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Fig. 6. Interaction between LAT and PLC-y1 following CD2 stimulation. (A} Asscciation of LAT with PLC-y1. NK3.3 cells were
stimulated by CD2 cross-linking and immunoprecipitated with anti-LAT and anti-PLC-y1 Ab. Tyrosine phosphorylation and asso-
ciation of LAT with PLC-y1 were detected by immunoblot. (B) Association of LAT with PLC-y1 analyzed by an in vitro binding
assay. After stimulation, lysates were incubated with N-terminal and C-terminal SH2-, or SH3-GST fusion proteins of PLC-y1 for
2 h at 4°C. Interacting complexes were immunoprecipitated with anti-GST mAb. Quantification of LAT association was per-
formed densitometrically using NIH image software. The peak heights of each density are depicted as percent of maximum

value.

mes {a family of granule-associated serine esterases)
[38]. After treatment with MBCD, NK3.3 cells were sti-
mulated by CD2 cross-linking for 4 h, and superna-
tants were assayed for esterase activity using N°-
benzyloxycarbonyl-L-lysine thiobenzyl ester (BLTE) as a
substrate, We found that MBCD dramatically inhibited
granule exocytosis from CD2-activated NK cells in a
dose-dependent manner (Fig. 8B).
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Fig. 7. Effects of MBCD on LAT tyrosine phosphorylation.
NK3.3 cells were pretreated with the indicated concentration
of MBCD at 37°C for 20 min. Cells were treated with CD2
mAb and stimulated using polybeads coupled to rabbit anti-
mouse IgG Ab at 37°C. Detergent-soluble proteins were
immunoprecipitated with anti-LAT Ab, The membrane was
immunoblotted with anti-pTyr mAb, and then stripped and
immunoblotted with LAT Ab.

3 Discussion

Several putative activation receptors, such as CD2,
CD16, NKR-P1, 2B4 and chemokine receptors, have
been proposed to be involved in NK cell recognition of
target cells [2-5, 37]. When an NK cell encounters a tar-
get cell, there is an initial activation by triggering recep-
tors that leads to Ca®* mobilization and activation of vari-
ous kinases. These kinases activate a series of signaling
events, ultimately resulting in a polarized secretion of
cytotoxic granules. Triggering receptors accumulate in
the area of cell-cell contact, creating an immunological
synapse. Recently, rafts have been implicated in the
organization of the T cell immunological synapse and
many of the cytoplasmic proteins involved in T cell acti-
vation have been shown to be either raft-resident pro-
teins or selectively recruited to rafts during T cell activa-
tion [11, 12]. Thus, lipid rafts may mediate signal trans-
duction by serving as scaffolds to sequester signaling
complexes. However, little is known about events lead-
ing to the formation of immune synapse and its linkage
to activation signals in NK cells.

Yashiro-Ohtani et al. [23] and Yang et al. [24] have
reported that CD2 localized in raft fractions in mouse and
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Fig. 8. Effects of MBCD on NK cell functions. NK3.3 cells
were pretreated with the indicated concentration of MBCD at
37°C for 20 min before the assay. (A} NK3.3 cytotoxicity
against K662 target cells. NK3.3 cells were incubated with
calcein-AM labeled K562 cells at titrated effector: target
ratios for 4 h at 37°C. After incubation, fluorescence in
supernatants was measured and data were expressed as
lytic units,ee in 107 effector cells. (B) Granule exocytosis
from NK 3.3 cells. Cells were stimulated with CD2 mAb-
bound polybeads at a ratio of 1:4 for 4 h at 37°C, and super-
natants were harvested from each well for BLTE assay. Opti-
cal density was read at 405 nm on an ELISA microplate, and
the percentage of BLTE activity was calculated.

human T cells, respectively. However, CD2 localization in
lipid rafts and the molecular mechanisms that link to
intracellular signaling for NK cell activation are still to be
elucidated. We have now clearly demonstrated that CD2
cross-linking induced copolarization of rafts and C02
{Fig. 1), and that a significant amount of CD2 localized in
raft fractions of NK3.3 cells (Fig. 3). Using a more physio-
logical system in which NK cells are activated by direct
contact with NK-sensitive target, K562 cells, we also
observed copolarization of CD2 and rafts at the contact
site {Fig. 2). These data suggest that lipid rafts transport
NK-activating receptors to the immunological synapse
during NK cell cytolytic process. Interestingly, it has been
reported that the inhibitory NK immune synapse, trans-
ducing negative signals, prevent lipid raft polarization
and NK cell cytotoxicity [6-8). Thus, it is likely that the
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ability of NK cells to kill target cells is determined by both
activating and inhibitory signals through formation of
immunological NK synapses.

Although the cytoplasmic domain of CD2 lacks intrinsic
kinase activity, CD2 has been reported to be physically
associated with Lck [38). Since lipid rafts serve as plat-
forms for GPl-anchored proteins, some transmembrane
proteins, cell surface receptors and doubly acylated pro-
tein tyrosine kinases of the src family [22], this interaction
may be explained by our data that CD2 localizes in lipid
rafts {Fig. 3). We have previously reported that CD2
cross-linking activates Syk tyrosine kinase and trans-
duces signals for NK cell activation [3, 20, 21}. Since it
has been reported that signal transduction via CD2 in NK
cells is dependent in part on the CD3E chain or the y sub-
unit of FceR1 expressed in NK cells [39, 40], it is likely
that CD2 signaling in NK cells utilizes an analogous cas-
cade to that observed in TCR signaling, i.e. CD2 acti-
vates Lck and Syk, and phosphorylates immunoreceptor
tyrosine-based activation motifs (ITAM} of the CD3t
chain, the v subunit of FceR1 or the novel transmem-
brane adapter protein, DAP12 {41}, resulting in tyrosine
phosphorylation of LAT.

Several lines of evidence demonstrate that tyrosine-
phosphoerylated LAT recruits critical signaling molecules,
including PLC-y1, Grb2 and PI 3-K as well as Sos and
SLP-Vav complex, suggesting that LAT is important in
linking the activation of Syk/ZAP-70 to a number of
downstream pathways {13, 16, 17, 37, 42]. Activation of
PLC-y1 results in hydrolyzing phosphatidylinositol 4,5-
bisphosphate, which, in turn, increases intracellular free
Ca? concentrations and protein kinase C activity, result-
ing in enhanced cytoplasmic granule exocytosis [1, 43].
Pl 3-K is ancther important signaling molecule in a vari-
ety of cellular process including reorganization of the
actin cytoskeleton, induction of cellular survival and pro-
tection from apoptosis, antigen- and IL-2 growth factor-
mediated activation, membrane ruffling and granule exo-
cytosis [3, 29-31]). In NK cells, Jevremovic et al. have
reported that FeyRI stimulation induced tyrosine phos-
phorylation and association of LAT with PLC-y1 [44],
which is consistent with our results of CD2-stimulated
NK cells (Fig. 6). We previously have reported that CD2
cross-linking induces tyrosine phosphaorylation and inter-
action of cellular proteins with Pl 3-K, resulting in NK cell
activation [3]. In this paper, data are presented to clearly
show that tyrosine-phosphorylated LAT associates with
Pl 3-K following CD2 stimulation in NK3.3 cells (Fig. 5).
These results strongly suggest that LAT may contribute
to the recruitment of Pl 3-K and PLC-y1 to the activation
sites and that LAT is deeply involved in NK cell activation
signaling. It has also been reported that the negative sig-
nals through KIR, containing two immunoreceptor
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tyrosine-based inhibition motifs {ITIM), recruit SHP-1
and SHP-2, cytoplasmic tyrosine phosphatases. The
membrane-proximal ITIM recruits SHP-1 and is itself suf-
ficient to inhibit NK cell killing. The membrane-distal ITIM
acts in concert with the proximal ITIM to recruit SHP-2,
which then amplifies the signal from SHP-1. SHP-1 and
SHP-2 activation leads to the propagation of a down-
stream signaling cascade that inactivates signaling mol-
ecules involved in NK cell activation [45]. Thus, NK cell
cytotoxicity is determined by a balance of positive and
negative signals, and lipid rafts may serve as scaffolds to
regulate NK cell functions.

it has been reported that extraction of raft chofesterol
from plasma membrane by MBCD redistributed raft com-
ponents, and reduced Ca® responses and tyrosine
phosphorylation, inhibited association of the TCR with
the cytoskeleton [34, 35). We observed that treatment of
NK cells with MBCD inhibited tyrosine phosphorylation
of LAT in a dose-dependent manner (Fig. 7) and that
MBCD dramatically reduced NK cell cytolytic activity
against target cells and CD2-mediated granule exocyto-
sis from NK cells (Fig. 8A, B). Since the associations of
LAT with Pl 3-K and PLC-y1 are dependent on LAT tyro-
sine phosphorylation {Fig. 5 and 6, respectively), disrup-
tion of rafts may inhibit NK cell activities through reduc-
ing tyrosine phosphorylation of LAT.

in conclusion, we show that CD2 and rafts copolarized
to the 'sites of NK cell activation and that cross-linking of
CD2 induces strong tyrosine phosphorylation of raft-
resident LAT, resulting in increased association with
PI 3-K and PLC-y1. Moreover, disruption of lipid rafts by
cholesterol depletion markedly reduced LAT tyrosine
phosphorylation and NK cell functions, including cyto-
toxicity and granule exocytosis. These results support
the conclusion that raft pofarization, resulting in forma-
tion of complexes of LAT with Pl 3-K and PLC-y1, are
critical events during the development of NK cell-
mediated cytotoxicity.

4 Materials and methods

4.1 Cells and cell culture

The human NK cell line, NK3.3, was provided by Dr. Jacki
Kornbluth (University of Arkansas Med. Science) and main-
tained in RPM! 1640 medium supplemented with 10% heat
inactivated FCS (Upstate Biotechnology, Inc.: UBI, Lake
Placid, NY}, 2 mM L-glutamine, penicillin, and 2 nM recom-
binant IL-2 (Shionogi Co., Ltd., Japan). K562 cells were
kindly provided by Dr. M. Maeda (Kyoto University) and
maintained in RPMI 1840 medium supplemented with 10%
FCS, 2 mM v-glutamine, and penicillin.
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4.2 Ab and reagents

mAb against CD11a (LFA-1a: T$1/22; [9G1), CD18 (LFA-1/:
TS1/18; IgG1) and CD2 (TS2/18; IgG1) were purified as
described previously [46). F{ah'), fragment of CD2 mAb was
prepared by pepsin digestion and purified by sequential pro-
tein A column using Preparation Kit {Pierce, Rockford, IL).
Anti-pTyr mAb (4G10), Ab against p85 subunit of Pl 3-K and
PLC-y1 were purchased from UBI {Lake Placid, NY}. Anti-
FeyRIll (CD16: B-E16; 19G1) mAb and PE-conjugated anti-
CD2 and anti-CD58 mAb were purchased from Serotec
(Oxford, GB) and Becton Dickinson (San Jose, CA), respec-
tively. FITC-conjugated cholera toxin B (CTx), methyl-f-
cyclodextrin (MBCD) and control mouse IgG1 (MOPC-31¢)
were purchased from Sigma-Aldrich (St. Louis, MO). Rabbit
antiserum to LAT was kindly provided by Dr. L.E. Samelson
(NCI/NIH) {13]. Rabbit anti-mouse IgG mAb and anti-GST
mAb were purchased from Cappe! (Durham, NC) and Santa
Cruz Biotechnology (Santa Cruz, CA), respectively, The ECL
immunodetection system and horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit 1gG mAb were
obtained from Amersham International (Amersham, GB).
Polybeads polystyrene microspheres {2.5% solid-latex,
diameter = 6 micron, no. 07312) were purchased from Poly-
sciences, Inc. {(Warrington, PA).

4.3 Laser scanning confocal microscopy

NK3.3 cells were first stained with FITC-conjugated CTx for
30min on ice, washed twice in ice-cold PBS containing
0.2% BSA (PBS/BSA}), and then incubated with PE-
conjugated CD2 mAb for 30 min on ice. After washing in
PBS/BSA, cells were resuspended at a final concentration of
107 cells/ml in 100 pl RPMI 1640 containing 2% FCS and
stimulated with rabbit anti-mouse IgG- or normal rabbit
serum {NRS}-bound polybeads at a ratio of 1:2 for 30 min at
37°C In polypropylene round-bottom tubes, in a fina! volume
of 200 pl/tube. After stimulation, cells were cooled with 1 ml
ice-cold PBS/BSA containing 0.1% sodium azide, then
gently resuspended and placed on glass slides and fixed
with 2% paraformaldehyde in PBS. The slides were
mounted with coverslips using glycerol/PBS, and examined
on an Olympus LSM-GB200 (Clympus, Tokyo, Japan} with
an oil immersion lens. Appropriate excitation and barrier fil-
ters were used to observe fluorescence.

For assaying conjugation between effector and target cells,
NK3.3 cells were stained with FITC-CTx and PE-CD2 mAb.
After washing, NK3.3 cells were mixed with K562 cells at a
ratio of 1:1, briefly pelleted, and then incubated for 5 min at
37°C. In some experiments, NK3.3 cells labeled with FITC-
CTx were mixed with K562 cells labeled with PE-CD58 mAb.
Approximately 50 conjugates were evaluated per slide. Pho-
tographs of cells shown in figures represent the majority of
cells displaying cell-surface staining patterns observed in
these experiments.
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4.4 Cell stimulation, solubilization and
immunoprecipitation

Polybeads were prepared as described elsewhere [47],
using 20 ug/ml rabbit anti-mouse IgG, followed by storage
with the mAb, and extensive washing prior to use. NK3.3
cells {107) were incubated with the indicated Ab for 30 min
on ice. After washing, cells were stimulated with rabbit anti-
mouse [gG-bound polybeads at a ratio of 1:2 for 30 min at
37°C. Cells were solubilized with Brij lysis buffer containing
50 mM Tris-HC), pH 7.6, 1% Brij 96, 300 mM NaCl, 5 mM
EDTA, 10 ug/ml leupeptin, 10 pg/mi aprotinin, 1 mM phenyl-
methylsulfonyl fluoride (PMSF) and 1 mM sodium orthovan-
adate by gentle rocking for 30 min at 4°C. Insoluble material
was removed by centrifugation and the supernatants were
subjected to immunoprecipitation with Protein G beads pre-
coated with Ab as indicated. For treatment with calf intestine
alkaline phosphatase (CIP}, immunoprecipitates were incu-
. bated with 10 units of CIP {Boehringer)} in 40 ul CIP reaction
buffer for 1 h.

4.5 GST fusion protein experiments

GST fusion proteins of PI3-K, p85 C-terminal SH2
(624-718) and N-terminal SH2 (333-428) were purchased
from UBL GST fusion proteins of PLC-y1 N-terminal SH2
(548-659), C-terminal SH2 (663-760), and SH3 (790-850)
were purchased from Santa Cruz Biotechnology. For in vitro
binding assays using GST fusion proteins, NK3.3 lysates
were incubated with the various GST fusion proteins {each
2 ug) in 500 wl of lysis buffer for 2 h at 4°C. Interacting com-
plexes were immunoprecipitated by anti-GST Ab (Santa
Cruz) preadsorbed to Protein G beads [20, 21].

4.6 Isolation of a raft fraction in equilibrium density
gradients

Raft fractions were prepared as described by Rodgers and
Rose {25] with minor modifications [26]. Cells (10% were
washed with PBS containing 1 mM sodium orthcvanadate
and 5 mM EDTA, and lysed with 1 ml MS-buffered saline
(MBS; 25 mM MES, pH 6.5/150 mM NaCl) containing 1%
Triton X-100, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 1 mM
PMSF, 1 mM sodiurm orthovanadate and 5 mM EDTA. The
fysate was homogenized with 20 strokes of a Dounce
homogenizer, gently mixed with an equal volume of 80%
sucrose (w/v} in MBS and placed in the bottom of a
14x95 mm clear centrifuge tube (344060; Beckman, Palo
Alto, CA). The sample was then overtaid with 6.5 ml of 30%
sucrose and 3.5 ml of 5% sucrose in MBS, and centrifuged
at 200,000xg in a Beckman SW4QTi rotor at 4°C for 16 h.
Following centrifugation, 12 fractions of 1 ml {excluding the
pellet) were cellected from the top of the gradient. A half of
each gradient fraction was diluted with 10% digitonin in
MBS at a final concentration of digitonin to 1%, precleared
with protein A-Sepharose (Pharmacia, Piscataway, NJ). To
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examine the presence of cell surface and intracellular pro-
teins in the density gradient fractions, 16 pl of each fraction
was solubilized in 5x sample buffer and electrophoresed.

4.7 Electrophoresis, Western blotting and
Immunoblotting

Immunoprecipitated proteins were eluted by boiling in SDS-
containing sample buffer and fractionated by SDS-PAGE
{8-12% polyacrylamide gels) [48]. Proteins were electropho-
retically transferred to polyvinylidene difluoride (PVDF;
Immobilon-P) membranes (Sigma). Membranes were incu-
bated for 3 h with either anti-pTyr mAb or Ab as indicated, in
PBS containing 0.05% Tween-20 and 10% Blockace (Dai-
nippon Pharm. Co., Japan). Peroxidase-conjugated second-
ary Ab (Amersham) were used at a 1:1,000 dilution and
immunoreactive bands were visualized using ECL (Amer-
sham). In some experiments, densitometry of the protein
bands was performed using NIH Image software and the
peak heights of each density are depicted as percent of
maximurm value.

4.8 Cytotoxicity assay and BLTE assay

NK cells were pre-treated with the indicated concentration
of MBCD for 20 min at 37°C before the assay. For cytotoxic-
ity assays, target cells (K562) were labeled with calcein-AM
(Molecular probes, Leiden, Netherlands) for 30 min at 37°C,
Then target cells (5000 per well) and NK3.3 ceils were plated
into 26-well plates at titrated effector: target (E/T) ratios
ranging from 4:1 to 256:1, and incubated for 4 h at 37°Cin a
humidified atmosphere containing 5% CO,. After incuba-
tion, supernatants were transferred to new wells and fluores-
cence was measured using a Wallac 1420 ARVO fluoroscan.
Assays were performed in triplicate and data were
expressed as lytic units,g, in 107 effector cells (1 Iytic unit
containing that number of effecter cells lysing 20 % of the
target) (49).

For the BLTE assay, IL-2-cultured NK cells were suspended
at 10° cells/ml in phenot red-free RPMI 1640 (IBL, Fujioka,
Japan) containing 0.5% FCS, and 100 ul of aliquots were
added to round-bottom microplate wells. Cells were stimu-
lated with CD2 mAb-bound polybeads at a ratio of 1:4 (final
volume of 200 ) for 4 h at 37°C. Wells were incubated at
37°C for 4 h, and 100 p! aliquots were harvested from each
well for BLTE assay. The BLTE assay was adapted to 200 ul
for use in 96-well as described previously {3, 46]. Optical
density was read at 405 nm on an ELISA microplate reader
{lwaki, Osaka, Japan), and the percentage of BLTE activity
was calculated.
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SUMMARY

It is generally accepted that the interaction between CD40 and its ligand (CD154) plays a decisive role
in contact-dependent help for T and B cells. In CD154-deficient MRL/Mp-Fas®" (MRL/[pr) mice, how-
ever, high titres of IgG2a-type autoantibodies against small nuclear ribonucleoproteins (snRNPs) are
observed, We successfully isolated two CD154-deficient MRL//pr Th1 lines, which could provide B cell
hetp for anti-snRNP antibody production. The proliferative responses of the Th] cell lines were MHC
class 1T {I-E¥)-restricted. Although syngeneic B cell proliferation was induced by Th1 lines in both a con-
tact-dependent and -independent manner, the soluble form of TNF-a (STNF-@) was not involved in
contact-independent B cell proliferation. On the other hand, both anti-TNF-o and TNF-receptor 2
(TNF-R2, p75) monoclonal antibody (MoAb) blocked contact-dependent B cell proliferation, suggest-
ing that the transmembrane form of TNF-g (mTNF-a)-TNF-R2 co-stimulation participates in B ccll
activation. Similarly, anti-TNF-a and TNF-R2 MoAb inhibited anti-snRNP antibody production in
vitro, but anti-CD154 or TNF-R1 MoADb did not. These results indicate that the interaction of mTNF-
« on activated Th1 cells with TNF-R2 on B cells may be involved in the autoimmunity seen in MRL
mice, and that the blockade of CD40-CD154 co-stimulation may not always be able to suppress some

Thil-related manifestations of lupus.

Keywords

INTRODUCTION

Human systemic lupus erythematosus (SLE) is an autoimmune
disease characterized by the production of autoantibodies against
many nuclear antigens such as chromatin, DNA and certain
RNA-associated proteins, including anti-small nuclear ribonucle-
oproteins (anti-snRNP) antibodies. Several mouse lupus models
display autoimmune manifestations reminiscent of SLE, includ-
ing the MRL/Mp (MRL-+/+) strain that develops a syndrome
nearly indistinguishable from the human disease, including
marked humoral autoimmunity such as anti-Sm antibody [1].
MRL/Mp-Fas®" (MRL/lpr) mice also develop spontaneously a
severe discase resembling SLE, especially immune-complex
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glomerulenephritis, with the generation of IgG autoantibodies to
self-antigens such as chromatin, dsSDNA, snRNPs and IgG (rheu-
matoid factors; RF) [2].

A large number of investigations have established that
the pathogenesis of MRL lupus mainly requires CD4* o T cells,
which help to stimulate autoreactive B cells [3-5]. These studies
have demonstrated that a lack of such cells cause substantial
reductions in autoantibody production and glomerulonephritis. In
addition, CD4* o8 T cells that help autoantibody production have
been isolated from other mouse strains [6,7]. Autoantibodies pro-
duced by MRL mice display evidence of Ag selection [8], suggest-
ing that autoreactive CD4* o T cells drive autoantigen-specific
autoantibody production. This notion is supported by the finding
that genetic elimination of autoantigen-specific af T cells in MRL
mice eliminate autoantibody production and end-organ disease
[9)-

The binding of CD40 ligand (CD154), a type II membrane
protein transiently expressed on activated CD4* T cells [10], to
CD40 on B cells plays a critical role in T-B collaboration, includ-
ing the initiation of immunoglobulin (Ig) synthesis and class

© 2002 Blackwell Publishing Ltd
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switching in response to thymus-dependent (TD) antigens [11-
14). as well as playing a role in the formation of germinal centres
and the development of memory B cells [14.15). In CDi54-
deficient mice, antigen-specific T cell priming is impaired as a
result of the [ailure to initiate a specific T cell immune response to
TD antigens [16]. Along with the apparent requirement for CD4*
afiT cells, CD154 appears to be instrumental in IgG autoantibody
production and end-organ disease in murine and probably human
lupus. Suppott for this notion comes from the observations that
administration of anti-CD154 antibody to autoimmune SNF, and
(NZB x NZW) F| lupus-prone mice inhibits anti-dsDNA synthe-
sis and glomerulonephritis {17,18], and that human subjects with
SLE show increased CD154 levels on both T and B cells [19,20].

We previously characterized CD154-deficient lupus-prone
MRL/ipr mice and found that these animals lacked anti-dsDNA
and RF as well as lacking fully developed glomerulonephritis.
Surprisingly, however, the CD154-deficient MRI/[pr mice under-
went Ig class switching to IgG2a with Ig levels much higher than
those of control, non-autoimmune mice, and showed partial main-
tenance of IgG2a anti-snRNP antibody responses [21]. These
results indicate that CD40-CD154 co-stimulation is required to
provide contact-dependent help for anti-dsDNA antibody pro-
duction in MRL mice, although IgG class switching and the gen-
eration of IgG anti-snRNP antibody do not necessarily rely upon
T cell help mediated via CD154 in MRL/pr mice.

The study presented here demonstrates that the autoreactive
CD4* afi Th1 cells generated by us have the capacity to provide B
cell help for the production of IgG anti-snRNP antibody in vitro,
and that the transmembrane form of TNF-a (mTNF-o)}-TNF
receptor (TNF-R) system can be substituted for the CD40-
CD154 co-stimulation required for the production of IgG autoan-
tibodies. These observations suggest that mTNF-¢r expression on
activated T cells is involved in lupus autoimmunity and that block-
ade of CD40-CD154 co-stimulation might be insufficient to sup-
press some manifestations related to the Thl response of lupus.

MATERIALS AND METHODS

Mice

MRL/Mp-Fas* mice (MRL/Ipr mice, purchased from the Jackson
Laboratory, Bar Harbor, ME, USA) were bred with female
CD154-deficient 129/SvJ x C57BL/6 (129 x B6 CD154-deficient)
mice [13] to produce F; offspring heterozygous for {pr (mutant
Fas gene) and for CD154. The animals were then back-crossed to
the MRL background to the N8 generation, followed by inter-
crossing and analysis for wild-type and mutant CD154 and Fas by
PCR [21]. These mice were bred and housed in specific pathogen-
free facilities at the Yale School of Medicine.

Generation of autoreactive T cell lines from CD154-deficient
MRL/Ipr mice

Autoreactive T cells were isolated and cloned according to Naiki's
method [7] with some modifications. A single cell suspension of
lymph node cells was prepared from three different 4-month-old,
anti-snRNP antibody-positive CD154-deficient MRL/Ipr mice
[21]. The cells were treated with red blood cell lysis buffer (Sigma
Chemical Co., St Louis, MO, USA). Initially, 4 x 106m! of cells
were cultured in 24-well tissue culture plates with Click’s medium
(Irvine Scientific, Santa Ana, CA, USA) supplemented with 10%
IFCS, antibiotics, L-glutamine and 2-ME. The irradiated (3000 rad)
syngeneic APC (2x10%ml) were added weekly along with

10 g/ml mouse rlL-2 (R&D sysiems. Minncapolis, MN, USA).
After | month. cells were transferred (o 96-well plates at 4 con-
centration of five cells/well for limiting dilution. Growing cells
were harvested and expanded in 24-well plates for further study.
In some expariments, autoreactive Th1 and Th2 cell lines (5-1 and
4-1), which were derived from CD1354-intact MRLiipr mice using
the same method and not reactive for specific antigens, were used
as controls,

Flow cytoffuorometric analysis

T cell lines were analysed by flow cytometry using anti-TCR-CpS
(H57-597-FITC), anti-TCR¥S (GL3-PE), anti-CD4 (H129-19-
FITC) and anti-CD8 (53-6:7-PE). For detection of CD154 or
mTNF-«, cells after stimulation with plate-bound anti-CD3¢
monoclonal antibody (MoAb) (5 gg/ml) were stained with PE-
conjugated anti-CD154 (MR 1, PharMingen, San Diego, CA,USA)
or anti-TNF-¢ (G281-2626, PharMingen). Stained cells were anal-
ysed with a FACScan™ flow cytometer and using CellQuest ™ soft-
ware (Becton Dickinson, Mountain View, CA, USA).

Froliferation assays

For T cell proliferation assays, T cell lines (1 x 10°/well) were co-
cultured with 5x10° irradiated (3000 rad) splenocytes from
CD154-deficient MRL/Ipr mice as APC in triplicate for 3 days in
round-bottomed, 36-well microtitre plates. Before the initiation of
culture, APC were incubated with either crude ENA (extractable
nuclear antigen, 1 mg/ml) prepared from murine Ehrlich ascites
cells as described previously [22] or with medium {control) at 37°C
for 2 h. [*H]-labelled thymidine (1 pCi, Amersham, Arlington
Heights, IL, USA) was added to each well during the last 16 h of
culture, and cells were harvested with a semi-automatic cell
harvester (Skatron Instruments, Sterling, VA, USA). The incor-
porated radioactivity was measured with a B-plate scintillation
counter {Beckman Instruments, Fullerton, CA, USA).

For B cell proliferation assays, MRL/lpr B cells were purified
from splenocytes of CD154-deficient MRL/Apr mice using Cel-
lect™ Mouse B (Biotex Laboratories Inc., Edmonton, Canada)
followed by further T cell depletion using anti-Thy1-2 antibody
(HO-13-4) and Low-Tox-M rabbit complement {Accurate Chem-
ical & Scientific Corporation, Westbury, NY, USA). The B cell
purity was >95% as determined by flow cytometry. Purified B
cells (5 x 10 for 96-well plates and 25 x 10* for 24-well plates)
were co-cultured with irradiated (1500 rad) T cell lines (2 x 10* for
96-well plates and 10 x 10* for 24-well plates) for 3 days. One uCi
of [*H]-labelled thymidine was added for the last 16 h of culture,
cells were harvested and the incorporated radioactivity measured.
A membrane insert (0-4 um pore size, Becton Dickinson Lab-
ware, Franklin Lakes, NJ, USA) was used in some experiments to
prevent contact between T cell lines and B cells. The separated T
and B cells were co-cultured in 24-well culture plates for 48 h, fol-
lowed by the addition of 4 uCi of [*H]-labelled thymidine. After
16 h, cells above and below the membrane were mixed, and har-
vested immediately after transfer from 24-well plates to 96-well
plates.

For blockade of T or B cell proliferative responses, mono-
clonal antibodies to I-E¥ (14-4-48, PharMingen, dialysed before
use), [-A¥ (10-3-6,. PharMingen, dialysed before use), CD154
(MR1, NA/LE, PharMingen), IFN-y (R4-6A2, NA/LE, PharM-
ingen), IL-2 (Genzyme, Cambridge, MA, USA), TNF-a& ((G281-
2626, NA/LE, PharMingen), TNF-R1 and R2 (p55[55R-170-1}

© 2002 Blackwell Publishing Ltd, Clinical and Experimental [mmunology, 130:224-232
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and p75 [TR75-54-7, a gift from R.D. Schreiber, Washington Uni-
versity School of Medicine]) [23] were used.

In vitro helper assay )

T cell lines (5x10° cellsfwell) were co-cultured with 2 x 10¢
purified MRL/Ipr B cells in 24-well plates for 1 week, Culture
supernatants were then harvested, and the concentration of anti-
snRNP antibodies determined by ELISA (described below). To
determine if antibody production was enhanced via soluble fac-
tors (e.g. cytokines), a membrane insert was used to prevent
contact between the T cell lines and B cells. Non-autoreactive
controls consisted of a T cell line derived from antipigeon cyto-
chrome ¢ (PCC) TCR transgenic TCR-o-/~-TCR3-/- MRL/Ipr
mice [9] and purified B cells of PCC-immunized MRL//pr mice.

Determination of anti-shnRNP antibodies by ELISA

For detection of anti-snRNP antibody, mouse snRNPs (1 pg/ml)
in carbonate buffer, pt 9-6, were coated on Serocluster ‘U Vinyl
Plates (Costar, Cambridge, MA, USA) overnight at 4°C, Mouse
sera were diluted 1 : 100 with PBS containing 3% BSA and incu-
bated at room temperature for 2 h, followed by detection of
bound IgG with alkaline phosphatase-conjugated antimouse
IgG (Southern Biotechnology Associates Inc., Birmingham, AL,
USA) at O.D.ys5nm in a microtitre ELISA reader. Anti-dsDNA
antibodies were measured with Rubin’s methods [24].

RESULTS

Antinuclear antibody production and CD4* oy T cells in CD154-
deficient MRL/1pr mice

The levels of anti-dsDNA and -snRNP antibody, as determined by
ELISA using purified autoantigens as substrates, were signifi-
cantly higher in CD154-intact MRL//pr mice than in their CD154-
deficient counterparts; however, a number of the latter mice pro-
duced comparable amounts of anti-snRNP antibody to those of
the CD154-intact animals [21]. The subclass of the higher titre
anti-snRNP antibody in CD154-deficient mice was IgG2a,
whereas IgG1 and IgG3 anti-snRNP antibedy were also detected
in CD154-intact mice [21).

The CD444ehCD4SRBMEN MRL T cells, which were assured to
be effectors, developed in CD154-deficient MRL/Ipr mice, while
CD4* naive (CD44°*CD45RBinermedy o8 T cells remained in the
spleen (unpublished data). The development of memory T cells in
these mice, however, was severely impaired because the number

was much lower than that in CD154-intact 129 x B6 or MRL//pr
of the same age {data not shown).

T cell lines derived from CDI154-deficient MRL/Ipr mice
Twenty-six T cell lines were isolated by limiting dilution from
three anti-snRNP antibody-positive MRL/Ipr mice deficient in
CD154. Five of these T cell lines were selected for further studies
(Table 1) as they expressed both @ TCR and CD4 and prolifer-
ated in response to crude ENA as a source of snRNPs. These lines
all lacked CD154 expression after stimulation with PMA (10 ng/
ml) and ionomycin (500 ng/ml)/anti-CD3e MoAb (5 tg/ml). The
background stimulation indexes (SI) for proliferation of these Th
lines were caleulated by averaging their responses to histone,
dsDNA or medium. The mean values of background SI + 2 s.d. for
these five T cell lines that responded to ENA were 1:49 for C2,
1-42 for G1,1-33 for G2, 152 for P5 and 1-72 for E7. The five lines
selected showed increased proliferative responses when co-
cultured with syngeneic APC with ENA (Table 1) compared with
background levels, strongly suggesting that these lines recognize
some self-murine ENA. T cell proliferative responses were MHC
class T-restricted, as anti-I-EX MoAb selectively inhibited the
proliferation of four lines (C2, G1, G2, P3). Proliferation of the
E7 line also appeared to be I-EX-restricted, although inhibition
was incomplete.

In the presence of irradiated splenocytes from CD154-
deficient MRL/Ipr mice as a source of APC, the lines released
either IFN-yor IL-4 as respective indicators of Th1 or Th2 profiles
(data not shown). Four of the five lines (C2, G1, G2, and P5)
released IFN-yafter 24 and 72 h incubation, suggesting they had
a Thl phenotype. The last line, E7, released a small amount of
IL-4 after 72 h incubation {indicating a Th0 or Th2 phenotype).
Additionally, after stimulation with anti-CD3& MoAb, the soluble
form of TNF-o (sTNF-gx) was detected in the culture supernatant
of CD154-deficient Thl lines (G1 and P5) and the CD154-intact
autoreactive Thl line (5-1), but not the control Th2 line (4-1).

mTNF-¢ and CD154 expression was examined on autoreac-
tive Thl or Th2 lines (Fig. 1). CD154 expression was cbserved on
both Thl and Th2 cells at 12 h, and later continued expression
was seen in the Th2 line (4-1). Maximum expression of mTNF-a
was observed after 24 h stimulation. mTNF-¢¢ but not CD154
expression was observed after 48 h stimulation in the 5-1 and P53
lines {data not shown) indicating that the expression of mTNF-a
was predominantly induced on Thl cells and followed CD154
expression.

Table 1. Autoreactive T cell lines derived from CD154-deficient MRIL/pr mice

T cell prolifcration with APC/ENA®

T cell proliferation

Isolated T cell lines with APC/ENA (S1)* +12G2a anti-E* anti-A* % inhibition (anti-EX/1gG2a) TCR Vf usage
C2 1-52 14 531 3004 12 964 77 V6

G1 174 39 582 3343 36788 92 V81/8-2
G2 136 66 534 3952 56 638 95 V10

P5 345 26136 4837 18 765 81 Va3

E7 388 31 249 14 468 33245 54 \HE

“[#1]-thymidine incorporation (cpm) in the presence of extractantibodyle nuclear antigen (ENAY/[*H]-thymidine incorporation (cpm) in the absence
of ENA. *[*H]-thymidine incorporation {cpm) in the presence of ENA with the antibodies shown. Mean ¢pm of triplicate culture is piven: s.d. within each

experiment were <10%.
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Fig. 1. CD154 and the transmembrane form of TNF-a (mTNF-a) on activated MRL/pr T cell lines. CD154-intact autoreactive Thl {5-1),
and Th2 (4-1) lines and CD154-deficient Thl (PS) were stimulated with plate-bound anti-CD3e MoADb (5 ug/ml) for the indicated time.
CD154 was not expressed on P5 during 0-48 h stimulation with anti-CD3g MoAb. Bold lines show staining with anti-CD154 or TNF-«&

MoAb, and regular lines show isotype control.

CD154-deficient T cell lines promote contact-dependent and
-independent B cell proliferation

B7-2 (CD86) expression on MRL B cells was enhanced after co-
culture with the CD154-deficient Thl line (G1) for 24 hand 48 h
(data not shown). All the lines induced B cell proliferative
responses, which anti-CD154 MoAb (MR1) could not block (see
Fig.2a for a representative result). Anti-CD154 MoAb inhibited
the B cell proliferation induced by the CD154-intact Thl line 5-1,
but not that induced by either of the CD154-deficient Thl

lines GG1 or P5. To determine if B cell proliferation is contact-
dependent, a membrane insert was used to prevent contact by the
T cell lines with purified B cells (Fig. 2b). The CD154-deficient
line (P5) induced substantial proliferation of B cells either with or
without a membrane insert between irradiated P5 and purified B
cells, indicating that P5 stimulates a B cell proliferative response
in both a contact-dependent and -independent manner. In
addition, under the same conditions, anti-IFN-y or IL-2 MoAb
partially inhibited B cell proliferation but anti-TNF-« did not.
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Fig. 2. B cell proliferative responses to autoreactive Thl lines. {a} Anti-CD154 MoAb (MR1) dramatically inhibited B cell proliferation
induced by the CD154-intact line (5-1), but not that by the CD154-deficient line (G1 or P5). (b) A membrane insert (/) was used to
prevent contact by T cell line (P3) with B cells. Irradiated (1500 vad) T cells, which do not proliferate themselves, enhanced purified B cell
protiferation. Irradiated (3000 rad) B cells are thought to promote cytokine production from the T cell line as an APC. CD154-deficient
lines induce B cell proliferation both in a contact-dependent and -independent manner; however, contact-independent B cell proliferation
{black bar) was not inhibited at all by anti-TNF-a MoAb, but was inhibited by anti-IFN-yor IL-2 MoAb (hatched bar). Concentration of
MoAb or isotype control: 25 pg/ml. This figure shows the representative results of three experiments. iT; irradiated T cells (P5), pB; purified
B cells, iB; irradiated B cells. **P <0-01 (versus isotype control). (a) O, 5-1 (with hamster IgG); @, G1: A, P5; W, 5-1; *B cells alone,

These results indicate that contact-independent T cell-mediated B
cell proliferation is partially dependent on IFN-yand IL-2, but not
on sTNF-c.

Involvement of mTNF-o and TNF-R in CD154-independent

B cell activation

Next, to clarify whether the mTNF-o-TNF-R pathway partici-
pates in contact-dependent B cell proliferation, anti-TNF-« or
TNF-R MoAb was added to the co-cultures of irradiated lines and
purified B cells (Fig. 3). Anti-TNF-a MoAb induced a reduction
of about 50% in the B cell proliferative responses induced by a
CD154-deficient line (G1 or P5). As sSTNF-¢ was not involved in
contact-independent B cell proliferation, this result indicates that
the anti-TNF-a MoAb completely abrogates contact-dependent
B cell proliferation, and suggests that mTNF-a is responsible for
triggering B cell proliferation. Anti-TNF-R2 MoAb also inhibited
the proliferative responses induced by both CD154-deficient and
intact Thl lines. Anti-TNF-R1 MoAb inhibited B cell prolifera-
tion, but only at a high concentration (=25 pg/ml).

We next examined whether our CD154-deficient Th1 cell lines
had the capacity to provide B cell help for autoantibody produc-
tion in vitro (Fig.4a). While anti-dsDNA antibody was not
released from CD154-deficient B cells after co-cultures with the
lines (data not shown) two of the five lines, G1 and PS5, induced
high levels of SI, especially in the absence of the membrane insert,
suggesting that both provide contact-dependent help for anti-
snRNP antibody production. With the membrane insert, the SI of
CD154-deficient lines was the same as that of PCC-Tg T cells,
which is thought to constitute contact-independent help [9].
Maoreover, in in vitre helper assays, both anti-TNF-or and TNF-R2
MoAb inhibitled anti-snRNP antibody production but anti-

CD154 and TNF-R1 MoAb did not (Fig. 4b). Anti-IFN-y MoAb
also inhibited anti-snRNP antibody production, indicating that
IFN-y is also involved in autoantibody production in a contact-
independent manner.

DISCUSSION

We successfully isolated two autoreactive CD4* ¢8 Thl cell lines
from CD154-deficient MRL/lpr mice. These lines (G1 and P5)
have the capacity to provide B cell help for IgG anti-snRNP anti-
body production in a contact-dependent manner. Co-stimulation
of mTNF-e, which is expressed predominantly on Thl cells, and
TNF-R2 was mainly involved in the production of IgG autoanti-
bodies. In a previous study, we demonstrated that CD154-
deficient MRL/Ipr mice exhibited IgG2a class switching similar to
that seen in wild-type MRL//pr mice, and produced anti-snRNP,
but not anti-dsDNA antibody [21]. These results indicate that
CD154 is required for a high titre of anti-dsDNA antibody pro-
duction, but that IgG class switching and the genesis of IgG2a
anti-snRNP antibody are not necessarily dependent upon the
pathway mediated via CD154 in lupus-prone MRL//pr mice.

B cells or MHC class I has a critical role in T cell activation
during the generation of systemic autoimmunity [25,26]. The
MTIC class II molecule (I-E¥) was required for the proliferation
and IFN-y secretion of CD{54-deficient MRL Th cells. Super-
antigens including endogenous Mtvs (from mouse mammary
tumour virus), however, do not scem to be involved in the prolif-
cration of our Thi lines because the proliferation of the Gl and
P5 lincs was increased in the presence of extractable nuclear anti-
gens. Papicrnik ef el showed that clonal deletion of Vga* CD4*
T cells by Mtv-6-SAG was avoided in MRL/pr mice [27}. The
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Fig. 3. Inhibition by anti-TNF-/TNF-R MoAb of B cell proliferative responses to CD154-intact (5-1) or ~deficient (G1 ard P5) Thl cell
lines, Anti-TNF-o MoAb and anti-TNF-R2 MoAb partially inhibit B cell proliferative responses, and are therefore thought to be mediated
via contact-dependent T cell help. Anti-TNF-R1 MoAb also scems to block proliferation by G1 and PS5, although a high concentration
{>25 pg/ml) was required. Rat IgG1 and hamster IgG constitute isotype controls of anti-TNF-¢ and anti-TNF-R1 or R2 MoADb, respectively.
% Inhibition = (1-{[*H]-thymidine uptake with blocking MoAb (cpm)/[*H]-thymidine uptake with isotype control{cpm)}) x 100, Mean cpm
of triplicate cultures was used for calculations; s.d. for each experiment was less than 10%. W, 5-1; @, G1; &, PS.

influence of known Mtvs on MRL/Ipr T cell receptor should be
determined to exclude involvement of the maternally inherited
superantigen-induced T cell response.

On the other hand, the dramatic inhibition by anti-CD154
MoAb of B cell proliferation with the CD154-intact line indicates
that CD40-CD154 signalling is profoundly involved in B cell up-
regulation even after T cells have been primed [28]. CD154-def-
cient lines, nevertheless, still induced B7-2 expression, syngeneic
B cell proliferation and anti-snRNP secretion, indicating that
MRL Thl cells have the capacity to provide B cell help for
autoantibody production in the absence of CD154. The insertion
of a membrane to separate Thl and B cells reduces the B cell
proliferation and autoantibody production, suggesting that the
Thl cell lines stimulate B cells both in both a contact-dependent
and -independent manner.

mTNF-« is processed to generate STNF-o by a disintegrin
metalloproteinase, known as the TNF-a-converting enzyme
(TACE) [29,30]. Aversa et al. reported that mTNF-a was rapidly

expressed on human CD4* Th2 cells activated with Con A
and that the mTNF-o-TNF-R1 interaction can provide a
contact-dependent signal for the production of IgG4 and IgE [31].
In our study, we demonstrated that mTNF-a, which was expressed
on the Thl line 12 h after stimulation, was involved in B cell acti-
vation mediated via TNF-R2. This observation is consistent with a
previous report that mTNF-« is the prime activating ligand for
TNF-R2 [32]. mTNF-a is known to be involved in autoimmune
disorders [33-35], but this is the first report to show the extent of
mTNF-a-mediated autoimmune T-B contact help and autoanti-
body production. Macchia er al. demonstrated that HIV-infected
human T cell clones did not express CD154 but did express
mTNF-¢, which induced polyclonal B cell activation in a contact-
dependent manner [36]. This report also suggested that under
certain pathological conditions mTNF-a may be up-regulated
independently of CD154 expression and activate B cells. As
reported previously, defective TNF function may cause autoim-
munity {37]. In our preliminary experiments, the G1 line failed to
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Fig.4. In vitro B cell helper assay. (a) A membrane insert was used to prevent contact by the T cell line with B cells (white bar). In the
absence of the membrane, G1 and P5 could induce more than the standard level of SI. Stimulation index = {concentration in culture
supernatant of experimental wells)/(concentration in culture supernatant of B cells alone). The figure shows representative results of three
experiments. (b) Comparison of levels of anti-snRNP antibody in the supernatant of T cell line (P5)-B cell co-culture with the blocking
antibody and isotype control determined by ELISA. Anti-TNF-g, IFN-¥, and TNF-R2 MoAb inhibited anti-snRNP antibody production,
while anti-TNF-R1 MoAb did not. % Inhibition = (1-{titre of anti-snRNP antibody with blocking MoAb (0.D.495qm )fanti-snRNP antibody
with isotype control (O.D.g5nm)}) X 100. Concentrations of blocking antibody and isotype control: 25 ug/ml. This figure shows the repre-
sentative results of three experiments. 00, With membrane insert; M, without membrane insert.

induce renal diseases suggesting that mTNF-a-expressing cells
may stimulate anti-snRNP antibedy, but not severe organ
involvement, in lupus. mTNF-& expressing recombinant virus-
infected cells, however, had no effect on B cell proliferation [38],
suggesting that other molecules such as CD44H or ICAM-I
{39,40] may be required for mTNF-e-mediated B cell activation.

Recently, some co-stimulatory molecules such as CD70/CD27
or CD134/CD134L have been reported to be associated with T
cell-dependent B cell responses [41]. CD706 (CD27L) has also
been reported to have the capacity to activate B cells through
engagement with CD27 [42]. CD27-CD70 co-stimulation then
contributes to enhancement of the antigen-presenting capacity of
B cells or plasma cell differentiation after CD40-dependent acti-
vation [43,44]. There may also be other candidates participating in
Thl-type T cell responses [45] in the absence of the CD40-CD154
system. Although our B cell activation assay with the Fab frag-
ment derived from anti-CD27 MoAb (clone: LG.3A10) [45] was
performed under the same conditions, this MoAb did not affect B
cell proliferation/IgG2a secretion {(data not shown). mTNF-o and
CD70 therefore appear to be associated with different stages in T-
cell dependent B cell activation.

How and to what extent CD154-inactive T cells are involved
in autoantibody production in human SLE remains unclear.
Serum levels of anti-dsDNA antibody in human lupus fluctuate
with the intensity of lupus manifestations, and appear to be sen-
sitive 10 the effects of immunomedulatory agents. On the other
hand, it is unusual for anti-snRNP (or Sm) antibody to disappear
completely [46] or show marked responsiveness to therapy. The
mechanism of anti-snRNP antibody production thus appears to
be different from that of anti-dsDDNA antibody, and not be inde-
pendent of CD 154, The investigation of co-stimulatory molecules

including CD154 and mTNF-¢ in peripheral lymphocytes from
active and inactive lupus patients who have both anti-DNA and
RNP antibody is a future project of ours. A recent study using
(NZBxNZW)F, mice indicated that CD4* T lymphocytes with
preformed CD154 could not provide a proliferation signal or
reduce the activation threshold in B cells [47], suggesting that the
direct target cells for CD154-expressing T cells may not be anti-
dsDNA antibody-producing B cells. It is thus possible that the
mechanisms of anti-dsDNA antibody and anti-snRNP antibody
production are different in the target cells of autoantigen-reactive
T cells. Qur preliminary results show that antoantibodies to the
whole chromatin molecule, which are thought to represent the
primary immune response, could sometimes be detected in
CD154-deficient MRL/Ipr mice. Anti-dsDNA antiboedy pro-
duction may be the secondary immune response, for which
CD40-CD154 engagement is essential, while antichromatin and
anti-snRNP antibody are the primary response, for which CD134
may not be essential.

CD154-deficient MRL/Ipr mice sometimes present with a
much milder renal disease but severe skin disease [21]. These
results are consistent with the previous observation that the
pathogenesis of skin discase induced by f CD4* T cells may be
different from that induced by 33 T cells that need the CD40-
CD154 signal [48). A recent study found that the blockade of the
CD40-CD154 interaction is not sufficient for complete suppres-
sion of lupus, and that additional blockade of the CD28/B7 mol-
ccule may be more beneficial [49]. Our findings also suggest that
anti-CD154 MoAb therapy could suppress CD154-mediated
severe lupus manifestations such as anti-dsDNA  antibody
synthesis and severe glomerulonephritis. Some manifestations,
cspecially those related to the Thl-mediated immune Tesponse,

@ 2002 Blackwell Publishing Ltd, Clinicat and Experimenral Immunology, 130:224-232

—530—



mTNF-a-mediated autoantibody production in murine lupus

however, may be resistant to anti-CD154 MoAb treatment. We
therefore suggest that it is advantageous to treat murine lupus
with a combined blockade of CD154 and TNF-R2.
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- How antibodies to a ublqmtous
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- joint-specific autoimmune disease -
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Arthritis in the K/BxN mouse model results from pathogenic immunoglobulins (lgs) that recognize
the ubiquitous cytoplasmic enzyme glucose-6-phosphate isomerase (GPI). But how is joint-specific
autoimmune or inflammatory disease induced by systemic self-reactivity? No unusual amounts or
sequence, splice or modification variants of GPl expression were found in joints. Instead,
immunohistological examination revealed the accumulation of extracellular GPI on the lining of the
normal articular cavity, especially along the cartilage surface. In arthritic mice; these GPI deposits
were amplified and localized with IgG and C3 complement. Similar deposits were found in human
arthritic joints. We propose that GPl-anti-GPI complexes on .articular surfaces initiate an
inflammatory cascade via the alternative complement pathway, which is unchecked because the
cartilage surface lacks the usual cellular inhibitors. This may constitute a generic scenario of
arthritogenesis, in which extra-articular proteins coat the cartilage or joint extracellular matrix.

. I

(AUTHOR - rephrasing in abstract OK? Note that NI avoids “/" as  wmor necrosis factor-ot (TNF-o} (C. B. er al.,, unpublished data).
it introduces ambiguity and words such as “striking” as this is for (AUTHOR - initials correct?) The articular manifestations result
the reader to decide — replaced or deleted throughout.} A hallmark  from arthritogenic Igs that are also directed against GPI*%. High titers
of rheumatoid arthritis (RA) is the specific déstruction of the synovial  of these Igs develop in Tg K/BxN mice because of the preferential help
Joints, but the role played by joint-specific autoreactivily remains con-  that B cells expressing GPI-réactive Igs receive from the Tg T cells®. In
troversial'. It is not known, for example, whether T cells are dominant  the absence of lymphocytes in the host, affinity-purified anti-GPJ IeG
players in local inflammation or whether they act upstream during the  from these mice can transfer destructive anhritis and, alone, can pro-
process by helping pathogenic B cells. Data obiained with the K/BxN  voke the full range of inflammatory functions that underlie the disease.
mouse, a recently described arthritis model, have further agitated Activation of the allemative pathway of complement and signaling
debate on these issues. These T cell receptor—transgenic (TCR-Tg) through Fe receptors are both essenua] to the downstream effector
mice have a T cell repertoire that is highly skewed for a specificity  phase of disease’. -

directed against the major histocompatibility complex {MHC) class II A major paradox lies in the specificity of the joint attack provoked
A molecule in complex with self-peptide derived from the ubiquitous by these lIgs, which react against a ubiquitously expressed antigen.
glycolytic enzyme glucose-6-phosphate isomerase (GPH™*. (AUTHOR - words such as “exquisite”, “interesting” etc deleted
{AUTHOR - rephrase OK?) These animals develop an aggressive  throughout as per previous comment) GPI is an enzyme of the gly-
form of arthritis thal begins at 34 weeks of age. As for human RA, this  celytic pathway; it is essential for basic carbohydrate metabolism.
spontaneous disease requires a particular MHC class I allele, is ¢chron-  Consequently, it is expressed in all cells, and GPI-deficiemt mouse
e, progressive, symmetrical and results in the severe destruction of car-  embryos die at the two-cell stage®. It is normally sequestered in the
tilage and bone. A classical histological ensemble of synovitis, leuko-  ¢ytoplasm and is only released inio the circulation in minute amounts
cyte invasion of the articular cavity and pannus formation cavses this  during pathological states such as liver metabolic injury of tumor
destruction. In this model, progression of arthrilis is also typically growth, which correlate with cell damage or apoptosis. The presence of
dependent on the inflammatory cytokines interleukin 1 (IL-1) and circulating GPI enzymatic activity in serum had been investigated as a
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Boston, MA 02115, USA ‘Institut de Génétique et de Biologie Moléculoire et Celluloire (CNRS/INSERMIULP), Strosbourg, France. *Division of Rheumatology, fmmunology and
Allergy, Brigham and Women'’s Hospital, Harvard Medicol School, Boston, MA 02115, USA. *Department of Pathology, Harvard Medicol School, Boston, MA 021 15, USA.
*Department of Orthopedic Surgery, Brigham and Women's Hospital, Harvard Medicol School, Boston, MA 02115, USA. *Present address: Depto. de Bioquimica Clinica,
Unirersided Nocional de Cérdoba, Cérdoba, 5000, Argenting. Correspondence should be oddressed to C. B. and D. M. (cbdm@josfin.harvard edu). (AUTHOR - where
was Maceioni when she did the work? Add number(s) pls = | & 27}
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Figure i. No joint-specific form of GPL. {a} Schematic dizgram of GPI gaaaattgag ccggagetgyg 23ggcagete
mRINA and the RACE and sequencing strategies. (b) {(Upper panel} The R3 tgetgtgace teccatgatt cctecactaa
primers in & were used for RACE amplification of GPI mRNA 3 ends from cygactgate ayctbcatca agcaaceyey
various tissues; the products are shown. {Lower panel) The sequence of the ggacaccaaa ctagaataac LCcagacgrg
fragments is shown; the additional sequence at the polyadenylation site is gccctactga criggtectee gtgtecctic
shown as an inset, (c) 2D ge! electrophoresis of GPI from ankle or kidney NP- tcaccakatg cactgeoatgg tectgocect
40 extracts or both mixed together (AUTHOR - how does NP-40 fit in ccetgoccag agoegeacsac cgqragttgg
with this? Not mentioned before ... Also, what are IEF and MW cclogactac aaggelgiig g9gagaagely
meant to show?} gtclggaact gccaltccace cactacgoac
cetecectgtt gaagctgatg gadjgecitt
gacgtgteat gtrgtictga ccugtattie
acaccccage tagzatasag acaccradard
gag aa

atggggggeteageeterrcagitite
tgagtcc

potential diagnostic tumor marker, but was not folltiwed up because of
inconsistent resulis®. Thus, GPI makes an unlikely candidate arget for
arthritogenic 1gs. particularly because disease manifestations in K/BxN
mice appear lo be limited exclusively to the joints, We explore here the
“potential reasons for this paradoxical joint specificity. o

Results

No evident joint specificity to GPl expression
(AUTHOR - your results must be discussed in the past tense —
check editing changes in line with this throughout are OK.) That the
pathelogy provoked by anti-GPI Igs is confined to the joint raises the
guestion of whether there might be something special about how GPI
is expressed in the articulations. As a first approach, we looked for par-
ticularities in GPI gene transcripts. (AUTHOR - what do you mean
by “particularities”? This is very vague) One possibility was that
there are differences in the coding sequences of GPI mRNA in joint tis-
sue. To address this issue, RNA was prepared from dissected ankle
material and various segments of the coding region were amplified by
polymerase chain reaction {PCR) using overlapping primers (Fig. 1a).
The resulting fragments were then sequenced. Except for the known
strain-specific polymorphism at amino acid position 95 (D or N}—
which forms the basis for the classical genetic mapping test that relies
on GPI electrophoretic polymorphism—no differences from the
GenBank reference sequence for GPI mRNA were found {(data not
shown}. Another possibility was that alternate coding region termini
characterize GP1 mRNA in the joint, resulting in a leader peptide and/or

Kidney

Relative RNA
= expression

Ankle

* transmembrane region and a secreted or membrane-bound form of GPI.

This possibility was tested by rapid amplification of ¢DNA ends
(RACE) PCR® of both mRNA extremities (Fig. 1a). (AUTHOR - by
“hoth mRNA extremities” do you mean encoding the NH,; and
COOH termini?) A single band was obtained by RACE at the 5° end,
which indicated a unique 5’ terminus; this was confirmed by sequenc-
ing the fragment (data not shown). At the 3’ end, two bands were
detected, which showed two different transcripts were present (Fig.
1b). However, they proved to be imelevant, as they were observed in
equivalent proportions in RNA from joint and control tissues and mere-
ly corresponded 1o an alternative polyadenylation site that was of ne
consequence o the protein structure, (AUTHOR - rephrase OK?)

As a second approach, we searched for translational or post-transla-
tional modifications that could result in a different form of GFI in the
joint. Extracts of various tissues were separated by two-dimensional
(2D) isoelecuric focusing—pelyacrylamide gel electrophoresis (IEF-
PAGE), and GPI was revealed by electroblotting and probing with
affinity-purified anti-GPl. The mobilities of articular and extra-articu-
lar GPI were indistinguishable, as confirmed by mixing the two sam-
ples (Fig. L¢).

As a thizd approach, we compared GPI expression. Semiguantitative
PCR showed that there were essentially no differences in GPI transcript
levels in joint versus kidney (Fig. 2a). This result was confirmed by
guantitative real-time PCR (Fig. 2b}. To test whether GPI protein trans-
lation efficiency or post-translationa] stability varied, cytoplasmic
extracts from ankle and other tissues were tested by immunoblotting

Ankle Kidney Liver  _ °
B c
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Figure 2. No overexpression of GP in joints. {a) Semiguanticative RT-PCR analysis of GPl mRNA in RNA samples from ankle or kidney Amplification with HPRT-spe-
cific primers was done as a control. (b) Analysis of ank'e and kidney RNA by real-time quantirative PCR. (¢} Expression of GPI protein analyzed by immuncblorting ankle,
kidney and fiver NP.40 extracts. GP) amounts, normafized on the basis of HPRT expression, are shown in the graphs. (AUTHOR - rephrasing OK? How does NP-40

fitinl}
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with 2nti-GPI (Fig. 2¢). Again, when normalized relative to actin as an
internal standard, no difference was observed (Fig. 2d).

Thus, we found nothing unusual about either the amounts or forms
of GPI mRNA or protein in joint tissve, although a particular form of
GPI produced by a minor cell population cannot be formally ruled out.

GPI deposits in the joints

As GPl expression in the joint appeared to have no unusual properties, we
used immunchistology to examine its distribution in joints. Cryostat sec-
tions of several tissues from normal C57BL/6 {(B6) mice were prepared
without fixation or decalcification of the tissues. These sections were
probed with fluorescein isothiocyanate (FITC)-conjugated anti-GPl—a
polyclonal reagent prepared by affinity purification from the sera of arthrit-
ic K/BxN mice—and were examined by conventional and confocal fluo-
rescence microscopy. As expected, GFI was homogenously distributed in
the cytoplasm of all cells in all organs {data not shown). This finding was
also extended to the joints: intracytoplasmic GP1 was present in chondro-
cytes and synoviocytes and staining intensities were comparable to those of
other tissues. However, there was also evidence of GPI in extracellular
structures along the articular cavity; this was partcularly evident at the car-
tilage surface, which was lined by a thin sharp crescent of GPI {Fig. 3a).
No GPI was detectable within the body of the cartilage nor at the bone-car-
tilage junctions. Staining was specific and was not detectable with controt
FITC-conjugated 1gG, which was prepared and used in parallel control
experiments {Fig. 3b), (AUTHOR - rephrasing in last para OK?)

hitp:ffimmunolnature.com . aprh 2002

Figure 3. Presence of GPl on joint surfaces. (ab)
Serial cryostt sections from normat (WT) ankle joint
stained with anti-GPl or contral Ig {green); nuclei were
counterstained with DAPI (blue} and examined with a
confocal microscope and x63 objective. One represen-
utive of three images are shown, Ac, articular cavity;
cary, cartifage. (¢} Similar staining of an ankle section
from an arthritic K/BxN mouse. One representative of
four images obtained from transgenic X/BxN or serum.
wransferred mice are shown. (d—g) Ankle cartilage sur-
face of 2 B mouse 7 days after injection of arthritogenic
K/BxN serum, scxined as indicated, (g) Overlay image of
& and f obuined by confocal imaging with 2 x40 objec-
tive, (h,i) Kidney glomeruli from normal or K/B8xN
serum-injected mice stained with anti-GPl and 3 DAPI
tounterstain, One represen@tive of three images are
shown, Images were obtained by confocal imaging with
a %40 objecrive. {j,k} Seria) muscle sections from a B§
mouse taken 7 days aker injection of arthritogenic
K/BxN serum. Sections were stained with anti-GPl or
control Iz and a DAP| counterstain was used. Images
were obuained by classical microscopy with a x20 objec-
tive. (l=n} Kidney glomeruli from a BS mouse taken 7
days after injection of arthritogenic K/BxN serum,
stained ds indicated. (I,m) Images are from the same
costained section. () Overlay image of anti-C3 and anti-
13G smins with a DAPI countersuain. (AUTHOR -~ leg-
end was v hard to follow, repetitive text deleted
and is rephrasing OK?)
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GPI deposited at the articular surface could target pathogenic Igs,
which prompted the question of its fate in arthritic K/BxN Tg mice or
the recipients of K/BxN serum. The amount of GPI deposited along the
joint surfaces increased markedly in both types of arthritic mice (Fig.
3c). This GPI was most likely in the form of immune complexes, as
deposits of IgG and C3 complement fragments were clearly visible in
doubly stained serial sections (Fig. 3d-g). This localization contrasted
with that observed in the joints of normal mice: in normal mice, the GPI
deposits were not localized with IgG (data not shown). In arthritic
mice, the GPI-anti-GPI immune complexes extended beyond the carti-
lage surface, along the thickened synovium and the pannus.

An explanation of joint specificity

These data suggested that pathogenic antibodies targeted GPI on the
articular surface, which resulted in complex formation and complement
activation. Circulating complexes of GPI-anti-GP] formed outside the
joints may also have become integrated into these deposits, eventuaily
leading to lattice formation. (AUTHOR - rephrase of last 2 sentences
OK?) Buy, still, why the joint specificity? Initial analyses of K/BxN
mice showed large amounts of Ig deposits in a number of tissues?, but
it was not known whether these were GPI-IgG complexes, Cryostat
sections of various tissves were prepared and stained as above. The
cytoplasmic GPI present in the kidney made it difficult to reliably
detect GPT bound 10 exposed extracellular surfaces in nermal mice, as
had been readily detecied on cartilage. However, there was a marked
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Figure 4. Circulating GPI or GPl-anti-GPl immune cemplexes. {a) GPl was quantified by sandwich ELISA analysis of sera from normal (BéxNGD)F, mice (BxN) or
their arthritic Tg littermates (K/BxN). {b) Immune complexes were detected by ELISA; the target Clq was used 16 coat plates. Serz was taken from 5-week-old K/BxN mice,
and serum from an (NZBxNZWIF, mouse [NZBxW) was used as a positive control for tircwlating immune complexes. Data are represenmtive of two independent exper-
iments; there were two recipient mice for each fraction. () K/BxMN serum was fractionated by size-exclusion chromatography. (Left) Total prozein elution profile; the frac-
tions that were collected are shaded and their average molecular weights {in kD) shown. The total IgG, anti-GPl and Clq binding complex contents and arthritogenic poten-
tial of the four fractions were examined by ELISA, Data are given as arbitrary units; arthritogenic pocential was assessed by injecting the fraction into naive mice and assign-
ing a clinical index {max clinjcal index determined as in ¥). (AUTHOR - legend was hard to follow, is rephrasing OKI)

increase in the amount of GPI-could be detected in the kidney
mesangivm 7 days after transfer of K/BxN serum (Fig. 3h,i). Similarly,
GPI could be detected in the muscle perimesium and/or endomesium
(Fig. 3j,k). As in the joint, GFI localized with JgG in the kidney
glomeruli (Fig. 3l,m}), but there was a marked difference: the comple-
ment component C3 did not localize with these complexes (Fig. 3n).
Some C3 deposits were cobserved, but in the peripheral membranous
region of the glomeruli, and there was essentially no overlap with the
mesangial GPI-IgG complexes (these C3 deposits are commonly seen
in ¢contro] unmanipulated mice). Thus, GPI-IgG complexes did form in
extra-articular organs, but they did not initiale a complement cascade.
(AUTHOR - “This may be an important clue ..” deleted as too
“chatty” for an article)

The source of GPl and anti-GP}

Next we identified the source of the GPI deposited on the surface of
articular cartilage. A sandwich ELISA was developed to assess the pres-
ence of free GPI in serum and showed circulating GPI in normal mouse
serum (Fig. 4a). Concentrations were -high in mice at 1 week of age,
dropped to 400 ng/ml by 3 weeks of age and remained low thereafier. In
K/BxN mice, free GPI was present in a low concentrations at week |
and became undelectable, at least in an immunoreactive form, by week
3, which coincided with the time at which detectable anti-GFI titers ini-
tially appeared®. To determnine whether GPI might, at that point, circo-
late as immune complexes, we did ELISA assays with plate-bound Clg,
an indicator of immune complex formation. Complexes were indead

pannus
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found in the serum of arthritic K/BxN mice at titers comparable'to those

found in (NZBxNZW)F, mice, which we used as positive conurols (Fig.
4b). As predicted, these Clq binding complexes were only detected after
30 days of age, coincident with anhritis onset (data not shown).

Given the presence.of these complexes.in mice early.in the onset of
arthritis, we then asked-whether these were the pathogenic agents, that:
is, whether complexes or free IgG enter the joint and-cause disease.
Stable immune complexes in K/BxN serum were separated from free
anti-GPI [gG by high-performance gel filtration, and mice were inject-
ed with an equivalent proportion of each fraction (Fig. 4c). Total IgG
fractionated in-peak III, as expected, but ~20% . of the anti-GPI was
found in fracticns of heavier molecular weight that contained the Clg-
reaclive immune complexes. Yet, when tested by injection into naive
mice, all disease-conferring activity was found in the low molecular
weight fractions. ‘This experiment must be interpreted with a degree of
caution, as some complex formation will occur after transfer of free
IgG (although the amount of serum GPI in an adult mouse, ~1 pg, is
much smaller than the amount of anti-GPT that was injected). However, .
the results indicate that the immune complex fraction was not the most
pathogenic fraction. (AUTHOR - rephrasing in last para OK?)

Applicability to human patients

A key question is whether arthritis development in K/BxN mice repre-
sents a generic mechanism- that-is applicable to RA or other human
arthritides. In particular, is GPI also a target in humans, as has been sug-
gested'™? We examined, therefore, whether the pattern of GPI deposition

Figure 5. GPI deposits on a human RA pannus,
Cryostat sections from a surgically removed digit joint of
an RA patienr srained with (a} anti-GPl or (b} control ig.
Conventional immunoflucrescence was examined with a
x20 objective. (AUTHOR - rephrasing OK?)
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observed in the joints of mice might be present in joints from RA
patients. Two specimens of joint tissue from RA patients were prepared
for immunohistological examination. In one sample, the staining inten-
sity was modest; in the other, clear deposits of GPI were detected along
the surface of the erosive pannus, althcugh the bone surface itself was
free of GPI (Fig. 5, no cartilage was present in the section), Igs were also
present ai the same location (data not shown}; these probably corre-
sponded to IgG deposits that have been described on the articular cavi-
ties of RA patients'*', However, we did not observe the juxta-endothe-
lial deposits described by another group®. Thus, patterns of anti-GPI
deposits similar to those found in K/BxN mice can be observed in
human RA patients. (AUTHOR - rephrasing in last para OK?)

Discussion : :
We found that GPI deposits lined the surface of the articular cavity, par-
ticularly the canilage surface, in normal mice. As a result of thesc find-
ings, we suggest a new model of arthritis pathogenesis, one that applies
to disease in, K/BxN mice but perhaps also to disease in humans,
Diffusible extra-articular molecules bind 1o cartilage surfaces and serve
as targets for auwtoantibodies, which are generated either through
immune responses or loss of self-tolerance. These immobilized Igs
- activate the alternative complement pathway as a resulf of the vnusval
cartilage surface, which is nonceliular and therefore lacks several com-
plement inhibitors. (AUTHOR - rephrasing in last para OK?)

There are several tenets Lo this model. First, the targel need not be of -

aticular origin. Nene of the experiments done here identified-a joint-
specific form-of GPI. Although it may originate in part from local
release into the synovial fluid, the GPI deposited on the joint surfaces
can also be passively transferred from the serum. In this respect, GPI
may be only one example of several molecules that, facilitated by the
absence of a basal membrane under the joint vasculature, can diffuse
into the joint frem the circulation. This origin may account for the
arthritis found as secondary manifestations in a Jarge variety of infec-
tions or autoimmune disorders. In these cases, immune reaclions devel-
op against self or microbial components, as occurs with hepatitis-asso-
ciated arthritis, reactive arthritis that follows gut infection.

Second, the key to joint specificity may be that the development of
K/BxN arthnitis is dependent on activation of the alternative comple-
ment pathway”. With an operational mechanism parallel 10 that of nat-
vral killer cells, the alternative pathway can be activated on all surfaces,
but is normally kept in check on self-surfaces by regulatory enzymes
that destroy the sportaneously activated C3b". (AUTHOR - rephrase
OK?) These include soluble proteins (factors H and I) and cell surface
proteins such as decay-accelerating factor and membrane cofactor pro-
tein. Igs bound to surfaces enhance the altemnative pathway by binding
C3b covalently'**, which protects C3b by restricting its accessibility 1o
factor H"; this protection is further stabilized by properdin™".
(AUTHOR - rephrase QOK?) Cartilage is an unusual body surface. It
is devoid of cell membrane-bound C3 inactivators and is only protect-
ed from alternative pathway activation by the soluble inhibitors and by
the dampening effect of surface sialic acid®?. Ig deposition could
interfere with this process by preventing factor H access and GPl-anti-
GPI complexes may also mask sialic acid residues; both these process-
es may contribute to turning cantilage into an activating surface. In con-
1rast, surfaces in the kidney or muscle are more efficient at controlling
the altermative pathway. Thus, the joint is 2 special Jocation at which the
cartilage surface maintains an uneasy allernative complement pathway
equilibrium that is readily perturbed. The dominant 1gG isotype in
K/BxN arthritis is TgG12 (M. M., unpublished data), wherzas 1gG3 and
T1gG2a are the dominant isotypes for nephritis®*#_ This is perhaps relat-
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ed to the fact that the classical complement pathway does play a rode in
kidney pathology®. Thus, the joint specificity of K/BxN arthritis, and
perhaps more generally of arthritis in contexts of systemic immune dys-
regulaiion, may merely reflect a differential sensitivity to innate effec-
tor mechanisms rather than a response 10 some particular joint antigen.
(AUTHOR - rephrasing in last para OK?)

Third, no previgus link has been made between cantilage and the
molecule that causes arthritis. (AUTHOR — rephrase OK? Vague and
alse N7 avoids Latin terms, as not all our readers have English as a
first Ianguage) It has been proposed that cell-surface receptors, per-
haps similar to the high-affinity receptors cloned from tumor cells®,
might “present” GPI on vascular endothelial cells'. We have nol been
able to confirm endothelial surface staining on mouse sections or in the
few human RA samples we analyzed. Tt is unlikely that cell-surface
transmembrane molecules would be.present on articular cantilage. We
do not know which canilage surface molecule(s) bind GP1, but hypoth-

" esize that binding may occur via mulliple low-affinity interactions with

repeated carbohydrate moieties of carnilage proteoglycans. The carti-
lage would then act'as.-a low-affinity but high-avidity. “molecutar
sponge”. That:GPl is usually found as a dimer** and may be impor-
lant in stabilizing such interactions. Also, it may not be mere coinci-
dence that its naturai substrates are. phosphorylated sugars. It-will be.

“important to determine how GPI binds 10 joint surfaces and how wide-

spread this binding may be,

Fourth, the progression of arthritis appears to entail a positive feed-
back leop that recruits more of the target GPI molecules andfor.
GPI-anti-GPl immune complexes to the surfaces of the articular cavi-
ty. The amount of GPI on the cartilage surface was far higher in arthrit-
ic transgenic or serum-transferred mice than in normal animals. In
imaging experiments in which radioactively Jabeled anti-GPI was
trznsferred info mice, increased binding of anti-GPI in the joint was
found 48-72 h afier the onset of disease, indicating that this accumula-
tion of joint GPI is precocicus (AUTHOR - what do you mean by
“precocious™?) (U. Mahmood et al., unpublished data). (AUTHOR -
unless any members of your groups are included in the “ef al” you
must fax/email us a letter of permission from this group - or delcte
from text) One possibility is that early cartilage alterations, which
exposed proteoglycan' structures that are normally shielded, might
result in increased GPI binding. It is also possible that deposited, biva-
lent anti-GPT would recruit more GPI 10 Lthe site—as free molecules or
as GPI-anti-GPI.complexes—resulling in lattice formation. Consistent
with this idea, analysis of the pathegenic polential of monoclonal anti-
bodies {mAbs) has shown that arthritogenesis requires coordinate bind-
ing to multiple epitopes and the simultaneous injection of several mAbs
13 required for efficacy®. (AUTHOR - rephrasing in last para OX?)

Fifth, which form of anti-GPI is responsible for disease? One should
distinguish between two phases. During the first phase, several argu-
ments suggest that upon injection of GPE antibodies, free Igs enter the
joint and then bind GPI onto the cavily surface, rather than immune
complexes being preformed in the serum and then filtering into the cav-
ity. (AUTHOR - rephrase OK?) This is because the very existence of
a GPI lining along the articular cavity now provides a direct target for
the binding of anti-GPL so there is no need to invoke pre-existing
immune complexes. Also, in gel filtration experiments, the pathogenic
activity fractionates with free IgG not with complexes, and several
attempts at enhancing the pathogenicity of mAbs or serum IgG by sup-
plementing with titrated amounts of recombinant GPI have not worked?®,
In addition, antibodies to GPI accumulate in the joint withia a matter of
minutes (B.T. Wipke ef al.®}, which is more consistent with the imme-
diate entry of Igs than with the accumulation of complexes. (AUTHOR
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