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1. ABSTRACT

The role of T cells in the pathogenesis of
systemic lupus erythematosus (SLE) is reviewed with a
focus on autoantigen-specific T cells in SLE. The initia
cluetoarolefor T cellsin SLE was histopathologic studies
demonstrating extensive infiltration of T cells at the sites of
inflammation. Later studies, showing association between
HLA polymorphisms and specific autoantibodies, directly
implicated a role for T cells in autoantibody production.
More recently, we and others have identified and
characterized autoantigen—specific T cells in SLE. We
review these studies on the role of autoantigen-specific T
cells in SLE and present new findings on the molecular
characterization of T cell immunity to Sm-B, Sm-D and
U1-70kD small nuclear ribonucleoprotein  (SNRNP)
autoantigens.
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2. INTRODUCTION

Systemic lupus erythematosus (SLE) is arguably
the prototypic multi-systemic autoimmune disease. The
skin, joints, kidneys and the central nervous system are
frequent targets of autoimmunity in SLE, although virtually
any organ system can be affected by the disease. While the
occurrence of B cell and T cell dysfunction is now
established in SLE, the precise pathogenesis of the disease
remains unknown. Severa aternate hypotheses for the
pathogenesis of SLE have been proposed. It is possible,
and perhaps quite probable, that several of these proposed
mechanisms may be operative simultaneously. These
mechanisms include: loss of antigen-specific tolerance with
antigen-driven immune response against self-antigens,
enhanced B cel responsiveness, enhanced T cell
responsiveness, immunity to cryptic sef-antigens,
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Figure 1. This figure illustrates a hypothetical model of
antigen-driven immunity in SLE. In this model, B cells
take up apoptoticaly modified self-antigens (such as U1-
70kD) via their high affinity immunoglobulin receptors,
internalize, process the antigen and present it to T cells on
the cell surface of the B cell, now bound to self HLA
molecule. In the setting of inflammation, T cell toleranceis
overcome and autoimmunity is initiated. T cell-derived
cytokines amplify this process by positive feedback loops
to B cellsand other T cells.

apoptotic modification of self-antigens, abnormal tolerance
to apoptotically modified self-antigens and/or abnormal
clearance of apoptotic antigens and molecular mimicry
against self-antigens triggered by microbiol agents. In this
paper we will review some of the evidence for these
various hypotheses in the pathogenesis of SLE.

3. T CELLS IN SYSTEMIC LUPUS

ERYTHEMATOSUS (SLE)

3.1. Pathologic evidence for T cellsin disease
Clinical-pathologic  studies of SLE have

demonstrated that the presence of lymphocyte infiltrates,
including T and B lymphocytes, is often associated with
histopathologic tissue injury (1,2). In addition, a broad
range of functional abnormalities of T cells has been
reported in SLE and these been recently reviewed by
Tsokos (3). Whether any of these T cell abnormalities are
primary or secondary events has been unclear; however,
substantial new evidence is accumulating that supports the

hypothesis that T cells play a centra role in the
immunopathogenesis of SLE.
3.2. Immunogenetic association of HLA with

autoantibodies

The identification of association between the
presence of specific autoantibodies and select HLA
plenotypes or genotypes has provided valuable insight into
the pathogenesis of SLE and other autoimmune disorders
that are characterized by autoantibody production. Many
studies have now shown an association between HLA
polymorphisms and autoantibodies (4). These associations
suggest a direct role for T helper cells in the induction of
and/or augmentation of autoantibody production (5). The
production of anti-native or double-stranded (ds)-DNA
antibodies has been associated with HLA-DR2 and DR3;
the production of anti-Sm antibodies has been associated
with HLA-DR2, DR7, DQA1*0102, DQB1*0602 and
DQ3; the production of anti-RNP antibodies has been
associated with HLA-DR4 and genes frequently linked to
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DR4-bearing haplotypes, including DRw53 and DQB1*03
subtypes; and the production of antibodies against both the
U1-70kD snRNP polypeptide and against U1-RNA has
been associated with selected genotypes of HLA-DR4 and
DR2, including HLA-DRB1*0401, *0407, *0408 and
DRB1*1501 (2, 4, 6-16).

Based upon these observations that the
production of autoantibodies is linked to HLA
polymorphisms, we proposed a model where B cells take
up apoptotically modified self-antigens (such as U1-70kD)
via their high affinity immunoglobulin receptors, process
the antigen and present it to T cells on their cell surface,
bound to self HLA molecules (figure 1). In the setting of
inflammation (perhaps during a systemic infection by virus
or another microbe) tolerance is overcome and
autoimmunity initiated. If down-regulatory dampening
mechanisms cannot alter the balance, a self-perpetuating
process of autoimmunity may ensue.

It has become clear in recent years that many
otherwise hedlthy individuals have B cell and T cell
repertoires against self-antigens (17,18). It is currently
believed that it is through low level activation by self-
antigens that the norma immune repertoire is
physiologically maintained (18,19). In the setting of
inflammation, however, the normal baance of control
mechanisms may be overcome and then self-perpetuating
pathol ogic auto-reactivity ensues.

3.3. Identification of autoantigen-specific T cellsin SLE

T cells reactive with a number of autoantigens,
thought to be important in the pathogenesis of SLE, have
been reported; these include T cells reactive with dsDNA,
nucleosomal histone proteins, non-histone chromosomal
protein high molecular group (HMG), and with the Sm-B,
Sm-D, U1-A and U1-70kD snRNPs (20-26). Studieson T
cells reactive with each of these specificities are reviewed
below (see Section 5).

4.B CELL-T CELL INTERACTIONS

4.1. Autoantibodies against DNA and Smin SLE

Autoantibodies are a halmark of SLE.
Antinuclear antibodies occur at some point in virtualy all
patients with SLE. The presence of some of these
antinuclear antibodies is highly specific for SLE.
Antibodies to dsDNA or to the snRNP Sm antigen occurs
in 20-30% of SLE patients. Because of the high specificity
of these autoantibodies they have been included as two of
the classification criteria for SLE in the proposed revised
classification criteria for SLE by the American College of
Rheumatology (27). Thus, they have substantial diagnostic
significance for study purposes.

4.2. Autoantibodies against U1-70kD

Autoantibodies to another snRNP autoantigen,
the U1-70kD polypeptide, can also be present in some SLE
patients with immunity to Sm. It is detected in the absence
of Sm reactivity in the majority of patients with mixed
connective tissue discase (MCTD). Whether MCTD
should be included among patients classified as SLE or



T cellsin SLE

segregated apart is a topic of debate which has recently
been reviewed by Smolen (28), Kasakawa (29), Maddison
(30) and ourselves (2,31).

4.3. T cell help in autoantibody production

Many of the families of autoantibodies that react
with dsDNA, Sm or U1-70kD are of the IgG subclass and
are present in serum in large quantities, suggestive of a T
cell dependent B cell response (32). Furthermore, the
presence of these autoantibodies has been linked to
distinctive HLA genotypes. This has provided indirect
evidence of arole for T cells in autoantigen presentation
and T cell — B cell collaboration in autoantibody production
(for review see 4,31).

4.4. Immunogenetic studies of HLA and anti-snRNP
antibodies

We have previously published a series of studies
examining the associations between the presence of
autoantibodies against sSnRNP polypeptides U1-70kD, Sm-
B and Sm-D and HLA polymorphisms (31,33-36). We
found that the presence of high titer antibodies against U1-
70kD was associated with select genotypes of HLA-DR4
and an epitope shared with the HLA-DRB1* 1501 genotype
of HLA-DR2. In separate studies, we found that the
presence of anti-Sm-D antibodies in children was
associated with HLA-DR2. A number of investigators
have reported similar association of anti-U1-RNP with
HLA-DR4 (reviewed in 31). Other investigators have also
reported association between anti-Sm antibodies and HLA-
DR2 bearing haplotypes, although results have been
conflicting as to whether the primary association between
anti-Sm antibodies is with HLA-DR or DQ aleles. (See
section 3.2 above).

5. ANTIGEN-SPECIFIC T CELLSIN SLE

5.1. DNA-histonereactive T cells

Rajogopalan, Zordan, Tsokos and Datta first
described T cell lines specific for dSDNA that selectively
augmented the production of pathogenic 1gG anti-DNA
autoantibodies (20). Datta and colleagues subsequently
published a series of elegant studies further characterizing
human T cells specific for native DNA. They reported that
the majority of such cells are CD4" and can provide T cell
help to pathogenic anti-DNA autoantibody producing cells
and that these T cells possess common recurrent CDR3
motifs, characteristic of antigen selection against a limited
number of T cell epitopes. They have also described T
cells reactive with nucleosomal histone proteins or non-
histone chromosomal protein HMG (37).

5.2. Smreactive T cells

Sm-reactive T cells were first reported by
Hoffman et al. in 1993 (23). Individua T cell clones were
described, which were reactive with either the Sm-B or Sm-
D polypeptides. These cells possessed a T helper cell
surface phenotype, CD3", CD4", CD45RO*, TCR
apha/beta”. T cell receptor (TCR) V-beta (BV) analysis
revealed that the T cell lines were clonal and monoclonal
antibody inhibition of proliferation revealed that the clones
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were restricted in antigen presentation by HLA-DR but not
HLA-DQ or HLA-DP molecules (23).

5.3. U1-70kD reactive T cells

The existence of RNP-reactive T cells was first
reported by O'Brien et al. using a U1-70kD fusion protein
and PBMC from patients classified as having autoimmune
rheumatologic disorders, such as SLE and MCTD (22). T
cell clones from MCTD patients recognizing U1-70kD
were first described by Hoffman et al. (24); Fenning et al.
and Wolff-Vorbeck et al. aso cloned and characterized T
cell clones from normal blood donors that were reactive
against U1-70kD (25,26).

5.4. Ul-A reactive T cells

Okubo et al. first reported that PBMC cells from
patients with MCTD or SLE, who possessed anti-U1-A
autoantibodies, proliferated against a U1-A snRNP fusion
protein; whereas they did not proliferate against
topoisomerase | (none of the patients exhibited anti-
topoisomerase | antibodies) (21). PBMC from normal
blood donors without anti-U1-A antibodies did not
proliferate either. Okubo et al. also demonstrated that CD4*
T cells were the subset proliferating and, using limiting
dilution analysis, that such Ul-A-reactive T cells were
relatively frequent in the MCTD patient group (1 of 4,065-
1 of 23,256). They mapped the T cell epitopeon U1-A to a
region spanning the C-terminal 83 residues of the protein.
This T cell reactive region contains the highly conserved
RNP motif within the second RNP-80 RNA-binding
domain (38).

6. T CELL IMMUNITY TO Sm AND U1-70kD
SMALL NUCLEAR RIBONUCLEOPROTEINS
(sNRNP)

6.1. SnRNP autoantigen structure

Extractable nuclear antigen (ENA) contains both
the Sm and RNP antigens. The Sm and RNP antigens have
been biochemically and molecularly characterized to be
components of uridylic acid-rich RNA (U) snRNP
complexes. The Sm antigen consists of the B1-2, D1-3, E,
F and G snRNP polypeptides which are non-covalently
associated with U1, U2, U4/U6 and U5 RNA (figure 2)
(39,40). U snRNP are part of the spliceosome complex that
normally functions in the splicing of precursor mRNA to
mature mMRNA. The so-caled RNP or nuclear RNP
(nRNP) antigen consists of 70kD, A and C snRNP
polypeptides which are non-covalently associated with U1-
RNA (39,40).

While these snRNP antigenic complexes
normally reside and function within the cell, it has been
found that some antigens, including U1-70kD, undergo
cleavage during UV-induced apoptosis and migrate to
vesicles or blebs at or near the cell surface (41,42). It has
been postulated that apoptotic alterations in structure and/or
intracellular location of antigens such as U1-70kD may be
important in breaking immunological tolerance and the
development of autoimmunity (43-45). This topic is
reviewed in detail in the accompanying article in this issue
by Dr. Eric Greidinger.
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Figure 2. The Sm antigen consists of B1, B2, D1, D2, D3,
E, F and G smal nuclear ribonucleoprotein (snRNP)
polypeptides associated with U1, U2, U4/U6 and U5 RNA.
Shown here is UL-RNA with the U1-specific polypeptides
70kD, A and C bound, along with the core Sm

polypeptides.

6.2. Cloning and characterization of snRNP-reactive T
cellsfrom SLE and MCTD patients

We have generated a large series of human T cell
clones specific for individua snRNP polypeptides,
including Sm-B, Sm-D and U1-70kD (46-51). In our initial
studies, these clones were generated using biochemically
purified snRNP antigens (23) and later using recombinant
fusion proteins (46-51). Most recently, we have used
overlapping synthetic peptides as an alternative approach to
clone snRNP reactive T cells (46-51). Each of these
antigens has its own potentid advantages and
disadvantages.

In our initial studies antigens were biochemically
purified using immunoaffinity columns and preparative
scale polyacrylamide gel electrophoresis with rabbit thymic
extract or HelLa extracts as the source of antigen. These
antigen sources have the potential advantage of having
undergone post-trandational modification. They have
severa disadvantages, however, including the potential for
protyolytic cleavage, lipopolysaccharide (LPS)
contamination and xenoreactivity to the known sequence
variations in rabbit snRNPs polypeptides compared to
human snRNP polypeptides (52).

Recombinant fusion proteins have the theoretical
advantage that they can be produced in large quantities, and
the theoretical disadvantages that being expressed in
bacteria they are not subject to post-transational
modification. Furthermore, they possess additional fusion
protein sequences that, if not removed, can be the source of
an anti-fusion protein immunologic responses. In redity,
the U1-70kD and other snRNP can prove difficult to
express at high levels. There appears to be a number of
reasons for this difficulty in protein expression, for
example the presence of a repressor sequence in the U1-
70kD protein has recently been identified (53).
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Finaly, the use of synthetic peptides overcomes
many of the technical problems described above. Large
quantities of peptides of high purity can be produced and
utilized to generate T cell clones. Synthetic peptides can be
used to further characterize clones generated with fusion
protein or other native antigens. Potential disadvantages of
peptides are the fact that they lack post-translational
modifications and may theoretically reveal previously
cryptic T cell epitopes (also arguably an advantage).

6.3. T cell — B céll responses arelinked

We have examined the relationship between B
cell reactivity and T cell reactivity against snRNP
polypeptides ex vivo. As a measure of B cell reactivity,
patients' sera were characterized for the presence of anti-
snRNP polypeptide reactivity against U1-70kD, Sm-B and
Sm-D polypeptides using immunoblotting and ELISA. We
then attempted to generate T cell clones from the same
panel of patients using identical cloning conditions for the
three antigens. We then correlated the findings of B cell
reactivity (i.e. the presence of anti-U1-70kD, anti-Sm-B
and/or anti-Sm-D antibody) with T cell reactivity, as
characterized by the ability to clone cells, against
individual snRNP polypeptides, U1-70kD, Sm-B and/or
Sm-D. We found that there was a statistically highly
significant correlation between B and T cell reactivity as
measured by this approach and we concluded that B cell
and T cdl reactivity against snRNP polypeptides appeared
to be linked in vivo (46).

6.4. Cytokines characterized that may assist B cell help
and differentiation

One could logically hypothesize that snRNP
reactive T cell clones might have a T helper-2 (Thy)-like
phenotype. To examine this possibility, we utilized
completitive PCR with so-called mimic target DNA as
internal controls. We examined T cell clones for the
production of IL-2, IL-4, IL-6, IL-10, IL-13, IFN-gamma
and TGF-beta. Findings by PCR were confirmed for select
cytokines in ELISA. We found that cytokine production
was heterogeneous among clones and that overall the
clones had a Thy-like phenotype. We did observe,
however, that the clones produced substantial quantities of
cytokines that can assist in B cell help and differentiations,
including IL-2, IL-4 and IFN-gamma (46 and unpublished).

6.5. HLA-DR molecules serve as MHC restriction
elementsfor autoantigen presentation

The snRNP-reactive clones, specific for either
U1-70kD, Sm-D or Sm-B, described by Hoffman and
colleagues, have been characterized for the HLA molecules
that serve as the MHC restriction element in autoantigen
presentations to T cell clones. All clones studied utilized
HLA-DR, not HLA-DQ or HLA-DP, for their restriction
element. This was shown in monoclona antibodies
blocking studies using blocking antibodies against
framework determinants on either HLA-DR, DQ or DP.
Further studies were done to characterize the HLA-DR
alleles utilized in antigen presentation by testing a panel of
Epstein-Barr virus (EBV) transformed homozygous cell
line of known HLA genotypes (46). The Sm-B and Sm-D
polypeptide were restricted in one patient by HLA-
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DR1*1302/DRB3*0301 (47). Additional studies are in
progress.

6.6. Rare T cel phenotypes, and T cell precursor
frequency and detection

While the magjority of snRNP reactive T cell
clones had a CD4" phenotype, we have found unusual
clones that possess a CD8" phenotype. These CD8" cells
exhibited strong proliferation to antigen and robust
expansion. Additional studies on these clones will be of
interest in that few human CD8" T cell clones specific for
an autoantigen have been previously described in the
literature (50).

How common are snRNP reactive T cells in
peripheral blood? Answering this question has been
technically difficult but precursor frequency appears to be
in arange similar to or greater than that for tetanus toxoid
reactive T cels among immunized individuas (i.e.
approximately 1/10,000 or greater). Can snRNP reactive
cells be detected in proliferation assays using peripheral
blood mononuclear cells (PBMC)? Using pools of
overlapping peptides or fusion proteins, we have been
unable to convincingly and reproducibly detect such cells.
In studies on the MRL/Ipr lupus-prone mouse model Muller
and colleagues have identified strong proliferation of
spleen T cells to a peptide spanning residues 131-151 of the
UI-70kD protein, suggesting that it might be feasible to
detect snRNP reactive cells from PBMC in SLE or MCTD
patients. On the other hand, it is already known that it may
be difficult to detect proliferation of PBMC to antigens to
which an individual has been immunized and can be shown
to have protective immunity, (such as tetanus toxoid or
influenza hemagglutinin). The reasons for these
discrepancies may include such factors as: well to well
variability in the number of precursor cells, disassociation
between proliferative responses and cytokine production,
poor signal to noise ratio in detection assays, high baseline
proliferation response and cryptic responses to peptides that
obscure specific responses to the autoantigenic peptide of
relevance. We are continuing to pursue this very important
topic.

6.7. Abnormal T cell receptor signal transduction

The laboratory of Tsokos and the laboratory of
Kanmer have published seminal studies identifying and
characterizing the molecular basis of abnormal early T cell
receptor signal transduction in SLE. These studies have
been recently reviewed (54,55). Clearly, their work
established that this is one of the pathogenic mechanisms
operative in SLE. Craft and co-workers have recently
provided evidence for similar abnormalities in T cell
activation in the MRL/lpr lupus-mouse model (56). In
collaborative studies with Liossis and Tsokos, we found
that the early anti-CD3 induced signal events exhibited
increased Ca®* fluxes and enhanced production of tyrosine
phosphorylated proteins in a snRNP specific T cell clone
but not in fresh T cells or other control T cell lines or
clones from normal donors or SLE patients (50). Studies
on T cell receptor signalling and signal transduction appear
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promising and can be envisioned to lead to new therapeutic
approachesin SLE.

6.8. T cell receptor usage and molecular modeling

We have performed a series of studies
characterizing the TCR usage from large panels of well-
characterized human T cell clones specific for individual
snRNP polypeptides Sm-B, Sm-D and U1-70kD (46-51).
We first examined TCRBV family usage in PBMC and
compared this to norma blood donors and rheumatoid
arthritis patients. The broad overall distribution of TCRBV
families were similar between SLE and MCTD patients to
controls (23). In subsequent studies, we examined TCRBV
and TCR V-apha (AV) complementarity-determining
region 3 (CDRS3) usage using allele specific PCR and direct
DNA sequencing (46,48,49,51). We found that TCR usage
by snRNP reactive T cell clones was highly restricted based
upon the deduced amino acid sequences of the TCR CDR3
loop. For example, we anayzed Sm-B reactive clones
including atotal of 21 productively rearranged apha chain
sequences and a total of 45 productively rearranged beta
chain sequences. Anaysis of TCRAV demonstrated
increased usage of AJ48 (P<0.0001) and increased usage of
AJ29 (P=0.0002) (49). Both AJregion segments contained
an asparagine positioned five residues from the conserved
motif F-G-X-G-F (P<0.0001). Digtinct characteristics of
TCR CDR3 usage were aso identified in TCRBV from the
Sm-B reactive clones including: CDR3 length, increased
usage of TCRBV, J segment BJ2S7, and recurring identical
sequences between clones derived from both the same and
from different patients (51). Unique structural features of
TCR CDRS3 usage were aso found among human T cell
clones specific for Sm-D and U1-70kD (46,48,49,51).
Molecular modeling studies have been performed for TCR
derived from one U1-70kD specific clone (49).

6.9. T cell epitope mapping using synthetic peptides

A longstanding goa of our laboratory has been
the mapping of T cell epitopes responsible for reactivity
with snRNP polypeptides.  Ultimately, we hope to
accomplish molecular characterization of the tripartite
interaction between peptide antigens, it's MHC restriction
element and the TCR. Our analysis of TCR CDR3 usage
by snRNP reactive clones revealed that this was highly
selective and suggested that there might be an antigen
driven immune response directed against a limited number
of T cell epitopes. We used an iterative process to define
the minimal peptides recognized by snRNP specific human
T cel clones, including testing of peptides serially
truncated from the carboxyl and amino terminus. Using
this approach, we have defined 3 epitopes on Sm-B and 2
epitopes on Sm-D. These epitopes are shown in figure 3.
Interestingly, 2/3 epitopes on Sm-B and 2/2 epitopes on
Sm-D are contained within the highly conserved Sm
motifs. The so-called Sm motifs are regions conserved on
all Sm proteins, B1, B2, D1, D2, D3, E, F and G. These
Sm motifs are hypothesized to function in protein-protein
interaction in spliceosome functioning. Sm is part of the
larger spliceosomal complex, whose biologic function in
the normal cells is in splicing precursor mRNA to mature
mMRNA (57-59).
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Figure 3. The three T cell epitopes identified on the Sm-B snRNP polypeptide and the two T cell epitopes on Sm-D snRNP

polypeptides areillustrated here.

Our laboratory is aso now completing T cell
epitope mapping of the U1-70kD snRNP polypeptide. In
preliminary studies, we have mapped 5 T cell epitopes on
the 70kD polypeptide, all of which reside in the first RNP-
80 RNA binding domain. Interestingly, al of these
epitopes are contained within the RNA binding domain that
interacts with U1-RNA stem loop | (60).

6.10. Sm motif 1, Sm motif 2 and RNA binding domains
astargetsof T cell immunity

The definition of T cell epitopes on the snRNP
autoantigen provides the opportunity to examine these for
distinctive structural features that may provide insight into
disease pathogenesis. Now that we have completed
analysis on 3 different snRNP polypeptides, U1-70kD, Sm-
B and Sm-D, we can also make intermolecular comparisons
for shared structural features. Studies on U1-A snRNP
polypeptides are also now in progress.

6.11. Homology analyses and identification of shared
structure

We have performed alanine scanning of the
minimal peptide epitopes to identify those residues that are
critical for MHC binding on antigen presenting cells or
critical for T cell receptor interaction. Finaly, we have
performed homology searches of both the minimal peptides
and the minimal essential sequences (e.g. ILQDGRIFI to
ILXDGRXXI based upon aanine scanning results) (47). In
all instances, as expected, we found homology with closely
related snRNP polypeptides from humans and other species
(unpublished). We also found weaker homologies with a
variety of other proteins of uncertain importance. One of
the strongest homologies was with a hypothetical protein
from Mycaobacterium tuberculosis and this is discussed
below. We aso found provocative homologies with other
potentially relevant molecules, such as between U1-70kD
and common dietary proteins. We are continuing to
explore the meaning of these observations.
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Asdiscussed in Section 6.10, common features of
T cell epitopes are that they span Sm motifs or Sm proteins
and the RNA bind domain on the 70kD polypeptide.
Muller has recently reviewed epitope mapping studies for
snRNP and other autoantigens and described the RNP motif
as a recurring target of B cell autoimmunity. Many years
ago Tan first brought such general features of autoantigens
to our attention (61). He observed that B cell epitopes on
autoantigens are frequently regions of key function or have
enzymatic activity and suggested that this might be a
fundamental feature of autoreactivity. The mechanism for
these observations, however, remain unknown. While the
basis for these observations on T cell epitopes aso are
currently unknown, one could speculate that regions of
RNA-protein or protein-protein interactions may be
processed and presented differently from other regions of a
molecule (62-64). We are currently examining this
hypothesis.

There has been a longstanding interest in the
hypothesis that molecular mimicry between microbes and
self-antigens underlies autoimmunity in general and SLE in
particular. The definition of T cell epitopes on snRNP
autoantigens provides a unique opportunity to investigate
this further. Once the minimal T cell epitope was defined,
we performed alanine scanning on these minimal peptides
to identify those residues which are critica for MHC
binding on the antigen presenting cell or critical as T cell
receptor contact residues. This approach alows for
homology searches of the native peptide T cell epitope
against the GenBank Database (i.e. ILQDGRIFI) and for
searches of motifs containing only critical residues (i.e.
ILXDGRXXI; where X=all possible amino acids) against
the Database, as described above. Applying this approach,
we found that there was homology between the Sm-B
epitope 1 with a hypothetical Mycobacterium tuberculosis
protein (8/9 residues were identical). We are now
experimentally pursuing this observation.
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7. CONCLUSION

In conclusion, we have reviewed the current
evidence for the role of autoantigen-specific T cellsin the
pathogenesis of SLE. Substantial evidence supports the
concept that T cells are important in assisting in
autoantibody production; through this and possibly other
direct mechanisms, T cells are critically important in the
pathogenesis of SLE. We have reviewed published work
on several different autoantigen-specific T cell systems,
including anti-dsDNA-histone, Sm, U1-70kD and U1-A
reactive. Finaly, we have reviewed in detail our own
published work and described new and ongoing work on T
cell immunity to Sm and U1-70kD. We report findings for
these systems including: 1) that T cell and B cell responses
appear linked; 2) that T cells producing cytokines may
assist in B cell help and differentiation; 3) that we have
identified and characterized HLA-DR molecules serving as
MHC restriction elements in Sm autoantigen presentation;
4) that TCR CDR3 usage among Sm-B, Sm-D and U1-
70kD reactive T cell clones is highly restricted; 5) that we
have identified 3 T cell epitopes on Sm-B and 2 epitopes on
Sm-D; 6) that functional regions (Sm motifs or RNA
binding domains) appear to be the targets of T cell
reactivity.

8. ACKNOWLEDGEMENTS

This work was supported by the Medical
Research Service, Department of Veterans Affairs and NIH
Awards AR43308 and AR48055.

9. REFERENCES

1. Horowitz D.A., W. Stohl & J. D. Gray: T lymphocytes,
natural killer cells, cytokines, and immune regulation. In:
Dubois Lupus Erythematosus. Eds: Wallace D.J., Hahn
B.H. Williams & Wilkins, Batimore, Maryland. 5th
edition. 155-194 (1997)

2. Sharp G.C. & RW. Hoffman: Overlap syndromes:
Mixed connective tissue disease and Sjogren's syndrome.
In:  Systemic Lupus Erythematosus. Eds: Lahita R.G.
Academic Press, New York, New York. 3rd edition. 551-
573 (1999)

3. Tsokos G.C.: Overview of cellular immune function in
systemic lupus erythematosus. In: Systemic Lupus
Erythematosus. Eds: Lahita R.G. Academic Press, New
York, New York. 3rd edition. 17-54 (1999)

4. Hoffman RW. & G. C. Sharp: Is anti-U1-RNP
autoantibody positive connective tissue disease genetically
distinct? J Rheumatol 22, 586-589 (1995)

5. Takeno M., H. Nagafuchi, S. Kaneko, S. Wakisaka, K.
Oneda, Y. Takeba, N. Yamashita, N. Suzuki, H. Kaneoka
& T. Sakane: Autoreactive T cell clones from patients with

systemic lupus erythematosus support polyclona
autoantibody production. J Immunol 158, 3529-3538
(2997)

1375

6. Smolen J.S., JH. Klippel, E. Penner, M. Reichlin, A.D.
Steinberg, T.M. Chused, O. Scherak, W. Graninger, E.
Hartter, C. C. Zielinski, A. Wolf, R.J. Davey, D.L. Mann &
W.R. Mayr: HLA-DR antigens in systemic lupus
erythematosus: Association with  specificity  of
autoantibody responses to nuclear antigens. Ann Rheum
Dis 46, 457-462 (1987)

7. Genth E., H. Zarnowski, R. Mierau, D. Wohltmann &
P.W. Hartl: HLA-DR4 and Gm(1,3;5,21) are associated
with U1-nRNP antibody positive connective tissue disease.
Ann Rheum Dis 46, 189-196 (1987)

8. Stephens H.A.F., N.J. McHugh, P.J. Maddison, D.A.
Isenberg, K.I. Welsh & G.S. Panayi: HLA class Il
restriction of autoantibody production in patients with
systemic lupus erythematosus. Immunogenetics 33, 276-
280 (1991)

9. Olsen M.L., F.C. Arnett & J.D. Reveille: Contrasting
molecular patterns of MHC class |1 aleles associated with
the anti-Sm and anti-RNP precipitin autoantibodies in
systemic lupus erythematosus. Arthritis Rheum 36, 94-104
(1993)

10. Ahearn JM., T.T. Provost, C.A. Dorsch, M.B. Stevens,
W.B. Bias, F.C. Arnett: Interrelationships of HLA-DR,
MB and MT phenotypes, autoantibody expression, and
clinical features in systemic lupus erythematosus. Arthritis
Rheum 25, 1031-1040 (1982)

11. AlvarellosA., JM. Ahearn, T.T. Provost, C.A. Dorsch,
M.B. Stevens, W.B. Bias, F.C. Arnett: Relationships of
HLA-DR and MT antigens to autoantibody expression in
systemic lupus erythematosus. Arthritis Rheum 26, 1533-
1535 (1983)

12.  Nishika M. & S. Sekiguchi: Relationship of
autoantibody expression and HLA phenctype in Japanese
patients with connective tissue diseases. Arthritis Rheum
28, 579-581 (1985)

13. Olsen M.L., F.C. Arnett & J.D. Reveille: Contrasting
molecular patterns of MHC class |1 aleles associated with
the anti-Sm and anti-RNP autoantibodies in systemic lupus
erythematosus. Arthritis Rheum 36, 94-104 (1993)

14. Kuwana M., T.A. Medsger, Jr. & T.M. Wright: T cell
clones specific for DNA topoisomerase I:  Recognition of
an immunodominant epitope. J Immunol 158, 485-491
(2997)

15. Schur P.H., I. Meyer, M. Garovoy & C.B. Carpenter:
Associations between systemic lupus erythematosus and
the maor histocompatibility complex:  Clinica and
immunological considerations.Clin Immunol |mmunopathol
24, 263-275 (1982)

16. Ruuska P., R. Hameenkorpi, S. Forsberg, H. Julkunen,
R. Makitalo, J. llonen & A. Tiilikainen: Differences in
HLA antigens between patients with mixed connective



T cellsin SLE

tissue disease and systemic lupus erythematosus. Ann

Rheum Dis 51, 52-55 (1992)

17. Dighiero G. & N.R. Rose: Critica self-epitopes are
key to the understanding of self-tolerance and
autoimmunity. Immunol Today 20, 423-428 (1999)

18. Goldrath AW. & M.J. Bevan: Selecting and
maintaining a diverse T cell repertoire. Nature 402, 255-
262 (1999)

19. Gu H., D. Tarlinton, W. Muller, K. Rajewsky & 1.
Forster: Most peripheral B cells in mice are ligand
selected. JExp Med 173, 1357-1371 (1991)

20. Rajagopalan S., T. Zordan, G.C. Tsokos & SK. Datta:
Pathogenic anti-DNA autoantibody-inducing T helper cell
lines from patients with active lupus nephritis: Isolation of
CD4-8- T helper cell lines that express the gamma delta T-
cell antigen receptor. Proc Natl Acad Sci USA 87, 7020-
7024 (1990)

21. Okubo M., K. Yamamoto, T. Kato, N. Matsuura, T.
Nishimaki, R. Kasukawa, K. Ito, Y. Mizushima & K.
Nishioka: Detection and epitope analysis of autoantigen-
reactive T cells to the Ul-small nuclear ribonucleoprotein
A protein in autoimmune disease patients. J Immunol 151,
1108-1115 (1993)

22. OBrien RM., D.S. Cram, RL. Coppel & L.C.
Harrison: T-cell epitopes on the 70-kDa protein of the
(U1)RNP complex in autoimmune rheumatol ogic disorders.
J Autoimmunity 3, 747-757 (1990)

23. Hoffman RW., Y. Takeda, G.C. Sharp, D.R. Leg, K.
Kaneoka & C.W. Caldwell: Human T cell clones reactive
against U-small nuclear ribonucleoprotein autoantigens
from connective tissue disease patients and healthy
individuals. J Immunol 151, 6460-6469 (1993)

24. Hoffman R.W., H. Kaneoka, K-C Hsu, Y. Takeda,
C.W. Cddwell, & G. C. Sharp: Molecular analysis of the
human immune response to the U1-70kD antigen. Mol Biol
Rep 15, 132 (1991)

25. Fenning S., G. Walff-Vorbeck, W. Hackl, U.
Krawinkel, R. Luhrmann, W. Northemann, H.H. Peter &
M. Schlesier: T cell lines recognizing the 70kD protein of
U1 small nuclear ribonucleoprotein (U1snRNP). Clin Exp
Immunol 101, 408-413 (1995)

26. Wolff-Vorbeck G., W. Hackl, S. Fenning, U.
Krawinkel, R. Luhrmann, H. H. Peter & M. Schlesier:
Characterization of an HLA-DR4-restricted T cell clone
recognizing a protein moiety of smal nuclear
ribonucleoproteins (UsnRNP). Clin Exp Immunol 95, 378-
384 (1994)

27. Tan EM., A. S. Cohen, JF. Fries, A.T. Masi, D.J.
McShane, N. F. Rothfield, J. G. Schaller, N. Taa & R.J.
Winchester: The 1982 revised criteria for the classification
of systemic lupus erythematosus. Arthritis Rheum 25,
1271-1277 (1982)

1376

28. Smolen JS. & G. Steiner: Mixed connective tissue
disease: To be or not to be? Arthritis Rheum 41, 768-777
(1998)

29. KasukawaR.: Mixed connective tissue disease. Intern
Med 38, 386-393 (1999)

30. Maddison P.J.: Mixed connective tissue disease:
overlap syndromes. Balillieres Best Pract Res Clin
Rheumatol 14, 111-124 (2000)

31. Sharp G.C. & R.W. Hoffman: Mixed connective tissue
disease. In: Connective Tissue Diseases. Eds: Belch J,,
Zurier R. Chapman and Hall, London, England. 151-178
(1995)

32. Maddison PJ. & M. Reichlin: Quantitation of
precipitating antibodies to certain soluble nuclear antigens
in SLE. Arthritis Rheum 20, 819-824 (1977)

33. Hoffman RW., L.J. Rettenmaier, Y. Takeda, JE.
Hewett, |. Pettersson, U. Nyman, A.M. Luger, G.C. Sharp:
Human autoantibodies against the 70kD polypeptide of Ul
small nuclear ribonucleoprotein are associated with HLA-
DR4 among connective tissue disease patients. Arthritis
Rheum 33, 666-673 (1990)

34. KaneokaH., K-C Hsu, Y. Takeda, G. C. Sharp & R.W.
Hoffman: Molecular genetic analysis of HLA-DR and
HLA-DQ genes among anti-U1-70kD autoantibody
positive connective tissue disease patients. Arthritis Rheum
35, 83-94 (1992)

35. Hoffman RW., JT. Cassidy, Y. Takeda, E.I. Smith-
Jones, G.S. Wang & G.C. Sharp: U1-70kD autoantibody-
positive connective tissue disease in children: A
longitudinal clinical and serologic anaysis.  Arthritis
Rheum 36, 1599-1602 (1993)

36. Hoffman RW., G.C. Sharp & S.L. Deutscher:
Analysis of anti-U1-RNA antibodies in connective tissue
disease patients: Association with HLA and clinical
manifestations of disease. Arthritis Rheum 38, 1837-1844
(1995)

37. Desai-Mehta A., C. Mao, S. Rajagopalan, T. Robinson
& SK. Datta: Structure and specificity of T cell receptors
expressed by potentialy pathogenic  anti-DNA
autoantibody-inducing T cells in human lupus. J Clin
Invest 95, 531-541 (1994)

38. Monneaux F., & S. Muller: Key sequencesinvolved in
the spreading of the systemic autoimmune response to
spliceosomal proteins. Scand J Immunol 54, 45-54 (2001)

39. Holyst M-M. & R.W. Hoffman: U-small nuclear
ribonucleoprotein (RNP)-reactive autoantibodies:
Diagnostic testing and clinical interpretation.  Clinical
Immunology Newsletter 18, 53-57 (1998)

40. Peng SL. & JL. Craft:
autoantibodies.  In: Autoantibodies.

Spliceosomal  snRNPs
Eds. Peter JB.,



T cellsin SLE

Shoenfeld Y. Elsevier Science Inc., New York, New Y ork.
774-782 (1996)

41. CasciolaRosen L.A., G. Anhat & A. Rosen:
Autoantigens targeted in systemic lupus erythematosus are
clustered in two populations of surface structures on
apoptotic keratinocytes. J Exp Med 179, 1317-1330
(1994)

42. AndradeF., L. Casciola-Rosen & A. Rosen: Apoptosis
in systemic lupus erythematosus. Clinical implications.
Rheum Dis Clin North Am 26, 215-227 (2000)

43. Greidinger E.L., L. Casciola-Rosen, S.M. Morris, RW.
Hoffman & A. Rosen: Autoantibody recognition of
distinctly modified forms of the U1-70kd antigen is
associated with different clinical disease manifestations.
Arthritis Rheum 43, 881-888 (2000)

44, Greidinger E.L. & R.W. Hoffman: The appearance of
U1l RNP antibody specificities in sequential autoimmune
human antisera follows a characteristic order that
implicates the U1-70 kd and B'/B proteins as predominant
Ul RNP immunogens. Arthritis Rheum 44, 368-375
(2001)

45, Greidinger E.L., M. F. Foecking, S. Ranatunga & R.
W. Hoffman: Apoptic U1-70 kd is antigenically distinct
from the intact form of the U1-70 kd molecule. Arthritis
Rheum Submitted.

46. Holyst M-M., D.L. Hill, S.O. Hoch & R.W. Hoffman:
Analysis of human T cell and B cell responses against U-
small nuclear ribonucleoprotein 70kD, B and D
polypeptides among patients with systemic lupus
erythematosus and mixed connective tissue disease.
Arthritis Rheum 40, 1493-1503 (1997)

47. Taken B.L., K.R. Schafermeyer, C.W. Bailey, D.R.
Lee & RW. Hoffman: T cell epitope mapping of the Sm
autoantigen reveals that highly conserved Sm motifs are the
dominant target of T cell immunity in systemic lupus
erythematosus. J Immunol 167, 562-568 (2001)

48. TakenB.L., M-M. Holyst, D.L. Hill & R.W. Hoffman:
T cell receptor betachain third complementarity-
determining region gene usage is highly restricted among
Sm-B autoantigen-specific human T cell clones derived
from patients with connective tissue disease. Arthritis
Rheum 42, 703-709 (1999)

49. Taken B.L., D.R. Lee, CW. Caddwdl, T.P. Quinn,
K.R. Schafermeyer & R.W. Hoffman: Analysis of T cell
receptors  specific for U1-70kD  small  nuclear
ribonucleoprotein  autoantigen: The apha chain
complementarity determining region three is highly
conserved among connective tissue disease patients.
Human Immunol 60, 200-208 (1999)

50. Liossis S-N. C., RW. Hoffman & G.C. Tsokos. Rapid
Communication.  Abnorma early TCR/CD3-mediated

1377

signaling events of a snRNP-autoreactive lupus T cell
clone. Clin Immunol Immunopathol 88, 305-310 (1998)

51. Talken B.L., CW. Baley, SL. Reardon, C.W.
Caldwell & R.W. Hoffman: Structural analysis of T cell
receptor (TCR) apha and beta chains from human T cell
clones specific for smal nuclear ribonucleoprotein
polypeptides Sm-D, Sm-B, and U1-70kD: TCR
complementarity determining region 3 usage appears
highly conserved. Scand J Imunol 54, 204-210 (2001)

52. Billings P.B. & S.O. Hoch: Isolation of intact small
RNP polypeptide from rabbit thymus. J Immunol 131,
347-351 (1983)

53. Northemann W., H. Berg, G. Stahnke, M. Walter, N.
Hunt & S. Fenning: Identification of an inhibitory element
within the human 68-kDa (U1) ribonucleoprotein antigen.
Protein Expr Purif 6, 748-756 (1995)

54. Tsokos G.C. & S. N. Liossis: Immune cell signaling
defects in lupus. activation, anergy and death. Immunol
Today 20, 119-124 (1999)

55. Khan I.U., D. Laxminarayana & G.M. Kammer: A
genetic mechanism underlying deficient type | protein
kinase A activity in systemic lupus erythematosus T
lymphocytes. In: Lupus Molecular and Cellular
Pathogenesis. Kammer G.M. & G.C. Tsokos eds. Humana
Press, Totowa, New Jersey. 257-277 (1999)

56. Vratsanos G.S,, S. Jung, Y-M. Park & J. Craft: CD4+
cells from lupus-prone mice are hyperresponsive to T cell
receptor engagement with low and high affinity peptide
antigens: A model to explain spontaneous T cell activation
inlupus. JExp Med 193, 329-338 (2001)

57. Kramer A.. The structure and function of proteins
involved in mammalian premRNA-splicing. Annu Rev
Biochem 65, 367-409 (1996)

58. Hermann H., P. Fabrizio, V.A. Raker, K. Foulaki, H.
Hornig, H. Brahms & R. Luhrmann: SnRNP Sm proteins
share two evolutionary conserved sequence motifs which
are involved in Sm protein-protein interactions. EMBO J
14, 2076-2088 (1995)

59. Fury M.G., W. Zhang, |. Christodoulopoulos & G.W.
Zieve: Multiple protein-protein interactions between the
snRNP common core proteins. Exp Cell Res 1, 63-69
(2997)

60. Greidinger E.L., C.W. Bailey, K.R. Shafermeyer, S.L.
Reardon, D.R. Lee & R.W. Hoffman: RNA binding
domain is target of T cell immunity by U1-70kD specific
human T cell clones. FASEB J (Abstract). Submitted.
(2001)

61. Tan E.M.: Antinuclear antibodies: Diagnostic markers
for autoimmune diseases and probes for cell biology. Adv
Immunol 44, 93-151 (1989)



T cellsin SLE

62. Lanzavecchia A.: Antigen-specific interaction between
T and B cells. Nature 314, 537-539 (1985)

63. Lanzavecchia A.: How can cryptic epitopes trigger
autoimmunity? J Exp Med 181, 1945-1948 (1995)

64. Sercarz E.E., PV. Lehmann, A. Amentani, G.
Benichou, A. Miller & K. Moudgil: Dominance and
crypticity of T cell antigenic determinants. Annu Rev
Immunol 11, 729-766 (1993)

Key words: Systemic Lupus Erythematosus, Human,
Autoimmune, T Lymphocyte, Small Nuclear
Ribonucleoprotein, Mixed Connective Tissue Disease, T
Cell Receptor, Review

Send correspondence to: Dr. Robert W. Hoffman,
Division of Immunology and Rheumatology, University of
Missouri, MA427 HSC, One Hospital Drive, Columbia,
Missouri 65212, Tel: 573-884-8792, Fax:573- 884-0304, E-
mail: Hoffmanr@health.missouri.edu

1378



