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In this study, we demonstrate that the mechanism by which Staphylococcus aureus induces apoptosis in
bovine mammary epithelial (MAC-T) cells involves caspases 8 and 3, two key components of a proteolytic
cascade leading to apoptosis. In addition, internalized S. aureus induces expression of the inflammatory
cytokines tumor necrosis factor alpha and interleukin-13 by MAC-T cells. These data suggest that the
internalization of S. aureus could induce specific cellular responses in vivo that may ultimately impact the

course of infection.

Staphylococcus aureus is internalized by a variety of nonpro-
fessional mammalian phagocytes (1, 8, 19). Work in our labo-
ratories has shown that internalization requires a specific in-
teraction between fibronectin binding protein and the host cell,
presumably followed by signal transduction events that ulti-
mately lead to rearrangement of the host cell cytoskeleton (4).
We have also shown that internalization by bovine mammary
epithelial cells induces apoptosis and that metabolically active
intracellular S. aureus are needed for apoptosis to occur (1,
20).

Assessment of caspase activity. The induction of apoptosis,
also called programmed cell death, often progresses through
an ordered series of events involving a family of cysteine as-
partyl proteases known as caspases. This family of proteins is
divided into two major groups: initiator caspases, which are
involved in triggering the cascade of events leading to cell
death, and effector caspases, which, when activated by initiator
caspases, catalyze the disassembly of cell structures (17). The
caspase cascade can be initiated in response to the binding of
an appropriate ligand to receptors on target cells or through
self-aggregation of receptors in response to their increased
density on the cell surface. To determine whether caspases are
involved in apoptosis induction, two major caspase pathways
were examined; the first is mediated through the most apical of
the initiator caspases, caspase 8 (10), and the second is medi-
ated through caspase 1. Either caspase 8 or 1 can activate
caspase 3 and result in the cell disassembly associated with
apoptosis.

Bovine mammary epithelial cells, designated MAC-T (9),
were infected with S. aureus (wild-type strain RN6390) essen-
tially as described previously (1, 20). After either 3 or 6 h of
infection, MAC-T cell culture supernatants were discarded,
and the monolayers were washed three times with sterile phos-
phate-buffered saline (PBS, pH 7.2). The monolayers were
harvested with sterile cell scrapers (Nalge Nunc International,
Naperville, I1l.), and cells were collected by centrifugation at
450 X g for 5 min at 4°C. Each cell pellet was washed once with
sterile PBS and resuspended in 10 ml of sterile PBS. Cells were
counted with a hemacytometer, pelleted again by centrifuga-
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tion, and resuspended to a concentration of 10® cells/ml in cell
lysis buffer (25 mM HEPES [pH 7.5], 5 mM MgCl,, 5 mM
EDTA, 5 mM dithiothreitol, 2 mM phenylmethylsulfonyl flu-
oride, 10 pg of leupeptin per ml; all reagents from Sigma, St.
Louis, Mo.). Cells were lysed by freezing and thawing four
times, and lysates were clarified by centrifugation at 16,000 X
g and 4°C for 30 min. The supernatants of the lysates were
retained, and the protein concentration of each was deter-
mined with the Bio-Rad protein assay (Bio-Rad, Hercules,
Calif.).

Caspase 8 (Fas-associated death domain-like interleukin-1p3-
[IL-1B]-converting enzyme) activity was evaluated with the
caspase-8 fluorometric assay from R & D Systems (Minneap-
olis, Minn.) according to the manufacturer’s protocol. Caspase
3 (32-kDa cysteine protease; also called CPP32) and caspase 1
(interleukin-1B-converting enzyme) activities were assayed
with the fluorometric CaspACE assay system from Promega
(Madison, Wis.) according to the supplier’s recommendations.
Briefly, the assays involved testing the MAC-T cell lysate for
caspase activity by the addition of a caspase substrate coupled
to a reporter molecule (7-amino-4-trifluoromethyl coumarin).
Caspase inhibitors were used to confirm substrate cleavage
specificity. To determine whether the caspase activity was de-
rived from infected MAC-T cells and not from a product ex-
pressed by staphylococci, filter-sterilized supernatants from
overnight S. aureus cultures were assayed for caspase activity.
No caspase 8, 1, or 3 activity was detected (data not shown).

As shown in Fig. 1A, caspase 8 activity in MAC-T cells
increased 4.4-fold after 6 h of infection (Fig. 1A). As a control,
the agr virulence mutant RN6911, which was previously shown
to be internalized but not to induce apoptosis (1, 20), did not
stimulate caspase 8 activity (unpublished data). Based on the
activation of caspase 8 demonstrated in our system, and be-
cause caspase 8 can cleave caspase 3 but not caspase 1 (11), we
would predict the activation of caspase 3 but not caspase 1.
Although caspase 1 has been shown to be the target for the
induction of apoptosis by Shigella (3) and Salmonella (7), we
found only minimal stimulation of caspase 1 activity in MAC-T
cells after 6 h of infection (Fig. 1A) and no caspase 1 activity
at 3 h after infection (data not shown). Thus, unlike the situ-
ation in Shigella and Salmonella, data from this study indicate
that the induction of apoptosis by S. aureus in our system does
not involve activation of caspase 1. In contrast, internalized S.
aureus caused a 6.6-fold increase in caspase 3 activity by
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FIG. 1. (A) Caspase 1, 8, and 3 activities in MAC-T cells infected with S. aureus. MAC-T cells were harvested at 6 h after infection with S. aureus and evaluated
for caspase activity. The increase in caspase activity (fold) was calculated by dividing the relative fluorescence value obtained from analysis of infected cells by that of
the uninfected control. The value obtained from uninfected cells is represented as 1. In all experiments, specific caspase inhibitors reduced the fluorescent signal to
the level of the uninfected control cells. Values from four (caspases 1 and 3) and two (caspase 8) separate experiments were used to calculate the mean relative activity
(= standard errors of the mean). The differences in caspase 3 and 8 activities observed in control and infected MAC-T cells were analyzed by Student’s ¢ test and found
to be significant (P values of 0.03 and <0.001, respectively). (B) Cytokine expression by MAC-T cells infected with S. aureus. The increase in expression of cytokine
transcript levels (fold) was calculated by dividing the normalized S. aureus-induced cytokine value by the normalized cytokine value from uninfected MAC-T cells. A
value of 1 indicates basal transcript levels. Values from four separate experiments were used to calculate the mean relative expression (* standard errors of the mean).
The differences in IL-18 and TNF-« transcript levels between the control and infected MAC-T cells were statistically significant (P = 0.07 and 0.02, respectively), while
differences in IL-6, IL-8, or TGF-B transcript levels were not (P = 0.34, 0.27, and 0.54, respectively).

MAC-T cells compared with the uninfected control after 6 h of
infection (Fig. 1A). As observed in the caspase 8 assays, the agr
mutant did not show increased caspase 3 activity. It should be
noted that the numbers of intracellular bacteria remain rela-
tively constant over the time period in which caspase activity
was assayed (20), indicating that the changes in caspase activity
observed are likely not a function of alterations in the number
of intracellular bacteria present.

The caspase 8 substrate used in this study has an absolute
specificity for caspase 8 (18). The caspase 1 and 3 substrates
have preferential but not absolute specificity (16, 18). Since
caspase 8 is the most apical caspase in the initiation of a
cascade leading to activation of caspase 3 (11), these data
strongly suggest that S. aureus induces apoptosis in MAC-T
cells through a mechanism involving caspases 8 and 3. This
mechanism is similar to that induced by Sendai virus (2) and by
Legionella pneumophila (6) in macrophages.

The precise pathways leading from caspase activation
through DNA fragmentation to apoptotic cell death are not
fully characterized. However, in apoptotic events involving
caspases, the general sequence of events involves an initial
stimulus followed by activation of caspase and finally cleavage
by activated caspase of protein substrates with apoptotic func-
tions (10, 15). The time required for the various events of
apoptosis to occur depends on the type of initial stimulus and
the type of cell (10). To determine the correlation between the
time of measurable caspase activation and the earliest detec-
tion of apoptotic DNA laddering in MAC-T cells, we infected
MAC-T cells with S. aureus RN6390 and assessed DNA lad-
dering as described previously (1). Samples for DNA extrac-
tion were taken at various times postinfection. As shown in Fig.
2, apoptotic laddering of MAC-T DNA in increments of 180 bp
was evident at 7 h postinfection. Since DNA laddering is a

terminal event in apoptosis, this time is consistent with the
observed prior onset of caspase activation (Fig. 1A).
Quantitation of cytokine transcripts. Since the internaliza-
tion of bacteria often leads to altered cytokine expression,
which, in turn, can initiate apoptosis, the expression of both
pro- and anti-inflammatory cytokines during the course of in-
fection with S. aureus in epithelial cell monolayers was also
evaluated. Moreover, the pathway initiated by caspase 8 is also
known as “death receptor-mediated,” since binding of tumor
necrosis factor (TNF) or Fas ligand to their cell surface recep-
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FIG. 2. Agarose gel (1.8%) electrophoretic separation of DNA extracted
from infected MAC-T cells. Lane 1, 100-bp DNA marker ladder; lanes 2 through
10, samples taken 5, 6, 7, 8, 9, 10, 11, 12, and 24 h after infection with S. aureus,
respectively; lane 11, uninfected control MAC-T cells harvested after 24 h of
incubation.



3000 NOTES INFECT. IMMUN.
TABLE 1. PCR primers for detection of bovine cytokine transcripts in MAC-T cells
Primer Sequence (5" — 3') Predicted size (bp) GenBank accession no.
S5"IL-1B CACCTGGACCTCGGTTCCATGGGA 370 M37211
3" IL-1B CAAAGCTCATGCAGAACACCACTT
5" IL-6 AATGAGAAAGGAGATATGTGAGAA 405 X57317, S49716
3" IL-6 CTGAACTGCAGGAAATTCTCAAGG
5" IL-8 ATGACTTCCAAACTGGCTGTTGCT 293 582598
3" IL-8 TTCTCAGCTCTCTTCACAAATACC
5" TGF-B1 CTACTACGCCAAGGAGGTCACCC 319 M36271
3" TGF-B1 CAGCCACTGCCGCACAACTCCAG
5" TNF-a ACTTCGGGGTAATCGGCCCCCAGA 345 AF011926
3" TNF-a CCTTGGTCTGGTAGGAGACTGCAA
5' B-actin TACCACCACAGCCGAGCGGGAAAT 455 K00622
3’ B-actin GGAAGGTGGACAGGGAGGCCAGGA

tors can result in the proteolytic activation of associated
caspase 8 (10). Thus, the induction of cytokines can play an
important role in the induction of apoptosis.

To examine cytokine expression in MAC-T cells infected
with S. aureus, a quantitative reverse transcriptase-PCR tech-
nique was used. Trizol reagent (Gibco BRL, Grand Island,
N.Y.) was used to isolate RNA from MAC-T cell monolayers
according to the manufacturer’s instructions. First-strand
cDNA was prepared for the PCR with 5 pg of total RNA and
Superscript II reverse transcriptase (Gibco BRL) according to
the manufacturer’s procedures. All reagents were prepared
using diethylpyrocarbonate (Sigma)-treated water (0.01%, vol/
vol). Primers, designed from sequences in GenBank, were used
to amplify bovine transcripts specific for IL-1B, IL-6, IL-8,
transforming growth factor f1 (TGF-B1), TNF-«a, and B-actin
(Table 1). The B-actin transcript was coamplified and used as
an internal standard. A bulk PCR reagent mixture was pre-
pared for each cytokine primer pair. The final concentrations
of reagents in 50 pl of PCR mixture were 1X PCR buffer
(Gibco BRL), 2.5 mM MgCl,, deoxynucleoside triphosphates
(5§ mM each A, T, C, and G), 0.3 wM B-actin primer pair, 0.3
M cytokine primer pair, and 0.5 U of Tag DNA polymerase
(Gibco BRL). Forty-nine microliters of the bulk mixture was
added to 1.0 pl of cDNA solution and overlaid with mineral
oil. PCR conditions consisted of an initial 95°C denaturation
for 4 min followed by repeated cycles of 94°C for 30 s, 58°C for
30 s, and 72°C for 30 s, and ended with a terminal extension
step of 72°C for 4 min. The total number of cycles varied from
28 to 39 depending on the cytokine transcript being amplified.
Aliquots (10 pl) of each PCR mixture were loaded on a 2%
agarose gel (Tris-borate-EDTA buffer) containing ethidium
bromide (0.3 pg/ml), and the coamplified cytokine and B-actin
products were separated by electrophoresis. PCR products
were detected by UV fluorescence, and fluorescent band in-
tensity (pixel density units) was measured using the Multi-
Analyst program from Bio-Rad. Cytokine values were normal-
ized by dividing by the coamplified B-actin value.

In this study, internalization of S. aureus consistently in-
creased the transcript levels of the proinflammatory cytokines
TNF-a and IL-1B (1.68- and 1.59-fold, respectively) (Fig. 1B)
compared with the levels in the uninfected controls. Viable
staphylococci were required to induce cytokine expression, be-
cause equivalent numbers of UV-killed RN6390 cells were
unable to elevate any cytokine transcript accumulation above

basal levels. Although it is currently unknown whether activa-
tion of caspases 8 and 3 occurs through signaling by TNF-q, the
observation that TNF-a transcripts accumulate in cells in-
fected with S. aureus makes this an intriguing possibility. After
infection with S. aureus, transcripts for the proinflammatory
cytokine IL-6 were slightly elevated (1.26-fold increase),
whereas levels of transcripts encoding the anti-inflammatory
cytokines IL-8 and TGF-B were similar to those in the unin-
fected controls (Fig. 1B).

The results of this analysis suggest that infection of MAC-T
cells with S. aureus causes a significant increase in expression of
the proinflammatory cytokines TNF-« and IL-13 (and possibly
IL-6), while expression of the anti-inflammatory cytokines IL-8
and TGF-B appears to be unaffected. The effects of other
pathogens on cytokine expression in response to internaliza-
tion have been well documented and, in some cases, charac-
terized. Shigella flexneri causes release of IL-1B through an
interaction with caspase 1 to initiate an inflammatory response
(3). In contrast, Yersinia spp. inhibit production of TNF-a to
suppress inflammation (12). Interestingly, strains of S. aureus
are variable in their ability to induce inflammation. For exam-
ple, S. aureus is typically considered to be pyogenic, and many
infections with S. aureus increase the level of proinflammatory
cytokines in different cell types (13, 21). However, the lack of
an inflammatory response frequently associated with certain
types of S. aureus infections, such as subclinical bovine mastitis
(14) and human toxic shock syndrome (5), might suggest that
mechanisms to suppress the inflammatory response also exist.
Work is currently in progress to determine whether certain
isolates differ in their ability to induce apoptosis and inflam-
matory cytokines and to characterize the staphylococcal fac-
tor(s) responsible for the induction of these events.
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