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Systemic lupus erythematosus (SLE) is a systemic autoimmune disease with significant
morbidity and mortality that commonly afflicts young women. It ranges from a mild disease
with a predominance of joint and skin manifestations to a severe life-threatening disease
that can have serious CNS or renal involvement. While there are several immune effector
mechanisms that contribute to the disease, it is clear that T lymphocytes have a central role
in the immune pathogenesis of SLE. There are five broad approaches to T-cell-directed
therapy in SLE that will be reviewed, including the use of monoclonal antibodies or decoy
receptors directed against cytokines or cell surface costimulatory molecules; the use of
synthetic peptides to selectively modulate autoantigen reactive T cells; cell-based
therapies; restoration of abnormal T-cell receptor signaling events; and the correction of
epigenetic abnormalities found in SLE. The current and future feasibility of each of these

approaches to treatment are discussed.

Systemic lupus erythematosus (SLE) is a systemic
autoimmune disease that adversely impacts both
the quality and length of life of those who suffer
from it. Clinically, it is characterized by protean
manifestations; most commonly these include
arthralgia, arthritis, skin rash, alopecia, oral
ulcers, serositis, leukopenia and renal damage [1].
It remains a prototype of systemic autoimmunity
and insights gained into therapy of SLE may have
broad applicability to the treatment of other
autoimmune diseases [¢,2]. It is known that both
genetic and environmental factors are implicated
in the etiology of SLE. A complex array of cells,
serum and tissue factors appear to participate in
its pathogenesis. While there are several immune
effector mechanisms that contribute to the dis-
ease, it is clear that T lymphocytes have a central
role in the immune pathogenesis of SLE [3].

T cells are vital to the adaptive immune sys-
tem. A model of key events in T cell-antigen-
presenting cell interactions that may be impor-
tant in SLE are shown in Figure 1. Some of the
T-cell-activation pathways that are known to be
abnormal in SLE, and which may be central to
loss of T cell tolerance, based upon observations
in human disease and murine models of lupus,
are shown in Figure 1. The focus of this review will
be on therapeutic approaches to treat SLE that
target T cells or T-cell products, or that disrupt
the interaction of T cells with other cells.

T-cell-directed therapies

There are five broad approaches to T-cell-
directed therapy that will be considered, these
include the following:
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e The use of monoclonal antibodies (mAbs) or
decoy receptors directed against cytokines or
cell surface costimulatory molecules;

e The use of synthetic peptides to selectively
modulate autoantigen reactive T cells;

¢ Cell-based therapies;

 Restoration of abnormal
(TCR) signaling events;
Correction of epigenetic abnormalities found

in SLE.
These approaches to therapy are summarized

in Box 1.

T-cell receptor

Decoy receptors or anticytokine mAbs
Decoy receptors & mAbs directed
against cytokines or cell surface
costimulatory molecules
The use of decoy receptors to bind circulating
tumor necrosis factor (TNF)-a in serum and the
use of mAbs that bind circulating TNF-o are
well established, highly effective therapies in the
treatment of rheumatoid arthritis and other
inflammatory diseases [4. Similar approaches
directed against cytokines important in T-cell
function in SLE may have benefit as therapy.
Preliminary, uncontrolled clinical trials sug-
gests that a decoy receptor that binds TNF-q,
etanercept (Enbrel™), may be used safely in
SLE; furthermore, small, uncontrolled clinical
series and case reports using anti-TNF therapy
in SLE suggest that it may have efficacy in
reducing disease activity [5]. The proinflamma-
tory cytokine interleukin (IL)-6 has been
found to be elevated in the serum of patients
with SLE and genetic polymorphisms of the
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Figure 1. Hypothetical points where abnormalities of T cell-antigen presenting cell interaction could lead to

loss of immunological tolerance in systemic lupus erythematosus.
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In systemic lupus erythematosus there appear to be multiple immunological abnormalities that can lead to breaking immunological self-
tolerance, and several of these may be operative simultaneously. In this model, self-Ag is taken up by an antigen-presenting cell,
processed and presented to T cells. T-cell receptor signaling events lead to T-cell activation and the production of soluble factors, such as
cytokines, which may in turn provide help to autoantibody producing B cells, assist in the recruitment of other cells to sites of
inflammation or, in some instances, directly mediate tissue damage. Structural modification of antigen, abnormalities of antigen
processing, excess costimulation via accessory molecules, adjuvant-like signals through Toll-like receptors or abnormal activation threshold
of T-cell receptors could each contribute to breaking immunological tolerance and be important in the pathogenesis of SLE. The T cell is
central to disease, and selective targeting of T-cell interactions is predicted to modulate disease [3].

Ag: Antigen; Ig: Immunoglobulin; HLA: Human leukocyte antigen.
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IL-6 promoter are associated with susceptibility
to SLE in family and population studies [e]. Tar-
geting IL-6 in SLE is a T-cell-directed therapy
with potential merit. Currently, there is a regis-
tered ongoing clinical trial examining the use of
anti-IL-6 in SLE [1015. Controlled trials are
needed to definitively address the role anti-
TNF-o or anti-1L6 therapy may have in the

management of SLE. However, based upon
experience in rheumatoid arthritis, inflamma-
tory bowel disease, psoriasis and the spondy-
loarthropathies, targeting proinflammatory
cytokines with mAbs or decoy receptors is an
approach that has substantial merit and war-
rants further research [4]. In addition, it is
important to acknowledge that this is an area
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where there is already substantial technical
experience in both generating and using such
reagents. Thus, based upon these facts, rapid
progress could potentially be achieved if the
correct cytokine(s) were identified for targeting
in SLE.

Costimulatory receptor blockade
Abnormalities in costimulation are a general
mechanism that can, in theory, break immune
tolerance and lead to autoimmunity [31. There
is substantial evidence that some costimulator
pathways are abnormal in SLE. Crow and col-
leagues, Datta and colleagues, and subse-
quently other investigators have identified
impaired regulation of expression of CD40L
in T cells from patients with SLE [7,8]. Other
costimulatory receptors could theoretically
play key roles in the pathogenesis of SLE
through excess costimulation. Interestingly,
candidate gene studies examining the pro-
grammed cell death receptor 1 gene (PD1) in
SLE have reported association between an
intronic single nucleotide polymorphism and
susceptibility to disease among some
populations [9,10]. PD-1-PDL1, PD-2-PDL2,
ICOS-ICOS ligand and other costimulatory
molecules and their ligands may be overex-
pressed in SLE, and could be targeted to block
excess T-cell activation in SLE [11]. Safety con-
cerns, however, remain paramount, particu-
larly for cell surface molecules with wide tissue
distribution, in view of recent experience with
the IDEC-131, anti-CD40Ligand (CD40L;
also known as CD154) mAb [12].

Evidence for the concept of blocking costimu-
latory receptors on T cells has now been pub-
lished in studies that used a monoclonal
antibody (IDEC-131) to successfully block
CD154 on T cells and modulate disease activity
in SLE [12,13]. Unfortunately, the use of IDEC-
131 has been associated with serious adverse
events, including death in some of the clinical
trials of SLE, and, therefore, clinical trials with
this antibody have been terminated. These stud-
ies also raise the broader issue of safety when tar-
geting co-stimulatory molecules in patients with
SLE. However, in other diseases there have been
clear successes targeting coStimulatory mole-
cules. For example, the molecules B7.1 (CD80)
and B7.2 CD86 on antigen-presenting cells
(APC:s) interact with CD28 on T cells to deliver
a positive costimulator signal. A recombinant
fusion protein composed of the extracellular
domain of human CTL4-A fused to the Fc
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domain of human IgG1 (abatacept or Oren-
cia™) has been used as a decoy receptor to block
CD80 (B7.1)/CD86 (B7.2)-CD28 interactions
between APCs and T cells and to successfully
treat rheumatoid arthritis [13]. Abatacept or
other CTL4A fusion proteins appear to have
significant promise for the treatment of SLE
and clinical trials with abatacept in SLE are
ongoing [102].

Use of synthetic peptides to modulate
autoantigen-reactive T-cell

immune response

It is has been demonstrated that T cells from
the peripheral blood of patients with SLE can
be identified that react against a variety of self-
antigens, including many autoantigens that
have been implicated in the pathogenesis of
SLE; these are summarized in Box 2 [3]. T cells
reactive with a variety of lupus-associated
nuclear autoantigens, including U1-70kD,
small nuclear ribonucleoprotein, DNA-his-
tones, the small nuclear ribonucleoproteins Sm-
B, Sm-D and U1-A, and heterogeneous ribonu-
cleoprotein (hnRNP) A2 have all been isolated
from the peripheral blood of SLE patients and
characterized. Selective targeting of these
autoantigen-reactive T cells is another potential
novel approach to therapy in SLE [3].

One of the best characterized T-cell responses
against an autoantigen in SLE is that against uri-
dine-rich, small nuclear ribonucleoproteins that
comprise the spliceosome [3,14-16]. These small
nuclear ribonucleoproteins are evolutionarily
highly conserved, ubiquitous self antigens that
are components of the spliceosome complex,
which normally functions to excise intervening
introns and generate mature messenger RNA
transcripts in eukaryotic cells [2,3). T cells isolated
from patients that are reactive with the
U1-70kD antigen have been reported to be
CDA4* T cells, express the a/p TCR, and produce
interferon (IFN)-y, IL-2, IL-4 and IL-10 [3,14,15].
They can provide help ex vivo for anti-U1-70kD
and anti-hnRNP antibody production and their
presence is closely linked to the presence of
autoantibody-producing cells in the serum of the
same specificity. T-cell epitope mapping studies
of human T cell reactive with the U1-70kD
small nuclear ribonucleoprotein autoantigen
revealed that T cells were directed solely against a
functional region of the protein, known as the
RNA binding domain [3,14,15]. Furthermore, a
murine model has recently been developed by
immunizing nonautoimmune mice with the
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Box 1. Approaches to T-cell-directed therapy.

= Monoclonal antibodies or decoy receptor
- Target cytokine (e.g., interleukin-6)
- Target costimulatory molecules (e.g., CD28))

= Synthetic peptide

peptide and Edratide™)

» Cell-based therapies

- Cell vaccination

« Correction of T-cell signaling defects
- Gene therapy to correct CD3-zeta deficiency
- Caspase inhibitor
- Protein kinase C 1 replacement

« Epigenetic abnormalities corrected

- Autoreactive T cells U1-70kD RNA binding domain modified peptide
- Synthetic peptide modulation of autoantigen reactive T cells (e.g., immunoglobulin CDR1-based

- Autologous or allogeneic cell transplantation (e.g., CD34* cells with T-cell depletion)

- Regulatory cell replacement (e.g., infusion of CD4*CD25*FoxP3* T cells)

- Histone deacetylase inhibitors to correct DNA hypomethylation in T cells

U1-70kD antigen and its associated U1-RNA [16].
All of the T-cell epitopes identified in this
model reside within the RNA binding domain
of U1-70kD and these are sufficient, when
injected with U1-RNA into nonautoimmune-
prone human leukocyte antigen (HLA)-DR4
transgenic mice, to induce SLE-like autoim-
mune disease [16]. Furthermore, in the
MRL/lpr animal model, which spontaneously
develops an SLE-like illness, Muller and col-
leagues have demonstrate that T-cell reactivity
is directed primarily against the RNA binding
domain of U1-70kD, similar to human disease
and the inducible animal model [3,14-16]. Thus,
in all cases studied of human disease and
murine models, anti-Ul-ribonucleoprotein,
autoreactive T cells are directed against the
RNA binding domain of U1-70kD. Taking
advantage of these observations, Monneaux
and Muller have recently determined that by

Box 2. T cells reactive with the
following autoantigens have been
isolated from peripheral blood of

patients with systemic lupus
erythematosus autoantigen.

* U1-70kD small nuclear ribonucleoprotein
* Double-stranded DNA

* Histones

* Sm-B small nuclear ribonucleoprotein

= Sm-D small nuclear ribonucleoprotein

= U1-A small nuclear ribonucleoprotein

« Heterogeneous ribonucleoprotein A2

injection of a peptide analog encompassing resi-
dues 131-151 (within the RNA binding
domain) of U1-70kD, and modified by phos-
phorylation of the serine residue at position 140
of the molecule, they could prolong disease sur-
vival in the MRL/Ipr murine model of SLE
[171. Furthermore, they report that the phos-
phorylated peptide inhibited proliferation, but
not cytokine secretion, by human peripheral
blood mononuclear cells (PBMC) from
patients, suggesting that the phosphorylated
peptide might act as an activator of regulatory
T cells or as a partial T cell receptor (TCR)
agonist in modulating human disease [1s].
Clinical trials of this modified peptide are
anticipated (Muller S, Pers. Comm.).

16/6 idiotype synthetic peptide

A second peptide-based approach for which
there is preliminary clinical trial work is the
use of a synthetic peptide GYYWSWIRQPPG-
KGEEWIG, named Edratide™
(NCTO00203151) [19.20]. Edratide is based
upon the identification of an idiotype (Id) con-
tained within the complementarity determin-
ing region (CDR)-1 of Ig heavy chain sequence
of a human anti-DNA autoantibody, first
named 16/6 [19,20]. It has been demonstrated in
mice that immunization with human CD1
16/6 sequence concomitant with induction of
SLE in BALB/c mice with the 16/6 Id results
in a marked elevation of TGF-B, and suppres-
sion of 16/6-induced T-cell proliferation by
downregulating the adhesion  molecules
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CD11a/CD18 (LFA-1) and CD44. Furthermore,
immunization with Edratide results in downregu-
lation of TNF-a, IFN-y and IL-10 and ameliora-
tion of disease in murine models of SLE. A Phase
11, randomized, double-blind, placebo-controlled,
parallel assignment safety/efficacy study examining
the tolerability, safety and effectiveness of Edratide
in the treatment of lupus is now in progress. Taken
together, the U1-70kD peptide and 16/6 peptide
(Edratide) are two promising examples of how
synthetic peptides may be utilized to modulate
T-cell immune responses in SLE.

Restoration of normal T-cell

signaling pathways

Another well-characterized abnormality of T cells
in SLE is defective TCR signaling. A series of sig-
nal transduction events following TCR complex
engagement have been shown to be abnormal in
SLE and are summarized in Box 3 [21-29]. Tsokos
and colleagues have characterized a series of
defects in intracellular signal transduction path-
ways in T cells from patients with SLE that were
based upon the early observation that there is
decreased IL-2 production from T cells in SLE.
The work of Takeuchi and colleagues has empha-
sized the importance of proximal signaling
defects and their effects on subsequent down-
stream signaling defects [25,26]. They and others
have demonstrated exaggerated intracellular cal-
cium responses, abnormal intracellular phosphor-
ylation and decreased TCR CD3-zeta chain
expression [3.21-29]. Therapeutic approaches in
SLE potentially include correcting these T-cell
signaling abnormalities [21-26]. Tsokos and col-
leagues have shown in vitro that CD3-zeta chain
expression, with enhanced signaling responses
and IL-2 production could be normalized by
gene transfer and with caspase-3 inhibitors.
Other proposed approaches to normalize T-cell
IL-2 production include modulation of the cyclic
AMP (cAMP)-protein kinase pathway and
replenishing protein kinase C (PKC)t (Box 1).

Box 3. T-cell receptor signaling
abnormalities identified in systemic

lupus erythematosus that might be
targeted for therapy abnormalities.

= Exaggerated intracellular calcium responses
« Abnormal intracellular phosphorylation
* Decreased T-cell receptor/CD3-zeta
chain expression
* FcRy chain upregulation
* Syk recruitment to T-cell receptor complex

www.futuremedicine.com

Cell-based therapies including
hematopoietic cell transplantation
Cell-based therapies used to modify or restore
T-cell immune function are currently being tested
in clinical trials in patients with SLE (e.g.,
[103-106]). These involve a variety of approaches,
including the use of either autologous or alloge-
neic bone marrow transplantation, autologous
hematopoietic stem cell transplantation with or
without T-cell-depletion conditioning regimens
prior to cell infusions and autologous cell ‘vaccina-
tion’ [10s-106]. In addition, the currently registered
clinical trials of transplantation in SLE that are
ongoing in the USA utilize a variety of condi-
tioning regiments, some of which specifically
deplete T cells prior to cell transfer. For example,
one of these depletes T cells using CAMPATH
anti-T-cell mAb prior to cell transfer [104], while
others use antithymocyte globulin as part of the
conditioning regimen prior to and/or immediately
following cell transfer [s031]. While these
approaches to cell-based therapy appear to have
merit, especially for patients with severe life-
threatening disease, mortality remains high and
the treatment protocols themselves differs substan-
tially, making comparison between studies diffi-
culty. Controlled trials with significant numbers
of patients are yet to be published.

A second cell-based therapeutic approach
that has been published for immune tolerance
induction utilized autologous T cells to ‘vacci-
nate’ SLE patients [32). An uncontrolled, open-
label study of six patients from China reported
clinical improvement in SLE, as measured by
SLE disease activity index (SLEDAI) at 32-40
months following the subcutaneous administra-
tion of irradiated, autologous autoreactive T
cells of unknown specificity given four-times
over an 8-week period [32]. In this study, the
SLE patients who received vaccination with
irradiated autologous, autoreactive T-cell clones
were found to have no adverse reactions and all
six remained in clinical remission at the time of
the follow-up. The manipulation of auto-
reactive T cells and manipulation of immune
networks in SLE have been discussed further in
the section above.

Finally, there has been intense interest in the
role of regulatory T cells in autoimmunity in
recent years [33-39]. In animal models, adoptive
transfer of syngenic and allogeneic regulatory
T cells has been found to modify autoimmunity.
Several groups have reported that CD4*CD25*
T cells are reduced in active SLE [33-37]. To our
knowledge the first published full-length report
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in SLE was by Crispin and colleagues, who
reported that CD4*CD25* peripheral blood
T cells were reduced in number compared with
healthy controls and SLE patients without active
SLE [33]. Subsequently, Liu and colleagues pub-
lished that CD4*CD25* T cells were decreased in
SLE, but the levels of these cells did not correlate
with disease activity in their study [34]. Arguably,
the most comprehensive and elegant study of
CD4*CD25* T-regulatory cells in SLE to date
has been that of Miyara and colleagues, who
reported that the depletion of CD4*CD25*
T cells in peripheral blood did correlate with
flares of disease as measured using the SLEDAI,
and that this was due to global depletion of
CD4*CD25* T cells in that they did not find
that this depletion in peripheral blood could be
attributed to redistribution of these cells to the
kidney or peripheral lymph nodes [3s)].

However, a major barrier to the application of
cell-based therapy using autologous regulatory
cells has been the inability to expand these cells ex
vivo. Promisingly, Bluestone and colleagues have
recently reported that they have been able to
expand CD4*C25M T-regulatory cells ex vivo
[36,37]. They also report success with in vivo
expansion of T-regulatory cells and modulation
of Type | diabetes mellitus in nonobese diabetic
mice [38,39]. Thus, this remains a promising area
of investigation and one that has the potential to
yield substantial new approaches to immune reg-
ulation, either through successful expansion and
infusion of autologous regulatory cells or through
enhancing our current underlying concepts of
immune tolerance leading to identification of
novel approaches to therapy.

Correction of epigenetic abnormalities

Richardson and colleagues have proposed that epi-
genetic abnormalities in SLE may have significant
importance in pathophysiology [40.41]. They have
shown that overexpression of the accessory mole-
cule LFA-1 (also known as CD11a/CD18) can be
found in spontaneous and drug-induced SLE, and
that, in experimental models, overexpression of
LFA-1 via DNA hypomethylation induces autore-
activity and a lupus-like syndrome [40]. They have
suggested that epigenetic modification of DNA,
such as by hypomethylation by exogenous chem-
icals (e.g., procainamide) or other currently uni-
dentified mechanisms in idiopathic SLE, may be
of fundamental importance in the pathogenesis
of disease [41]. Interestingly, they have linked
abnormal T-cell signaling and excess costimula-
tion of T cells with DNA hypomethylation,

showing that CD4* T cells from patients with
active SLE, characterized by defective extra-
cellular signal-regulated kinase signaling and
increased CD70 expression, can have similar
abnormalities induced by a panel of drugs that
result in DNA hypomethylation. Thus, if the
hypothesis that epigenetic modification of
DNA is important in the pathogenesis of SLE is
correct, then appropriate modification or nor-
malization of DNA methylation may hold
promise as a unique approach to T-cell-directed
therapy [40,41].

Conclusion

There are a number of approaches that have sub-
stantial promise as new T-cell-directed therapies
in SLE; these include the use of mAbs and decoy
receptors directed against cytokines, and mAbs
directed against costimulatory molecules. Studies
in animal models and in vitro studies suggest that
peptide-based therapies, correction of TCR sign-
aling abnormalities or correction of epigenetic
abnormalities may also have promise as T-cell
targeted therapies. Finally, cell-based therapies are
already in use, but there remain substantial barri-
ers to their application; however the clinical use
of regulatory T cells, holds significant promise. In
the near-term, anticytokines have proven efficacy
in a number of rheumatic diseases, and mAbs
against costimulatory molecules have also have
demonstrated clinical efficacy; these appear to be
the approaches that have the greatest immediate
promise in the treatment of patients with SLE.

Future perspective

Over the next 5-10 years, we can anticipate that
there will be continued progress in the use of
anticytokine mAb and decoy receptors against
cytokines and blocking of costimulatory mole-
cules as emerging therapies in SLE. It remains to
be seen whether a single target can be identified
that will substantially impact the disease, as has
been the case for anti-TNF-o and anti-CTL4
therapies in rheumatoid arthritis. The redun-
dancy of the immune system may require target-
ing multiple cytokines or costimulatory
molecules in SLE, which will be technically
more difficult and may be substantially more
expensive. Finally, studies on T-regulatory cells
arerapidly advancing our understanding of
immune tolerance, and this area holds substan-
tial promise for developing new approaches to
manipulate immune tolerance and control
autoimmunity. We may anticipate that this area
will be fruitful in the more distant future.
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Executive summary

T cells play a central role in immune function & in the pathogenesis of systemic lupus erythematosus

« Excess cytokine production is found in systemic lupus erythematosus (SLE).

» Excess costimulation is demonstrated in SLE.

« Autoantigen-reactive T cells have been identified in SLE.

« Defective T-cell signaling abnormalities have been defined in SLE.

= Epigenetic abnormalities that influence T-cell function have been identified in SLE.

Several approaches hold promise as T-cell-directed therapy in systemic lupus erythematosus

« The following approaches hold promise as T-cell-directed therapies in SLE:

- Monoclonal antibodies and decoy receptors directed against cytokines or costimulatory molecules.
- Peptide-based therapies that modify autoantigen-specific immune responses.

- Correction of T-cell receptor signaling abnormalities.

- Cell-based therapies.

- Correction of epigenetic abnormalities.

Decoy receptors & monoclonal antibodies

« Decoy receptors or monoclonal antibodies are therapies directed against cytokines or cell surface costimulatory molecules;
antitumor necrosis factor (TNF), anti-interleukin (IL)-6, anti-CD40 and cytotoxic T-lymphocyte-4 immunoglobulin are all examples
of such therapies.

« Synthetic peptides have been used to to modulate autoantigen reactive T-cell immune responses; U1-70kD modified peptide and
16/6 idiotype-derived peptide from human immunoglobulin CDR1 are examples of peptide-based therapies.

« Restoration of T-cell signaling pathways is another approcah of novel T-cell therapy; correct TCR-( defect by gene transfer,
transfect cAMP response element modulator (CREM) and protein kinase C replacement are examples of this approach.

« Cell-based therapies are another approach; autologous or allogeneic cell transplantation, T-cell vaccine and T-regulatory cell
manipulation are examples of this approach.

< Correction of epigenetic abnormalities, such as through the use of histone deacetylase inhibitors, may have merit if epigenetic
abnormalities do play a role in the pathogenesis of SLE.

Conclusion

« Several T-cell-directed therapeutic approaches have substantial promise.

= The most rapid progress is anticipated in the use of anticytokine monoclonal antibodies and decoy receptors, based upon the
advanced state of these in other diseases.

 |tis currently unknown whether targeting a single cytokine or costimulatory molecule will be effective in SLE, but IL-6, tumor

necrosis factor-a. and B7/CD28 have been identified as targets.

T regulatory cells have more distant promise as either therapy or by providing fundamental insight into immune tolerance

and autoimmunity.
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