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We showed that internalization of Streptococcus uberis into bovine mammary epithelial cells occurred through receptor- (RME)
and caveolae-mediated endocytosis (CME). We reported also that treatment of S. uberis with host proteins including lactoferrin
(LF) enhanced its internalization into host cells. Since the underlying mechanism(s) involved in such enhancement was unknown
we investigated if preincubation of S. uberis with host proteins drives internalization of this pathogen into host cells through CME.
Thus, experiments involving coculture of collagen-, fibronectin-, and LF-pretreated S. uberis with bovine mammary epithelial
cells treated with RME and CME inhibitors were conducted. Results showed that internalization of host proteins-pretreated S.
uberis into mammary epithelial cells treated with RME inhibitors was higher than that of untreated controls. These results suggest
that pretreatment with selected host proteins commits S. uberis to CME, thus avoiding intracellular bactericidal mechanisms and
allowing its persistence into bovine mammary epithelial cells.

1. Introduction

To survive in well-protected host microenvironments, bac-
terial pathogens have evolved pathogenic strategies aimed
to bypass host defenses mechanisms. Adherence to and
internalization into host cells are bacterial-induced strategies
that allow bacterial pathogens to defeat defense mech-
anisms functional at mucosal surfaces. However, after
internalization, pathogens need to overcome intracellular
bacteriostatic/bactericidal mechanisms, such as endosome
acidification and endosome-lysosome fusion. Classical and
nonclassical intracellular bacterial pathogens have evolved
strategies to circumvent and even take advantage of bacterici-
dal mechanisms operating in the host cell cytoplasm. Hence,
while some pathogens enter host cells via receptor-mediated
endocytosis (RME) and exploit acidic endosomal pH to fully
express their virulence factors [1, 2], other pathogens exploit
caveolae mediated endocytosis (CME), which is not linked to
endosomal acidification or fusion with the lysosome [3–8].

Exploitation of CME to gain access into the host cell has been
described for a growing list of pathogens, including S. uberis
[9]. Binding of host proteins such as extracellular matrix
proteins has been associated with enhanced adherence to
and internalization into host cells by several pathogens.
The mechanism by which adherence and internalization
are enhanced seems to occur through a molecular bridge
(or sandwich) formed by the pathogen, the host protein,
and its corresponding receptor located on the surface of
the host cell. In many cases, the host protein interacts
directly or indirectly with integrins which in turn orchestrate
conformational changes that mediate the internalization of
the pathogen into the host cell cytoplasm. A molecular
bridge conformed by S. uberis adhesion molecule (SUAM),
bovine lactoferrin, and a putative (LF) receptor in the
membrane of MAC-T cells was recently described [10]. This
mechanism postulated as a pathogenic strategy by which S.
uberis exploits the abundance of LF in bovine mammary
gland secretion to increase adherence to and internalization
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into bovine mammary epithelial cells. The pathway by
which pathogens ingress into host cells is of paramount
importance for the pathogen’s intracellular survival, for
example RME means for the invading pathogen to face
bactericidal mechanisms such as endosome acidification and
endosome-lysosome fusion as compared with CME which
does not involve these steps. Research conducted in our
laboratory showed that increased internalization of S. uberis
into host cells occurred upon treatment with extracellular
matrix proteins (ECM) or LF [11–13]. To define if the
binding of these host proteins enhances internalization of
S. uberis through CME and therefore, increased chances of
survival and intracellular persistence, experiments involving
bovine mammary epithelial cells treated with CME and RME
inhibitors and S. uberis pretreated with collagen, fibronectin,
and LF were conducted.

2. Materials and Methods

2.1. Bacterial Species and Culture Conditions. The S. uberis
strains UT888 and UT366, isolated originally from cows with
mastitis, identified using standard bacteriological identifica-
tion protocols and characterized by PCR-based DNA finger-
printing as described in [14] were used. For internalization
assays, S. uberis UT888 and UT366, stored at −80◦C in 10%
skin milk, were thawed in a 37◦C water bath, plated onto
trypticase soy agar plate supplemented with 5% defibrinated
sheep blood (BAP, Becton Dickinson and Company, Franklin
Lakes, NJ, USA), and incubated for 16 hours at 37◦C. After
incubation, bacterial lawns were harvested, resuspended in
20 mL Todd Hewitt broth (THB, Becton Dickinson Co.,
Sparks, MD), and incubated with orbital shaking (150 rpm)
for 2 hours at 37◦C (C24 Incubator Shaking, New Brunswick
Scientific, Eden, NJ, USA). Bacterial suspensions were then
washed three times by centrifugation (2,500 xg, 15 minutes
at 4◦C) in phosphate buffer saline (PBS, pH 74), resuspended
to original volume in PBS (pH 7.4), and diluted 1 : 100 in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Grand
Island, NY, USA).

2.2. Mammary Epithelial Cell Culture. A bovine mammary
epithelial cell line (MAC-T) was used [15]. MAC-T cells
were grown in 24-well cell culture plates (Corning Inc.,
Corning, NY, USA) or 8-well slides (Lab-Tek II, Nalge Nunc
International Corp., Naperville, IL, USA) at 37◦C in 5%
CO2 : 95% air (vol/vol) using a cell growth media (CGM)
as described in [9] at a cell density of ∼1 × 106 cells/mL.
For transcytosis experiments, MAC-T cells were seeded
onto 1.0 μm pore-size fibrillar collagen-coated inserts (BD
BioCoat Multiwell Insert System, Becton Dickinson, Franklin
Lakes, NJ, USA) allowing cells to reach confluence. MAC-T
cells monolayer integrity and functional barrier were assessed
as described in [16, 17].

2.3. Bacterial Internalization Assay. Internalization assays
were performed following previously described protocols
[9, 11] with modifications. Briefly, S. uberis strains UT888
and UT366 were cocultured with MAC-T cells in DMEM

(Gibco BRL) with and without addition of fibronectin (FN,
10 μg/mL), collagen (Coll, 25 μg/mL), or LF (1 mg/mL) for 2
hours at 37◦C in 5% CO2 : 95% air (vol/vol). After removing
CGM from MAC-T monolayers, 1 mL of DMEM containing
S. uberis UT888 or UT 366 (∼107 colony forming units
per mL (cfu/mL)) was added per well at an MOI of 10,
using 3 wells for each strain and condition studied. After
incubation (2 hours, 37◦C in 5% CO2 : 95% air (vol/vol)),
monolayers were washed 3 times with PBS (pH 7.4) and
incubated with CGM containing gentamicin (100 μg/mL;
Sigma Chemical Co., St. Louis, MO, USA) and penicillin G
(100 UI, Sigma Chemical Co.) for 2 hours at 37◦C in 5%
CO2 : 95% air (vol/vol). After removal of media containing
antibiotics, MAC-T monolayers were washed three times
with PBS (pH 7.4), treated with trypsin (0.25% in double
distilled H2O, Sigma Chemical Co.), and lysed with Triton X-
100 (0.025% in sterile double distilled H2O, Sigma Chemical
Co.). Colony-forming units/mL of internalized bacteria were
calculated using standard plate counting techniques. To
inhibit CME, MAC-T cells were pretreated with methyl-β-
cyclodextrin (MβC, 10 mM in DMEM, Sigma Chemical Co.)
for 1 hour at 37◦C in 5% CO2 : 95% air (vol/vol). To inhibit
RME, MAC-T cells were treated with monodansylcadaverine
(MDC, 3 mM in DMEM, Sigma Chemical Co.) for 1 hour
at 37◦C. For transcytosis experiments, host proteins- treated
or -untreated S. uberis were cocultured with MAC-T cells
pretreated with CME or RME inhibitors, as described
above. Transcytosis of S. uberis through bovine mammary
epithelial cells was assessed by sampling culture medium
in the lower compartment of the invasion chamber at 60,
120, and 180 minutes of incubation. Colony-forming units
were calculated using standard plate counts techniques. The
innocuity of treatments with MβC or MDC on bovine
mammary epithelial cells was assessed by staining MAC-
T cell monolayers with Trypan blue staining and 4′-6-
Diamidino-2-phenylindole (DAPI, Invitrogen, Boston, MA,
USA) stain.

2.4. Scanning Electron Microscopy. MAC-T cell monolayers
grown on collagen-coated inserts (BD BioCoat Multiwell
Insert System, Becton Dickinson) were cocultured with S.
uberis in DMEM (Gibco BRL) with and without addition
of FN, (10 μg/mL, Sigma Chemical Co.), Coll, (25 μg/mL,
Sigma Chemical Co.), or lactoferrin (LF, 10 mg/mL, Sigma
Chemical Co.), for 2 hours at 37◦C in 5% CO2 : 95% air
(vol/vol). Monolayers were washed 3 times with PBS (pH
7.4) and fixed by incubation with 2.5% glutaraldehyde in
distilled water for 2 hours at 4◦C. Subsequently, monolayers
were washed with distilled water, postfixed in 1% osmium
tetraoxide (Sigma Chemical Co.), and dehydrated through a
graded alcohol series. Finally, monolayers were critical point
dried, mounted on specimen stub with silver paste, coated
with palladium alloy, and examined by SEM (Carl Zeiss SMT
Inc., Peabody, MA, USA).

2.5. Statistics. Each assay was performed in three indepen-
dent tests running each experimental condition in triplicate.
Means from each experiment were analyzed by ANOVA.
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Figure 1: Effect of treatment with host proteins on caveloae-
mediated internalization of Streptococcus uberis into bovine mam-
mary epithelial cells. Fibronectin (FN), collagen (Coll), and bovine
lactoferrin (LF), pretreated S. uberis UT888 ( ) and UT366 ( )
were cocultured with bovine mammary epithelial cells treated
with the receptor-mediated endocytosis inhibitor monodansyl-
cadaverine (MDC) and colony forming units per ml (cfu/mL)
of intracellular S. uberis calculated. Data are presented as the
percentage of untreated controls (100%; UT888 = 7.9 × 104;
UT366 = 7.0 × 103) and bars represent the standard error of the
mean (SEM) of three independent experiments run in triplicate.
(∗) indicates statistically significant differences (P < .05) with
the corresponding control. Means with similar superscript letters
within each strain are statistically different (P < .05).

Means of experimental conditions that showed statistically
significant differences (P < .05) were further analyzed by
Student’s t test using ProStat (Poly Software International,
Salt Lake City, UT, USA) statistical software.

3. Results

3.1. Internalization of S. uberis Treated with Host Proteins into
MAC-T Cells Treated with RME Inhibitors. Previous research
[11, 13] showed that treatment with Coll, FN, and bovine
LF enhanced adherence to and internalization of S. uberis
into bovine mammary epithelial cells. Since it was found that
internalization of S. uberis into bovine mammary epithelial
cells occurred via RME or CME [9], RME was inhibited
in bovine mammary epithelial cells with MDC to define
if treatment of S. uberis with host proteins (Coll, FN, and
LF) enhanced internalization into host cells through CME.
Under these experimental conditions, internalization of S.
uberis into host cells via RME would be inhibited and entry
into host cells would proceed mainly through CME. Results
showed that internalization of S. uberis strains pretreated
with FN, Coll, and LF into MAC-T cells treated with MDC
was significantly higher (P < .05) than the corresponding
values for untreated S. uberis (Figure 1). When the effect
of these host proteins on internalization of S. uberis into
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Figure 2: Effect of treatment with host proteins on receptor-
mediated internalization of Streptococcus uberis into bovine mam-
mary epithelial cells. Fibronectin (FN), collagen (Coll), and
bovine lactoferrin (LF), pretreated S. uberis UT888 ( ) and
UT366 ( ) were cocultured with bovine mammary epithelial cells
treated with the caveolae-mediated endocytosis inhibitor Methyl-
β−cyclodextran (MβC) and colony forming units per ml (cfu/mL)
of intracellular S. uberis calculated. Data are presented as the
percentage of untreated controls (100%; UT888 = 7.5 × 102;
UT366 = 3.0 × 102) and bars represent the standard error of the
mean (SEM) of three independent experiments run in triplicate.
(∗) indicates statistically significant differences (P < .05) with
the corresponding control. Means with similar superscript letters
within each strain are statistically different (P < .05).

host cells treated with MDC was compared, it was found
that treatment of both S. uberis strains with Coll induced
the highest (P < .05) internalization. Treatment of S.
uberis UT888 with FN, Coll, and LF induced relative higher
internalization into host cells than S. uberis UT366 under
similar treatment conditions.

3.2. Internalization of S. uberis Treated with Host Proteins
into MAC-T Cells Treated with CME Inhibitors. Methyl-
β-cyclodextrin (MβC) was used to selectively sequester
cholesterol from the plasma membrane, in preference to
other membrane lipids, with subsequent loss of caveolae-
dependent endocytosis [6, 9, 18]. To elucidate if RME of
S. uberis into MAC-T cells, which would predominate in
eukaryotic cells upon treatment with CME inhibitors such
as MβC, changed upon treatment of S. uberis with host
proteins, MβC-treated MAC-T cells were cocultured with
S. uberis pretreated with Coll, FN, and LF. Internalization
of S. uberis into MAC-T cells treated with MβD was less
efficient than into MAC-T cells treated with MDC (Figures
1 and 2). Internalization of S. uberis pretreated with host
proteins into MAC-T cells treated with MβD was 1.1 to
1.6 and 1.2 to 2.2 higher than that in untreated controls,
whereas the corresponding values for MAC-T cells treated
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Figure 3: Effect of treatment with host proteins on transcytosis
of Streptococcus uberis across bovine mammary epithelial cells
treated with the receptor mediated endocytosis inhibitor mon-
odansylcadaverine. Fibronectin (FN), collagen (Coll), or bovine
lactoferrin (LF), pretreated S. uberis UT888 ( ) and UT366 ( )
were cocultured with bovine mammary epithelial cells treated
with the receptor-mediated endocytosis inhibitor monodansylca-
daverine (MDC), and colony forming units per ml (cfu/mL) of
S. uberis that transcytosed bovine mammary epithelial cells were
calculated at 60 minutes. Data are presented as the percentage of
untreated controls (100%; UT888 = 6.0 × 102; UT366 = 3.0 ×
102) and bars represent the standard error of the mean (SEM)
of three independent experiments run in triplicate. (∗) indicates
statistically significant differences (P < .05) with the corresponding
control. Means with similar superscript letters within each strain are
statistically different (P < .05).

with MDC were 4.4 to 5.6 and 2.7 to 4.4 times higher
for the strains UT888 ad UT366, respectively than those
for untreated controls. Strain differences were observed.
For instance, when internalization of Coll-treated S. uberis
UT888 and UT366 into MAC-T cells treated with MβD was
compared, it was found that the strain UT366 was more
efficient than the strain UT888.

3.3. Transcytosis of ECM-Treated S. uberis through MAC-T
Cells Treated with RME Inhibitor. Previous data generated by
our group showed that S. uberis was capable of transcytosing
bovine mammary epithelial cells [13]. Reports suggested that
transcytosis of bacterial pathogens through host cells could
be linked to CME of pathogens into host cells [5, 9]. Since
treatment of S. uberis with host proteins enhanced the use
of CME to internalize into host cells, it was of interest to
find if this internalization strategy was linked to increased
transcytosis of S. uberis through host cells. When MAC-T
cells monolayers were treated with MDC inhibitors and then
cocultured S. uberis pretreated with Coll, FN, and LF, tran-
scytosis was higher as compared with S. uberis nontreated
controls (Figure 3). When the transcytosis-enhancing effect
was compared among host protein treatments, it was found
that treatment with Coll resulted in the highest (P < .05)
transcytosis of S. uberis through host cells. Strain differences
were also detected; S. uberis UT888 showed relative higher
transcytosis as compared with S. uberis UT366. The effect
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Figure 4: Transcytosis of Streptococcus uberis pretreated with host
proteins across bovine mammary epithelial cells treated with the
receptor mediated endocytosis inhibitor monodansylcadaverine
detected at different incubation times. Fibronectin (FN), collagen
(Coll), or bovine lactoferrin (LF) pre-treated S. uberis UT888 was
cocultured with bovine mammary epithelial cells treated with the
receptor-mediated endocytosis inhibitor monodansylcadaverine
(MDC), and colony forming units per ml (cfu/mL) of S. uberis that
transcytose bovine mammary epithelial cells were calculated at 60
( ), 120 ( ), and 180 ( ) min of incubation. Data are presented
as the percentage of transcytosis through monodansylcadaverine
treated bovine mammary epithelial cells (100%, 60 minutes = 5.1
× 102, 120 minutes = 6.3 × 102; 180 minutes = 1.0 × 103) at each
incubation time and bars represent the standard error of the mean
of three independent experiments run in triplicate. (∗) indicates
statistically significant differences (P < .05) with the corresponding
control. Means with similar superscript letters within each sampling
time are statistically different (P < .05).

of host proteins on transcytosis of S. uberis across host cells
at different incubation times was investigated also. Results
presented in Figure 4 show that the highest percentage of
transcytosis occurred after 120 minutes as compared to 60
or 180 minutes of incubation.

3.4. Scanning Electron Microscopy. Scanning electron micro-
scopy inspection of bovine mammary epithelial cells cocul-
tured with S. uberis pretreated with host proteins (Coll,
FN, and LF) revealed an intense host cell membrane reac-
tion characterized initially by the formation of “spaghetti-
like” filopodia at the point of contact with S. uberis cells
(Figure 5(a)). Upon contact with the plasma membrane, a
triggering mechanism seemed to induce the formation of
“spaghetti-like” filopodia that stick to and cover S. uberis
(Figure 5(b)). This process was followed by the formation
of ruffles or “flap-like” structures that were detected around
plasma membrane invaginations (Figure 5(c)). Internaliza-
tion of S. uberis into host cells appeared to be driven by flap-
like structures, which induced internalization of S. uberis into
host cells through plasma membrane invaginations (Figures
5(c) and 5(d)). In contrast, scanning electron inspection of
bovine mammary epithelial cells cocultured with untreated
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Figure 5: Scanning electron microscopy (SEM) of cocultures of bovine mammary epithelial cells with host-proteins pre-treated S.
uberis. Streptococcus uberis was pre-treated with collagen, fibronectin, or lactoferrin and cocultured with bovine mammary epithelial cells.
Cocultures were observed using SEM at different incubation times. Upon contact with S. uberis (∗) bovine mammary epithelial cells reacted
(a) with the formation of plasma membrane invaginations (black arrows) and “spaghetti like” filopodia (white arrows) that stick to and
covered (b) S. uberis formations of more than one cell. Filopodia then seemed to become flap-like structures (striped arrows) that engulfed
single S. uberis cells (c) and drove their internalization into host cells through cell membrane invaginations. The internalization process
seemed to end with the “patching” of cell membrane invaginations through which S. uberis gained access into the host cell (dot-filled arrows
(d)) with flap-like structures.

S. uberis showed a moderate host cell membrane reaction
(Figure 6) as compared with the corresponding for S. uberis
pre-treated with host proteins. Even though filopodia, flap-
like structure, and invaginations were detected, these seemed
not to be as involved in internalization of S. uberis as when S.
uberis was pretreated with Coll, FN, or LF (Figure 6(a)–6(c)).
Figure 6(d) is an SEM micrograph of MAC-T not cocultured
with S. uberis.

4. Discussion

Binding of host proteins provides bacterial pathogens with
important pathogenic advantages such as increased adher-
ence to host cells or masking of surface epitopes, which
hamper the function of phagocytic cells [19]. Work from
our group showed that when pre-treated with Coll, FN,
or LF, S. uberis internalized better into bovine mammary
epithelial cells than untreated controls [11, 13]. Further
research work showed that even though S. uberis exploited
RME or CME to gain access into host cells, significantly

higher internalization occurred through caveloae-mediated
mechanisms [9]. Results from the present study showed
that internalization of S. uberis into bovine mammary
epithelial cells treated with an RME inhibitor was enhanced
significantly by pretreatment of the pathogen with Coll,
FN, or LF. Among these protein treatments, Coll showed
the greatest effect on internalization. These results suggest
that treatment with these host proteins commits S. uberis
to internalize into host cells through caveolae-mediated
mechanisms. Results from cocultures of similarly pre-treated
S. uberis with mammary epithelial cells treated with the
caveolae inhibitor MβD showed that even though inter-
nalization was increased, it was significantly lower than
when bovine mammary epithelial cells were treated with
RME inhibitor. These findings suggest that pre-treatment
with Coll, FN, or LF preferentially enhanced internalization
of S. uberis through the caveolae system than through
RME. A common observation from both experiments was
that Coll was the host protein treatment that had the
greatest effect on internalization of S. uberis into host
cells.
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Figure 6: Scanning electron microscopy (SEM) of cocultures of bovine mammary epithelial cells with untreated S. uberis. Untreated
Streptococcus uberis was cocultured with bovine mammary epithelial cells and observed using SEM at different incubation times (a)–(c).
Upon contact with S. uberis (∗) bovine mammary epithelial cells did not reacted abundantly as seen with S. uberis pretreated with fibronectin,
collagen, or bovine lactoferrin. Although filopodia (white arrows) and flap-like structures (stripped arrows) were detected, these structures
were also observed in MAC-T cells not cocultured with S. uberis (d). Even though cell membrane invaginations (black arrows) as well as S.
uberis internalization (dot-filled arrows) were detected, neither flap-like structures engulfing bacteria nor filopodia sticking or covering S.
uberis were observed.

Previous reports linked caveolae-mediated internaliza-
tion with transcytosis of pathogens through host cells [20,
21] and research conducted by our group showed that
upon pre-treatment of S. uberis with LF, transcytosis of
S. uberis through bovine mammary epithelial cells was
higher as compared with untreated controls [13]. There-
fore, we investigated if pre-treatment of S. uberis with
Coll, FN, or LF enhanced transcytosis through bovine
mammary epithelial cells treated with the RME inhibitor
MDC. Results showed that treatment with these host pro-
teins significantly enhanced transcytosis as compared with
nontreated S. uberis, suggesting that enhanced transcytosis
was a consequence of improved preferential internalization
of S. uberis into host cells through caveolae-mediated
mechanisms.

SEM studies on cocultures of bovine mammary epithelial
cells cocultured with S. uberis pretreated with Coll, FN,
and LF showed a massive bovine mammary epithelial
cell reaction characterized by formation of “spaghetti-like”
filopodia, flap-like structures, and membrane invaginations

occurred at the area where S. uberis contacted with the host
cell surface. Such changes were much less noticeable in SEM
of MAC-T cells cocultured with untreated S. uberis.

Entry of ECM or LF treated S. uberis into host cells
apparently took place through a process driven by flap-like
structures that engulfed and internalized S. uberis through
plasma cell invaginations. This process seems similar to the
one described by Molinari et al. [22] in that invaginations
through which S. uberis internalize into host cell were
described in the interaction of Streptococcus pyogenes A40, a
FN-binding strain, with Hep-2 cells.

Results from SEM of nontreated S.uberis showed that
bovine mammary epithelial cells did not react with the same
intensity as with host proteins-pretreated S. uberis. These
findings are in agreement with the concept that treatment of
S. uberis with Coll, FN, or LF enhances entry and facilitates
persistence of S. uberis inside bovine mammary epithelial
cells.

Results presented in this investigation suggest that
treatment of S. uberis with Coll, FN, or LF enhanced
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exploitation of caveolae-mediated internalization of this
pathogen into host cell and this effect has several impor-
tant biological implications. Exploitation of CME not only
allows S. uberis to avoid phagosome acidification and
fusion with lysosome but also allows transcytosis of S.
uberis across host cells, invasion of underlying tissue, and
spreading and persistence of S. uberis in the mammary
parenchyma.

Collagen, FN, and LF and their derivatives are host
proteins found in elevated concentrations at the late invo-
lution period of bovine mammary glands [23], that is,
when, coincidentally, the highest prevalence of S. uberis
intramammary infections (IMIs) is commonly detected [24].
Very frequently, the infection originated by S. uberis during
the nonlactating period persists for long periods in the
ensuing lactation [14]. Therefore, it is possible that binding
of extracellular matrix proteins (Coll, FN, and LF) and their
derivatives is a pathogenic strategy that allows S. uberis to
internalize better into host cells avoiding intracellular bac-
teriostatic/bactericidal mechanisms and inducing persistent
IMI.

In this study, strain differences were found. Results
showed that of both S. uberis strains pretreated with Coll,
FN, or LF, S. uberis UT888 internalized into and transcytosed
through bovine mammary epithelial cells treated with RME
inhibitors better than S. uberis UT366, whereas the opposite
results were observed when host cells treated with MβC were
used. Intramammary infections caused by S. uberis UT888
are mild, subacute and could progress into chronic persistent
infections that can persist for more than one lactation [14].
In contrast, IMIs caused by S. uberis UT366 are extremely
severe, hyperacute, inducing important systemic clinical
symptoms but rarely chronic IMI [25]. Taken together, it can
be speculated that the ability of S. uberis UT888 to induce
chronic infection could be due to its higher capability to
exploit caveolae-mediated internalization, which is enhanced
by the binding of host factors such as Coll, FN, and LF.
With regards to the experimental questions delineated in
the introduction, we believe that rather than being an
alternative process, binding of host proteins evaluated in
this investigation leads to a synergistic process that not
only increased internalization but also enhanced intracel-
lular survival of S. uberis as compared with untreated
controls.

In conclusion, results from this investigation indicate that
the binding of Coll, FN, or LF enhanced caveolae-mediated
internalization of S. uberis into bovine mammary epithelial
cells, favoring intracellular survival and persistence of this
important mastitis pathogen. Future work should define if a
correlation between internalization of S. uberis into host cells
via caveolae-mediated mechanisms and the ability to induce
chronic/persistent IMI exists.

Acknowledgment

This project was supported by the National Research Initia-
tive of the USDA Cooperative State Research, Education and
Extension Service, Grant no. 2004-35204-14739.

References

[1] B. B. Finlay and P. Cossart, “Exploitation of mammalian host
cell functions by bacterial pathogens,” Science, vol. 276, pp.
718–725, 1997.

[2] F. Garcia-del Portillo and B. B. Finlay, “The varied lifestyles of
intracellular pathogens within eukaryotic vacuolar compart-
ments,” Trends in Microbiology, vol. 10, no. 10, pp. 373–380,
1995.

[3] J.-S. Shin and S. N. Abraham, “Glycosylphosphatidylinositol-
anchored receptor-mediated bacterial endocytosis,” FEMS
Microbiology Letters, vol. 197, no. 2, pp. 131–138, 2001.

[4] P. Peyron, C. Brodier, E. N. N’Diaye, and I. Maridonneau-
Parini, “Nonopsonic phagocytosis of Mycobaterium kansasii
by human neutrophils depends on cholesterol and is medi-
ated by CR3 associated with glycosylphosphatidylinositol-
anchored proteins,” The Journal of Immunology, vol. 165, pp.
5186–5191, 2000.

[5] S. K. Sukumaran, M. J. Quon, and N. V. Prasadarao,
“Escherichia coli K1 internalization via caveolae requires
caveolin-1 and protein kinase Cα interaction in human
brain microvascular endothelial cells,” Journal of Biological
Chemistry, vol. 277, no. 52, pp. 50716–50724, 2002.

[6] M. Rohde, E. Müller, G. S. Chhatwal, and S. Talay, “Host
cell caveolae act as an entry-port for Group A streptococci,”
Cellular Microbiology, vol. 5, no. 5, pp. 323–342, 2003.

[7] L. C. Norkin, “Caveolae in the uptake and targeting of
infectious agents and secreted toxins,” Advanced Drug Delivery
Reviews, vol. 49, no. 3, pp. 301–315, 2001.

[8] R.-V. Stan, “Structure and function of endothelial caveolae,”
Microscopy Research and Technique, vol. 57, no. 5, pp. 350–364,
2002.

[9] R. A. Almeida and S. P. Oliver, “Trafficking of Streptococcus
uberis in bovine mammary epithelial cells,” Microbial Patho-
genesis, vol. 41, no. 2-3, pp. 80–89, 2006.

[10] D. Patel, R. A. Almeida, J. R. Dunlap, and S. P. Oliver, “Bovine
lactoferrin serves as a molecular bridge for internalization of
Streptococcus uberis into bovine mammary epithelial cells,”
Veterinary Microbiology, vol. 137, pp. 297–301, 2009.

[11] R. A. Almeida, D. A. Luther, and S. P. Oliver, “Incubation
of Streptococcus uberis with extracellular matrix proteins
enhances adherence to and internalization into bovine mam-
mary epithelial cells,” FEMS Microbiology Letters, vol. 178, no.
1, pp. 81–85, 1999.

[12] R. A. Almeida, D. A. Luther, R. Nair, and S. P. Oliver, “Binding
of host glycosaminoglycans and milk proteins: possible role in
the pathogenesis of Streptococcus uberis mastitis,” Veterinary
Microbiology, vol. 94, no. 2, pp. 131–141, 2003.

[13] R. A. Almeida, D. A. Luther, H.-M. Park, and S. P. Oliver,
“Identification, isolation, and partial characterization of a
novel Streptococcus uberis adhesion molecule (SUAM),” Vet-
erinary Microbiology, vol. 115, no. 1–3, pp. 183–191, 2006.

[14] S. P. Oliver, B. E. Gillespie, and B. M. Jayarao, “Detection
of new and persistent Streptococcus uberis and Streptococcus
dysgalactiae intramammary infections by polymerase chain
reaction-based DNA fingerprinting,” FEMS Microbiology Let-
ters, vol. 160, no. 1, pp. 69–73, 1998.

[15] H. T. Huynh, G. Robitaille, and J. D. Turner, “Establishment of
bovine mammary epithelial cells (MAC-T): an in vitro model
for bovine lactation,” Experimental Cell Research, vol. 197, no.
2, pp. 191–199, 1991.

[16] Y. Lin, L. Xia, J. D. Turner, and X. Zhao, “Morphologic
observation of neutrophil diapedesis across bovine mammary



8 Veterinary Medicine International

gland epithelium in vitro,” American Journal of Veterinary
Research, vol. 56, no. 2, pp. 203–207, 1995.

[17] E. A. MacDonald, L. Xia, H. Monardes, and J. D. Turner,
“Neutrophil function in vitro: diapedesis and phagocytosis,”
Journal of Dairy Science, vol. 77, no. 2, pp. 628–638, 1994.

[18] M. Lin and Y. Rikihisa, “Obligatory intracellular parasitism
by Ehrlichia chaffeensis and Anaplasma phagocytophilum
involves caveolae and glycosylphosphatidylinositol-anchored
proteins,” Cellular Microbiology, vol. 5, no. 11, pp. 809–820,
2003.

[19] P. Nitsche, M. Rohde, and G. E. Chhatwal, “Adhesion and
invasion of Streptococci in eukaryotic cells,” in Molecular
Biology of Streptococci, R. Hakenbeck and G. E. Chhatwal, Eds.,
pp. 487–488, Horizon Bioscience, Norfork, UK, 2007.

[20] P. L. Tuma and A. L. Hubbard, “Transcytosis: crossing cellular
barriers,” Physiological Reviews, vol. 83, no. 3, pp. 871–932,
2003.

[21] Z.-J. Cheng, R. D. Singh, D. L. Marks, and R. E. Pagano,
“Membrane microdomains, caveolae, and caveolar endocyto-
sis of sphingolipids,” Molecular Membrane Biology, vol. 23, no.
1, pp. 101–110, 2006.

[22] G. Molinari, M. Rohde, C. A. Guzmán, and G. S. Chhatwal,
“Two distinct pathways for the invasion of Streptococcus
pyogenes in non- phagocytic cells,” Cellular Microbiology, vol.
2, no. 2, pp. 145–154, 2000.

[23] A. Rabot, F. Sinowatz, B. Berisha, H. H. D. Meyer, and D.
Schams, “Expression and localization of extracellular matrix-
degrading proteinases and their inhibitors in the bovine mam-
mary gland during development, function, and involution,”
Journal of Dairy Science, vol. 90, no. 2, pp. 740–748, 2007.

[24] K. L. Smith, D. A. Todhunter, and P. S. Schoenberger, “Envi-
ronmental pathogens and intramammary infection during the
dry period,” Journal of Dairy Science, vol. 68, no. 2, pp. 402–
417, 1985.

[25] R. M. Doane, S. P. Oliver, R. D. Walker, and E. P. Shull, “Exper-
imental infection of lactating bovine mammary glands with
Streptococcus uberis in quarters colonized by Corynebacterium
bovis,” American Journal of Veterinary Research, vol. 48, no. 5,
pp. 749–754, 1987.


	Introduction
	Material and Methods
	Bacterial Species and Culture Conditions
	Mammary Epithelial Cell Culture
	Bacterial Internalization Assay
	Scanning Electron Microscopy
	Statistics

	Results
	Internalization S. uberis Treated with Host Proteins into MAC-T Cells Treated with RME Inhibitors
	Internalization S. uberis Treated with Host Proteins into MAC-T Cells Treated with CME Inhibitors
	Transcytosis of ECM-Treated S. uberis through MAC-T Cells Treated with RME Inhibitor
	Scanning Electron Microscopy

	Discussion
	Acknowledgment
	References

