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Mycoplasma arthritidis induces an acute to chronic arthritis in rodents. Arthritis induced in mice histolog-
ically resembles human rheumatoid arthritis and can be associated with lethal toxicity following systemic
injection. The M. arthritidis mitogen (MAM) superantigen has long been implicated as having a role in
pathogenesis, but its significance with respect to toxicity and arthritogenicity in mycoplasma-induced disease
is unclear. To study the pathogenic significance of MAM, M. arthritidis mutants that overproduced or failed to
produce MAM were developed. MAM overproduction and knockout mutants were more and less mitogenic,
respectively, than the wild-type strain. The degree of mitogenic activity correlated with lethal toxicity in DBA/2J
mice. In contrast, histopathological studies detected no correlation between MAM production and the severity
of arthritis induced in DBA/2J and CBA/J mice.

Mycoplasma arthritidis is a naturally occurring arthritogen of
rats (12). Experimental arthritis can be induced in mice by
intravenous injection (4) and in rabbits by intra-articular injec-
tion (48). Disease in rats and mice is associated with persis-
tence of viable organisms in the joints, but disease in rabbits
persists even in the absence of viable organisms (12). Arthritis
induced in mice is chronic and relapsing and histologically
resembles human rheumatoid arthritis (10, 22). M. arthritidis
secretes a superantigen (SAg), M. arthritidis mitogen (MAM),
which is a potent activator of murine and human T cells (14,
23). MAM is in many aspects a typical SAg. It does not bind to
the antigen groove of the major histocompatibility complex
(MHC) molecule as do conventional antigens, and T-cell rec-
ognition of MAM is not MHC restricted (11). The presence of
a functional H-2E molecule is required to present MAM to T
cells (14) with presentation mediated by E�-containing mole-
cules (13). T-cell responses to MAM stimulation are clonally
expressed (16). Responsiveness is associated with expression of
particular subsets of V� chains present on the T-cell receptor.

MAM has unique features that differentiate it from other
bacterial SAgs. Sequence analysis of MAM revealed that it is
phylogenetically distinct (17). MAM, but not other SAgs, con-
tains the consensus legume lectin motif that is important for
T-cell activation by concanavalin A. Unlike most other SAgs,
which have a similar three-dimensional structure consisting of
a small �-barrel domain and a large domain with a �-grasp
motif, MAM adopts a novel fold composed of two completely
�-helical domains (33). It interacts with the third complemen-
tarity-determining region (CDR3) of the T-cell receptor (31),
a feature of nominal peptide antigens rather than SAgs. It is
much more mitogenic for murine cells than are staphylococcal
SAgs (19). Both Toll-like receptor 2 and 4 (TLR2 and TLR4)
on macrophages are engaged by MAM (34). At least one of

these TLRs must be present for macrophage activation by
MAM. It was also suggested that TLR4 signaling downregu-
lates the MAM/TLR2 inflammatory response. The interaction
between MAM and TLRs of macrophages and the subsequent
release of cytokines appear to determine the susceptibility of
mice to M. arthritidis-induced disease. The cytokine profile
induced by MAM in C3H/HeJ mice, a strain bearing a mis-
sense mutation in TLR4, is different from that in C3H/SnJ
mice, a strain bearing an intact TLR4 (36). As a result, these
strains of mice display different susceptibilities to disease in-
duced by M. arthritidis. MAM is the first SAg reported to have
DNase activity (25). These unique characteristics demonstrate
the novelty of MAM and warrant further research on its role
in the development of SAg-mediated diseases.

The role of MAM in the pathogenesis of rodent arthritis is
unclear. Lymphocytes from some strains of mice that are re-
sistant to M. arthritidis-induced arthritis respond to MAM (14,
21, 35). Arthritis in rats can be induced by direct intra-articular
injection of MAM, but the arthritis induced does not repro-
duce the disease phenotype induced by infection with live
organisms (5). Significant toxicity but not necessarily signifi-
cant arthritis has been associated with MAM (18, 20, 36). In
this study, we developed mutants that failed to produce MAM
or overproduced MAM with the goal of elucidating the role of
MAM in disease induced by M. arthritidis.

MATERIALS AND METHODS

Strains of bacteria and medium. Mutants of M. arthritidis strain 158 (8, 43)
were developed in this study (Table 1) by using the minitransposon Tn4001TF1
as an insertional mutagen and as a vector. Strain TnCtrl was developed as a
control that has the empty minitransposon vector inserted at an intergenic
position in the mycoplasma genome. M. arthritidis was cultured in EA (agar) or
EB (broth) at 37°C as described previously (44, 46). For antibiotic selection in M.
arthritidis, medium was supplemented with 5 �g of tetracycline/ml. Escherichia
coli One Shot TOP10 (Invitrogen, Carlsbad, CA) grown in Luria-Bertani me-
dium was used as the host strain to construct plasmids, with tetracycline selection
at 10 �g/ml. DNA from Mycoplasma pulmonis strain CTp12 was used as a control
for some PCR experiments (40).

Development of mam knockout mutants. Oligonucleotides used for plasmid
construction and PCRs are listed in Table 2. To minimize mutations caused by
PCR amplification, Expand High FidelityPlus PCR system (Roche Applied Sci-
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ence, Indianapolis, IN) was used for all plasmid construction. Plasmid pMT85
carrying mini-Tn4001 was provided courtesy of R. Herrmann (53). To construct
a mini-Tn4001 carrying a marker that would function in M. arthritidis, a 2.3-kb
region of transposon Tn916 carrying the tetM gene was amplified by PCR using
primer pair TetM-F-Bam and TetM-R-Bam. The product was cloned into the
BamHI site of the mini-Tn4001 portion of pMT85 to generate Tn4001TF1 in
plasmid pTF85 (Fig. 1A).

To obtain mutants that fail to produce MAM, a transposon library was con-
structed using minitransposon Tn4001TF1. Mycoplasma strain 158 was trans-
formed using the polyethylene glycol-mediated method as described previously
(45). Plasmid pTF85 does not replicate in mycoplasmas, and transformants are
obtained only when the minitransposon transposes into the mycoplasma chro-
mosome. Individual transformant colonies were picked and grown at 37°C in 1 ml
broth containing tetracycline. Each culture was frozen at �80°C in broth sup-
plemented with 15% glycerol.

The genomic location of the minitransposon was determined for each trans-
formant by PCR amplification of the junction between the transposon and the
adjacent genomic DNA. The sequence of the PCR product was compared to the
complete genome sequence for identification of the transposon insertion site.
The inverse PCR conditions and primers were similar to those used to map the
transposon location in transformants of M. pulmonis (41) except that genomic
DNA was digested with Sau3AI instead of NlaIII and inverse PCR amplifications
were performed with primers iPCR-F and iPCR-R. The inverse PCR product
was purified from an agarose gel, and the nucleotide sequence was determined
using primer iPCR-S. Two mutants, KO1 and KO2, were identified that had the
minitransposon inserted within the mam gene (Table 1).

Development of mam overexpression mutants. To construct mutants that over-
produce MAM, the mam gene was inserted downstream of a strong promoter

derived from the M. arthritidis mia gene (Fig. 2A). The mia promoter was
thought to have strong activity because MIA is one of the most abundant
proteins produced by M. arthritidis strain 158 (43). The mia promoter including
its ribosomal binding site was amplified by PCR by using the primer pair mia-
PF-Not and mia-PR-Eco and inserted into plasmid pCR2.1-Topo (Invitrogen) to
generate plasmid Topo-mia. The mam coding region including its signal peptide
coding sequence was amplified from strain 158 genomic DNA using primer pair
mam-F-Eco and mam-R-Not and inserted into a separate pCR2.1-Topo vector,
resulting in plasmid Topo-mam. The fragment containing the mia promoter was
excised from Topo-mia by digestion with NotI and inserted into the NotI site of
pBluescript to generate plasmid pBS-mia. The fragment containing the mam
coding region was excised from Topo-mam by digestion with EcoRI and inserted
into EcoRI site of pBS-mia. The resulting plasmid, pBS-mia-mam, has the mam
coding region immediately downstream of the mia promoter. The mia-mam

TABLE 1. M. arthritidis strains used in this study

Strain Parent Transposon Transposon
positiona

Disrupted gene
product

Truncation of
gene productb

158 NAc NA NA NA NA
TnCtrl 158 Tn4001TF1 37911 NA NA
KO1 158 Tn4001TF1 38870 MAM 101/238
KO2 158 Tn4001TF1 38784 MAM 72/238
Over1 158 Tn4001TF1-mia-mam2 398742 NA NA
Over2 158 Tn4001TF1-mia-mam1 95959 NA NA
Over3 158 Tn4001TF1-mia-mam1 412672 MspD 2353/2592

a The nucleotide positions correspond to the completed M. arthritidis genome sequence (GenBank accession number CP001047).
b Number of amino acids in the truncated product/number of amino acids in the full-length product.
c NA, not applicable.

TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequencea

TetM-F-Bam...........GGTTGTGGATCCTTGTGGGTACTTTTA
GGGC

TetM-R-Bam ..........CTTATTGGATCCGAAACCATATTTATATA
ACAAC

iPCR-F ....................CTGATTCTGTGGATAACCGTATTACCGC
iPCR-R....................CAGTATTTGGTATCTGCGCTCTGCTGAAG

CCAGTTA
iPCR-S.....................TTTGAGTGAGCTGATACCGCTCGC
mia-PF-Not .............CGGCGGCCGCAACCTTTGGAGATTGCTTC
mia-PR-Eco ............CATTATTTTATTGTGAATTCCTTTTC
mam-F-Eco .............CACAAATTTAAAAATCATAAGGAATTCAA

AAATGAAAAC
mam-R-Not.............CGGCGGCCGCCCCCAACCTTTTAGATTG
mia-RT-F ................AAATTTATTAAAACAGGTAACTCCG
mam-RT-F ..............GCTGTGAAAATGAAATTCTTCAC
mia-mam-RT-R ......GCTAAAGTGACGGTTGCG
Tn-F .........................TTTAGCAAATCATATATAAAAGCGCG
Tn-R ........................TTTTAAATAGTTTCTTTGTTTACCCGC
Over1-F ...................ACTACCGAAGGCGAAACCGC
Over1-R...................ACATCTTCGCAAGAAGCCGC

a Underlined nucleotides are the nucleotides in restriction sites used for clon-
ing of PCR products.

FIG. 1. (A) Schematic of plasmid pTF85 illustrating transposon
Tn4001TF1 with the direction of transcription of the genes (open bars)
indicated by arrows. tetM, tetracycline resistance marker; gm-r, genta-
micin resistance marker; tnp, transposase gene; ori, origin of plasmid
replication; B, BamHI restriction site; N, NotI site into which the
mia-mam gene was inserted for overexpression studies; S, rightmost
Sau3A1 site in Tn4001TF1 (other Sau3A1 sites not shown). The ori-
entations of primers iPCR-F, iPCR-R, and iPCR-S used for inverse
PCR to map the genomic location of the transposon are indicated.
(B) Agarose gel of direct PCR products obtained from amplification of
genomic DNA isolated from the mam knockout mutants KO1 and
KO2 and using the mam-F-Eco and mam-R-Not primers that flank
mam. Genomic DNA from wild-type M. arthritidis 158 and M. pulmonis
strain CTp12 was used as positive and negative control, respectively.
PCRs amplifying the mia promoter with primers mia-PF-Not and
mia-PR-Eco were performed to serve as quality controls of DNA
template preparation. The direct PCR products of the mam gene and
the mia promoter are 805 bp and 369 bp, respectively.

4990 LUO ET AL. INFECT. IMMUN.



construct was excised from pBS-mia-mam by digestion with NotI and inserted
into the NotI site of the Tn4001TF1 portion of pTF85. Two constructs were
obtained, Tn4001TF1-mia-mam1 has the mia-mam gene in the forward orienta-
tion and Tn4001TF1-mia-mam2 has mia-mam in the reverse orientation in the
transposon. The resulting plasmids, pTF85-mia-mam1 and pTF85-mia-mam2,
were confirmed to be absent of any mutations by DNA sequence analysis and
transformed into wild-type M. arthritidis 158 by the polyethylene glycol method.

The genomic location of the minitransposon carrying the mia-mam gene was
determined to identify transformants that might have the minitransposon in-
serted into an innocuous site that would not adversely affect the virulence of the
mycoplasma. The protocol for identifying the nucleotide insertion site of
Tn4001TF1-mia-mam1 or Tn4001TF1-mia-mam2 in transformants of strain 158
was the same as described above for mapping the location of Tn4001TF1. Three
independent overexpression mutants, Over1, Over2, and Over3, each with the
transposon inserted at what appeared to be an innocuous site were chosen for
further study.

RT-PCR. Bacteria were grown to stationary phase, harvested by centrifuga-
tion, and washed once in 1� phosphate-buffered saline (PBS). Genomic DNA
was isolated by using the EasyDNA kit (Invitrogen) according to the manufac-
turer’s instruction. Total RNA was isolated using RNAqueous-4PCR kit (Ap-
plied Biosystems/Ambion, Austin, TX) according to the manufacturer’s instruc-
tions. Turbo DNase (Ambion) was used to remove DNA contamination present
in the samples. One-step reverse transcriptase PCR (RT-PCR) was performed
using the MessageSensor RT kit (Ambion) and SuperTaq DNA polymerase
(Ambion) according to the manufacturer’s instructions. A 117-bp fragment cov-
ering a portion of the sequence downstream of the transcription start site of the
mia promoter and mam coding region of the exogenous mia-mam transcripts was
amplified using primers mia-RT-F and mia-mam-RT-R. A 91-bp fragment cov-
ering portions of natural mam promoter and mam coding region of the endog-
enous mam transcripts was amplified with primers mam-RT-F and mia-mam-
RT-R (Fig. 2B). Transcripts of both mia-mam and mam were amplified in the
same reaction. Reaction mixtures without RT or RNA template were used as
negative controls. RNA samples were reverse transcribed for 15 min at 42°C.
cDNA samples were predenatured for 5 min at 95°C, followed by 35 cycles, with
1 cycle consisting of denaturation at 95°C for 15 s, annealing at 45°C for 40 s, and
extension at 72°C for 60 s. A final extension step was performed at 72°C for 10
min. PCR products were electrophoresed in 10% polyacrylamide gels and visu-
alized by ethidium bromide staining. Experiments were repeated three times to
ensure the same trend was reproduced.

Mitogen assays. Cultures of M. arthritidis were grown in sterile microcentri-
fuge tubes to stationary phase, and the number of CFU was determined for each
culture. M. arthritidis culture supernatant filtrates (MAS-F) was obtained by
centrifuging the fresh culture at 12,000 � g for 15 min to remove cells, followed
by filtration of the supernatant through a 0.2-�m sterile filter (VWR Interna-
tional, West Chester, PA). The filtrates were dialyzed overnight in Slide-A-Lyzer
7,000-molecular-weight-cutoff dialysis cassettes (Pierce, Rockford, IL) against
1� PBS at pH 7.2 to remove toxic metabolites that might interfere with the assay.

Filtrates were stored at �80°C. Prior to the performance of mitogen assays,
filtrates were adjusted to normalize the filtrates to the culture that had the lowest
CFU concentration. For some assays, the normalized filtrates were diluted 10
times with 1� PBS (10� dilutions).

Splenocyte suspensions were prepared from two DBA/2J or CBA/J mice by
pressing spleens through a 70-�m Nitex fabric (Sefar Filtration, Depew, NY) into
Hank’s buffered salt solution (HBSS) (Invitrogen/Gibco). Red blood cells were
lysed in 10 ml Gey’s solution (6). After red blood cell lysis, splenocytes were
washed and counted using a Z2 Coulter Counter (Beckman Coulter, Fullerton,
CA). Cells were harvested and suspended at a concentration of 5 � 106 cells/ml
in RPMI 1640 (Invitrogen/Gibco) containing 10% fetal bovine serum (HyClone,
Logan, UT) plus 0.05 mM 2-mercaptoethanol and 2 mM L-glutamine (Invitro-
gen) (RPMI-2ME).

The ability of MAS-F to stimulate T cells was assessed by the dissociation-
enhanced lanthanide fluorescence immunoassay (DELFIA). One hundred mi-
croliters of splenocyte suspension was dispensed into each well of a 96-well
flat-bottom cell culture plate (Corning, Inc., Corning, NY). Five microliters of
diluted MAS-F was added to each test well. As a negative control, 5 �l of
dialyzed mycoplasma culture medium was added to wells in place of MAS-F to
measure the background fluorescence. Positive controls contained 5 �l of 10
�g/ml phorbol-12-myristyl-13-acetate (PMA) (Sigma) and 5 �l of 20 �g/ml
A23187 ionophore (Sigma) instead of MAS-F. The total volume of each well was
adjusted to 200 �l with RPMI 1640 containing 10% fetal bovine serum plus 0.05
mM 2-mercaptoethanol and 2 mM L-glutamine. All test samples and controls
were analyzed in triplicate. After incubation at 37°C in a humidified 5% CO2

atmosphere for 24 h, cell proliferation was assessed using the DELFIA cell
proliferation kit (PerkinElmer) according to the manufacturer’s instructions.
Briefly, cells were labeled with 5-bromo-2-deoxyuridine (BrdU) by adding 20 �l
of 100 �M BrdU labeling solution to each well and reincubated for an additional
8 h. The cells were fixed for 30 min at room temperature and stained with 100 �l
of 0.5 �g/ml europium-labeled anti-BrdU. After the cells were incubated at room
temperature for 2 h, they were washed four times and fluorescence was induced
by adding 200 �l DELFIA inducer to each well. After 15 min of incubation,
europium fluorescence was measured in a Wallac 1420 multilabel counter
(PerkinElmer) in its time-resolved fluorometry (DELFIA) europium mode. Un-
diluted filtrates were used for the mitogenic comparison between wild-type M.
arthritidis, the TnCtrl strain, and the mam knockout mutants KO1 and KO2.
Because of the high level of SAg activity produced by the Over1, Over2, and
Over3 overexpression mutants, it was necessary to assay 10� diluted filtrates to
compare wild-type M. arthritidis, TnCtrl, and the mam overexpression mutants.
Each experiment was repeated twice to ensure that the same trend was obtained.

Animal experimentation. In preparation for infection of animals, cells were
harvested by centrifugation, washed once in fresh EB medium, suspended in EB
with 15% glycerol, and stored at �70°C. Before inoculation, an aliquot was
thawed, and the number of CFU was determined.

The authors’ institutional review boards approved all animal studies. Female
CBA/J (Hk E�

�, 6 to 8 weeks old) and DBA/2J mice (Hd E�
�, 6 to 8 weeks old)

were purchased from Jackson Laboratory (Bar Harbor, ME). CBA/J or DBA/2J
mice were infected with 4 � 108 CFU or 1 � 109 CFU, respectively, by tail vein
injection. For CBA/J mice, animals were infected in groups of five. Arthritis was
assessed by histological analysis of the joints (wrist and ankle) tissue at 2 weeks
postinoculation. The virulence of wild-type M. arthritidis strain 158, the TnCtrl
strain, the two independent mam knockout mutants KO1 and KO2, and the three
independent mam overexpression mutants Over1, Over2, and Over3 were as-
sessed in CBA/J mice. Negative-control mice were injected with sterile EB.
Similar experiments were performed in DBA/2J mice infected in groups of eight,
but with a more comprehensive assessment of the induced disease. Visible
arthritis in wrists, ankles, and metatarsal and metacarpal joints was scored as 0
to 3, and arthritis in digits were scored as 0 to 1.5 based on the severity of
inflammation. Deaths in each group were recorded and compared by statistical
analysis. The body weight of each mouse was measured and recorded. Other
manifestations of the disease, such as dermal necrosis and paralysis of the legs,
were also observed and recorded. Arthritis in DBA/2J mice was also assessed by
histological analysis of the wrist and ankle joint tissue at 2 weeks postinoculation.
For these experiments, the virulence levels of the transposon control, the mam
knockout mutant KO1, and the overexpression mutant Over1 were assessed.
Again, one group of mice was injected with sterile EB as a control.

Histopathological evaluation of arthritis. Wrist and ankle joints were excised
from mice sacrificed 2 weeks postinoculation. The joints were fixed in 70%
alcoholic formalin, demineralized, sectioned at a thickness of 5 �m, and stained
with hematoxylin-eosin. The severity of arthritis was assessed by a pathologist
(T.R.S.) who was not provided with the treatment information of the different
experimental groups. For each joint, the following lesion characteristics were

FIG. 2. (A) Schematic of the mam (top) and mia-mam (bottom)
genes showing the locations of primers used for RT-PCR. mam-F,
primer mam-RT-F; R, primer mia-mam-RT-R; mia-F, mia-RT-F; E,
EcoRI restriction site used for combining the mia promoter with the
mam coding region. (B) Agarose gels of RT-PCR and regular PCR
products obtained from amplification of the mam (91-bp product) and
mia-mam (117-bp product) genes using the three primers mia-mam-
RT-R, mam-RT-F, and mia-RT-F mixed together. (Top) The tem-
plate was genomic DNA from wild-type strain 158 (WT) or strain
Over1. (Bottom) The template was Over1 genomic DNA (Over1
PCR), Over1 RNA (Over1 RT), Over2 RNA (Over2 RT), or Over3
RNA (Over3 RT).
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scored: joint cavity exudate, synovial and capsular inflammation, synovial and
capsular fibrosis, articular cartilage erosion, intra-articular bone destruction/
remodeling, ankylosis, extra-articular osteomyelitis, periostitis and periosteal
bone proliferation, tendon sheath exudate, tendon sheath inflammation, and
tendon sheath fibrosis. These lesion characteristics were scored 0, 1, 2, or 3 for
absent/normal, mild, moderate, or severe, respectively. Distribution (single or
multiple joints and/or tendon sheaths) of the above changes was also scored 0, 1,
2, 3, or 4 for none or approximately one-fourth, one-half, or three-fourths or all
of the joint structures affected, respectively. The total score for the joint was
calculated as the product of the extent score and the sum of the component
scores, with scores for cartilage destruction, osteomyelitis, and periostitis
weighted by multiplying by 2, since bone lesions indicate severe disease. The total
score for a mouse was the sum of the individual joint scores.

Growth in vitro and colonization of mouse joints. The protocol for measuring
the growth of mutants in vitro is adapted from that described elsewhere (27).
Briefly, fresh mycoplasma cultures were diluted 1,000 times in EB in a sealed
sterile tube and incubated at 37°C. Cultures were sampled every 2 h and con-
tinued until stationary phase was reached. At each time point, 50-�l samples
were removed for CFU analysis. Growth curves were plotted as the log CFU
versus time to calculate the doubling times of wild-type and mutant strains.

The level of colonization or load of M. arthritidis in the joints was also studied.
DBA/2J mice were infected with 1 � 109 CFU in groups of three. Mice were
sacrificed at 3 weeks. Ankle and wrist joints were collected under sterile condi-
tions with the fur removed. Joints from each mouse were minced in 1 ml EB and
sonicated in a sonifier (model 250/450; Branson, Danbury, CT) at a power level
of 5 and duty cycle of 50% for 45 s. The suspension was subjected to CFU
analysis. Some of the mycoplasmas recovered from the joints were analyzed as
described below to assess the stability of the transposon insertion in the genome.

Stability of transposon integration. To study the stability of the mini-Tn4001
transposon in the mycoplasma genome, mycoplasmas recovered from animal
joints were grown in EB medium without antibiotic selection, and genomic DNA
was isolated. Inverse PCR (procedure as described above) combined with DNA
sequencing was first performed on the recovered TnCtrl isolates to confirm the
presence of a single copy of the transposon in the genome. Regular PCR with
primers mam-F-Eco and iPCR-R was used to confirm the presence of the
transposon in the mam coding region of the KO1 mutant. Regular PCRs using
primers flanking transposon insertion sites were then performed to exclude the
presence of any revertants in these isolates that would arise from loss of the
transposon. Primer pair mam-F-Eco and mam-R-Not and primer pair Tn-F and
Tn-R were used to assay for loss of the transposon from its resident location in
the KO1 mutant and the TnCtrl strain, respectively. Genomic DNA from wild-
type strain 158 was used throughout as a control.

Protein profiles. Cultures (10 ml) of M. arthritidis were grown until stationary
phase was reached. Cells were harvested, washed twice in 1� PBS, and sus-
pended in Western blot lysis buffer (52). The samples were boiled at 95°C for 10
min, and the protein concentration was quantified using a bicinchoninic acid
protein assay kit (Pierce). Thirty micrograms of protein from each strain was
resolved on a 4 to 15% gradient sodium dodecyl sulfate-polyacrylamide gel
(ready gel; Bio-Rad). The separated proteins were transferred to a nitrocellulose
membrane (Whatman). The major antigens of M. arthritidis were detected on the
immunoblots using previously described serum and methods (43).

Nuclease assays. DNase assays were performed as described elsewhere (25).
Briefly, genomic DNA was isolated from E. coli One Shot TOP10 by using the
EasyDNA kit. Three micrograms of E. coli genomic DNA was incubated at 37°C
for 30 min with EB or diluted MAS-F from M. arthritidis strain TnCtrl, KO1, or
Over1. Serial 10-fold dilutions of MAS-F of strain KO1 were used to digest the
genomic DNA from E. coli. The MAS-F of strains TnCtrl, KO1, and Over1 was
diluted with the dilution factor at which no DNase activity was detected in the
MAS-F of strain KO1. As a control, a sample of genomic DNA was incubated
with 7 units of DNase I (Qiagen, Hilden, Germany). To each reaction mixture,
5 �l EB medium or diluted filtrates and 8 �l RDD buffer (Qiagen) were added.
The total volume for each reaction mixture was adjusted to 35 �l with water.
DNA degradation was analyzed by agarose gel electrophoresis, followed by
staining with ethidium bromide.

Statistical analysis. All statistical analyses were performed with SigmaStat
version 3.1 (Systat Software, San Jose, CA). Mitogen assay data were normally
distributed and had equal variance and were analyzed by one-way analysis of
variance. Pairwise comparison was performed using Tukey and Student-New-
man-Keuls tests. Only the results that were confirmed significant by two tests
were reported as significant. The Kruskal-Wallis one-way analysis of variance test
was used to analyze the histopathological results. Survival data were compared by
using the log rank test and the Gehan-Breslow test, and only the results that were
confirmed significant by both tests were reported significant. Pairwise compari-

son of survival rates between groups was performed using the Holm-Sidak test.
The t test was used for the comparison of the loads of mycoplasmas in the joints
of infected animals. For all tests, a P of �0.05 was used as the criterion of
significance.

RESULTS

MAM knockout mutants. From a library of M. arthritidis
strain 158 mutants created by using the minitransposon
Tn4001TF1 as an insertional mutagen, two independent mu-
tants with disruptions in the mam gene were isolated (Fig. 1).
The full-length MAM protein has 238 amino acids. In the
knockout mutants KO1 and KO2, the length of the truncated
mam gene product would be only 42% (101 amino acids) or
30% (72 amino acids) of the full-length MAM protein (Table
1). Truncated MAM proteins from both mutants lack amino
acids 71 to 95, a domain critical for lymphocyte activation (17).

MAM overproduction mutants. To overproduce MAM, the
mam coding region was inserted downstream of the strong
promoter isolated from the M. arthritidis mia gene. Transfor-
mants containing the mia-mam gene cloned into Tn4001TF1
were screened to identify those that had the minitransposon
inserted into the mycoplasma genome at a site that was likely
to be innocuous (Fig. 2A and Table 2). Strain Over1 has the
transposon integrated in an intergenic region downstream of
ORF459, 460 bp upstream of the next gene, ORF462, which
codes for a hypothetical lipoprotein. Strain Over2 has the
transposon integrated within an intergenic region downstream
of ORF109, 159 bp upstream of ORF110, which codes for a
predicted ABC transporter ATP-binding protein. Based on its
location, it is unlikely that the transposon in either mutant
would alter the expression of neighboring genes. Strain Over3
has the transposon inserted into the 3� end of the mspD gene,
coding for a large surface protein of 2,592 amino acids (28).
Strain Over3 would produce a MspD protein 91% the length of
the wild-type protein. The Msp proteins are a 12-member
family of predicted phase-variable surface proteins that may
have redundant functions, and it is not known which of the msp
genes is expressed in the parent strain. We view it unlikely that
the Over3 strain would have altered virulence due to disrup-
tion of the 3� terminus of mspD.

To compare the expression of exogenous mia-mam and en-
dogenous mam, RT-PCR experiments were designed to am-
plify mia-mam and endogenous mam in the same reaction.
Conventional PCR with DNA template demonstrated that the
primers chosen amplified mia-mam and the native mam genes
with comparable efficiency. About 10 times more mia-mam
transcripts were detected than endogenous mam in the over-
expression mutants (Fig. 2B). Controls demonstrated that no
RT-PCR product was detected in reaction mixtures in which
RT or RNA template was omitted (data not shown).

Mitogenic activity. Splenocytes from both CBA/J and
DBA/2J mice were used to study the mitogenic activity of
MAS-F. Using undiluted filtrates, the overexpression mutants
stimulated the splenocytes to such high levels that the cells
proliferated and died during the 24-hour incubation period
before the incorporation of BrdU was examined as a measure
of T-cell stimulation. This suggested a level of mitogenic ac-
tivity higher than that of controls stimulated with PMA and the
calcium ionophore A23187, which lacked significant cell death.

4992 LUO ET AL. INFECT. IMMUN.



Using undiluted filtrates, wild-type strain 158 stimulated
splenocytes from CBA/J and DBA/2J mice as predicted. The
mitogenic activity of the TnCtrl strain was indistinguishable
from that of strain 158, the parent. In contrast, the KO1 and
KO2 mutants lacked mitogenic activity, stimulating spleno-
cytes to about the same degree as controls that were incubated
with mycoplasma growth medium (EB) only (Fig. 3A and C).
Accordingly, there is no evidence of a T-cell mitogen secreted
by M. arthritidis other than MAM. Using 10� diluted filtrates
(Fig. 3B and D), significant increased mitogenic activity was
detected in each of the mam overexpression mutants com-
pared to wild-type M. arthritidis and TnCtrl. No difference in
mitogenic activity was detected between the three mam over-
expression mutants. These results indicate that the MAM pro-
tein produced from mia-mam acts as a mitogen and stimulates
the production of splenocytes from CBA/J and DBA/2J mice.

MAM is not required to cause arthritis in CBA/J mice. The
ability of MAM knockout and overexpression strains to induce
arthritis in CBA/J mice was compared to that of the wild-type
and TnCtrl strains. Mice were sacrificed 2 weeks postinjection,
and the wrists and ankle joints were collected for histopatho-
logical studies. Lesions induced by all strains of M. arthritidis
were primarily synovitis and tenosynovitis with profound syno-
vial proliferation and accumulation of polymorphonuclear leu-
kocytes and mononuclear cells in synovia and tendon sheaths
(Fig. 4A). Modest neutrophil and fibrin exudates in the artic-
ular lumina were also observed in some cases. Cartilage dam-
age and osteomyelitis, which occur in arthritis induced in rats
by M. arthritidis (22), were not observed. No arthritis (median
arthritis score of 0) was induced by EB medium, consistent

with previous studies (42). The median arthritis scores induced
by the different strains of mycoplasma were compared. Mice
infected with the parent 158 strain, mam knockout mutants, or
overexpression mutants all had mild to moderate arthritis. The
median arthritis scores for mice infected with the wild-type
strain 158, TnCtrl, KO1, KO2, Over1, Over2, and Over3 strains
were 1.1, 2.4, 3.1, 1.2, 2.9, 2.9, and 1.9, respectively (Fig. 4B).
No significant differences in arthritis score between any of the
groups infected with mycoplasma were detected by statistical
analysis, indicating that MAM is not associated with arthrito-
genicity in CBA/J mice.

MAM is associated with mortality but not with arthritis in
DBA/2J mice. A more comprehensive study of the association
between MAM and disease was performed in DBA/2J mice,
which have a defect in the C5 component of the complement
system that may contribute to the high susceptibility of these
animals to infection. For these experiments, the severity of
disease induced by strains KO1, Over1, and TnCtrl and sterile
EB medium was determined by assessment of clinical arthritis,
histopathological examination of the joints, body weight, and
signs relating to toxicity including time of death. Throughout
the 2-week course of infection, all groups of mice infected with
mycoplasma exhibited similar dynamic arthritic scores (Fig.
5A). All groups of infected animals had similar numbers of
inflamed joints (Fig. 5B). The experimental protocol was to
collect wrist and ankle joints at 2 weeks postinoculation for
histopathological analysis, but all eight mice infected with
strain Over1 and four of eight mice infected with strain TnCtrl
died prior to the date of sacrifice. Histological analysis was
limited to the surviving animals, all eight mice injected with EB

FIG. 3. Mitogenic activity of mam knockout and overexpression mutants on splenocytes of CBA/J (A and B) and DBA/2J (C and D) mice.
T-cell proliferation was represented as fluorescence counts. Data have had background (splenocytes stimulated with EB) subtracted. Experiments
were repeated twice to ensure that the same trend was obtained. The data represent the means of three replicates. The standard deviations are
indicated by the error bars. Undiluted filtrates were used for the mitogenic comparison between the wild-type strain (WT), transposon control
(TnCtrl), and mam knockout mutants (panels A and C). Tenfold-diluted filtrates were used for the mitogenic comparison between the wild-type
strain, strain TnCtrl, and mam overexpression mutants. Values that are statistically significant are indicated by an asterisk.
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medium, all eight mice infected with KO1, and four of eight
mice infected with TnCtrl. No arthritis was induced by EB
medium. All of the infected mice had mild to moderate arthri-
tis. Lesions did not differ from those in CBA/J mice. The
median arthritis score of animals infected with TnCtrl or KO1
was 8.6 or 9.7, respectively, a difference which is not statistically
significant (Fig. 5C).

Though there were no significant differences in arthritis de-
tected between the mam mutants and strain TnCtrl, signifi-
cantly different mortality was observed (Fig. 6A). This finding
was first noted in a small pilot study in which we found that
mice infected with strain Over1 were more prone to die than
mice infected with strain KO1 (data not shown). In follow-up
experiments, six of eight mice infected with Over1 died at day
3 and the remaining two mice died by day 6. Half of the mice
infected with the TnCtrl strain died, all at day 7 or later. No
mice infected with KO1 died. A comparison of the survival
rates between the three groups yielded a statistically significant
result. Consistent with the mortality data, significant greater
weight loss occurred in mice infected with TnCtrl than with
KO1. The weight losses in these two groups of mice were
comparable for the first 6 days, but the weight loss for mice
infected with strain KO1 subsequently leveled off, while weight
loss for mice infected with strain TnCtrl continued (Fig. 6B).
Additionally, more severe ruffling of fur, lethargy, and seizures
were observed in mice infected with TnCtrl than in mice in-
fected with KO1. Although similar dermal necrosis developed
under the neck skin in the first week, the dermal necrosis that
developed in mice infected with KO1 was shorter in duration
and began to recede starting at day 7. For mice infected with
TnCtrl, the severity of dermal necrosis was constant until the
end of experiment. Three mice infected with TnCtrl exhibited
paralysis in both hind legs 1 day before their death, which was
never observed in mice infected with KO1 or in CBA/J mice.
No disease was induced by EB medium under any conditions.

Transposon integrations are stable in vivo. The loss of the
transposon vector would lead to reversion of the mycoplas-

ma’s phenotype that might interfere with the interpretation
of in vivo results. It was anticipated that the vector would be
maintained in the genome because of its being a minitrans-
poson, but the stability of Tn4001TF1 during infection had
not been previously examined. A PCR-based assay was per-
formed to confirm the presence and location of the trans-
poson, excluding the possibility of transposon loss or jump-
ing, in mam mutants. Seven isolates from each of three
DBA/2J mice that had been infected with strain KO1 or
TnCtrl were isolated from the joints of the animals at 21
days postinoculation. For each of these strains of myco-
plasma, all 21 isolates had the transposon located at the
same genomic site as did the inoculum. Using primers that
bound to mycoplasma DNA that flanked the location of the
transposon, no PCR product was obtained that would be
indicative of even a minor subpopulation of template lack-
ing the transposon. All evidence suggests that Tn4001TF1 is
stably integrated into the mycoplasma genome.

MAM does not affect growth of mycoplasmas or colonization
of mouse joints. It has been reported that mice bearing
different MHC molecules have different abilities to clear M.
arthritidis, resulting in different susceptibilities to M. arthri-
tidis-induced toxicity and death (20). It has also been re-
ported that Escherichia coli producing the MAM protein has
reduced growth (25). Because the possibility exists that
MAM might alter growth or affect clearance, experiments
were performed to study whether the load of mycoplasmas
in the joints was altered in the mutants. The mam knockout
mutants and the three mam overexpression mutants had the
same growth parameters as the wild-type M. arthritidis 158
strain and strain TnCtrl did, with a doubling time of about
2 h (Fig. 7A). Colonization of M. arthritidis in vivo was
assessed by measuring the CFU recovered from the joints of
infected mice. For this purpose, DBA/2J mice were infected
with 1 � 109 CFU. Joints were collected 3 weeks postinocu-
lation, and the number of CFU was determined. A similar
number of mycoplasmas were recovered from the mice in-

FIG. 4. Arthritis induced in CBA/J mice. (A) Representative histopathology of arthritis induced in CBA/J mice. (a) 4� amplification of healthy
metacarpal joints from a control mouse injected with EB medium; (b) 20� amplification of synovium of a control mouse injected with EB, showing
healthy synovial cells; (c) 4� amplification of metacarpal joints of a mouse inoculated with a mutant, showing moderate synovitis (s) and tendonitis
(t) with exudates (e) of neutrophils and fibrin in the joint space; (d) 20� amplification of synovium of a mouse inoculated with a mutant, showing
moderate synovitis with cell proliferation (cp) and exudate of neutrophils and fibrin (e) overlying synovial cells. (B) Histological scores of CBA/J
mice infected with M. arthritidis. The box encompasses the 25th through the 75th percentiles of the range of data (interquartile range [IQR]). The
solid line in the box shows the median. The whisker shows up to 1.5 times the IQR. Data points outside the whisker are indicated by x’s.
WT, wild type.
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fected with the KO1 mutant and TnCtrl strain, suggesting
that the mam mutant survives in the joints as efficiently as
does TnCtrl (Fig. 7B).

The antigenic profile of phase-variable genes and DNase
activity of mycoplasma filtrates is not altered in mam mutants.
Several potential phase- or length-variable genes have been

identified in the M. arthritidis genome (28). Some of these
genes encode surface proteins that might conceivably affect
virulence. For example, the MIA protein has been implicated
as being associated with virulence of M. arthritidis (43). To
examine the antigenic profile of wild-type and mutant strains,
Western blots of M. arthritidis proteins were reacted with sera
from mice that have been infected with M. arthritidis strain
158L3-1. The protein profiles, including the MIA protein pro-
file, were essentially identical among all mutants and wild-type
strains (data not shown).

MAM reportedly has DNase activity (25). Being a nuclease
provides MAM with another possible mechanism to affect fit-
ness in the host. Because several M. arthritidis genes are pre-
dicted to code for nucleases, the absence of MAM may not
substantially reduce the total DNase activity of mycoplasma
filtrates. To examine whether the DNase activity of filtrates
correlated with MAM, genomic DNA from E. coli was digested
with serial 10-fold dilutions of MAS-F from strain KO1. DNase
activity was detected in 104-diluted MAS-F. When diluted 105,
no DNase activity was detected in MAS-F prepared from strain
TnCtrl, KO1, or Over1. We conclude that MAM is not the
major nuclease present in preparations of MAS-F.

DISCUSSION

MAM has been studied for many years, but its definitive role
in murine disease has remained unclear. Especially unclear is
the arthritogenicity of MAM. All strains of M. arthritidis pro-
duce MAM, even strains that fail to induce significant arthritis
(10, 46, 51). Some studies have indicated that arthritis devel-
oped only in strains of mice that had macrophages with a
functional H-2E molecule to present MAM to T cells (14).
However, mouse strains lacking H-2E can develop acute ar-
thritis, and the incidence of arthritis in H-2E-negative strains
at times can be higher than in H-2E-positive strains (21). One
difficulty in sorting out the literature is that for some strains of
mice, the lymphocytes might be more responsive to MAM than
was realized at the time the experiments were performed (19).
Similarly, there is no clear association between lymphocyte
response to MAM and arthritis in rats. Athymic nude rats can
develop polyarthritis in response to M. arthritidis infection (3).
Although collagen-induced arthritis in mice can be triggered or
exacerbated by systemic administration of MAM (15), arthritis
in rats could be induced only with purified MAM by direct
injection into the joints (5). The disease induced was transient
and characterized by hypertrophy and hyperplasia in the sub-
synovium. In contrast, rats infected with live M. arthritidis or-
ganisms develop a purulent, sustained disease phenotype char-
acterized by infiltration of the synovium and subsynovium with
polymorphonuclear neutrophilic leukocytes. Unlike the un-
clear relationship between arthritis and MAM, a strong asso-
ciation between toxicity and MAM has been found. Toxic
shock syndrome (20) and dermal necrosis (18) associated with
M. arthritidis infection are dependent on MAM, since they
occur only in mouse strains that have the appropriate MHC
haplotype to respond to MAM. The association between tox-
icity and MAM was revisited recently in a study in which
C3H/HeJ mice, which lack functional TLR4, were found to be
more susceptible to toxic death induced by infection of live M.
arthritidis organisms than C3H/HeSnJ mice, which have an

FIG. 5. Arthritis induced in DBA/2J mice. (A) Average subjective
scores for visible arthritis. Visible arthritis developed in wrists, ankles,
and metatarsal and metacarpal joints was scored as 0 to 3, and visible
arthritis in the digits were scored as 0 to 1.5 based on the severity of
inflammation. (B) Average number of joints involved. Standard devi-
ations are indicated by error bars. (C) Histological scores of arthritis in
joints (wrist and ankle) tissue collected at 2 weeks postinoculation. The
box encompasses the 25th through the 75th percentiles of the inter-
quartile range (IQR). The solid line in the box shows the median. The
whisker shows up to 1.5 times the IQR. Data points outside the whis-
ker are indicated by x’s.
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intact TLR4 (36). The different susceptibilities to toxic death
were attributed to different cytokine profiles induced by MAM,
but no clear prediction as to the susceptibility to arthritis could
be made because many of the C3H/HeJ mice died.

To study the role of MAM in disease induced by M. arthri-
tidis, we developed stable mutants that failed to produce or
overproduced MAM and demonstrated that MAM is the ma-
jor mitogen secreted by M. arthritidis. The absence of MAM
led to significantly reduced mitogenic activity, while excessive
MAM production led to significantly enhanced mitogenic ac-
tivity. We demonstrated that MAM was not associated with
arthritis but was associated with toxic syndrome and mortality.
All the mycoplasma isolates recovered from animals infected
with mutants of M. arthritidis harbored a single copy of the
same transposon in the same genomic location as in the inoc-
ulum. No revertants, emerging mutants, or contamination of
other mutants was detected. The altered virulence in these
mutants was associated with the level of mitogenic activity.
Mutants and wild-type controls had no apparent differences in
growth and had essentially the same antigenic profile.

Although the mitogenic activity of MAM is associated with
lethal toxicity, the mechanism is unclear. Recent studies sug-
gest that the cytokines elicited by M. arthritidis play a key role.
The elicitation of type 1 cytokines and tumor necrosis factor
alpha is associated with host susceptibility to M. arthritidis-

induced disease, while a predominant induction of type 2 cy-
tokines is associated with host resistance (34–36). Although
one report (35) demonstrated that C3H/HeJ, a mouse strain
mainly secreting type 1 cytokines in response to MAM, is more
susceptible to M. arthritidis-induced arthritis than BALB/c, a
mouse strain mainly producing a type 2 cytokine response to
MAM, the difference in arthritis severity may not be due to the
cytokines that are produced. Different responses other than
cytokines may be elicited by MAM in mouse strains that have
different genetic backgrounds. Also, all the cytokine changes
discovered were systemic. It is unclear whether local cytokine
expression, especially the cytokines in the joints, differs be-
tween strains of mice. Mu et al. compared infections in C3H/
HeJ and C3H/SnJ mice, which differ only at the lpsd gene,
encoding TLR4 (36). These mice exhibited different suscepti-
bilities to toxicity and death induced by MAM as a result of the
different cytokine profiles elicited. C3H/HeJ mice have a spon-
taneous mutation in the lpsd gene that results in the dominant
secretion of type 1 cytokines, making these mice more prone to
toxicity and death. The different cytokine profiles can be at-
tributed to the different status of Toll-like receptors (34).
Though TLR4 and TLR2 are both engaged by MAM, TLR4
appears to be an antagonist of TLR2 activity, since the absence
of TLR4 leads to overactivation of TLR2 and subsequent re-
lease of type 1 cytokines. The systemic effects of MAM seen in

FIG. 6. Toxic effect of M. arthritidis on DBA/2J mice. (A) Survival curve plotted as survival rate versus time (in days) over a 2-week period.
Groups of mice infected with EB medium and strain KO1 were combined and are shown as the MAM (�) group. The difference between groups
was statistically significant. (B) Weight change as a function of time over a 2-week period. Standard deviations are indicated by error bars. Mice
infected with strain Over1 are not presented due to early death.

FIG. 7. Effects of MAM on the growth of M. arthritidis in vitro and mycoplasma load in vivo. (A) Forty-hour growth curves of M. arthritidis
strains. WT, wild type. (B) CFU recovered from the ankles and wrist joints at 3 weeks postinoculation from DBA/2J mice infected with 1 � 109

M. arthritidis. The log of the total CFU recovered from each mouse is presented. Standard deviations are indicated by error bars.
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this current study are reminiscent of those in these previous
studies. DBA/2J mice infected with the mam overexpression
mutant had significantly increased mortality, while mice in-
fected with the mam knockout mutant had no mortality and
reduced symptoms of toxicity, such as fatigue, ruffled fur, der-
mal necrosis, and weight loss. Further studies are needed to
examine the cytokine profiles elicited during infection with the
mam overexpression and knockout mutants to investigate the
cytokine responses that are associated with lethal toxicity.

Although MAM may conceivably contribute in minor re-
spects to arthritis induced by M. arthritidis, it is clear that MAM
is not a major arthritogenic factor for CBA/J and DBA/2J mice
because MAM is not required to cause arthritis in either strain.
Mice infected with mam knockout mutants developed moder-
ate arthritis indistinguishable from that of mice infected with
control strains. The virulence of M. arthritidis is probably a
multifactorial process (51). Several potential virulence factors
have been identified in M. arthritidis. We no longer believe that
bacteriophage MAV1 is associated with virulence (7, 8).
MAA1 and MAA2 are two adhesion molecules that have been
identified in M. arthritidis and that are involved in attachment
to host lung cells in vitro (47, 49, 50). Rats that were actively
immunized with MAA1 or MAA2 protein or passively immu-
nized with antibodies against these proteins were partially pro-
tected from M. arthritidis-induced arthritis (51). However, all
M. arthritidis strains have the ability to adhere to rat cells in
vitro regardless of their virulence (51), and whether the MAA
proteins have a role in mouse arthritis is unknown. Another
candidate virulence factor is the MIA protein, which was the
only noted antigenic difference between a spontaneous mutant
(strain 158-1) of M. arthritidis 158 that has a drastic reduction
in arthritogenicity (43). Further studies are needed to clarify
the role of MIA in pathogenesis.

Our studies demonstrate the advantage of using Tn4001TF1
rather than previously described derivatives of Tn4001 as a
mycoplasma mutagen. Tn4001 transposes actively in mycoplas-
mas. Revertants can arise at a high frequency and complicate
phenotypic analysis. Tn4001TF1 lacks the transposase gene,
which is located elsewhere on pTF85, eliminating many prob-
lems associated with instability of Tn4001 (37). Indeed, our
results suggest that Tn4001TF1 is stably integrated in the M.
arthritidis genome even during growth in animals for a period
of at least 3 weeks. Analysis of the transposon libraries suggests
that Tn4001TF1 inserts into the mycoplasma genome at essen-
tially random sites (30). Unlike libraries constructed using
Tn4001, no examples were encountered in which more than
one copy of Tn4001TF1 was inserted in the genome of a single
transformant.

We also demonstrated that Tn4001TF1 is a useful vector for
mediating expression of cloned genes in mycoplasmas. Previ-
ous research has demonstrated that MIA is an immunodomi-
nant protein of M. arthritidis (43). By RT-PCR, we demon-
strated that the strength of mia promoter is roughly 10 times
that of the natural mam promoter. A stretch of 8 A nucleotides
is found in the putative �35 and �10 regions of the mia
promoter. We were initially concerned that phase variation
due to slipped-strand mispairing within this poly(A) region
might affect the spacing between the �10 and �35 sites, re-
sulting in phase variation of promoter activity. RT-PCR exper-
iments and mitogen assays performed on different stocks of the

overexpression mutants that had been passaged in vitro did not
detect any loss of mia-mam expression. Animal experiments
demonstrated that overproduction of MAM leads to enhanced
virulence, suggesting that mam is overexpressed in vivo from
the mia-mam promoter. Therefore, the frequency of phase
variation in mia promoter activity, if any, would be low.

Whether MAM-like SAgs are involved in human disease is
unclear. M. arthritidis antigens have been detected in human
patients (9). Antibody against MAM has also been detected in
sera from patients with rheumatic diseases (39). The major
T-cell subset identified in the synovium of several human rheu-
matoid arthritis patients expressed the exact V� that has been
found to be responsive to MAM (1, 32). It has also been
demonstrated that MAM can stimulate human T-cell prolifer-
ation (2), promote human B-cell differentiation (24), and up-
regulate human NK cell activity (26). Rheumatoid factors can
be produced by human B cells in response to MAM stimula-
tion (29). Therefore, MAM-like SAgs have the potential to
perturb human immunity and contribute to disease. As dem-
onstrated in our study, an acute severe toxic syndrome is as-
sociated with MAM. This is a reminiscence of acute diseases of
human induced by other SAgs (38). Therefore, MAM-like
SAgs, when encountered in vivo, may cause similar clinical
syndromes or exacerbate the disease by further disturbing the
immune system. Studies on MAM and other virulence factors
of M. arthritidis will provide clues as to the role of SAgs in
inflammatory diseases in humans and give insight into the
pathogenesis of human rheumatic diseases, which may lead to
novel therapeutic targets for these diseases.
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