine serum (FBS) (Rehatuin; Intergen Co.), 100 U
of penicillin G per ml, and 100 pg of streptomycin sulfate per ml. Myoepithelial
cells were routinely grown in culture media as described above for CMEC, except
that the media were supplemented (1:1) with sterile-filtered conditioned media
from log-phase CMEC cultures. Cultures were incubated at 37°C with saturated
humidity and 5% CO,. Prior to confluence, media were aseptically siphoned and
cells were detached with 0.05% trypsin—0.04% EDTA, washed three times with
modified Hanks balanced salt solution, and passaged at a threefold dilution.

Culture supernatant for constitutive chemokine expression. Experiments to
determine proliferation- and differentiation-dependent neutrophil chemokine
production by epithelial and myoepithelial cells used culture supernatants ob-
tained as follows. Epithelial and myoepithelial cells were cultured for one pas-
sage, and during the experiment, were cultured in media with a reduced serum
concentration (2.5% FBS) (sample media). Cells were seeded at 5 X 10* cells/
well/2 ml™ " in 6-, 12-, or 24-well flat-bottom tissue culture plates (Falcon; Becton
Dickinson & Co., Lincoln Park, N.J.). Supernatants were collected each day,
sterile filtered, and stored at —20°C until assayed. Cell number and viability were
determined for quadruplicate wells each day for 7 to 10 days by trypan blue
exclusion. For negative controls, media were added to tissue culture plates
without cells and collected as described above.

Coculture of epithelial and myoepithelial cells. To evaluate modulation of
chemokine production through cell-to-cell interaction, epithelial and myoepithe-
lial cells were cocultured and the supernatants were assayed for chemotactic
activity. Epithelial, myoepithelial, or epithelial and myoepithelial (1:1) cells were
seeded at a total of 5 X 10* cells/well/2 m1~! in 12-well flat-bottom tissue culture
plates (Falcon). Culture supernatants from confluent cultures and negative con-
trol media were collected as described above.

Inducible chemokine expression. CMEC and CMMyoEC were assayed for
chemotaxis activity induction by recombinant human IL-1B, alpha-hemolysin
(alpha-toxin), heat-killed S. aureus, Staphylococcus epidermidis, and E. coli. The
bacteria were from isolates of mastitic caprine mammary gland secretions sub-
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FIG. 4. Chemotactic activity of the supernatants of confluent CMEC, CMMyoEC, and CMEC-CMMyoEC cocultures. Data are from three separate experiments
and are expressed as means + SEMs. #, P < 0.001 compared to the medium control. Additionally, the CI of CMEC supernatants is statistically different from that of

CMMyoEC-CMEC coculture supernatants (P < 0.05).

mitted to the Diagnostic Testing Service, Department of Pathobiology, Univer-
sity of Connecticut. The organisms were heat killed at 56°C for 30 min, resulting
in no growth on blood agar plates. Cells were plated at 10° cells/well/ml~" in
12-well flat-bottom tissue culture plates (Falcon) and allowed to attach over-
night. The media were removed and replaced with 10 ng of IL-18 (Pepro Tech,
Inc., Rocky Hill, N.J.) per ml or 1 U of alpha-toxin (Sigma) with or without 107
S. aureus, 107 S. epidermidis, or 107 E. coli bacteria per ml of new culture media.
Bacteria were enumerated by using the BBL Prompt Inoculation System (Becton
Dickinson, Cockeysville, Md.). The cells were incubated for 18 h and the super-
natants were collected.

Isolation of responder cells. Caprine blood was collected via venipuncture into
an EDTA Vacutainer (Fisher). Whole blood was centrifuged at 400 X g for 20
min. The plasma and buffy coat layers were aspirated and the erythrocyte pellet,
which contained neutrophils, was subjected to hypotonic lysis to remove the
erythrocytes. Neutrophils were recovered (500 X g for 5 min), washed three
times with RPMI 1640, and resuspended at a final concentration of 2 X 10°
cells/ml in RPMI 1640. Typically, the viability was greater than 98%, as shown by
the trypan blue exclusion test.

Chemotactic assays. Neutrophil migration-inducing activity in culture super-
natants was assayed by using a microchemotaxis technique and a 48-well modi-
fied Boyden chamber (Neuroprobe, Cabin John, Md.) (5). A 5.0-pm-pore-size
polycarbonate membrane (Poretics Corp., Livermore, Calif.) was used. A total of
10° neutrophils in a volume of 50 wl were added in the top wells of the chamber.

The bottom wells contained 30 pl of the sample to be measured for chemotactic
activity. Cell migration proceeded in an incubator with humidified air with 5%
CO, for 30 min. The filters were then removed; the side facing the top well was
rinsed with phosphate-buffered saline and wiped clean to rid it of any nonmi-
grating cells. Filters were fixed with methanol (30 s), allowed to air dry, stained
with Diff-Quick (Fisher), mounted with the side facing the bottom well orien-
tated up onto a glass slide (75 by 50 mm) (Corning Glass Works, Corning, N.Y.),
rubbed with immersion oil, and counted under a light microscope with a 40X
objective and a 10X ocular. Neutrophil migration was expressed as chemotactic
index (CI), defined as the number of neutrophils which migrated towards a
sample divided by the number of neutrophils which migrated towards a medium
control. Dulbecco modified Eagle medium-F-12 medium, both plus supple-
ments, was used as a negative control and to ensure the assay was working
properly. Lipopolysaccharide (GIBCO, Grand Island, N.Y.)-stimulated caprine
macrophage culture supernatant was used as a positive control with RPMI 1640
as its appropriate negative control in chemotaxis assays. Briefly, 2 X 10° blood
monocytes were isolated by a Ficoll-diatrizoate gradient (specific density, 1.090)
and allowed to adhere onto plastic. Adherent macrophages were stimulated with
lipopolysaccharide (25 pg/ml) in RPMI 1640 with 10% FBS at 37°C for 24 h. The
supernatant was collected and stored at —20°C. Positive controls yielded a CI
(mean + standard error of the mean [SEM]) of 3.7 + 0.81.

Treatment of supernatants with anti-IL-8 antibodies. To determine the effect
of anti-IL-8 antibodies, supernatants were treated with chicken anti-bovine IL-8
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FIG. 5. Effect of anti-IL-8 antibodies on neutrophil chemotaxis towards CMEC culture supernatants. Cells were plated at 5 X 10* and the supernatants were
harvested when the cultures reached confluence, usually on day 5. Data are means of triplicates from a representative experiment and are expressed as means + SEMs.

*, P < 0.05 compared to the same treatment without the addition of antibodies.

antibodies as described previously (1). Briefly, supernatants were treated with an
appropriate dilution of antibodies just prior to being placed in the Boyden
chamber. Chemotaxis was allowed to occur as described above. Preimmune
chicken immunoglobulin and media with IL-8 did not effect chemotaxis.

Checkerboard analysis. Checkerboard analysis (37) to differentiate between
chemotactic activity (gradient-specific migration) and chemokinesis (random
movement) was performed by placing 30 pl of various dilutions of samples in the
lower wells of the Boyden chamber and by also placing 50 pl of various dilutions
in the upper wells with 10° responder cells. Migration assay was carried out as
described above.

Data analysis. Data were expressed as means + SEMs. Significance was
determined by using a two-tailed Student ¢ test, analysis of variance (when appro-
priate), or a Kruskal-Wallis analysis of variance on ranks (when appropriate).

RESULTS

Chemotactic activities of CMEC and CMMyoEC culture
supernatants. Figure 1 shows the chemotactic activities of
CMEC and CMMyoEC culture supernatants. CMEC superna-
tants had a CI of 4.0 + 1.1, whereas CMMyoEC supernatants
had a CI of 0.8 + 0.0. The data indicate that CMEC, but not
CMMyoEC, produce neutrophil chemoattractants.

Time course changes of chemotactic activity in culture. Ear-
lier experiments showed that supernatants of preconfluent

CMEC cultures were not able to induce in vitro neutrophil
migration (data not shown). In order to determine if a build-
ing-up of factors was needed for detection or if factors were
produced at a certain time during culture, cells with the same
density were plated onto different-size (area) plates. Figure 2
shows that the supernatants collected from plates with the
smaller area were able to induce in vitro migration earlier and
to a higher degree. This indicates that contact-induced differ-
entiation mediates the release of chemoattractants.

Checkerboard analysis of CMEC culture supernatants.
Checkerboard analysis was performed to determine whether
neutrophil migration was due to either chemotaxis or chemo-
kinesis. Dilutions of CMEC culture supernatants were added
to the upper and lower wells of the Boyden chamber and
neutrophil migration was quantitated. As shown in Fig. 3, neu-
trophil migration generally increased as the concentration gra-
dient between the upper and lower chambers increased. This
indicates that the mammary secretions were chemotactic
rather than chemokinetic.

Chemotactic activity of CMEC and CMMyoEC cocultures.
The chemotactic activity of CMEC and CMMyoEC coculture
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FIG. 6. Abilities of IL-1B and heat-killed S. aureus, S. epidermidis (S. epi), E. coli, and S. aureus plus alpha-toxin to induce CMMyoEC and CMEC to secrete
chemotactic factors. Data are from three separate experiments and are expressed as means + SEMs. *, P < 0.05 compared to CMEC cultures.

supernatants was examined. Figure 4 shows that the superna-
tants of CMEC-CMMyoEC cocultures had a significantly in-
creased level of chemotactic activity. Expected chemotactic
activity was calculated as follows: (CI of CMEC + CI of CM-
MyoEC)/CI of control. This indicates that, when the cells are
cultured together, one cell population is induced to produce
chemoattractants above what it constitutively produces.

Effect of anti-IL-8 antibodies on neutrophil chemotaxis to-
wards CMEC culture supernatants. Since IL-8 is a potent
inducer of neutrophil chemotaxis and has been shown to be
produced by numerous cell types, we examined whether IL-8
played a role in our system. Figure 5 illustrates that anti-IL-8
antibodies did not reduce any of the chemotactic activity in
supernatants collected from preconfluent and postconfluent
CMEUC cultures. However, it did reduce the chemotactic activ-
ity of confluent cultures.

Induction of chemotactic activity. We examined whether a
proinflammatory cytokine (IL-1B) or treatments that mimic

mastitic conditions could either induce the secretion of che-
moattractants in CMMyoEC or augment the production of
chemoattractants in CMEC. Figure 6a shows that none of the
treatments induced chemoattractant production from CM-
MyoEC. However, Fig. 6b shows that IL-1B, S. aureus plus
alpha-toxin, and E. coli significantly augmented the chemotac-
tic activity of CMEC cultures. With the exception of E. coli,
which slightly increased chemotactic activity, none of the treat-
ments alone with media caused neutrophil migration above the
medium control (data not shown).

Effect of anti-IL-8 antibodies on the CMEC supernatants
treated with cytokine or heat-killed bacteria. Figure 7 shows
that anti-IL-8 significantly blocked chemotactic activity in su-
pernatants from IL-1B-treated cultures and from cultures
treated with S. aureus plus alpha-toxin. It did not, however,
block chemotactic activity induced by E. coli. Anti-IL-8 alone
did not have any effect on neutrophil migration, nor did pre-
immune immunoglobulin (data not shown).
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FIG. 7. Effect of anti-IL-8 antibodies on the induced chemotactic activity of treated CMEC culture supernatants. Cells were treated as for Fig. 6. Prior to the assay
for chemotactic activity, anti-IL-8 antibodies were added to the supernatants. Data are from three separate experiments and are expressed as means + SEMs. *, P <

0.01 compared to media plus IL-8.

DISCUSSION

Migration of immune cells into the mammary gland serves to
prevent ascending infection of the gland and to provide passive
immunity to the suckling offspring. Additionally, these cells
may aid in the restructuring of the mammary gland that occurs
during involution (i.e., apoptosis). Migration of immune cells
from the vasculature system is not a random event, as the
leukocyte population in mammary secretions does not mimic
that in blood (3, 15). The highly regulated process of immune
cell migration is called chemotaxis and is controlled by the
secretion of soluble mediators called chemoattractants. Nu-
merous studies have shown the presence of chemotactic regu-
lators in mammary secretions (1, 17, 26-28). Secretion of these
soluble mediators can come from numerous cell types, includ-
ing, but not limited to, epithelial cells and leukocytes (6). In
this study, we examined the ability of mammary epithelial and
myoepithelial cells to produce soluble chemotaxis mediators.
Others have found that epithelial cells produce IL-8 (6, 17, 20,
34) and that IL-8 production can be induced by bacteria (2, 8,

12). Additionally, Michie et al. found that epithelial cells from
lactating mammary glands express IL-8 (17).

Previously, we have shown that bovine mastitic mammary
secretions contained IL-8 (1). In this study, we wanted to
further characterize the immune response to mastitic condi-
tions by elucidating whether mammary epithelial cells or mam-
mary myoepithelial cells produce chemoattractants, whether
IL-8 is involved, and whether we could induce chemoattractant
production using the proinflammatory cytokine IL-1B, bacte-
ria, or bacterial products. We found that CMEC but not CM-
MyoEC culture supernatants had chemotactic activity. The
highest level of activity occurred when the cultures reached
confluence. Also, most of the activity was inhibited by anti-IL-8
antibodies. This data correlated with what other researchers
have seen using immunohistochemistry in normal human lac-
tating breast tissue (17).

We also examined whether coculturing CMEC and CM-
MyoEC would have any effect on the production of chemoat-
tractants. CMEC culture supernatants support the growth of
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CMMyoEC, and we have found that CMEC culture superna-
tants are chemotactic for CMMyoEC (21). In this experiment,
there was an increase in chemotactic activity when the cells
were cultured together, indicating that an additive effect may
occur in vivo. Also, in vivo, the effect of other cells and con-
nective tissue may augment the ability of cells to secrete che-
moattractants. Lastly, we examined the ability of IL-18 and
bacteria or bacterial products to induce chemotactic activity in
both CMEC and CMMyoEC cultures. None of the treatments
tried could induce CMMyoEC to produce chemoattractants.
However, IL-1B, S. aureus plus alpha-toxin, and E. coli all
induced an augmented chemotactic response by neutrophils
towards the stimulated supernatants. Neither S. epidermidis, S.
aureus, nor alpha-toxin alone augmented the activity. The in-
creased activity of the cultures stimulated with IL-18 and S.
aureus plus alpha-toxin, but not that of E. coli-stimulated cul-
tures, was inhibited by IL-8, indicating that the increased ac-
tivity was due to the presence of IL-8. Increased IL-8 levels are
seen in most inflammatory events and are preceded and stim-
ulated by IL-1 production. The activity caused by E. coli needs
to be studied further, as others have found that E. coli can
induce IL-8 production in mammary secretions from chal-
lenged glands (30, 31). That this was not observed in cultures
may have been due to the lack of other cell types and complex
tissue organizations that may be responsible for releasing fac-
tors responsible for subsequent IL-8 production by the epithe-
lial cells.

It appears that in the mastitic mammary gland, epithelial
cells but not myoepithelial cells are major sources for IL-8. The
increased IL-8 levels may be responsible for the large influx of
neutrophils into the gland during infection. This does not rule
out the possibility that IL-8 may also be produced by leuko-
cytes found in the mammary secretions. However, IL-8 pro-
duced by immune cells may have more of an effect on the
suckling newborn than on the recruitment of immune cells into
the gland. One theory suggests that ingested chemokines play
a role in the trafficking of ingested leukocytes (17-19). More
work needs to be done to definitively prove this.

Identifying which cells produce chemotactic mediators and
when they produce them will help in designing therapies to
modulate (either down regulate or up regulate) the immune
response to pathogens, allergic responses, and injuries that
occur as a result of the influx of cells (reperfusion injury). In
summary, we describe an in vitro model combining mammary
epithelial and myoepithelial cells that allowed us to study the
expression and modulation of chemokines. Epithelial-cell-spe-
cific secretion of chemotactic factors may play a role in ho-
meostasis by contributing to the constant influx of immune
cells that function to protect the mammary gland from infec-
tion. Although it has not been described, chemokine expres-
sion, to be effective, would be expected at the basal surfaces of
epithelial cells that line the intralobular ducts and acini of the
lactating gland. This would facilitate site-specific recruitment
of neutrophils and lymphocytes. During mammary gland invo-
lution, with the breakdown of interepithelial-cell tight junc-
tions, lumen-derived chemokine would be important for the
recruitment of immune cells into the regressing acini, facilitat-
ing glandular remodeling.
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