
CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, Dec. 2005, p. 1370–1377 Vol. 12, No. 12
1071-412X/05/$08.00�0 doi:10.1128/CDLI.12.12.1370–1377.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Mycoplasma alligatoris Infection Promotes CD95 (FasR) Expression
and Apoptosis of Primary Cardiac Fibroblasts

M. E. Hunt and D. R. Brown*
Department of Pathobiology, College of Veterinary Medicine, University of Florida, Gainesville, Florida 32611-0880

Received 13 June 2005/Returned for modification 3 August 2005/Accepted 29 September 2005

Mycoplasma alligatoris causes acute lethal primary infection of susceptible hosts. A genome survey implicated
sialidase and hyaluronidase, potential promoters of CD95-mediated eukaryotic cell death, as virulence factors
of M. alligatoris. We used immunofluorescence imaging and flow cytometry to examine the effects of M.
alligatoris infection in vitro on CD95 expression and apoptosis by alligator cardiac fibroblasts, a major cell type
of a target organ of M. alligatoris infection in vivo. A uniform distribution of CD95 in primary cultured cardiac,
skeletal muscle, and embryonic fibroblasts was demonstrated by using polyclonal antibodies against the N or
C terminus of mouse or human CD95. Anti-CD95 antibodies reacted on Western blots of fibroblast lysates with
a band with the predicted apparent molecular weight of CD95, but soluble CD95 was not detected in plasma
from control or M. alligatoris-infected alligators. The proportion of CD95-gated cardiac fibroblasts increased
threefold (P < 0.01) 48 h after inoculation with M. alligatoris. Infection induced morphological changes in
cardiac fibroblasts, including translocation of CD95 characteristic of apoptosis and an eightfold increase (P <
0.16) in 5-bromo-2�-deoxyuridine (BrdU) incorporation measured in a terminal deoxynucleotide transferase
dUTP nick end-labeling apoptosis assay. The proportion of BrdU-gated controls activated with agonistic
immunoglobulin M against human CD95 also increased threefold (P < 0.03 for muscle). Heat-inactivated M.
alligatoris and sterile M. alligatoris-conditioned culture supernatant had no effect. This is the first report of a
CD95 homolog in the class Reptilia and establishes a new model that can be used to test the direct bacterial
interaction with upstream components of the CD95 signal transduction pathway.

In contrast to the usually subtle mycoplasmoses, Myco-
plasma alligatoris causes acute lethal primary infection of sus-
ceptible hosts (7). Pathological changes in affected individuals
reflect multisystem inflammatory disease, including necrotic
epicarditis, pericarditis, and myocarditis (8, 9). A comparative
genome survey approach to the identification of candidate
virulence mechanisms revealed that M. alligatoris strain
A21JP2T possesses genes for the “spreading factors” sialidase
(nanI) and hyaluronidase (nagH), a combination unprece-
dented among mycoplasmas (10). Functional studies demon-
strated expression of the corresponding glycosidase activities,
which might degrade host extracellular matrix (ECM) glycans
to facilitate the rapid invasiveness of M. alligatoris infection
(16, 28, 31, 41, 48). Its attenuated sibling species, Mycoplasma
crocodyli strain MP145T (43), also possesses hyaluronidase, so
direct ECM damage alone seems insufficient to explain the
particular virulence of M. alligatoris. M. crocodyli MP145T does
not possess sialidase (10). Desialylation of the eukaryotic cell
death inducer CD95 (the fibroblast-associated receptor FasR)
by sialidase substantially promoted CD95-mediated apoptosis
in B-lineage leukemias and Jurkat T-cell lymphoma (19, 52). In
addition, the signal-transducing hyaluronan (HA) receptor
CD44 (36), present but inactivated by sialylation on most eu-
karyotic cells (3, 14, 19, 23, 33, 34), is uniquely modulated by
the specific combination of sialidase and hyaluronidase. Siali-
dase can expose CD44 to promote HA binding; and in many
cell types, CD44 binding of low-molecular-weight fragmented

HA, such as that generated by hyaluronidase (19, 24, 35, 36),
upregulates CD95 (21, 56). Those observations led to the hy-
pothesis that the NanI and NagH glycosidases of M. alligatoris
might directly or synergistically potentiate CD95-mediated
death of some host cell types during infection, contributing to
the fulminant disease observed. In this report we describe the
increased CD95 expression and apoptosis of primary cultured
cardiac and other fibroblasts following infection with M. alli-
gatoris.

MATERIALS AND METHODS

Cell culture. Primary cardiac fibroblast cultures were established from the
myocardium of an adult alligator that was culture, PCR, and serologically neg-
ative for M. alligatoris. Control cell lines were established similarly from adult
alligator skeletal muscle and from minced alligator embryo at the 22-day stage of
development (20). The cells were cultured as monolayers in Dulbecco’s modified
Eagle’s medium (DMEM; Cellgro/Mediatech, Herndon, VA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Cellgro) plus 50 U/ml
penicillin and 50 �g/ml streptomycin (Cellgro) and lifted with 0.05% trypsin plus
0.53 mM EDTA (Cellgro). Cultures were incubated at 28°C in a humidified
atmosphere with 5% CO2. The cells were passaged without attempts to trans-
form or immortalize them, in order to retain the in vivo differentiated charac-
teristics of the cell types (11, 12). The source species of each cell line was
confirmed by mitochondrial DNA genotyping (26).

CD95. The CD95 expression by fibroblasts was detected by fluorescence im-
aging and flow cytometry, as described below, with affinity-purified rabbit poly-
clonal immunoglobulin G (IgG) primary antibodies against synthetic peptides
mapping at either the N terminus (residues 29 to 44) or the C terminus (residues
316 to 335) of CD95 of mouse origin (15 to 20 �g/ml ab13550; Abcam, Cam-
bridge, MA) or human origin (2 �g/ml C-20 [sc-715]; Santa Cruz Biotechnology,
Santa Cruz, CA) or immunoaffinity-purified mouse monoclonal IgM primary
antibody against the extracellular domain of CD95 of human origin (5 �g/ml
CH11; Upstate, Lake Placid, NY) (29). Mouse monoclonal IgG1 primary anti-
body against the extracellular domain of CD95 of human origin (30 �g/ml DX2;
Abcam) was also tested. The primary antibodies were detected by using 2 �g/ml
fluorescein isothiocyanate (FITC)-conjugated (sc-2012; Santa Cruz Biotechnol-
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ogy), Alexa Fluor 488-conjugated (A-11008; Molecular Probes, Eugene, OR), or
tetramethylrhodamine-conjugated (AP130R; Chemicon International, Te-
mecula, CA) secondary antibodies. Negative controls were exposed only to the
respective secondary antibodies (2, 32).

Reduced fibroblast lysates and plasma samples from control and M. alligatoris-
infected alligators (9) were probed for the presence of CD95 by using a Western
blot assay. Plasma was diluted 1:50 in sample buffer plus reducing agent (Nu-
PAGE LDS; Invitrogen, Carlsbad, CA) and then heated to 70°C for 10 min
before electrophoresis through 10% bis-Tris gels (Invitrogen). The positive con-
trol was a HeLa epithelial cell lysate. Separated proteins were transferred to
nitrocellulose by electroblotting at 30 V for 1 h, and then the blots were blocked
in phosphate-buffered saline (PBS) plus 0.1% Tween 20 (PBS-T) and 5% nonfat
dry milk (5% PBS-TM) for 1 h at 25°C or overnight at 4°C. The blots were
probed with 0.4 �g/ml C-20, 4 �g/ml ab13550, 0.67 �g/ml CH11, or 8 �g/ml DX2
in 2% PBS-TM for 1 h and then washed five times in 2% PBS-TM and incubated
with 0.13 �g/ml alkaline phosphatase-conjugated secondary antibodies (Pro-
mega, Madison, WI) in 2% PBS-TM for 1 h. The blots were washed three times
in PBS-T, followed by two washes in PBS, and were developed with 5-bromo-4-
chloro-3-indolyl phosphate plus Nitro Blue Tetrazolium (Sigma-Aldrich, St.
Louis, MO).

Infection studies. Subconfluent (50 to 70%) fibroblasts in six-well, tissue cul-
ture-treated polystyrene plates (Costar 3516; Corning, Corning, NY) were inoc-
ulated with 106 or 109 CFU of M. alligatoris strain A21JP2T in the logarithmic
phase of growth in American Type Culture Collection medium 988 (SP4) broth
supplemented with glucose and 20% FBS. The inoculum replaced 10% of the
2-ml volume of the DMEM. The inoculated cells were incubated for 4, 12, 24, 48,
or 96 h at 28°C. Mycoplasmal viability was confirmed by culture of an aliquot of
the inoculated DMEM on SP4 agar at the end of the incubation period, and the
identities of the mycoplasmas recovered were confirmed by 16S rRNA gene
PCR-restriction fragment length polymorphism analysis (8). In addition to un-
treated controls, negative control fibroblasts were cultured in DMEM plus heat-
inactivated M. alligatoris culture or sterile M. alligatoris-conditioned SP4 culture
supernatant, which replaced 10% of the volume of the culture medium.

Apoptosis. Apoptosis of infected fibroblasts was detected by immunofluores-
cence staining in a species-independent terminal deoxynucleotide transferase
(TdT) dUTP nick end-labeling (TUNEL) assay according to the protocols of the
supplier (APO-BrdU TUNEL assay kit; Molecular Probes). Briefly, DNA 3�-
hydroxyl ends exposed by nucleases as a consequence of apoptosis were labeled
with 5-bromo-2�-deoxyuridine (BrdU) 5�-triphosphate (BrdUTP) by TdT. The
BrdU incorporated into the DNA was detected with Alexa Fluor 488-conjugated
anti-BrdU mouse monoclonal antibody (MAb) PRB-1 (Molecular Probes) by
fluorescence imaging and flow cytometry, as described below. Most cells are
susceptible to CD95 activation with multivalent agonists such as CD95-specific
IgM (44). Apoptosis was induced in positive control fibroblasts by incubation for
up to 48 h at 28°C with 10 to 20 ng/ml IgM CH11, an activating �-CD95 antibody
previously shown to induce a variety of cell types to undergo CD95-mediated
apoptosis (5). Untreated and negative control fibroblasts were cultured as de-
scribed above for the infection studies.

Fluorescence imaging. Fibroblasts were cultured as monolayers on coverslips
in six-well plates for the CD95 expression and infection studies described above.
After media were removed from the wells, the coverslips were rinsed in PBS and
then fixed in frozen methanol for 2 min or in 2% paraformaldehyde in PBS for
20 min and permeabilized with 0.1% Triton X-100 in PBS for 10 min, with a final
rinse in PBS. For imaging, the fibroblast nuclei were labeled with DAPI (4�,6�-
diamidino-2-phenylindole hydrochloride), according to the protocol of the sup-
plier (Vectashield mounting media; Vector Laboratories, Burlingame, CA). Cy-
toskeletal actin was visualized by labeling with tetramethylrhodamine-conjugated
phalloidin, according to the protocol of the supplier (Molecular Probes). Cy-
toskeletal �-tubulin was visualized by labeling with a 1:500 dilution of mouse
ascitic fluid containing primary IgG1 monoclonal DM1A antibody against chick
brain �-tubulin (Sigma-Aldrich), detected by using 5 �g/ml tetramethylrhodam-
ine-conjugated goat anti-mouse secondary antibody (Chemicon). Membrane-
associated and cytoplasmic �-catenin was visualized by labeling with a 1:1,000
dilution of rabbit serum containing primary antibodies against a synthetic pep-
tide corresponding to the C-terminal region (residues 768 to 781) of human and
mouse �-catenin (C2206; Sigma-Aldrich), detected by using 2 �g/ml Alexa Fluor
488-conjugated secondary antibody. The slides were observed with a Leica DMR
epifluorescence microscope fitted with an HCX PL APO 63X oil-immersion
objective lens (Leica Microsystems, Bannockburn, IL), and the images were
recorded by using a Hamamatsu Orca-285 high-resolution digital camera
(Hamamatsu, Bridgewater, NJ) and IPlab software (Scanalytics, Fairfax, VA).

Flow cytometry. To quantitate CD95 expression and apoptosis of untreated,
CH11-induced, and M. alligatoris-infected fibroblasts, cell monolayers were

rinsed with PBS, lifted with 0.05% trypsin, washed two times with PBS plus 3%
FBS (PBS-FBS), and then incubated in 200 to 300 �l of 10 to 20 �g/ml ab13550
in PBS-FBS at 25°C (27) for 1 h or with monoclonal antibody PRB-1 at 25°C,
according to the protocol of the supplier. Fibroblasts were washed three times by
low-speed centrifugation and resuspension in PBS-FBS and then incubated in 2
�g/ml Alexa Fluor 488-conjugated secondary antibody in PBS-FBS at 25°C (27)
for 1 h. Negative controls were incubated with secondary antibodies only. The
final volume was adjusted to 500 �l with PBS, and labeling was analyzed by flow
cytometry by using a FACSort fluorescence-activated cell sorter and CELLQuest
software (BD Biosciences, San Jose, CA). A minimum of 104 cells was counted
for each sample. The gate was set to exclude approximately 99.5% of the negative
control cells. At least duplicate independent measurements of the effects of each
treatment were performed. The effect of treatment on the proportion of CD95-
gated cells was analyzed by using the Kruskal-Wallis nonparametric equivalent of
a one-way analysis of variance by ranks and by Fisher’s protected least significant
difference (PLSD) test for post-hoc pairwise comparisons of ranked means, split
by fibroblast type, when the effect of treatment was significant (1). Because the
PLSD comparisons were confounded by treatment-fibroblast type interaction for
the TUNEL assay data (see below), unpaired t tests were used for post-hoc
comparisons for that assay.

RESULTS

A comparative genome survey had previously implicated
sialidase and hyaluronidase, potential direct or synergistic pro-
moters of CD95-mediated host cell death (12, 14, 36, 38), as
virulence factors of M. alligatoris (10). This study established
the existence of a CD95 homolog in alligators by use of anti-
bodies against mammalian CD95 and examined the effects of
in vitro infection with M. alligatoris on expression of CD95 and
apoptosis by primary cultured cardiac fibroblasts, which are a
major cell type of a target organ of M. alligatoris infection in
vivo (7).

Primary cultured fibroblasts express CD95. Untreated pri-
mary cultured cardiac, skeletal muscle, and embryonic fibro-
blasts had an approximate doubling time of 10 days. Cardiac
fibroblasts could be subcultivated at a ratio of 1:2 for up to six
passages, but skeletal muscle and embryonic fibroblasts were
passaged more than 10 times. A uniform distribution of CD95
in fixed cardiac, skeletal muscle, and embryonic fibroblasts
could be demonstrated by fluorescence microscopy with anti-
bodies against mammalian CD95. The results of fluorescence
imaging were similar for antibodies ab13550 against the N
terminus of mouse CD95 (Fig. 1) and C-20 against the C
terminus of human CD95. The labeling with two different
antibodies against synthetic peptides, one mapping at the N
terminus of mammalian CD95 and the other mapping at the C
terminus of mammalian CD95, was strong evidence of the
specificity of the results. The results were also similar when the
agonistic antibody CH11 was used against the extracellular
domain of human CD95 as the primary antibody for fluores-
cence imaging; but mouse monoclonal IgG primary antibody
DX2 against the extracellular domain of human CD95, previ-
ously reported to bind to and stimulate significant levels of
apoptosis in Xenopus splenocytes examined by immunohisto-
chemistry (40), did not bind to alligator fibroblasts. Sharper
and brighter images were obtained by using Alexa Fluor 488-
labeled secondary antibody compared with those obtained with
FITC-labeled secondary antibody. These data constitute the
first reported demonstration of a CD95 homolog in the class
Reptilia. Cytoskeletal actin did not stain well with tetrameth-
ylrhodamine-conjugated phalloidin, but cytoskeletal �-tubulin
and membrane-associated and cytoplasmic �-catenin was
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readily visualized with the reagents developed for fluorescence
imaging of mammalian cells. The �-tubulin IgG labeling was
clearly specific to the cytoskeleton (Fig. 1), and the �-catenin
IgG label was partitioned between membrane junctions and
the cytosol, as expected (data not shown). These findings help
to rule out nonspecific binding of the primary IgGs. In addi-
tion, there was no nonspecific binding of three different puri-
fied goat polyclonal IgG secondary antibodies used for CD95
imaging or by a panel of goat polyclonal IgG1 (AHS4441;
BioSource International, Camarillo, CA), mouse monoclonal
IgG2a (ab6124 [F10-44-2]; Abcam), and rat monoclonal IgG2b
(ab19622 [IM7]; Abcam) �-CD44 primary antibodies or their
respective purified goat polyclonal IgG secondary antibodies
(data not shown).

The �-CD95 antibodies ab13550 and C-20 reacted on West-
ern blots of fibroblast lysates with a band consistent with the
predicted apparent molecular mass of glycosylated CD95 of
approximately 48 kDa, plus a second strongly reactive 44- to

48-kDa band in the fibroblast lysate which likely represents an
alternately glycosylated form of CD95. Some faintly visible
bands were also detected in the positive control HeLa cell
lysate (Fig. 2). As for the in situ imaging described above, the
labeling of a band with a molecular mass consistent with the
predicted apparent molecular mass of glycosylated CD95 with
two different antibodies against synthetic peptides mapping at
the N terminus and at the C terminus of mammalian CD95 was
strong evidence of the specificity of the results. No cross-
reactive labeling of the putative CD95 antigen was detectable
on Western blots probed with anti-�-tubulin IgG or with the
panel of �-CD44 IgG primary antibodies or their respective
IgG secondary antibodies described above, helping to rule out
nonspecific binding of the primary �-CD95 IgGs by a random
protein with the same predicted apparent molecular mass as
CD95. Subjectively, there were no differences in the intensities
of the additional faint bands on Western blots of untreated
versus M. alligatoris-infected fibroblast lysates. Monomeric sol-

FIG. 1. Alligator cardiac fibroblasts express CD95. The CD95 of control fibroblasts (upper panels) was labeled with antibody ab13550 against
a synthetic peptide mapping at N-terminal residues 29 to 44 of mouse CD95 and visualized by Alexa Fluor 488-conjugated secondary antibody
(green). For imaging, the fibroblast nuclei were labeled with 4�,6�-diamidino-2-phenylindole hydrochloride (DAPI; blue). Cytoskeletal �-tubulin
was labeled with primary antibody against chick brain �-tubulin and visualized by tetramethylrhodamine-conjugated secondary antibody (red). The
apoptotic changes induced by 48 h of activation with the CD95-agonistic monoclonal IgM antibody CH11 (center panels) were less severe than
those following 48 h of incubation with 109 CFU M. alligatoris (lower panels).
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uble CD95 (13) could not be detected in Western blots of
plasma from control or M. alligatoris-infected alligators by
probing with any of the four �-CD95 antibodies described,
although an unidentified plasma protein with an apparent mo-
lecular mass of approximately 30 kDa cross-reacted strongly
with ab13550 and CH11 (15, 50).

Mycoplasma alligatoris infection promotes CD95 expression
and redistribution. M. alligatoris readily persisted in coculture
with the fibroblasts. The proportion of CD95-gated cardiac
cells, observed 24 to 48 h after inoculation with 109 CFU of M.
alligatoris, increased approximately threefold (P � 0.01) com-
pared to the proportion of CD95-gated untreated control cells
(Fig. 3). The effects were smaller after shorter incubation pe-
riods or with less inoculum. There was an almost fourfold

increase (P � 0.08) in the proportion of CD95-gated skeletal
muscle cells but less than a threefold increase (P � 0.12) in the
proportion of CD95-gated embryonic fibroblasts following 24
to 48 h incubation with M. alligatoris. The window of opportu-
nity for measurement was narrow, accounting for some of the
variability observed, because usually less than the necessary
minimum of 104 fibroblasts remained to be analyzed by flow
cytometry beyond the 48-h incubation with M. alligatoris. For

FIG. 2. Fibroblast CD95 is detectable by Western blot assay. An-
tibody ab13550 reacted with a band (solid arrows) in positive control
HeLa (lane A) and alligator fibroblast (lane B) cell lysates, consistent
with the predicted apparent molecular mass of glycosylated CD95 of
approximately 44 to 48 kDa (lane M, molecular mass standards).
Monomeric (dashed arrow) or polymeric soluble CD95 could not be
detected in plasma from control or M. alligatoris-infected alligators
(lane C) by probing with ab13550 (shown) or any of the other anti-
bodies tested in this study. Blots were digitized by using an AlphaIm-
ager (Alpha Innotech, San Leandro, CA). Contrast was normalized for
better clarity by using the Auto Contrast feature after cropping and
alignment with Adobe Photoshop CS 8.0 (Adobe Systems, San Jose,
CA).

FIG. 3. Mycoplasma alligatoris infection promotes CD95 expression
of cardiac fibroblasts. Subconfluent fibroblasts were incubated for 48 h
with 109 CFU of M. alligatoris, and then CD95 expression was mea-
sured with primary antibody ab13550 by flow cytometry (n � 3 repli-
cates for embryo fibroblasts; n � 4 replicates for cardiac and muscle
cells) (upper panel). Control fibroblasts were incubated with either
IgM CH11 or medium only. The gate was set to exclude approximately
99.5% of negative control cells. Bars, 1 standard error. Statistical
significance of the increase from untreated controls is indicated (**, P
� 0.01; †, P � 0.10) (lower panel).
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comparison, no increase in primary rat �-CD44 MAb IgG2b
IM7 binding to alligator fibroblasts was detectable by flow
cytometry after 48 h of incubation with �-CD95 MAb CH11 or
infection with M. alligatoris, ruling out the possibility that non-
specific IgG binding might be increased in IgM-induced or M.
alligatoris-infected fibroblasts when binding is measured by us-
ing rabbit polyclonal �-CD95 IgG ab13550 as the primary
antibody in flow cytometry. Subjectively, translocation of the
CD95 label away from the lamellipodium was a characteristic
effect of infection of many cardiac and skeletal muscle cells
examined (Fig. 1). The �-catenin label remained partitioned
between membrane junctions and the cytosol, as expected,
while in contrast, the ab13550 label seemed to become focused
toward the center of the cell body. Induction by incubation
with the CD95-agonistic antibody CH11 had similar effects on
the redistribution of CD95 (Fig. 1) and the proportion of
CD95-gated muscle cells (P � 0.17), but the increase in CD95-
gated induced cardiac cells from untreated controls was pro-
portionately less than that for infected cells (Fig. 3). Incubation
with heat-inactivated M. alligatoris culture or M. alligatoris-
conditioned SP4 culture supernatant had no effects on CD95
expression or distribution.

Mycoplasma alligatoris infection promotes apoptosis. For all
fibroblast types, fluorescence imaging revealed morphological
changes characteristic of apoptosis, including decreased cell
size, rounding, disordered �-tubulin, and nuclear condensation
and fragmentation of M. alligatoris-infected cells (Fig. 1). Less
severe changes were also evident in positive control fibroblasts
activated by the CD95-agonistic antibody CH11 (Fig. 1). A
greater than eightfold increase (P � 0.16) in the proportion of
BrdU-gated infected cardiac fibroblasts compared to the in-
crease in the proportion of BrdU-gated untreated controls was
demonstrated by flow cytometry (Fig. 4). Activation by CH11
increased the proportion of BrdU-gated skeletal muscle fibro-
blasts approximately threefold (P � 0.03) compared to the
increase in the proportion of BrdU-gated untreated control
cells. The proportional increase was also threefold for CH11-
activated cardiac cells, although that effect did not approach
statistical significance. Incubation with heat-inactivated M. al-
ligatoris culture or M. alligatoris-conditioned SP4 culture su-
pernatant did not induce apoptosis. Also, sham induction ei-
ther with irrelevant mouse IgM MAb against rat nuclear lamin
A/C (sc-7293; Santa Cruz Biotechnology) as a negative isotype
control for CH11 or with the irrelevant IgG1 MAb against
�-tubulin did not influence fibroblast CD95 expression or ap-
optosis.

DISCUSSION

Sialidase and hyaluronidase were recognized through a ge-
nome survey as candidate factors responsible for the remark-
ably high virulence of M. alligatoris. Because its attenuated
sibling species M. crocodyli also possesses hyaluronidase, we
sought to identify specific mechanisms besides ECM degrada-
tion by which that combination of glycosidases might directly
or synergistically promote the particular virulence of M. alli-
gatoris. Several lines of prior evidence suggested that the eu-
karyotic cell signal-transducing HA receptor, CD44, is modu-
lated by the combination of sialidase and hyaluronidase,
leading to CD95-mediated cell death, consistent with the

pathogenic effects of M. alligatoris infection in vivo. Desialyla-
tion by sialidase was required to activate the HA binding by
CD44 of many diverse cell types (33, 34, 56). Treatment with
hyaluronidase-fragmented HA induced expression of CD95
and promoted CD95-mediated apoptosis (21, 56). Although
elements of the CD95 signaling pathway have been demon-
strated previously by immunological methods in the cartilag-

FIG. 4. Mycoplasma alligatoris promotes apoptotic death of cardiac
fibroblasts. Subconfluent fibroblasts were incubated for 48 h with 109

CFU M. alligatoris, and then the TUNEL assay was performed with
primary antibody PRB-1 by flow cytometry (n � 4 replicates for car-
diac cells, and n � 2 replicates for muscle cells) (upper panel). Control
fibroblasts were incubated with either IgM CH11 or medium only. The
gate was set to exclude approximately 99.5% of negative control cells.
Bars, 1 standard error. Statistical significance of the increase from
untreated controls is indicated (*, P � 0.05) (lower panel).
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enous ray Torpedo, the bony fish Ictalurus and Sparus, and the
amphibian Xenopus (17, 38–40, 49), the present study estab-
lished for the first time that reptile cells express a CD95 ho-
molog which can be imaged and quantitated by using antibod-
ies against mammalian CD95. In addition, incubation with
activating �-CD95 IgM CH11 against mammalian CD95 in-
duced reptilian fibroblasts to undergo apoptosis, which could
be imaged by immunofluorescence and quantitated by TUNEL
assay, evidence that the relationship of CD95-mediated signal
transduction with apoptosis is the same in alligator fibroblasts
as in other cell types. The data also support the fact that CH11
and ab13550 recognize distinct evolutionarily conserved
epitopes on the N terminus of CD95, because prior incubation
with CH11 did not block subsequent labeling by ab13550. The
antigenic similarities between the N- and C-terminal epitopes
of reptilian and mammalian CD95 homologs provide addi-
tional evidence that the apoptosis receptors are evolutionarily
conserved across vertebrate species (49).

The heart is a major target organ of M. alligatoris infection in
vivo (9). Cardiac fibroblasts are the major noncardiomyocyte
heart cell type and are developmentally and functionally dis-
tinct from fibroblasts in other organs and tissues (11, 12). They
originate during embryonic development from migratory pro-
epicardium cells and undergo fibroblast growth factor- and
platelet-derived growth factor-mediated differentiation to ac-
quire their phenotype. They have central roles in homeostatic
maintenance of the highly differentiated normal heart ECM.
Cardiac fibroblasts also serve as intermediate sensors and am-
plifiers of signals from immune cells and myocytes. During
infectious myocarditis and other forms of heart injury, cardiac
fibroblasts undergo phenotypic and functional transitions, ac-
tivated by cytokines and growth factors released from other
cells and by the fibroblasts themselves, as part of normal tissue
healing. Apoptosis of activated fibroblasts terminates the nor-
mal heart injury repair process (11). The in vitro infection with
M. alligatoris tended to increase the proportion of BrdU-gated
fibroblasts more in cardiac cells than in muscle cells, which are
comparatively less injured during infection (9), a possible clue
to one reason why certain cell types or organs are more se-
verely affected by in vivo infection with M. alligatoris. Both de
novo synthesis and externalization of preformed CD95 initially
sequestered within the fibroblasts may have contributed to the
increased cell surface expression of CD95 measured by flow
cytometry following induction by agonistic antibody or by in-
fection (5, 44).

Inappropriate apoptosis is important in the pathogenesis of
many infectious diseases. Host animal damage results directly
from induced death of epithelial or parenchymal cells, in some
cases exacerbated by tumor necrosis factor alpha-mediated
apoptosis of phagocytes and immune system cells that might
otherwise limit bacterial invasion (22, 42). Damage also results
indirectly from proinflammatory interleukin 1 and gamma in-
terferon responses, especially when apoptosis is so extensive
that the rate of cell death exceeds the rate of clearance by
phagocytes (42, 58). CD95-mediated apoptosis is distinct from
necrosis in the morphological and biochemical changes that
occur (6, 18, 55), and its comparative “immunological silence”
causes less inflammation and tissue damage than necrosis does
if phagocytosis is able to keep pace with apoptosis (22, 42). A
pathway to necrotic cell death also originates from CD95.

Activation of an intracellular caspase cascade following CD95
agonist binding leads to apoptosis, but mitochondrial oxygen
radical production also stimulated by CD95 agonist binding
leads to necrosis, with the type of death determined individu-
ally in each cell by the rate of procaspase activation (18, 55).
Translocation of CD95 toward the center of the cell body
following M. alligatoris infection or activation by the agonistic
antibody CH11 may reflect or may result in its concentration
into lipid rafts in the plasma membrane where signal transduc-
tion cofactors are constitutively localized, a mechanism for
regulating the efficiency of CD95 signaling (44). The signifi-
cance of an increased proportion of CD95-gated primary cul-
tured fibroblasts following inoculation with M. alligatoris is
therefore the correlated association with at least three poten-
tial mechanisms of host damage in vivo (apoptosis, necrosis,
and inflammation), consistent with the acute, severe inflam-
matory, and necrotizing disease caused by M. alligatoris infec-
tion.

In the so-called hyaluronan-mediated escape from apoptosis
by lung, mammary, and gastric carcinomas (57), fragmented
HA paradoxically reduced cell surface CD95 expression by
cultured carcinoma cells, which then resisted agonist-induced
apoptosis. The effect may result from a switch, linked to me-
tastasis in vivo, to the upregulated secretion of soluble CD95
(10), with the subsequent inhibition of apoptosis by competi-
tive binding of agonists by the soluble form of the receptor.
However, we were unable to detect soluble CD95 in the plasma
of control or M. alligatoris-infected alligators by Western blot
analyses, from which we conclude that upregulated secretion of
soluble CD95 is not an effect of M. alligatoris infection.

Diverse bacteria are able to modulate apoptosis, but no
mechanisms have been previously proposed for direct effects
on upstream components of the CD95 signal transduction
pathway by any species of bacteria. Apoptosis induced by most
extracellular or facultative intracellular pathogens has been
attributed to nonspecific damage of host plasma or reticular
membranes (e.g., Listeria, Neisseria, Staphylococcus, and Strep-
tococcus) or direct activation of caspases (e.g., Legionella, Sal-
monella, and Shigella) (22). Inoculation with Mycoplasma bovis
but not Mycoplasma bovirhinis or Mycoplasma bovoculi induced
apoptosis of isolated bovine peripheral blood monocytes (54)
and increased the rate of spontaneous apoptosis in human
lymphoid and epithelial tumor cell lines (51) by unknown
mechanisms. Mycoplasmal endonucleases were proposed to
enhance sensitivity to nucleosomal DNA degradation in my-
coplasma-infected cell lines either directly (4) or synergistically
with various other inducers of apoptosis (45, 46, 51). Purified
arginine deiminase from Mycoplasma arginini induced apopto-
sis of lymphatic cell lines through nutrient depletion (37).
Membrane lipoproteins from Mycoplasma salivarium and My-
coplasma fermentans induced caspase-dependent necrotic and
apoptotic cell death in lymphocytes, monocytes/macrophages,
and Toll-like receptor-transfected HEK293 cell lines (29, 30,
37). In addition, heat-inactivated M. fermentans was cytocidal
for the human myelomonocytic cell line U937 by a mechanism
that specifically excluded CD95 involvement (47). Infection
with live M. fermentans did not induce apoptosis in U937 cells
but, instead, protected against tumor necrosis factor alpha-
induced apoptosis through reduction of caspase-8 activity (25).
M. alligatoris infection therefore is the first mycoplasmosis
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shown to influence an upstream element of the CD95 signal
transduction pathway.

Our data show that apoptosis and cell death follow M. alli-
gatoris infection and a positive correlation between the pro-
portion of CD95-gated fibroblasts and apoptosis. The lack of
an effect of heat-inactivated M. alligatoris culture or sterile M.
alligatoris-conditioned culture supernatant on fibroblast CD95
expression or apoptosis suggests an enzymatic, mycoplasmal
cell-associated mechanism of interaction with the fibroblasts’
extracellular signal receptors. The sialidase and hyaluronidase
of M. alligatoris are both cell-associated enzymes (10). Eluci-
dation of a causal pathway, possibly involving CD44, between
the glycosidases and the effects described here will require a
series of additional studies such as enzyme inhibitor and fac-
torial glycosidase gene knockout and complementation analy-
ses. For example, primary pulmonary fibroblasts, which repre-
sent a second target organ of M. alligatoris infection in vivo (9),
were protected from M. alligatoris-induced apoptosis in a dose-
dependent fashion by 2,3-didehydro-2-deoxy-N-acetylneura-
minic acid, a potent inhibitor of M. alligatoris sialidase (53).
Incubation with purified Clostridium perfringens sialidase alone
did not induce fibroblast apoptosis (our unpublished data).
Those preliminary observations suggest that sialidase is neces-
sary, but not sufficient alone, for M. alligatoris to induce apo-
ptosis of pulmonary fibroblasts. Because the M. alligatoris ge-
nome includes only single copies of nanI and nagH, in contrast
to other invasive species of bacteria that possess multiple siali-
dase and hyaluronidase genes, it should constitute the model
most easily testable by gene inactivation and complementation
approaches for demonstration of potential bacterial glycosi-
dase modulation of the CD95 signal transduction and apopto-
sis pathways.
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