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When injected into mice, Mycoplasma arthritidis causes a chronic arthritis that resembles rheumatoid
arthritis, histologically. The organism produces a superantigen termed Mycoplasma arthritidis mitogen or
MAM, that in humans preferentially expands T cells whose antigen receptors express VB 17. T cells with this
phenotype appear to be increased in rheumatoid synovial effusions. We describe a novel approach to isolating
and characterizing human MAM-reactive T-cell lines and determining their T-cell receptor (TCR) VB usage.
Lines were prepared from T cells that clustered with dendritic cells during a 2-day exposure to MAM. Cluster
and noncluster fractions of T cells were then expanded by using feeder cells and a polyclonal mitogen. Most of
the MAM reactivity was found in dendritic T-cell clusters, as were most of the T cells expressing TCR VB 17.
After expansion, 76% of the cluster-derived T-cell lines were MAM reactive, while no reactivity was seen in cell
lines derived from the noncluster fraction. Of the MAM-reactive lines, 49% expressed VB 17 on some or all of
the cells. Cell lines from both cluster and noncluster fractions were analyzed for TCR VB mRNA expression
by PCR amplification. Other VB genes (5.1, 7, 8, 12, and 20) were found to be expressed by lines that were
MAM reactive, although these were not a major component of the cluster-derived T cells. Some non-cluster-
derived lines expressed VBs 17, 12, and 7, but these proved to be nonreactive to MAM. Therefore, dendritic

cells can be used to immunoselect and characterize T cells that express superantigen-reactive TCRs.

Superantigens (SAgs) are proteins produced by certain
bacteria, mycoplasmas, and viruses (13, 22, 31). They differ
from conventional antigens in several ways. SAgs do not
require processing by antigen presenting cells (APCs) but
instead bind directly and with high affinity to class II
molecules at sites outside the peptide binding groove (22).
Upon presentation by major histocompatibility complex
(MHC) class II, SAgs interact with the cell surface products
of subsets of T-cell receptor (TCR) VB genes. SAgs are
potent mitogens for T cells expressing the appropriate Vs,
often stimulating >5% of the total lymphocyte pool (re-
viewed in reference 31). Many of the proteins with SAg
activity cause a variety of diseases in both humans and
animals. These diseases are typically acute, e.g., enterotox-
ins derived from Staphylococcus aureus induce gastroenter-
itis and the toxic shock syndrome (31, 38), ascribed to the
massive release of cytokines from the stimulated T cells (32,
42).

Mycoplasma arthritidis produces a SAg (M. arthritidis
mitogen [MAM]) which has been implicated in the induction
of a chronic polyarthritis that develops following infection of
mice (10). The arthritis has many features resembling rheu-
matoid arthritis (RA) histologically (13, 14). The joint disease
that is induced in mice by the intravenous injection of viable
organisms is actually preceded by a toxic syndrome resem-
bling that induced by the staphylococcal SAgs (2). The
syndrome appears to be dependent on MAM, since it is
mimicked by injection of this SAg, and toxicity occurs only
in mice that express the I-E molecule to which MAM
appears to bind preferentially (10). Intraarticular injection of
MAM into rats can induce a severe but transient synovitis,
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implying that MAM also contributes to joint inflammation
mediated by live organisms (10).

MAM has several intriguing properties. Most importantly,
it specifically expands T cells bearing TCR VB gene products
that have been implicated in murine models of arthritis (VB
6 and 8 [10]) and in patients with RA (VB 17 [19, 23]).
Moreover, MAM may be more potent than other SAgs in
inducing polyclonal immunoglobulin production, including
rheumatoid factors by human mononuclear cells (15, 40). To
address the possibility that this agent has a potential role in
the pathogenesis of RA, it would be useful to develop panels
of human T-cell clones or lines that are well characterized
with respect to their MAM reactivity and TCR usage. The
lines would be potentially important in screening joint APCs
from rheumatoid patients for the presence of MAM or
MAM-related proteins.

In this study, dendritic cells exposed to MAM were used
to generate MAM-reactive T-cell lines which were then
analyzed for reactivity and for VB expression. We find that
dendritic cells can efficiently select MAM-reactive T cells
into clusters and that most of the MAM-reactive cells are VB
17 positive. In addition, other TCR gene products expressed
by some MAM-responsive T cells have been identified. The
noncluster fraction contains rare cells which, upon expan-
sion, express the same TCR VB as the cluster-derived lines,
but the former are not MAM reactive.

MATERIALS AND METHODS

Culture medium. RPMI 1640 (GIBCO Laboratories,
Grand Island, N.Y.), supplemented with 5% human serum,
50 ng of gentamicin per ml and 10 mM N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid (HEPES) was used
throughout these studies except as indicated.
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Preparation of lymphoid cells. A DR4* (heterozygous)
normal donor served as the source of blood mononuclear
cells from which MAM-reactive T-cell lines were developed.
Mononuclear cells were also purified from buffy coats ob-
tained from the New York Blood Center. They served as the
source of peripheral blood mononuclear cells for phenotyp-
ing studies (see below) and feeder cells for maintenance of
the cell lines. Mononuclear cells were separated into T-cell-
enriched (ER*) and T-cell-depleted (ER™) fractions by ro-
setting with neuraminidase-treated sheep erythrocytes as
previously described (4).

T cells. ER* cells were depleted of non-T-cell contami-
nants first by panning on petri dishes coated with human
gamma globulin to remove FcR™* cells (44) and then coating
MHC class II-positive cells with anti-DR/DQ monoclonal
antibody (MAb) 9.3C9 (immunoglobulin G2a [IgG2a], sub-
clone of HB180; American Type Culture Collection, Rock-
ville, Md.) followed by panning on petri dishes coated with
goat-anti-mouse IgG (Cappel Laboratories, Organon
Teknika, Durham, N.C. [17, 45]). The resulting T-cell prep-
arations failed to proliferate to optimal doses of SAgs,
indicating negligible contamination with APCs.

APC populations. The ER™ cells were used as feeder cells
for growth of the T-cell lines. To obtain partially enriched
populations of dendritic cells, the ER™ or T-depleted frac-
tion was depleted of residual monocytes by panning on
gamma globulin-coated plates to yield ER™ FcR™ popula-
tions. These generally contain 5% dendritic cells. For further
purification of dendritic cells, the ER™ FcR™ cells were
layered onto 14.5% metrizamide (18). After sedimentation at
650 x g for 10 min, B cells and a few natural killer cells
localize to the high-density pellet, while dendritic cells are
enriched at the low-density interface. The purity of dendritic
cells ranged from 50 to 75%, with contaminants being
primarily small B cells and natural killer cells.

SAgs. MAM was prepared by a new protocol based on that
previously described (2). In brief, [NH,],SO, fractionation
was followed by Sephadex G-50 chromatography and sub-
sequent passage over Sepharose and Mono S ion-exchange
columns. The resulting material was about 20% pure and
contained <50 pg/ml (11).

Enrichment of MAM-reactive T cells into dendritic cell-T-
cell clusters. We have previously shown that highly enriched
sources of dendritic cells (metrizamide gradient low-density
cells [see above]) pulsed with antigen have the ability to
cluster antigen-reactive T cells into discrete units (34, 35). A
partially enriched preparation of dendritic cells (ER™ FcR™
cells [see above]) also suffices in this regard. A total of 1 X
10° T cells were cultured with 2 x 10° ER™ FcR™~ cells (5:1
ratio) in the presence of MAM at a final dilution of 1:4,000,
in 1 ml of RPMI containing 5% human serum in flat-
bottomed 16-mm well plates (Costar, Cambridge, Mass.).
The MAM dose used corresponded approximately to <10
ng/ml. At the end of the culture period, generally 36 to 48 h,
clusters of dendritic cells and responding T cells develop, as
previously described (17, 34, 35). The clusters were sepa-
rated from the nonclustered cells by application over 30%
fetal calf serum gradients. After 2 h of 1 X g sedimentation
at 4°C, the clustered T cells moved to the bottom while the
nonclustered T cells were harvested from the top of the
gradient. Clusters were then cultured in 16-mm wells for an
additional hour to allow the release of loosely adherent T
cells, after which the clusters were reapplied to 30% serum
gradients.

Generation of MAM-reactive T-cell lines. T-cell lines were
generated from clustered and nonclustered cells by seeding
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at a limiting dilution (1 or 10 cells per well) in round-bottom
96-well microtiter plates, immediately after their isolation.
Feeder cells were buffy coat-derived ER™ cells. These were
treated with mitogen (sodium periodate) (34, 35), irradiated
with 3,000 rads [**’Cs], and added at 10* cells per well.
Control plates were seeded with T cells alone or stimulator
cells alone. Interleukin-2 (IL-2; 15% [vol/vol]) (Pharmacia,
ENI, Silver Springs, Md.) was added to all wells. T-cell lines
become apparent about 10 days after seeding. Once visual-
ized, the cell lines were immediately tested for MAM reac-
tivity and then reexpanded for evaluation of their TCR
phenotype (see below). The lines were maintained long term
with periodate-treated allogeneic feeder cells and IL-2. The
majority of lines obtained were CD4* (data not shown).

Lymphocyte proliferation assays. (i) SAg specificity of the
clustered and nonclustered T cells. Bulk, clustered, and
nonclustered T cells were collected on the second day of
culture with MAM and partially enriched preparations of
dendritic cells. The populations were cultured an additional
3 days and then added in graded numbers to APCs (synge-
neic ER™ cells) and MAM at a final concentration of 1:4,000.
The cultures were pulsed at 72 h with 1 uCi of [*'H]thymidine
([PH]TdR) for 14 h.

(ii) SAg specificity of the clustered and nonclustered T-cell
lines. T-cell lines that were generated from cluster and
noncluster fractions were tested immediately for MAM
reactivity. The cells were washed to remove residual IL-2 as
previously described (35) and then rechallenged with APCs
(syngeneic ER™ cells) in the presence or absence of MAM.
The cultures were pulsed at 72 h with 1 pCi of [*H]TdR for
14 h. Results are expressed as stimulation indices (SI),
where SI = counts per minute of T-cell line + APC +
MAM/counts per minute of T-cell line + APC.

Phenotyping. Bulk, clustered, and nonclustered T cells
and T-cell lines were analyzed for their expression of CD3,
CD4, CD8, and TCR usage with a panel of MAbs by indirect
immunofluorescence. Antibodies directed to the T-cell sur-
face antigens were CRL 8001 (anti-CD3), FFB 2.3 (anti-CD4
[39]), and CRL 8014 (anti-CD8). Anti-TCR V region MAbs
were C1 (anti-VB 17 [19]), S511 (anti-VB 12 [8]), Ti3a
(anti-VB 8 [1]), OT145 (anti-VB 6.7a [28, 37]), LC4 (anti-VB
5.1 [30]), and C37 (anti-VP 5.2/5.3 [41]). They were used at
50 pl of supernatant per stain. Isotype controls were MAbs
with irrelevant specificities: 44.3, IgG1, anti-idiotype MAb
to a human IgM kappa chain; IgG2a, anti-DNP MADb; and
IgG2b, myeloma protein.

Analysis of TCR VB gene usage by PCR. T-cell lines were
grown to approximately 107 cells, and RNA was extracted
with RNAzol (Biotecx Labs Inc.) according to the manufac-
turer’s instructions. cDNA was synthesized with murine
reverse transcriptase and a poly(dT) primer, as previously
described (19, 29). Optimal amounts of cDNA (determined in
preliminary experiments) were used as a template in parallel
PCRs in which 23 different VB-specific sense primers (Table
1) were each paired with a common antisense CB-specific
primer. The PCR mixture included 1.5 mM MgCl,, 2 U of
Taq polymerase (Promega), 50 mM KCl, 10 mM Tris-HCl
(pH 9.0), 0.1% Triton X-100, and 0.1% (wt/vol) gelatin in a
50-ul volume. Each PCR cycle was set at 94°C for 60 s, 51°C
for 60 s, and 72°C for 90 s for 28 cycles, with a final extension
cycle at 72°C for 10 min. Ten microliters of PCR product was
then run on a 1.5% agarose gel and visualized by ethidium
bromide staining. Each experiment also included a positive
control amplification from a VB 6.7a containing plasmid with
VB 6 and CB primers. Ten microliters of this PCR product
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TABLE 1. VB-specific sense primers for PCR?

VB gene Sequence (5'-3")
VB 1 GCACAACAGTTCCCTGACTT
Vg 2 GTTTCTCATCAACCATGCAA
VB3 CTAGAGAGAAGAAGGAGCGC
VB 4 ATGAGAGGGATTTGTCATTG
VB 5.1/5.4 AGTGAGACACAGAGAAACAAA
VB 5.2/5.3 GTCAGGGGCCCCAGTTTAT
VB 6 TCAGGTGTGATCCAATTTC
VB 7 CCTGAATGCCCCAACAGCT
VB 8.1/8.2 ATTTACTTTAACAACAACGTT
VB9 CCTAAATCTCCAGACAAAGC
VB 10 TCAATGAGCGATTTTTAGCC
Vg 11 TCAACAGTCTCCAGAATAAG
VB 12 CAAAGGAGAAGTCTCAGAT
Vg 13.1 TGCTGGTATCACTGACCAA
VB 13.2 GGTGAGGGTACAACTGCC
VB 14 CTCGAAAAGAGAAGAGGAATT
VB 15 GTCTCTCGACAGGCACAGGCT
VB 16 GTCTAAACAGGATGAGTCC
VB 17 ACAGCGTCTCTCGGGAGA
VB 18 GAAAATATCATAGATGAGTCA
VB 19 ACAAGTTCTTCAAGAAACGG
VB 20 GTATTGACCAGATCAGCTCT
CB (antisense) CTTCTGATGGCTCAAACAC

“ The amplified segment will vary depending upon the length of the VDJ
junction but should be approximately 200 to 350 bp. These primers are similar
to those used by Choi et al. (9).

was run on both sides of each agarose gel serving as a
positive control for the PCR and as a size marker (326 bp).

RESULTS

Efficient clustering of MAM-reactive T cells by antigen
presented on dendritic cells. It is known that dendritic cells
bearing mycobacterial antigen or alloantigen cluster antigen-
specific T cells from bulk T-cell populations (17, 34, 35).
These clustered T cells can be cloned and grown long term
without loss of antigen reactivity. We determined whether
partially enriched sources of dendritic cells cultured with
MAM could similarly cluster SAg-reactive T cells. Bulk
cultures formed clusters that were clearly visualized after 24
h of culture (Fig. 1A). These could be separated into discrete
cluster and noncluster fractions (Fig. 1B and C) after 48 h as
described previously (34, 35). After an additional 2 to 3 days
of culture, blasts were released from the cluster but not the
noncluster fractions (Fig. 1B).

When tested for SAg reactivity, T cells from the cluster
fraction responded strongly to secondary stimulation with
MAM compared with T cells from the noncluster fraction
(Fig. 2), which were poorly responsive. Bulk (unseparated)
T cells also proliferated to MAM in the presence of APCs,
but the response was more modest than with the cluster-
derived T cells. The addition of autologous APCs alone to
cluster-derived T cells induced a significant response. We
believe this is because clusters also contain SAg-bearing
dendritic cells that remain bound to T cells. Analysis of
T-cell clusters generated during an allo-MLR has shown that
one of every three or four cells may consist of a dendritic cell
(34). The presence of additional feeder cells with MAM-
reactive T cells may potentiate the growth of already re-
sponding T cells. The addition of MAM as well would permit
further expansion of activated T cells.

Dendritic cell-T-cell clusters are enriched for VB 17* T
cells. It was previously shown that MAM preferentially
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FIG. 1. T cells form clusters in the presence of MAM and
dendritic cells. (A) T cells cultured for 2 days with MAM and
partially purified dendritic cells. Note the clusters that form in the
cultures. (B) T-cell clusters isolated from cultures in panel A by 1 x
g sedimentation over 30% serum gradients. Note the blasts being
released from the clusters. (C) Nonclustered T cells from panel A
which lack clusters and large blasts. Magnification, 250%.
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FIG. 2. MAM-reactive T cells are clustered by dendritic cells. Monocyte-depleted populations were cultured with MAM, on a continuous
basis, and purified T cells from a normal donor. Forty-eight hours later, aggregates of T cells and APCs are evident (Fig. 1). The clusters were

100

arated from nonclustered T cells over serum gradients, returned to culture for an additional 3 days, and then restimulated with MAM =+
APCs (syngeneic ER™ cells). (A) Bulk cultures; (B) clusters of T cells and dendritic cells; (C) Nonclustered T cells. @, T cells alone; O,

T cells plus APCs; A, T cells with APCs plus MAM, added at a final dilution of 1:4,000.

induces the expansion of VB 17* T cells in culture (19). To
determine whether VB 17* T cells preferentially aggregated
in the cluster-derived fractions, we stained bulk, clustered,
and nonclustered T cells with a panel of MAbs directed
towards specific TCR gene products. The T-cell populations
were stained at two times, day 3 (Fig. 3A) and day 5 (Fig. 3B)
of culture, corresponding to 1 and 3 days following the
separation of the cluster fractions from bulk cultures over
serum gradients. On day 3, there was a decrease in the
percentage of CD3* and CD4™* T cells in the cluster fraction,
38 and 50%, respectively, compared with those in the bulk
and non-cluster-derived T cells (Fig. 3A). No enrichment of
VB 17" T cells or other specific TCR* cells were seen,
however. These findings suggested that the TCR complex
was undergoing modulation following interaction with MAM
presented on APCs. By day 5 of culture, when T cells were
undergoing active proliferation, the percentage of CD3 and
CD4 T cells in the cluster population was similar to that in
the bulk cultures (70 to 73%) but remained significantly less
than the numbers in unstimulated T-cell or nonclustered
populations (85 to 89% [Fig. 3B]). The levels of CD8" cells
remained unchanged.

The most striking change seen after staining with the panel
of VB TCR MADbs was the enrichment of VB 17* cells in the
cluster population (44%), corresponding to 60% of the CD3
cells (Fig. 3B). Although there is a relatively close correla-
tion between the increase in the percentage of detectable VB
17* cells (2 to 44%) versus CD3* cells (38 to 73%) over time,
it is likely that other responding T cells are involved in the
MAM response, as we show below. The bulk population also
had a relative enrichment of VB 17* cells (19%) compared
with unstimulated (7%) and nonclustered (5%) T cells. The
percentages of VB 8%, 12*, 5.2/5.3*, and 6.7a* cells were
similar in all the fractions studied. Thus, T-cell-dendritic cell
clusters are a highly enriched source of VB 17 cells, presum-
ably the MAM-reactive cells (Fig. 2), and these cells prefer-
entially expand in the aggregates.

MAM:-reactive clusters are an enriched source of lympho-
cytes that can be cloned with APC and IL-2. In earlier studies
it was established that clusters containing antigen-reactive
cells (e.g., to mycobacteria or alloantigens) could be effi-
ciently expanded when cultured with APC and IL-2 (34, 35).

MHC-mismatched APCs treated with mitogen (sodium peri-
odate) suffice as feeder cells. These periodate-treated cells
are highly efficient at potentiating the clonal growth of T
cells, more so than autologous APCs and antigen (35). T-cell
clones and lines that are expanded by using this system
retain long-term reactivity to the antigen to which they were
originally selected (35). The MAM reactivity of the cluster-
versus non-cluster-derived T cells was evaluated by devel-
oping long-term cell lines in the presence of allogeneic
sodium periodate-treated APCs. T cells from both groups
were plated at 1 or 10 cells per well in 96-well microtiter
plates, together with APCs and IL-2. Cloned lines were
usually visualized as early as day 7 to 10 after plating. It was
possible to test 83 T-cell lines from 108 visualized in the
cluster group and 20 from an initial total of 30 lines from the
noncluster group. Of cloned lines obtained from clustered T
cells, 76% (63 of 83) were MAM reactive (SI, >10), while no
reactivity was seen in non-cluster-derived lines (0 of 20 [Fig.
4]). Of MAM-reactive lines, 49% (31 of 63) expressed VB 17
on some or all cells as determined by staining with C1 MAb
(Fig. S), confirming VB 17 as the major TCR gene product
used by MAM-reactive T cells. Only one non-cluster frac-
tion-derived line stained with C1, but this line failed to
proliferate to MAM. All VB 17* T-cell lines from the cluster
fraction proliferated to MAM, except for two (65 and 77).
The latter was responsive to MAM in one of three experi-
ments, however.

Several lines were also tested for the expression of other
VB gene products (Fig. 5). Three cluster-derived cell lines
(26, 32, and 44) had significant numbers of VB 12+ cells (25
to 80%), and all three proliferated to MAM. One cell line (89)
from the noncluster fraction had significant numbers of VB
12* T cells (>70%); however, it did not proliferate to MAM.

In a similar fashion, three cluster-derived cell lines (60, 59,
and 10) contained high percentages of VB 8-expressing T
cells (as determined by using the MAb Ti3a) and were MAM
reactive, while another non-cluster-derived line (87), also
containing Ti3a* cells, was consistently MAM nonreactive
(Table 2). Two cluster-derived cell lines expressed VB 5.1
(as determined by using the MAb L.C4) and were MAM
reactive.

In summary, dendritic cell-T-cell clusters are efficient
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FIG. 3. Phenotype of human blood T cells after stimulation with MAM presented on dendritic cells. Purified T cells were cultured for 2
days with MAM and partially enriched populations of dendritic cells. They were then separated into cluster and noncluster fractions over
serum gradients and cultured for another day (A; day 3) or an additional 3 days (B; day 5). Control populations consisted of unstimulated or
unseparated T cells (bulk cells). T cells were stained with a panel of MAbs to T-cell markers and VB gene products. Note the enrichment of
VB 17* cells in the cluster fraction at day 5. The indicated percentage in each panel is not corrected for the total amount of CD3* TCR* T

cells in each culture.

units for the enrichment of MAM-reactive T cells that can be
cloned. The cell lines thus generated contain a majority of
VB 177 cells, most of which are MAM reactive. In addition,
there is selection of MAM-reactive T cells that express other
VB gene products. Lines derived from the nonclustered
fraction occasionally can express the MAM-reactive Vs,
but they do not respond to MAM.

Correlation of MAM reactivity and VB usage determined by
MAD staining and by PCR. Several T-cell lines were evalu-
ated further for long-term retention of MAM reactivity and
for VB expression by using immunofluorescence (Table 2)
and an RT-based PCR (Fig. 6). Several conclusions can be
drawn from the data. First, some lines appear to be clonal in

that 100% of the cells react with the same VB-specific MAb
and a single band is seen by PCR analysis (e.g., lines 1, 74,
77,79, and 27). Other lines are definitely not clonal as judged
by the same criteria (e.g., lines 10, 20, 45, and 2). Second,
PCR analysis allowed other VB gene products expressed by
MAM-reactive T-cell lines to be identified. Two apparently
clonal lines (3 and 19) expressed VB 7, for instance. There is
no VB 7-specific MAb, demonstrating the utility of PCR
analysis to detect a more complete array of VB genes used
by MAM-reactive T cells. Thus, VB 20 (lines 34 and 20) and
VB 12 (lines 26, 32, and 44 [Table 2; Fig. 5]) are also used by
MAM:-reactive T cells. We could not confirm that VB 10
(detected in lines 10 and 20 [Table 2]) is used by MAM-
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FIG. 4. MAM reactivity resides in cluster- but not non-cluster-
derived T-cell clones. T cells derived from the cluster and nonclus-
ter fractions were cloned by limiting dilution at 1 or 10 cells per well
in microtiter plates, with IL-2- and sodium periodate-modified allo-
geneic feeder cells. After 14 days, the reactivities of the clones were
tested in the presence or absence of MAM glus syngeneic APCs.
Results are expressed as SlIs, where SI = [’H]TdR incorporation
(counts per minute) of cells plus MAM and APCs/[*H]TdR incorpo-
ration (counts per minute) of cells plus APCs alone. An SI of 10
(dashed line) was used to distinguish between MAM-reactive versus
nonreactive T-cell clones. A total of 63 of 83 cluster-derived lines are
MAM reactive compared with 0 of 20 non-cluster-derived lines.

reactive T cells, since it was only seen in lines that expressed
other MAM-reactive VB gene products. In addition, in
several lines (lines 28, 31, and 50) with clear MAM reactiv-
ity, no VB expression could be detected with the panel of PCR
primers used, suggesting that yet other Vs may be expressed
by MAM-reactive cells. Third, the complete correlation be-
tween Cl1 reactivity and VB 17 mRNA expression detected by
PCR demonstrates the specificity of this MAb. Fourth, sev-
eral cell lines retained MAM reactivity when tested repeti-
tively over several months, including those expressing VB 17,
8, 7, and 5.1. The response also occurred in the presence of
allogenic APCs, indicating that the lines are responding to
MAM and are not class II restricted. A total of 17 cell lines
were tested with APCs from seven different donors, and all
demonstrated MAM responsiveness, without evidence of
alloreactivity. Repeated analysis for MAM reactivity was not
always concordant with a given cell line, however. This could
be due to shifts in the composition of cell lines as seen when
PCR analysis was repeated at a later time (e.g., lines 10 and
20). Alternatively, some cell lines may have become anergic
with prolonged culture.
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FIG. 5. Phenotype of cluster- and non-cluster-derived T-cell
clones and lines. T cells cloned by limiting dilution, as described in
the legend to Fig. 4, were stained with anti-VB 17 (C1) or VB 12
(S511) MAbs and then with phycoerythrin-conjugated goat anti-
mouse immunoglobulin. Results are expressed as a percentage of
cells expressing VB 17 or VB 12. A total of 31 of 63 (49%) of
cluster-derived lines contained significant numbers of VB 17* cells
compared with only 1 of 11 non-cluster-derived lines. A total of 3 of
63 cluster-derived lines and 1 of 11 non-cluster-derived lines con-
tained VB 12* cells.

DISCUSSION

MAM as a model SAg in RA. The SAg produced by the
pathogen M. arthritidis (MAM) or similar agents are of
special interest in the pathogenesis of RA. The speculated
role of MAM-like agents in this chronic arthritis is based on
two findings: (i) injection of M. arthritidis organisms into
susceptible strains of mice leads to a chronic polyarthritis
(13, 14), and (ii) the ability of MAM to expand T cells
expressing VB 17 (19), a TCR phenotype that is expressed by
oligoclonal populations in RA synovial effusions (23). The
description of preferential skewing of TCR products in
synovial cells (23, 33), however, does not prove a direct role
for these SAgs, or MAM-like molecules, in disease patho-
genesis. Furthermore, M. arthritidis has not been definitely
isolated from synovial tissue and is not known to be a human
pathogen. Nevertheless, it is possible that a related SAg with
similar specificities is involved in RA. Evidence to support a
role for SAgs in autoimmune arthritis is the recent finding
that MAM can trigger or exacerbate murine collagen-in-
duced arthritis, apparently in a VB-restricted manner (12).

More direct approaches toward detecting SAgs on APCs
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TABLE 2. MAM reactivity and VB profile of T-cell lines®
Clone re:g;?v"fty,, stairzilg? - VB gene(s)? (by PCR)

Cluster derived

1 +2/2 C1, 100 VB 17

74 +5/5 C1, 100 VB 17

77 +1/3 C1, 100 VB 17

79 +5/6 C1, 100 VB 17

2 +2/2 Cl1, 85 VB 17|7

8 +1/1 Cl1, 15 VB 17

65 -11 Cl1, 81 ND

45 +1/2 Cl, <5 VB 17| 8, 13.2

60 +1/1 Ti3a, 54; ND

C37, 28 ND

59 +1/1 Ti3a, 90 VB 8

10 +1/1 Ti3a, 80, 88 VB 8 |10 (VB 6, 8, 10)

3 +5/6 - VB 7

19 +3/3 - VB 7

76 +3/6 LC4, 80 VB 5.1

27 +4/4 LC4, 100 VB 5.1

34 +5/5 - VB 20

20 +1/1 OT145, 12 VB 6, 7, 10, 17, 20 (VB 2, 10, 17, 20)

21 +1/1 OT145, 8 ND

26 +3/3 S511, 90 VB 12

28 +2/2 - No band

31 +2/2 - No band

50 +1/1 - No band

58 +1/1 - ND

49 +1/1 - ND

7 +3/3 - ND

71 +3/6 - ND

83 +2/2 - ND
Non-cluster derived

89 =2/2 S511, 80, 90 VB 12,2

92 -2/2 - VB 7

94 =22 - VB 19

96 —4/4 S511, 10 VB 13.2

100 -2/2 - VB 18

93 -2/2 C1, 100 ND

87 -3/3 Ti3a, 22 ND

84 -11 ND

85 -2/2 ND

91 -2/2 ND

97 -2/2 ND

101 -2/2 ND

@ Several T-cell lines derived from cluster and noncluster fractions were analyzed for MAM reactivity and VB expression by using a panel of MAbs and/or PCR.
Note that in addition to expression of VB 17, MAM-reactive lines also express VB 7, 5.1, 20, 8, 12, and possibly 10.

® MAM reactivity refers to the MAM responsiveness of individual T-cell lines or clones, where + represents a SI of >10 and — represents a SI of <10, as
described in Materials and Methods. In addition, the frequency of positive or negative responses of each line to MAM over a several-month period is listed.

< MAD staining refers to the percentage of T cells in individual lines that stained with a panel of MAbs recognizing specific VB TCR components, which are

described in Materials and Methods. —, no cells stained with the panel.

4 ND, not determined; no band, no VB expression could be detected with the panel of PCR primers used.

from synovial tissue are required to pursue this hypothesis.
Human pathogens with MAM-like SAg activity, which in
very small amounts could trigger T cells, may exist (7, 20)
(analogous to the Mls antigens [22, 31]). Therefore, it is
necessary to devise sensitive strategies to detect these
proteins on pertinent APCs. Direct immunoprecipitation of
SAgs with anti-MHC class II MAbs, e.g., from cells express-
ing Mls antigens, is technically difficult (43). Consequently, a
panel of sensitive, well-characterized MAM-reactive clones
or lines would be useful probes to detect MAM or related

molecules in diseases like RA, particularly on APCs derived
from the affected tissue.

Dendritic cells as a means to immunoselect MAM-reactive T
cells. To generate enriched populations of MAM-reactive T
cells, we employed several special properties of dendritic
cells as immunoadsorbents to select out antigen-reactive
cells. First, several prior studies have established that den-
dritic cells can function as reservoirs of antigen and can
induce antigen-specific immunity even when injected into
whole animals (24-26). In vitro, dendritic cells expressing
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FIG. 6. VB analysis by PCR. Examples of VB analysis by PCR
(for cell lines 79, 20, and 10). The lateral lanes for each gel contain
control PCRs (VB 6 and CB) from a plasmid substrate (326 bp). VB1
to VB20 were loaded from left to right. Positive VBs are indicated.
A band in the VB 15 lane (clone 20) represents too large a fragment
and is therefore artefactual.

antigen (e.g., allogeneic antigens and mycobacterial anti-
gens) sequester antigen-reactive T cells into clusters which
can subsequently be cloned by limiting dilution (34, 35). This
feature is a well-defined property of dendritic cells, since
other APCs (B cells and monocytes) do not enter the clusters
(17, 34). At the clonal level, antigen-reactive cells can be
expanded and maintained long term in the apparent absence
of additional antigen. If bulk T cells are used as the initial
population for generating antigen-specific clones, a much
lower incidence of antigen-specific T-cell lines is obtained
(35). Second, dendritic cells are potent APCs for SAg
presentation, especially MAM (4). Third, SAgs (SEA and
SEB) can be applied as a measurable pulse onto dendritic
cells, and T-cell proliferation is efficiently induced. This
occurs even after after pulses of picomolar or femtomolar
amounts of SAg (4, 7).

When bulk T cells were cocultured with partially enriched
dendritic cells and MAM, large clusters were visualized (Fig.
1), analogous to other systems (17, 34, 35). When compared
with the bulk T cells and the noncluster fraction, the clusters
were enriched in MAM-reactive T cells. We also found that
a major population of cells undergoing expansion in this
fraction were VB 17+ (44% [Fig. 3B]), initially assessed by
staining with the MAb C1 on day 5 of the culture. This MAb
was generated to a MAM-reactive T-cell line and recognizes
a majority of the T cells in the original immunogen (19). The
clustered population had significantly larger numbers of VB
17* cells than the MAM-stimulated bulk T-cell (19%) or
nonclustered T-cell (5%) groups. No enrichment of several
other VB profiles was observed, confirming that VB 17 is the
major TCR used by MAM-reactive cells.

To detect the increase in VB 177 cells, it was necessary to
stain the T-cell populations at day 5 of culture. When
examined at an earlier time, day 3 (Fig. 3A), the clustered
cells expressed few VB 177 cells but were notably reduced in
numbers of CD3* and CD4" cells. These results are most
consistent with a SAg modulation of the TCR-CD3 complex,
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since by day 5 CD3 is reexpressed and approaches the level
seen in unstimulated populations.

Establishment and characterization of MAM-reactive T-cell
lines and clones. Once selected, MAM-reactive cells could be
cloned by limiting dilution and maintained long term with
periodate-treated feeder cells, as previously described (16,
34). The most striking finding was the efficiency with which
antigen-specific cell lines developed from the cluster frac-
tion. Of all starting lines, 76% expressed MAM reactivity
compared with 0% of lines obtained from the noncluster
fraction. Limiting dilution did not appear to affect the
composition of the MAM-reactive T-cell population, since
the fraction of cell lines expressing VB 17 (49% [Fig. 4]) was
similar to the number of cells that were VB 17" in the
original cluster fractions (44% [Fig. 3B]). Thus, our data
suggest that most or all MAM-reactive cells can be seques-
tered into the cluster units.

In conjunction with PCR analysis, the cluster approach for
cloning antigen-specific lines permitted the identification of
other MAM-reactive VB TCR components. For example,
VB 5.1, 7, 8, 12, and 20 all seem to be MAM-responsive
components of the TCR. We did not detect VB 3.1, 11.1, or
13.1, as described elsewhere (3). However, differences in the
responding T cells may relate to polymorphisms of the MHC
and TCR genes in different donors (11, 21, 36). A similar
evaluation of MAM-reactive lines with different donors
would be required to address this issue. We also show here
the complete concordancy of the C1 MAb in detecting Vf 17
with the PCR results.

Many of our lines retained MAM reactivity over several
months and were not class II restricted, indicating that they
were responding to the SAg property of MAM.

Advantages of using dendritic cells as immunoadsorbents to
select SAg-reactive T cells. This new approach to select,
enrich, and clone for SAg-responsive T cells has several
advantages over standard procedures to generate SAg-spe-
cific cell lines. Besides its relative simplicity, speed, and
efficiency (16, 34), it relies on the use of APCs (dendritic
cells) that are known to present SAgs and other antigens in
situ (26, 27). For example, dendritic cells can present Mls
antigens to thymocytes in vivo, leading to anergy of the
responding T cells (27). Since the responding T cells are
directly cloned from the clusters and the clusters contain all
the SAg-reactive T cells, we avoid the pitfalls of expanding
bulk populations of T cells, as would occur in most routine
cloning protocols. In those, T cells are expanded with IL-2
following the addition of antigen, and IL-2-responsive but
non-antigen-reactive cells may also undergo proliferation.
Furthermore, T cells do not expand as efficiently as in our
system, in which we add an excess of feeder cells in the form
of periodate (mitogen)-treated APCs after the selective bind-
ing step.

This approach also allows the identification of several
minor but relevant SAg-reactive VBs, and in preliminary
studies, we have shown its applicability for the study of VBs
used by other SAgs (SEE and SEB; data not shown).

Cloning of the noncluster T-cell populations was useful,
since it permitted the identification of V@ 17* and 12* cells
that are not MAM responsive (Fig. 4 and 5, lines 93 and 89).
Consequently, by sequencing the « and B chains of the TCR
from such cell lines, it may be possible to identify residues
critical for MAM binding. Thus, the panel of lines will also
be useful for analyzing the contribution of TCR components
other than VB to MAM reactivity.

Detection of MAM-like SAgs in autoimmune disease. The
applicability of these cell lines to test for the presence of
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MAM or MAM-like SAgs in disease states is notable for
several reasons. Many of these lines respond to very low
concentrations of MAM, on the order of 1 pM (data not
shown). Thus, small amounts of SAg on APCs may be
detectable by using these cell lines. We have shown this to
be the case for dendritic cells pulsed with very low amounts
(5 pM) of SEA where there is occupancy of only 2,000 MHC
class II molecules per cell, a number sufficient to induce the
proliferation of bulk T-cell populations (7). It is also evident
that dendritic cells can hold onto SEA in an immunologically
intact form for at least 2 days (7) and Mls antigens over
several days (27). Dendritic cells are such potent APCs for
SEA, that following a pulse with low amounts of SEA (5
pM), they are functional in T-cell assays even at 1 cell per
1,000 T cells. Rheumatoid effusions contain relatively large
numbers of dendritic cells (5, 6, 46), and these cells are
capable of presenting SAgs (data not shown). Given their
potency, we speculate that MAM-like SAgs could be de-
tected by using few cells when added to sensitive MAM
lines. Since it is not clear whether SAg will play a role in
disease initiation or maintenance of the autoimmune re-
sponse, APCs from different stages of disease would need to
be assessed. We are currently addressing these possibilities.

ACKNOWLEDGMENTS

This work was supported by PHS grants AI 31140 (to D.N.P.) and
AR 39552 (to N.B.). N.B. is also a recipient of a Career Scientist
Award from the Irma T. Hirschl Trust.

We thank Ralph M. Steinman for his advice. We are also grateful
to Judy Adams and Stuart Gezelter for assistance with the graphics.

REFERENCES

1. Acuto, O., T. J. Campea, H. D. Royes, R. E. Hussey, C. B. Poole,
and E. L. Reinherz. 1985. Molecular analysis of T cell receptor
V gene expression. Evidence that a single Ti V beta gene family
can be used in formation of V domains on phenotypically and
functionally diverse T cell populations. J. Exp. Med. 161:1326—
1343.

2. Atkin, C. L., B. C. Cole, G. ]J. Sullivan, L. R. Washburn, and
B. B. Wiley. 1986. Stimulation of mouse lymphocytes by a
mitogen derived from M. arthritidis. V. A small basic protein
from culture supernatants is a potent T cell mitogen. J. Immu-
nol. 137:1581-1588.

3. Baccala, R., L. R. Smith, M. Vestberg, P. Peterson, B. C. Cole,
and A. N. Theofilopoulos. 1992. Mycoplasma arthritidis mitogen
V beta engaged in mice, rats, humans, and requirement of
HLA-DR alpha for presentation. Arthritis Rheum. 35:434-442.

4. Bhardwaj, N., S. M. Friedman, B. C. Cole, and A. J. Nisanian.
1992. Dendritic cells are potent antigen-presenting cells for
microbial superantigens. J. Exp. Med. 175:267-273.

5. Bhardwaj, N., L. Lau, M. Rivelis, and R. M. Steinman. 1988.
Interleukin-1 production by mononuclear cells from rheumatoid
synovial effusions. Cell. Immunol. 114:405-423.

6. Bhardwaj, N., U. Santhanam, L. L. Lau, et al. 1989. Interleukin
6/interferon-beta 2 in synovial effusions of patients with rheu-
matoid arthritis and other arthritides: identification of several
isoforms and studies of cellular sources. J. Immunol. 143:2153-
2159.

7. Bhardwaj, N., J. W. Young, A. J. Nisanian, J. Baggers, and
R. M. Steinman. 1993. Small amounts of superantigen when
presented on dendritic cells, are sufficient to initiate T cell
responses. J. Exp. Med. 178:633-642.

8. Bigler, R. D., D. E. Fisher, C. Y. Wang, E. A. Rinnooy-Kan, and
H. G. Kunkel. 1983. Idiotype-like molecules on cells of a human
T cell leukemia. J. Exp. Med. 158:1000-1005.

9. Choi, Y., B. Kotzin, L. Herron, J. Callahan, P. Marrack, and J.
Kappler. 1989. Interaction of staphylococcus aureus toxin ‘‘su-
perantigens’” with human T cells. Proc. Natl. Acad. Sci. USA
86:8941-8945.

10. Cole, B. C., and C. L. Atkin. 1991. The Mycoplasma arthritidis

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

26.

27.

29.

CHARACTERIZATION OF HUMAN MAM-REACTIVE T CELLS 143

T-cell mitogen, MAM: a model superantigen. Immunol. Today
12:271-276.

Cole, B. C., R. A. Balderas, E. A. Ahmed, D. Kono, and A. N.
Theofilopoulos. 1993. Genomic composition and allelic polymor-
phisms influence V beta usage by the mycoplasma arthritidis
superantigen. J. Immunol. 150:3291-3299.

Cole, B. C., and M. M. Griffiths. 1993. Triggering and exacer-
bation of autoimmune arthritis by the Mycoplasma arthritidis
superantigen MAM. Arthritis Rheum. 36:994-1002.

Cole, B. C., and J. C. Ward. 1979. Mycoplasma as arthitogenic
agents, p. 367-398. In The Mycoplasmas, vol. II. Academic
Press, Inc., New York.

Cole, B. C., J. R. Ward, R. S. Jones, and J. F. Cahill. 1971.
Chronic proliferative arthritis of mice induced by Mycoplasma
arthritidis. Infect. Immun. 4:344-355.

Crow, M., G. Zagon, Z. Chu, et al. 1992. Human B cell
differentiation induced by microbial superantigens: unselected
peripheral blood lymphocytes secrete polyclonal immunoglob-
ulin in response to mycoplasma arthritidis mitogen. Autoimmu-
nity 14:23-32. -

Feldman, M., and A. Basten. 1972. Cell interactions in the
immune response in vitro. III. Specific collaboration across a
cell impermeable membrane. J. Exp. Med. 136:49-67.
Flechner, E. R., P. S. Freudenthal, G. Kaplan, and R. M.
Steinman. 1988. Antigen-specific T lymphocytes efficiently clus-
ter with dendritic cells in the human primary mixed-leukocyte
reaction. Cell. Immunol. 111:183-195.

Freudenthal, P. S., and R. M. Steinman. 1990. The distinct
surface of human blood dendritic cells, as observed after an
improved isolation method. Proc. Natl. Acad. Sci. USA 87:
7698-7702.

Friedman, S. M., M. K. Crow, J. R. Tumang, et al. 1991.
Characterization of human T cells reactive with the Myco-
plasma arthritidis-derived superantigen (MAM): generation of a
monoclonal antibody against V beta 17, the T cell receptor gene
product expressed by a large fraction of MAM-reactive human
T cells. J. Exp. Med. 174:891-900.

Friedman, S. M., D. N. Posnett, J. R. Tumang, B. C. Cole, and
M. K. Crow. 1991. A potential role for microbial superantigens
in the pathogenesis of systemic autoimmune disease. Arthritis
Rheum. 34:468-480.

Herman, A., G. Croteau, R.-P. Sekaly, J. Kappler, and P.
Marrack. 1990. HLA-DR alleles differ in their ability to present
staphylococcal enterotoxins to T cells. J. Exp. Med. 172:709-
717.

Herman, A., J. W. Kappler, P. Marrack, and A. M. Pullen.
1991. Superantigens: mechanism of T-cell stimulation and role
in immune responses. Annu. Rev. Immunol. 9:745-772.

. Howell, M. D., J. P. Diveley, K. A. Lundeen, et al. 1991. Limited

T-cell receptor beta-chain heterogeneity amoung interleukin 2
receptor-positive synovial T cells suggests a role for superanti-
gen in rheumatoid arthritis. Proc. Natl. Acad. Sci. USA 88:
10921-10925.

Inaba, K., M. Inaba, M. Naito, and R. M. Steinman. 1993.
Dendritic cell progenitors phagocytose particulates, including
BCG organisms, and sensitize mice to mycobacterial antigens in
vivo. J. Exp. Med. 178:479-488.

. Inaba, K., J. P. Metlay, M. T. Crowley, and R. M. Steinman.

1990. Dendritic cells pulsed with protein antigens in vitro can
prime antigen-specific, MHC-restricted T cells in situ. J. Exp.
Med. 172:631-640.

Inaba, K., J. P. Metlay, M. T. Crowley, M. Witmer-Pack, and
R. M. Steinman. 1990. Dendritic cells as antigen presenting cells
in vivo. Int. Rev. Immunol. 6:197-206.

Inaba, M., K. Inaba, M. Hosono, et al. 1991. Distinct mecha-
nisms of neonatal tolerance induced by dendritic cells and
thymic B cells. J. Exp. Med. 173:549-559.

. Li, Y., P. Szabo, M. A. Robinson, B. Dong, and D. N. Posnett.

1990. Allelic variations in the human T cell receptor V beta 6.7
gene products. J. Exp. Med. 171:221-230.

Li, Y., A. Wong, P. Szabo, and D. N. Posnett. 1993. Human TCR
V beta 6.10 is a pseudogene with Alu repetitive sequences in the
promoter region. Immunogenetics 37:347-355.



144

30.

31.
32.

33.

34.

35.

36.
37.

38.

BHARDWAJ ET AL.

Maecker, H. T., and R. Levy. 1989. Prevalence of antigen
receptor variants in human T cell lines and tumors. J. Immunol.
142:1395-1404.

Marrack, P., and J. Kappler. 1990. The staphylococcal entero-
toxins and their relatives. Science 248:705-711.

Miethke, T., C. Wahl, K. Heeg, B. Echtenacher, P. H. Krammer,
and H. Wagner. 1992. T cell-mediated lethal shock triggered in
mice by the superantigen staphylococcal enterotoxin B: critical
role of tumor necrosis factor. J. Exp. Med. 175:91-98.
Paliard, X., G. West, J. A. Lafferty, et al. 1991. Evidence for the
effects of a superantigen in rheumatoid arthritis. Science 253:
325-329.

Pancholi, P., R. M. Steinman, and N. Bhardwaj. 1991. An
approach to isolating T cell lines that react to antigens presented
on the surface of dendritic cells. Clin. Exp. Immunol. 85:349-
356.

Pancholi, P., R. M. Steinman, and N. Bhardwaj. 1992. Dendritic
cells efficiently immunoselect mycobacterial-reactive T cells in
human blood, including clonable antigen-reactive precursors.
Immunology 76:217-224.

Posnett, D. N. 1990. Allelic variations of human TCR V gene
products. Immunol. Today 11:368-373.

Posnett, D. N., C. Y. Wang, and S. Friedman. 1986. Inherited
polymorphism of the human T cell antigen receptor detected by
a monoclonal antibody. Proc. Natl. Acad. Sci. USA 83:7888-
7892.

Schlievert, P. M., B. B. Shands, G. P. Dan, and R. D. Nishimura.
1981. Identification and characterization of an exotoxin from
Staphylococcus aureus associated with toxic-shock syndrome.
J. Infect. Dis. 143:509-519.

39.

40.

41.

42.

43.

45.

46.

INFECT. IMMUN.

Sperber, K., A. Shaked, D. N. Posnett, S. Hirschman, G. Bekesi,
and L. Mayer. 1990. Surface expression of CD4 does not predict
susceptibility to infection with HIV-1 in human monocyte
hybridomas. J. Clin. Lab. Immunol. 31:151-156.

Tumang, J. R., D. N. Posnett, B. C. Cole, M. K. Crow, and S. M.
Friedman. 1990. Helper T cell-dependent human B cell differ-
entiation mediated by a mycoplasmal superantigen bridge. J.
Exp. Med. 171:2153-2158.

Wang, C. Y., Y. Bushkin, R. Pica, C. Lane, H. McGrath, and
D. N. Posnett. 1986. A monoclonal antibody detecting a shared
determinant on the human T cell antigen receptor molecule.
Hybridoma 5:179-190.

White, J., A. Herman, A. M. Pullen, R. Kubo, J. W. Kappler,
and P. Marrack. 1989. The V beta-specific superantigen staph-
ylococcal enterotoxin B: stimulation of mature T cells and
clonal deletion in neonatal mice. Cell 56:27-35.

Winslow, G. M., M. T. Scherer, J. W. Kappler, and P. Marrack.
1992. Detection and biochemical characterization of the mouse
mammary tumor virus 7 superantigen (mls-1a). Cell 71:719-730.

. Young, J. W., and R. M. Steinman. 1988. Accessory cell

requirements for the mixed leukocyte reaction and polyclonal
mitogens, as studied with a new technique for enriching blood
dendritic cells. Cell. Immunol. 111:167-182.

Young, J. W., and R. M. Steinman. 1990. Dendritic cells
stimulate primary human cytolytic lymphocyte responses in the
absence of CD4™* helper T cells. J. Exp. Med. 171:1315-1332.
Zvaifler, N. J., R. M. Steinman, G. Kaplan, L. L. Lau, and M.
Rivelis. 1985. Identification of immunostimulatory dendritic
cells in the synovial effusions of patients with rheumatoid
arthritis. J. Clin. Invest. 76:789-800.



