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Rhodococcus equi is a gram-positive intracellular pathogen that can cause severe bronchopneumeonia in foals
and AIDS patients. It has been reported that advanced infection of foals is characterized by tissue necrosis,
coinciding with the presence of degenerate bacteria-laden macrophages. Here, we report that the possession of
the VapA-expressing plasmid, which has been previously correlated with a high level of virulence for foals and
mice, strongly increases cytotoxicity of R. equi for murine macrophage-like (J774E) cells. Isolates containing
different, VapB-expressing plasmids are less virulent and also have a lower cytotoxic potential. Isogenic strains
lacking either plasmid are avirulent and have a very low cytotoxic potential. We show, using fluorescence-
activated cell sorter analysis (annexin V/7-amino-actinomycin D and sub-G,-analysis), Western blotting [poly-
(ADP-ribose) polymerase processing analysis], and electron microscopy (macrophage and nucleus morphol-
ogies) that the deaths of murine macrophages are the result of necrotic rather than apoptotic events. We
demonstrate that the bacteria must be alive in order to act cytotoxic. Therefore, one effect of the virulence-
associated plasmids during infection with R. equi is the promotion of necrotic damage to the host.

Rhodococcus equi is a nocardioform gram-positive coccoba-
cillus and an important foal pathogen producing severe pyo-
granulomatous pneumonia in very young horses (24, 38). In-
fection usually occurs via the respiratory tract. In addition to
being a foal pathogen, R. equi can infect AIDS patients, and
more than 100 cases in which patients showed symptoms and
histopathology similar to those seen in infected foals and lead-
ing to death in ~50% of the individuals have been documented
(8,29, 59). Furthermore, a low number of cases that occurred
in immunocompetent humans with an ~11% mortality rate
have been reported (29). In addition to their own importance
in human and veterinary medicine, these bacteria have a close
phylogenetic relationship to mycobacteria and, hence, to such
important pathogens as Mycobacterium tuberculosis (causing
human tuberculosis) and Mycobacterium leprae (causing lep-
rosy). Members of both genera, Mycobacterium and Rhodococ-
cus, are largely soil inhabitants and possess complex wax-like
cell walls (4) enriched in lipoarabinomannans (41), in mycolic
acids, and in mycolic-acid derived compounds such as cord
factor (trehalose dimycolate). Also, both M. tuberculosis and R.
equi can produce caseous granulomas and cavitary pneumonia,
demonstrating not only phylogenetic but also pathogenetic re-
latedness. Not surprisingly, some human infections with rhodo-
cocci have been mistaken for tuberculosis (55).

Due to its capability to survive and multiply in murine and
equine macrophages, R. equi has been classified as a facultative
intracellular bacterium (25). Accordingly, R. equi is found fre-
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quently in macrophages in vivo (24), although it does not seem
to enter pulmonary epithelial cells. It has been reported that R.
equi interferes with the maturation of its phagosomes to
phagolysosomes in primary foal alveolar macrophages (20, 62),
that some virulent R. equi bacteria are able to destroy host cells
(20, 37), and that virulent or avirulent R. equi induces similar
levels and types of cytokines in infected murine macrophages
(17). Still, almost nothing is known about the molecular mech-
anisms underlying the pathogenicity of R. equi.

Major progress was made recently when it was found that
almost all clinical R. equi isolates from foals contain a viru-
lence-associated plasmid, i.e., an ~80- to 90-kbp extrachromo-
somal element which is associated with full virulence for horses
and mice and which mediates the expression of VapA (mne-
monic for virulence-associated plasmid protein A), a secreted
lipoprotein and a marker of this kind of plasmid (18, 44, 57).
When isogenic strains of R. equi with plasmids and their cured
partner strains were compared in a mouse killing model, the
plasmid-harboring isolates had a 50% lethal dose (LDs,) of 10°
per mouse, whereas the plasmid-cured derivatives did not kill,
even at 10® bacteria per mouse, which was the highest dose
tested (48). For foals, the minimum infective dose for the
plasmid-containing strain was 10* bacteria, and for the cured
partner strain it was >10° bacteria, demonstrating the impor-
tance of the plasmid for virulence and also the usefulness of
the murine model in virulence research (60). Two VapA-ex-
pressing plasmids from two independent foal isolates have
recently been sequenced, and their sequences turned out to be
almost identical (53).

A second type of plasmid, the VapB-expressing plasmid (75
to 95 kbp), is associated with intermediate levels of virulence in
mice (LDs, = 107) and in foals, and it is not usually associated
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with foal disease (51, 54). This plasmid contains the gene for
VapB, which is structurally homologous to VapA (7), but it
does not have a VapA gene. The plasmid occurs in asymptom-
atic pigs and has also been isolated from AIDS patients (48). In
addition to VapA- and VapB-expressing plasmids, several
types of cryptic plasmids that have so far not been associated
with any pathogenic effects exist (47, 50).

Interestingly, there is no strict correlation between posses-
sion of certain kinds of plasmids and infection of humans;
although many isolates from AIDS patients express either
VapA or VapB, most isolates from immunocompromised (but
not AIDS) patients contain neither plasmid (34, 36, 48, 49).
Environmental samples usually do not contain the VapA-ex-
pressing plasmid; Takai et al. (52) analyzed more than 200 soil
and sand samples from more than 200 locations in Japan for
the presence of R. equi. They isolated R equi from almost
three-quarters of the samples, but none of the more than 1,000
resulting bacterial isolates expressed VapA.

In this study, we investigated the cytotoxic effect of R. equi
infection for murine macrophages. Killing of host cells by
pathogens occurs by necrosis, apoptosis, or a combination of
both. Apoptosis is a particular form of programmed cell death
to which the host cell actively contributes and which involves a
finely tuned cascade of factors and events that finally lead to
cell death. The key factors in this sophisticated machinery are
caspases, a family of cysteine proteases which specifically acti-
vate or inactivate a number of proteins along the apoptotic
cascade of events (56). Necrosis (or oncosis [43]), on the other
hand, is a more passive form of cell death, usually triggered by
physical insults to the cell such as hypoglycemia, hypoxia, or
toxin exposure (43). Its characteristics are ATP depletion, high
intracellular sodium concentrations, organelle swelling, and
typical changes in intracellular calcium levels (3). The overall
process is probably not as finely tuned as apoptotic cell death
is.

Apoptosis seems to be the more frequently used method of
host cell killing by pathogens (35). The best-understood cases
of apoptotic killing are those by the enterobacteria Salmonella,
Shigella, or Yersinia. Shigella-induced apoptosis requires the
host cell caspase 1 (21) and involves tripeptidyl peptidase 11
(22). For Salmonella it is not definitively clarified if killing is by
apoptosis or necrosis, because the killing shares aspects of both
processes (6). Pathogens do not necessarily deal with all types
of host cells in the same way: mycobacteria can induce necrosis
in infected epithelial cells (12), a process possibly caused by
mycobacterial lipids, such as the polyketide of Mycobacteria
ulcerans (16). In macrophages, on the other hand, M. tubercu-
losis infection can cause apoptosis by a tumor necrosis factor
alpha-dependent mechanism (1, 27, 28).

Importantly, apoptosis is usually an immunologically silent
kind of cell death with professional phagocytes recognizing and
removing apoptotic cells without mounting an immune re-
sponse. In contrast to apoptosis, cell necrosis is strongly proin-
flammatory (33).

In this study, we show not only that virulent R. equi is cyto-
toxic for murine macrophages but also that this process is
strongly up-regulated by the presence of VapA-expressing
plasmids and, less strongly, by VapB-expressing plasmids, that
cytotoxicity requires bacterial viability, and that cell death oc-
curs by necrosis rather than by apoptosis.
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MATERIALS AND METHODS

Reagents and bacterial strains. All reagents were of the highest purity avail-
able and were obtained from the following companies unless specified otherwise:
Sigma (Taufkirchen, Germany), Fisher (Schwerte, Germany), and Roth
(Karlsruhe, Germany). R. equi strains 85F and 85F(—) (5) were obtained from A.
Hartke (Laboratoire de Microbiologie de 'Environnement, IRBA, Université de
Caen, Caen, France), and Listeria innocua strain 6 isolates (32) were from the
strain collection of the Lehrstuhl fiir Mikrobiologie, University of Wiirzburg,
Wiirzburg, Germany. R. equi strains ATCC 33701, ATCC 33701(-), 2, 2(-), 11,
and 11(—) have been described previously (48).

Cultivation of bacteria and host cells. R. equi and L. innocua were grown
aerobically in brain heart infusion (BHI) broth at 37°C in a rotatory shaker at 190
rpm for 16 h. Cultures to be used in these experiments were from early stationary
phase (at an optical density at 600 nm of approximately 3.0) and were almost
exclusively coccoid (15) as determined by light microscopical observation. All
cultures that were not used directly in an experiment were kept at 30°C or less,
as increased temperatures can lead to a spontancous loss of the VapA-expressing
plasmid (46). Bacteria to be used directly in experiments were grown at 37°C,
because temperatures of >32°C are necessary for expression of VAP genes (45).
Bacterial cell numbers were determined by measuring the optical absorbance at
600 nm (Agqp) of the cultures and calculating live cell counts by the following
formula: 1 Agq, unit is equivalent to 1.5 X 10® R. equi bacteria or 2 X 108 L.
innocua bacteria. The murine macrophage-like cell line J774E (13) was grown in
RPMI 1640 (Gibco Life Technologies, Karlsruhe, Germany)-2 mM glutamine—
10% 56°C-treated fetal calf serum (Sigma) at 37°C and 5% CO,, and split 1 to
2 every 2 to 3 days.

Infection of host cells with bacteria and determination of infection levels. To
infect macrophages, phosphate-buffered saline (PBS)-washed bacteria were
added to the host cells in 12-well-culture dishes in a 30-pl volume per ml of
medium at a final multiplicity of infection (MOI) of 30, unless stated otherwise.
Macrophages were grown to approximately 80% confluency, and the medium
was changed the day before the experiment. Infection occurred during 1 h at
37°C, followed by the removal of noninternalized bacteria and thorough washing
(three times) with PBS at 37°C. Fresh culture medium that was supplemented
with 10 pg of gentamicin sulfate (Sigma)/ml was added to prevent bacteria from
multiplying in the culture (our preliminary experiments had demonstrated that
rhodococci and listeriae multiply well in media without added antibiotics). In-
fection was continued for the indicated periods of time.

The number of infecting bacteria was determined by two methods. (i) The
bacterial life count from newly infected macrophages was determined as follows.
J774E cells were cultivated in 12-well-plates, infected at a MOI of 30 for 1 h, and
then thoroughly washed three times with 37°C PBS. Fresh culture medium that
included 10 g of gentamicin/ml was added. After 1 h of incubation, the medium
was discarded and macrophages were scraped off each well into 1 ml of ice-cold
PBS by use of a rubber policeman. Macrophages were washed twice with PBS
and lysed by passing 15 times through a 27-gauge needle, and serial dilutions in
PBS were plated on BHI agar and counted after a 24-h incubation at 37°C. (ii)
Alternatively, infection levels were determined by fluorescence microscopy (par-
ticular in the experiments with pretreated, dead bacteria). For this, bacteria were
prelabeled with 5- (and 6-) carboxytetramethylrhodamine, succinimidyl ester
[5-(6)-TAMRA, SE] (catalogue no. C-1171; Molecular Probes, Leiden, The
Netherlands) as previously described for Afipia (32). After 1 h of J774E infection
with the labeled and washed bacteria, noningested bacteria were removed by
repeated washing, and the numbers of ingested bacteria were determined by
fluorescence microscopy. Based on the results from these experiments, the num-
ber of particles per macrophage (MOI) was adjusted in each experiment after
counting of macrophages to obtain the same level of infection (i.e., total number
of ingested particles) regardless of the pretreatment. Adjusted MOls were as
follows according to the treatment to which R. equi 33701 was subjected: no
treatment and heat treatment, 30; UV treatment, 40; PFA and amikacin plus
tetracycline treatment, 50; gramicidin S treatment, 60.

Analysis of cell death by using trypan blue. To quantify dead macrophages
(i.e., cells whose plasma membranes have disintegrated to an extent that they
cannot exclude small hydrophilic molecules), the classical trypan blue exclusion
assay was employed (in this assay, live cells do not stain and dead cells stain blue
[11]). Macrophages were grown in 12-well-plates (Nunc, Wiesbaden, Germany)
in 1 ml of medium per well. At the start of the infection experiment, the cell
number per well was 8 X 10° * 2 x 10° (mean * standard deviation) macro-
phages; infection was done as above. The time of addition of gentamicin was
defined as 0 min. At 5 and 24 h, macrophages were carefully scraped off by using
a rubber policeman, and all the material from the wells (medium plus macro-
phages, including nonadherent cells) was centrifuged in a Hettich Universal 32R
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centrifuge (1,000 rpm, 10 min, 4°C). For the experiments whose results are shown
in Fig. 3, 4, and 5, the supernatant was removed and the pellet was resuspended
in ice-cold PBS. The cells were stored on ice until the number of trypan blue-
positive macrophages was determined from at least 100 macrophages per sample
and time. For the experiments whose results are shown in Fig. 2, the supernatant
was removed and the pellet was resuspended in 0.5% trypan blue in PBS, briefly
and gently vortexed, and spun again. Nonbound trypan blue was removed as
much as possible. Alternatively, and with similar results, the trypan blue-treated
macrophages were fixed in 200 pl of 3% paraformaldehyde in PBS at 4°C
overnight. The fixed cells were centrifuged, the pellet was carefully taken up in
1 ml of PBS, and the percentage of trypan blue-positive macrophages was
determined for each sample type and each time in each experiment; at least 200
macrophages were counted, and the proportion of blue cells was noted.

Cytotoxicity of bacterial broth supernatant. To determine the cytotoxicity
potential of bacterial culture supernatants, bacteria were grown in liquid BHI as
above (for 24 or 48 h) and were then collected by centrifugation in a Hettich
Mikro20 centrifuge at 15,000 rpm and ambient temperature for 15 min. The
supernatant was mixed with various amounts of macrophage growth media yield-
ing up to one-third of the total media as spent bacterial broth. Incubation was for
22 h at 37°C (5% CO,), after which time the level of cytotoxicity was determined
with the trypan blue exclusion assay as described above. Alternatively, bacteria
were added at an MOI of 30 to macrophage media alone and were kept for 1 h
at 37°C and 5% CO,; bacteria were separated from media as above, and the
supernatant was used to replace growth media of J774E cells and left for 24 h;
then, trypan blue exclusion was determined.

Treatment of bacteria before infection. To determine whether dead rhodo-
cocci still have a cytotoxic potential, we treated 10° bacteria in a 200-ul volume
of PBS either for 1 h at 37°C with gramicidin S (125 pg/ml), for 5 h at 37°C with
amikacin (500 wg/ml) plus tetracycline (250 pg/ml), or for 1 h with UV at
ambient temperature, or the bacteria were treated with heating (30 min, 70°C) or
with paraformaldehyde fixation (3% paraformaldehyde in PBS for 20 min at
23°C, followed by a brief wash in 50 mM ammonium chloride in PBS to quench
unreacted paraformaldehyde). All samples were washed twice with PBS. Levels
of infection with dead bacteria were determined by fluorescence microscopy as
stated above.

Differentiation of cell death by necrosis and cell death by apoptosis. Almost
confluent layers of J774E macrophages were infected for 1 h with R. equi at a
MOI or 30. The medium was discarded, and the cells were washed three times
with warm PBS. Macrophages were incubated for the indicated time periods in
fresh culture medium including 10 pg of gentamicin/ml. The cells were scraped
off by using a rubber policeman and were washed twice with PBS (1,000 rpm, 4°C,
10 min). To distinguish apoptosis (programmed cell death) from necrosis (non-
programmed cell disintegration), we used the following methods: (i) annexin
V/7-AAD staining, (i) subG; analysis, (iii) PARP processing analysis, (iv) elec-
tron microscopy observation, and (v) infection of macrophages in the presence of
caspase 3 or 7 inhibitor L.

(i) Annexin V/7-AAD staining. One hundred thousand infected macrophages
were washed with annexin V-binding buffer (1,000 rpm, 4°C, 10 min). Cell pellets
were incubated with 100 pl of annexin V-binding buffer (10 mM HEPES [pH
7.4], 140 mM NaCl, 5 mM KClJ, 2.5 mM CaCl,, 1 mM MgCl,), 3 pl of 7-amino
actinomycin D (BD PharMingen, Heidelberg, Germany), and 3 pl of annexin
V-PE (BD PharMingen) for 15 min at room temperature in the dark. After
addition of 200 .l of annexin V-binding buffer, 5,000 cells were analyzed by using
a FACScan (Becton Dickinson, San Jose, Calif.).

(ii) SubG, analysis. For sub-G1 analysis (23), 5 X 10° infected cells were
placed in a 10-ml glass tube. Three milliliters of a —20°C fixation buffer (70%
ethyl alcohol, 20% PBS, 10% distilled water) was slowly added with vortexing,
Tubes were sealed with parafilm and incubated at 4°C overnight. Samples were
spun for 10 min at 1,000 rpm at 23°C, and the supernatant was aspirated and
discarded. Macrophages were resuspended in 1 ml of extraction buffer (45 mM
Na,HPO,, 2.5 mM citric acid, 0.1% [wt/vol] Triton X-100, 0.01% [wt/vol] sodium
azide, pH 7.8), and placed in fluorescence-activated cell sorter (FACS) tubes.
After 20 min of incubation at room temperature, cells were spun as above and
the supernatant was discarded. Cell pellets were taken up in 400 pl of staining
buffer {10 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 0.1 M NaCl,
2 mM MgCl,, 0.1% [wt/vol] Triton X-100, 0.02% [wt/vol] sodium azide, pH 6.8},
25 pl of RNase solution (10 mg/ml of deionized water), and 20 pl of propidium
iodide solution (1 mg/ml). After 30 min in the dark at 23°C, samples were
analyzed in a FACScan.

(iii) PARP processing analysis. Six million infected J774E macrophages were
centrifuged (8,000 rpm, 15 min, 4°C), and the pellets were resuspended in 150 pl
of Kyriakis Lysis Buffer Modified containing 10 U of benzonase (catalogue no.
101653; VWR Scientific, Darmstadt, Germany), incubated for 30 min on ice, and
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vortexed every 10 min during this incubation time. After centrifugation in a
Hettich Mikro20 centrifuge (14,000 rpm, 15 min, 4°C), each of the supernatants
was mixed with 150 pl of 2X Laemmli buffer. The proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and PARP was de-
tected by using a monoclonal antibody (catalogue no. P76420; BD/Transduction
Laboratories, Heidelberg, Germany) and enhanced chemiluminescence technol-
ogy (Amersham, Freiburg, Germany). This monoclonal antibody recognizes the
full-length 113-kDa PARP and its caspase-dependent 24-kDa fragment, but not
the 89-kDa fragment.

(iv) Electron microscopy observation. Infected macrophages were fixed and
further treated and stained as described by Lithrmann et al. (32).

(v) Infection of macrophages in the pr of a potent caspase i . For
infection of macrophages, a 25 pM concentration of caspase 3/7 inhibitor I
(5-[(S)-(-)-2-(methoxymethyl)pyrrolidino]-sulfonylisatin [catalogue no. 218826;
Calbiochem]) was added to macrophages 30 min before infection (37°C), during
infection, and at all subsequent steps. Parallel samples were treated with the
inhibitor only. After 24 h of infection, samples were processed for trypan blue
staining as above.

hihit

RESULTS

When infecting the murine J774E macrophage-like cell line
with R. equi (strain 85F) for 24 h, we observed that most of the
infected macrophages detached from the culture dish and
clumped, suggesting that some of the macrophages had died.
Such cytotoxicity has previously been described for alveolar
macrophages from foals (20, 62) or mice (24) and has been
proposed to be a typical feature for infections with “virulent”
R. equi strains, although virulence was then a phenotypical
feature rather than a molecular description of a specific bac-
terial property. As this strain possesses the VapA-expressing
plasmid, we set out to analyze whether cytotoxicity was depen-
dent on the presence of this particular plasmid.

R. equi strains harboring the VapA-expressing virulence-
associated plasmid are much more cytotoxic than their plas-
mid-cured partner strains. We infected J774E cells either with
the 85F strain or with its plasmid-cured derivative 85F(—) (5).
After overnight infection, we observed dramatic damage to
macrophages infected with the plasmid-bearing strain, whereas
macrophages containing plasmid-cured isogenic bacteria
seemed barely more damaged than the noninfected control
macrophages or J774E cells infected with the nonpathogenic
gram-positive bacterium L. innocua (used here as a negative
control) (Fig. 1). Using the microscopic trypan blue exclusion
assay, we quantified the cytotoxic effect of these bacteria and
found that the plasmid-bearing strain killed some 79% of the
macrophages during a 24-h infection (MOI = 30) whereas the
plasmid-cured strain killed only 9% and spontaneous cell
death under these conditions or cell death in the sample in-
fected with L. innocua was approximately 1%.

These results strongly suggested that the possession of the
virulence-associated plasmid was required for cytotoxicity, but
they also raised the question as to whether the variation in
cytotoxicity was really dependent on the presence of the viru-
lence-associated plasmid or whether the effect was due to chro-
mosomal mutations that occurred only in the plasmid-cured
strain. To address this question, we used a second pair of
isogenic plasmid-bearing and plasmid-cured R. equi, termed
ATCC 33701 and ATCC 33701(—) (44). Strains 85F and
ATCC 33701 were isolated from horses by different groups of
researchers in two different geographic areas (Japan and Can-
ada). The same cytotoxic pattern in the plasmid-harboring and
in the plasmid-cured strains was observed (Fig. 2). Although R.
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FIG. 1. Infection of J774E cells with R. equi carrying the VapA-expressing plasmid leads to detachment and clumping of the host cells, whereas
infection with their isogenic cured derivative does not. J774E macrophages were infected with various R. equi preparations at a MOI of 30 for 1 h,
followed by a removal of noningested bacteria and a 24-h incubation at 37°C and 5% CO,. Shown are portions of the culture dish bottoms observed
through an inverted light microscope. 85F(+), plasmid-bearing R. equi; 85F(—), cured derivative; L. innocua, J774E cells infected with apathogenic

L. innocua; uninfected, no bacteria added.

equi 85F produces stronger cytotoxic effects than ATCC 33701
does, we still used the latter strain in subsequent experiments,
because it is among the most frequently used strains in re-
search on R. equi pathogenesis.

In another experiment, we determined cytotoxicity after a
constant time period of infection (24 h) and plotted it against
the MOI (number of bacteria per macrophage added to the
macrophages for 1 h before the chase). Cytotoxic effects of
VapA-expressing R. equi increased with increasing MOIs (Fig.
3). Similarly, increasing the time of infection leads to increased
severity of cytotoxicity (Fig. 2). Therefore, the extent of cyto-
toxicity was a function of infection rate and infection duration.
The average percentage of infected macrophages at a MOI of
30 was 62% (+12%), and the average number of bacteria in
each infected macrophage was 3.7 (+1.4). Incubation of in-
fected macrophages for more than 24 h (44 or 72 h) led to a
decrease in the number of trypan blue-positive macrophages in
each sample (data not shown). This was probably due to the
killing of rhodococci that had been released from the necrotic
macrophages and were therefore in contact with the externally
added gentamicin and due to phagocytosis, and therefore re-
moval, of burst macrophages by viable ones.

The VapB-expressing plasmids only moderately increase cy-
totoxicity. As VapB-expressing R. equi strains are only moder-
ately virulent in foals and mice compared to VapA-expressing
strains (54), we examined whether this differential behavior

would also be reflected in their cytotoxic potential. We em-
ployed two independent pairs of VapB plasmid-containing
strains and their corresponding cured derivatives, named R.
equi strains 2 and 2(—) and R. equi strains 11 and 11(—) (48).
Using the trypan blue exclusion assay, we determined that both
plasmid-positive strains were more cytotoxic than their corre-
sponding isogenic partner strains but that the plasmid-medi-
ated increase in cytotoxicity was much lower in these strains
than in the strain harboring the VapA-expressing plasmid (Fig.
4). It should also be noted that the cured strains can still
possess some cytotoxic potential [compare, e.g., strain 2(—)
with the uninfected control sample in Fig. 4], indicating that a
cytotoxic potential is not absolutely dependent on the presence
of a plasmid.

Importantly, the observed differences in cytotoxicity are not
due to different infection rates that occur with the different
bacterial strains. Using live-cell count determination, we ob-
served that the number of intracellular bacteria varies among
experiments and among all the strains used by an average of
only 10%. Additionally, this low degree of variability was not
correlated with a certain genotype, so that infection rates were
higher and again lower among experiments for all the strains
used [ATCC 33701 and ATCC 33701(—), 2 and 2(—), and 11
and 11(—); see Materials and Methods].

Viability of rhodococci is required for cytotoxicity. To ana-
lyze whether viability is required for bacterial cytotoxicity, we
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FIG. 2. R. equi strains carrying the VapA-expressing plasmid are
strongly cytotoxic, whereas their isogenic cured derivatives are not.
J774E cells were infected at a MOI of 30 for 1 h, followed by washes
to remove noningested bacteria, fixed either immediately or at 5 or
24 h postinfection, and analyzed for their membrane integrity by using
the trypan blue exclusion assay. (+), plasmid-bearing R. equi; (—),
cured derivatives. Results are from five independent experiments with
at least 200 macrophages counted per sample and experiment. Stan-
dard deviations for samples infected for 5 h were omitted for clarity
and did not exceed 9%.

killed the bacteria before infection. We used a variety of killing
mechanisms to make sure that it is the killing of the bacteria
itself that would change cytotoxic potential and not, e.g., ex-
clusively thermal inactivation of surface protein activities by
heat killing.

The various killing mechanisms used in our experiments
(Fig. 5), i.e., treatment with antibiotics (tetracycline plus ami-
kacin or gramicidin S), formaldehyde, heat, or UV radiation,
work via completely different mechanisms (protein synthesis
inhibition, membrane permeabilization, protein cross-linking,
denaturation of macromolecules and their assemblies, and
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FIG. 3. Cytotoxicity depends on MOL J774E cells were infected
with R. equi ATCC 33701 for 1 h with MOIs of 4, 8, 16, or 32 or were
left uninfected (0), washed three times to remove noningested bacte-
ria, and incubated for 24 h. Analysis was done as described in Materials
and Methods. Results are from three independent experiments with at
least 100 macrophages counted per sample and experiment.
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FIG. 4. VapB-expressing plasmids only moderately increase cyto-
toxic activities. Experiments were done as explained for Fig. 3 but ata
MOI of 20. Two independent isolates of R. equi expressing VapB and
their isogenic cured derivatives [strain 2 or 2(—) and strain 11 or
11(—)] were used to infect J774E macrophages as described in the
legend to Fig. 3. Strains ATCC 33701 and its cured derivative were
used as control bacteria. Cytotoxicity was assessed as described for Fig.
3 (using 24 h). Results are from three independent experiments with at
least 100 macrophages counted per sample and per experiment.

DNA and phospholipid damage). Under these conditions
100% of the treated bacteria were killed, with the exception of
the treatment with tetracycline plus amikacin, which killed
94% of the bacteria. The fact that all of these treatments led to
a dramatic decrease in cytotoxicity for infected J774E cells
(approximately 1 to 4% versus 31% in all samples) strongly
suggests that it is bacterial viability that is required for this
process.

To further ensure that the differences in cytotoxicity were
really due to the differences in viability of the bacteria and not
due to differences in the extent of uptake of bacteria that were
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FIG. 5. Cytotoxicity by R. equi requires bacterial viability. R. equi
ATCC 33701 bacteria were pretreated as described in Materials and
Methods with either buffer only (untreated), tetracycline plus amika-
cin, gramicidin S, heat, paraformaldehyde (formaldehyde), or UV.
Uninfected J774E were analyzed in parallel. Infection and quantifica-
tion of the percentage of dead macrophages were as in Fig. 3. Results
are from three independent experiments performed in duplicate with
at least 100 macrophages counted per sample and experiment.



858 LUHRMANN ET AL.

INFECT. IMMUN."

FIG. 6. Electron microscopic analysis of infected J774E macrophages and “ghosts.” J774E cells were infected with R. equi ATCC 33701 for 1 h
at a MOI of 25, chased for 24 h, and prepared for transmission electron microscopy. Note the ghost-like cell next to the infected, but
morphologically intact cells. Magnifications, X3,200 (A) and X4,400 (B). Although the ghost cell in panel A is almost completely disintegrated,
and although almost all organelles have been lost, the nucleus is still intact and chromatin distribution appears normal.

treated differently, we determined the infection rates with
these bacteria and found them to be different. As outlined in
Materials and Methods, we have corrected for such altered
infection rates by varying the number of added bacteria so that
in all samples similar numbers of bacteria (three per cell) were
found intracellularly.

R. equi-mediated cytotoxicity has necrotic rather than apo-
ptotic characteristics. To determine whether host cell death
occurred by necrosis or by apoptosis, we used several indepen-
dent methods for analysis. The first was to use transmission
electron microscopy with infected macrophages, as apoptotic
cells are characterized by the appearance of very densely
packed chromatin in the nucleus periphery (leading to highly
electron-dense areas), by membrane blebbing, and by the fall-
ing apart of the nucleus into several micronuclei (30). We were
not able, however, to detect any of these microstructural fea-
tures in our samples. Shown in Fig. 6 are typical dead R.
equi-infected cells, which demonstrate the appearance of
ghost-like host cells in infected samples that invariably har-
bored several apparently undamaged R. equi bacteria and that
often possessed nuclei of normal appearance in spite of severe
overall damage. In a second approach, we analyzed the pres-
ence of phosphatidylserine in the outer membrane leaflet of
the plasma membrane, which is a hallmark of early apoptotic
cells. We quantified the percentage of cells containing phos-
phatidylserine by using FACS and analyzing the binding of a
phosphatidylserine affinity probe, fluorescent annexin V (30).
Membrane-impermeable fluorescent 7-amino-actinomycin D
(7-AAD) was used as a control to make sure that annexin
V-positive cells did not have disrupted plasma membranes and,
therefore, would be classified as necrotic rather than early
apoptotic.

Our data (Fig. 7) showed that approximately 29% of the
macrophages containing R. equi ATCC 33701 were positive for
7-AAD at 6 h after infection. No significant population of

macrophages was simultaneously positive for annexin V and
negative for 7-AAD (a hallmark of early apoptotic cells) at any
of the times tested, suggesting that the event is necrotic rather
than apoptotic from the onset of infection. Macrophages in-
fected with ATCC 33701(—) showed identical characteristics,
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FIG. 7. Infected J774E cells become simultaneously positive for
annexin V and for 7-AAD, suggesting that they are necrotic and not
apoptotic. Infection at a MOI of 30 was for 1 h, followed by either no
chase (0 h) or a 4- or 6-h chase. Macrophages that were only annexin
V positive are represented by the open bars; macrophages that were
positive for 7-AAD or positive for both annexin V and 7-AAD are
represented by the black bars. For details, see the text. Data are from
three independent experiments.
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FIG. 8. Sub-G; analysis of infected J774E cells demonstrates the absence of apoptotic events. Infection at a MOI of 20 was for 1 h, followed
by a 6-h chase. Cells were fixed and treated as described in Materials and Methods and subjected to FACS analysis. The M2 region represents living
and necrotic macrophages in the G, G, M, and S phases, and the M1 region represents apoptotic cells with a reduced DNA content (subG, peak).
This FACS analysis shows macrophages either treated with 300 wM etoposide for 6 h (Etoposide) or infected with R. equi ATCC 33701 or ATCC

33701(-).

although the number of cells positive for 7-AAD was much
smaller (Fig. 7).

As a third method to analyze the mode of cell death in R.
equi infection, we have used sub-G, analysis of infected mac-
rophages (26, 58). In this protocol, infected cells are stained
with a fluorescent DNA stain (such as propidium iodide or
DAPI [4',6'-diamidino-2-phenylindole]). Due to the action of
endogenous endonucleases in apoptotic cells, the DNA is
cleaved into endonucleosomal fragments of typical sizes. These
DNA fragments are extracted from the cells. This loss of DNA
is detectable by FACS analysis, as the reduced nuclear staining
of apoptotic cells results in a novel (sub-G, ) fluorescence peak
to the left of the regular fluorescence peak representing dip-
loid cells (Fig. 8). This signal is diagnostic for apoptotic cells
and absent in necrotic cell populations. Macrophages treated
with the apoptosis-inducing topoisomerase II inhibitor, etopo-
side (61), showed this characteristic sub-G; peak, and around
14% of the cells were apoptotic (Fig. 8, left panel). In contrast,
neither the infection of J774E macrophages with R. equi ATCC
33701 nor that with ATCC 33701(—) led to an induction of
apoptosis, as demonstrated by the absence of a subG,; peak
(Fig. 8, middle and left panels). The low percentage of apo-
ptotic cells (1 to 3%) in infected macrophages is inherent to
these cells and was also seen in sub-G, analysis of uninfected
J774E macrophages (data not shown). It should be noted that
the concentration of etoposide used in these experiments (300
M) is relatively high, indicating that our host cells have rel-
atively little sensitivity to etoposide. After a 4-h incubation with
etoposide, only approximately 1% of the macrophages are
killed by etoposide; yet, after 24 h 57% and after 44 h 91%
have died. Staurosporine, a broad-range protein kinase inhib-
itor and another pharmacological inducer of apoptosis (42)
was more potent, killing 5% of J774E cells at 4 h, 86% by 24 h,
and 100% by 74 h after infection when added at a concentra-
tion of 0.4 wM. Both etoposide and staurosporine induced
apoptosis efficiently in J774E cells. The word “killing” applies
in this context to macrophages possessing ruptured plasma
membranes, this rupture following apoptotic death.

A further characteristic of apoptotic cells is the specific pro-
teolytic cleavage of the DNA repair enzyme poly(ADP-ribose)
polymerase (PARP). Cysteine proteinases such as caspase 3
and caspase 7 create diagnostic 89- and 24-kDa protein frag-
ments from the 113-kDa full-length protein early in the apo-

ptotic cascade (61). As a fourth method to discriminate be-
tween apoptotic and necrotic cell death, we performed
analyses of the molecular state of PARP in infected J774E cells
that showed that there was virtually no processing in cells
infected either with plasmid-bearing or with plasmidless R.
equi (Fig. 9). Macrophages treated in parallel with either of the
inducers of apoptosis, etoposide or staurosporine, on the other
hand, showed pronounced PARP processing at all times tested
(61) (Fig. 9). Additional signals between 24 and 113 kDa of
molecular mass are due to less abundant, necrosis-dependent
cleavage products (40). Together these data clearly indicated
that Rhodococcus-induced cell death was by necrotic rather
than by apoptotic mechanisms. Finally, caspase 3/7 inhibitor I,

L.in. R.equi(+) R.equi(-) etoposide staurosporine
240 30 90 240 30 90 240 30 90 240 30 90 240

FIG. 9. The lack of 24-kDa PARP cleavage product in macro-
phages infected with R. equi suggests the absence of apoptotic events.
During early apoptosis, full-length 113-kDa PARP is specifically
cleaved by caspases to yield 89- and 24-kDa processed fragments. The
monoclonal antibody used in this immunoblot recognizes both the
full-length protein and the 24-kDa fragment, but not the 89-kDa frag-
ment. Appearance of the 24-kDa fragment indicates apoptosis. Either
the J774E cells were infected with R. equi ATCC 33701, ATCC
33701(—), or nonpathogenic L. innocua (L. in.) for the indicated times
(30, 90, or 240 min), or the apoptosis-inducing agents etoposide or
staurosporine were added at 300 or 4 uM, respectively, for the same
periods of time. Whole-cell lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and PARP was visualized
(see Materials and Methods). Molecular masses (in kDa) are indicated
on the right margin, and arrows indicate the running positions for
full-length PARP and the 24-kDa fragment.
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an isatin sulfonamide-based potent inhibitor of apoptosis (31)
used at a concentration of 25 uM did not inhibit R equi-
mediated cytotoxicity either at 4 or at 24 h postinfection,
whereas the compound alone was not toxic (data not shown).
This further indicates that infected macrophages die by necro-
sis rather than by apoptosis.

The cytotoxic factor is not a singly acting substance con-
tained in the culture medium. One possibility for how the
macrophages were damaged was the release of a constitutively
produced cytotoxic bacterial component leading to cell death,
in a process similar to what was observed with apoptotic killing
by Staphylococcus aureus alpha-toxin (2). To address this ques-
tion, two types of samples were analyzed: (i) thodococci were
incubated with the macrophage culturing media alone for 1 h
(corresponding to the initial 1-h infection period), and the
bacteria were separated by centrifugation followed by addition
of the spent media to noninfected macrophages for up to 48 h;
(ii) spent 48-h BHI broth from which the bacteria had been
removed by centrifugation was added to noninfected macro-
phages for 24 h. In either case, no cytotoxic effect on the
macrophages was detected, not even at a high concentration of
bacterial broth supernatant (one-third of the total macrophage
media volume), and this was true for all eight different isolates
tested, three of which were VapA positive (data not shown). In
parallel, J774E cells were infected with R. equi(+), which was
cytotoxic to the normal degree, demonstrating that the mac-
rophages were able to undergo necrosis. These data suggest
that the cytotoxic factor is not a constitutively produced and
released rhodococcal factor.

DISCUSSION

In this study, we show that R. equi can be highly cytotoxic for
the murine macrophage cell line J774E. There have been re-
ports that mentioned (20, 25, 38, 62) or demonstrated (25, 37)
the presence of a cytotoxic effect on mammalian cells of some
“virulent” R. equi versus a lack thereof in “avirulent” ones, but
the correlation between possession of a virulence-associated
plasmid and cytotoxic potential has not been described. We
now present evidence that the cytotoxic potential is regulated
by virulence-associated plasmids. Either VapA- or VapB-ex-
pressing plasmids can increase the cytotoxic activity of R. equi.
The presence of the VapA-expressing plasmid in R. equi in-
creased the percentage of killed macrophages in a standard
assay by approximately 20 to 70% over the cytotoxic effect of
the respective cured partner strains. VapB expression in-
creased macrophage killing by approximately 5% only. This is
in agreement with the differences in the LD, doses (numbers
of bacteria required to kill 50% of intravenously infected mice)
of rhodococci. Approximately 10 times more bacteria express-
ing VapB than those expressing VapA are required to kill 50%
of the mice (48). This correlation suggests that cytotoxic activ-
ity may be a major virulence determinant of R. equi.

We have analyzed the nature of death of the infected cells by
using several methods: sub-G; FACS analysis, annexin V/7-
AAD staining, PARP processing, and analysis of nuclear mor-
phology. All of the results obtained with these methods agree
with the interpretation that R. equi kills its host macrophages
by necrosis (sometimes referred to as oncosis) rather than in
an apoptotic process. In fact, our kinetic data clearly suggest a
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black-and-white situation in which there is not even a small
subpopulation of host cells that enter the apoptotic pathway.

Necrotic effects of R. equi infection for mammalian cells are
not just an in vitro observation but are also observed in in-
fected mice and foals. In biopsy samples taken from such
animals, morphologically intact bacteria can be seen within
macrophages, and more-advanced stages of R. equi-caused dis-
ease are characterized by necrosis coinciding with the presence
of degenerate macrophages full of bacteria (24, 38). However,
it is not clear from these pathohistological studies whether the
observed necrotic effect of R. equi in vivo is primary or rather
a secondary event following apoptotic cell death.

The degree of necrosis is likely to be limited in vivo through
macrophage activation (39). Gamma interferon and phagocy-
tosis of rhodococci cause production of superoxide radicals
plus nitric oxide by murine macrophages, which leads to killing
of ingested R. equi via peroxinitrite production (9, 23). There-
fore, not surprisingly, gamma interferon seems to play a key
role in limiting the infection (e.g., knockout mice defective in
production of gamma interferon or of inducible nitric oxide
synthetase are particularly susceptible to infection [9]). Future
studies will have to analyze whether activation of macrophages
can limit necrosis in vitro, too.

It is as yet unknown which molecular factors are involved in
the killing of macrophages by virulent R. equi. The 80-kbp
VapA-expressing plasmid has recently been sequenced (53),
but nucleotide sequence analysis did not reveal any obvious
candidate for a cytotoxic factor such as an archetype hemoly-
sin, a phospholipase, or the like. Furthermore, De La Pena-
Moctezuma et al. (10) analyzed several R. equi strains, includ-
ing an isogenic pair with or without the virulence-associated
plasmids for 239 phenotypes including sensitivity to various
antibiotics, sugar utilization pattern, peptidase activities, tes-
tosterone degradation and more, and they did not find any
difference between the strains other than the possession or lack
of VapA expression. Previous studies have suggested that ne-
crosis may be caused by rhodococcal glycolipids (49), in agree-
ment with the finding that local injection of rhodococcal cord
factor (trehalose dimycolate) also leads to formation of ne-
crotic foci in mice (19). Similarly, purified mycolactone, a my-
cobacterial polyketide, is cytotoxic for mammalian cells (16).
But at present there exists no experimental evidence that there
is a correlation between glycolipid composition and presence
of the VapA-expressing plasmid. We did not find any cytotoxic
activity to be associated with broth in which virulent R. equi
was cultivated, suggesting that constitutively released glycolip-
ids may not be crucial in induction of necrosis. Similarly, no
such correlation was found when testing whether necrosis seen
after infection of lung epithelial cells by M. tuberculosis could
be reproduced by spent bacterial media alone (12). Obviously,
unbiased genetic dissection of the virulence-associated plas-
mids is needed in order to identify a factor(s) responsible for
the cytotoxic potential of R. equi and to determine whether it
is a directly acting cytotoxic factor or whether cytotoxicity is a
more indirect effect, e.g., through upregulation of production
of a low-abundance cytotoxic glycolipid.

There are very few examples of virulence-associated plas-
mids contributing to host cell death. The most prominent ex-
ample is Shigella flexneri, which kills host cells by apoptosis (14,
35). The increase in cytotoxicity potential by possession of the
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plasmid is as pronounced in S. flexneri infections as it is in R.
equi (VapA+) infections (ie., an approximately tenfold in-
crease). Generally, cell death seems to occur much earlier for
cells infected with Shigella than it does in R. equi infection,
possibly reflecting the fast multiplication of the enterobacteria
in their host cells compared to the much slower multiplication
reported for R. equi (25).

We found that R. equi must be alive in order to be cytotoxic.
All R equi isolates possessing the VapA-expressing plasmid
but treated with paraformaldehyde, UV, the cyclic decapeptide
gramicidin S, tetracycline plus amikacin, or by heat (70°C for
30 min) were strongly inhibited in their cytotoxic potency. It is
reasonable to assume that there is not a single component in
the bacterial cell that is similarly inactivated by all of these
treatments and, hence, that it is viability per se that is required.

We hypothesize that viability is the crucial component for
macrophage killing, although intracellular multiplication may
be required to a limited degree. Hondalus and Mosser (25)
have shown that virulent R. equi multiplies in murine perito-
neal macrophages or in (gamma-irradiated) murine J774A.1
cells. However, the initial lag period of 6 to 12 h described by
the authors of that study, followed by a slow increase in the
total number of bacteria per macrophage, suggests that bacte-
rial multiplication, if any, is not crucial for relatively early
necrosis (seen at 4 and 24 h postinfection).

The experimental system described here seems to be exquis-
itely suited to study necrotic short-term effects in moderately
infected macrophages (the maximum average number of intra-
cellular bacteria per infected macrophage was 3.7 in our ex-
periments). The strong necrotic phenomena seen in this system
will allow the molecular dissection of the molecular events
leading to macrophage necrosis and are likely to be of impor-
tance to the understanding of necrosis in the natural host, the
foal, as well. However, due to a strong cytotoxic effect of
infection, we are faced with technical obstacles to monitor
intracellular muitiplication (if any) in this particular system
over prolonged periods of time: gentamicin has to be added to
the macrophage growth media to keep rhodococci from fast
extracellular multiplication. However, as soon as host macro-
phages become leaky due to necrosis, they will expose the
enclosed bacteria to gentamicin and, hence, it will likely be
bacteria from the most heavily infected macrophages that die
first by the action of the antibiotic.

One could expect that macrophages infected with R. equi(+)
at a MOI of 3 (i.e., on average, much less than one bacterium
per macrophage) would show signs of necrosis after prolonged
infection and, possibly, by multiplication of bacteria. We do,
however, observe death of approximately two-thirds of these
bacteria (data not shown) over a 24 h-period and no significant
necrosis, a phenomenon which could be due to any or all of the
following effects: (i) killing of intracellular bacteria by genta-

micin entering phagosomes via the endocytic pathway, (i) kill- -

ing of the infected macrophages and subsequent contact of
bacteria with gentamicin, coupled with (iii) ingestion of ne-
crotic macrophages by intact phagocytes (a process which we
can occasionally observe by use of the microscope).

In summary, we hypothesize that at least two factors act in
concert in the production of cytotoxicity: one factor which is
necessary for low levels of necrosis (e.g., cell wall-associated
mycolic glycolipids) and which is present in most if not all R
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equi bacteria and a second, virulence-associated plasmid-de-
pendent factor(s), which is needed for the expression of full
cytotoxic potential. It also still remains to be determined
whether cytotoxic potential is a virulence factor of R. equi, i.e.,
directly increases virulence in the infected animal, or whether
it is rather a consequence of the action of other virulence
factors and infection could proceed without it. The latter could
be the case if, e.g., the bacteria killed the macrophages by the
constant production and release of glycolipids, which can only
happen with live bacteria; thus, every bacterial factor that
prevented bacterial death would promote host cell necrosis
even if this would not be needed for further development of
the infection. Again, genetic and functional dissection of the
virulence-associated plasmid will help to answer these ques-
tions.
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