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ABSTRACT

Systemic lupus erythematosus (SLE) is an immune disorder characterized by
the presence of T and B cells which drive a pathogenic autoimmune
response. Autoreactive T effector cells naturally arise during the process
of development in the thymus, but most are removed by several self-
tolerance mechanisms. Self-antigen recognizing T cells emigrating from the
thymus are normally prevented from causing cellular or tissue damage by
peripheral tolerance mechanisms. While we understand much about how
self-antigens are presented to T cells and the mechanisms to remove those
T cells or convert them into regulatory T cells in thymus and peripheral
lymphoid organs, we understand much less about the derivation of
potentially pathogenic self-reactive T cells in autoimmune disease. It is not
clear whether individuals with autoreactive T cell activation have an
altered T cell receptor repertoire of naive T cells that have matured to
immunocompetence as effector cells or whether the pathogenic process
involves altered activation of immunocompetent T cells in the periphery.
There is increasing evidence that the autoantibodies that characterize SLE
result from an interaction of B cells with self-reactive T cells. Here we
summarize the evidence for autoreactive T cells in both lupus mouse models
and in patients with SLE and discuss the evidence for either altered T cell
selection or altered T cell activation in SLE, which has implications for both
pathogenesis and treatment.
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Introduction

The T cell receptor (TCR) is generated by combining gene
segments by V(D)) recombination which leads to a
diverse repertoire of TCRs (reviewed in '). Mature T cells
express the a and B chain of the TCR, each comprising of
variable (V) and constant (C) regions. The C region of
each chain is identical, but the V region contains the
hypervariable complementary-determining region 3
(CDR3) which directly contacts peptides and CDR1 and
CDR2 loops which contact the MHC helices (reviewed 2)
to allow the TCR to bind a peptide-MHC complex (p-
MHC).

The selection of the repertoire of ndive T cells mainly
occurs during T cell development in the thymus through
both a positive and a negative selection process.
Recognition of a p-MHC by a TCR is the first fate-
determining step for antigen-specific T cells. Selection of
antigen-reactive T cells is further refined when the naive
T cells encounter peptide-presenting antigen presenting
cells (APGCs) in the periphery. The repertoire of CD4+
follicular helper T (Tfh) cells is critical to the humoral
immune response since many B cell responses require T
help through a cognate interaction between p-MHC Il on
APCs and the TCR of the Tfh cell. Tfh cells are important
in the pathogenesis of SLE as they promote autoantibody
production by B cells (reviewed in 3). The signal which is
initiated by the p-MHC Il on the B cell and the TCR on the
T cell determines the quality and quantity of B cell
activation and differentiation in a germinal center (GC)
response which generates high affinity antibodies and B
cell memory.

Systemic lupus erythematosus (SLE) is a complex disease
characterized by dysregulation of several immune cell
lineages. Pathogenic autoantibodies form  pro-
inflammatory immune complexes or directly bind and
damage tissues. T cells are integral to disease initiation
and pathogenesis as they produce inflammatory
cytokines and provide help for autoreactive B cells
(reviewed in 3 4). Mechanisms of T cell selection and T cell
tolerance in the thymus are essential to the generation of
the T cell repertoire and the function of APCs is crucial to
the mechanism of tolerance and activation in the
periphery. The defect in the regulation of autoreactive T
cells in SLE is not understood, although murine models
suggest that disruption of peripheral mechanisms of
tolerance are important in this disease.

T cells reactive with several self-antigens targeted by
auvtoantibodies have been identified in individuals with
SLE. B cells reacting with nuclear antigens are censored
during B cell maturation in both healthy individuals and
patients with SLE 3, but some autoreactive B cells remain
in the system. Those autoreactive B cells, however, stay
inactive (anergy) or quiescent unless they receive
activation signals from interacting Th cells. While B cells
can produce antibodies in a T-independent manner,
production of many pathogenic autoantibodies in SLE
requires cognate interactions with autoreactive Th cells.
This has been demonstrated as antibodies blocking MHCII
abrogate autoantibody production in murine models ©.

In this review we will discuss tolerance mechanisms of T
cells and try to understand how the repertoire of Th cells

affects autoimmunity. We will also discuss whether an
autoreactive repertoire within Th cells causes a
breakdown of immune tolerance or whether heightened
activation of Th cells skews toward clonal expansion of
self-reactive T cells.

Tolerance and repertoire selection during T

development-central vs. peripheral
Development of mature immunocompetent T cells and the
selection of their repertoire have been extensively
reviewed 7. Therefore, the discussion of general T cell
selection and development will be brief.

Selection in the thymus (central tolerance): It is accepted
that the repertoire of naive T cells is determined through
thymic selection. The recognition of peptides that are
presented by thymic APCs is crucial for determining the
fate of T cells; on one hand, it is essential for survival of
thymocytes (positive selection). On the other hand, it
leads to cell death for thymocytes (negative selection) or
to skewing to regulatory T cell (Treg) differentiation. The
affinity model of thymic selection emphasizes the strength
of the interaction between the TCR and self-p-MHC
complexes. Weak interactions are required for the
protection of thymocytes from cell death by neglect and
for promoting positive selection. Strong interactions,
however, cause negative selection through apoptosis
thereby preventing the maturation of self-reactive
thymocytes (Figure 1). This model is supported by studies
using TCR transgenic mice. Negatively selecting peptides
are primarily high-affinity, whereas positively selecting
peptides are primarily low-affinity 8 A surprisingly
broad range of affinities are permissive for Treg
differentiation °.

Positive and negative selection occur in discrete areas:
the cortex (positive selection) and the medulla (negative
selection). Both compartments contain a microenvironment
composed of different types of APCs, coordinating a
spatial and temporal segregation of thymocyte selection.
CD4/ CD8 double negative (DN) and double positive
(DP) thymocytes undergo positive selection when they
encounter peptide on cortical thymic epithelial cells
(cTECs) 7. CTECs display a high rate of constitutive
macroautophagy, which supports self-peptide loading to
MHC I through an endogenous route 10, involving
proteosomal activity, including PSMB11 ', cathepsin L 12
and thymus-specific serine protease (TSSP) 13,

Thymocytes with functional TCRs pass through positive
selection and move to negative selection. A substantial
portion of DP cells die through negative selection. Several
types of APCs are involved in this process. Medullary
TECs (mTECs) are a major player, but immune cells
(dendritic cells and B cells) also play a significant role
1415, mTECs express high levels of co-stimulatory
molecules and peptides derived from non-thymic tissue
antigens (named tissue-restricted antigens (TRAs)). The
expression of TRAs is known to be regulated by at least
two independent factors, Forebrain Embryonic Zinc
Finger-Like 2 (FeZf2) and autoimmune regulator (Aire),
which play complementary roles in TRA expression 6.
MTECs can participate in negative selection directly by
interacting with thymocytes or indirectly by transferring
TRAs to neighboring immune cells, especially cDCs 17.
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Figure 1: T cell selection in the thymus and periphery:
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Successive stages of thymocytes development and selection occur accompanied by encountering p-MHC on cTECs and mTECs, and
immune cells in the thymus. cDCs activate naive T cells in the periphery. Status of ¢cDC, costimulatory factor, and quality of TCR signal
strength will determine the fate of activated T cells. Autoreactive Tregs can suppress an expansion of effector T cells.

The role of different cell types in shaping negative
selection and the TCR repertoire of thymocytes which
emigrate from the thymus as naive T cells or Tregs is not
fully understood.

Selection in the periphery: Thymic selection is «a
sophisticated process but imperfect and the pool of naive
T cells that exit the thymus contain both non-self-reactive
cells that can react with foreign antigens (infections) and
self-reactive T cells. Indeed, it has been estimated that as
many as 20% of immunocompetent T cells are
autoreactive '8, Therefore, removal or inactivation of
autoreactive T cells continues in the periphery and signals
from APCs and cues from the microenvironment are
critical for this process. The strength of the TCR and p-
MHC interaction, signals from co-stimulatory molecules
and signals from soluble factors are all important in fate
decisions of antigen-reactive T cells. It is not clear whether
the composition of the naive T cell repertoire is more
critical for developing autoimmunity, or whether the
repertoire of activated T cells in the periphery is more
important.

The diversity of the naive T cell repertoire does not
necessarily positively correlate with the effectiveness of
the immune response 920, A study analyzing antigen-
specific TCR usage suggests that the efficiency of
recruitment into the immune repertoire is related to TCR
affinity for p-MHC and that a signaling threshold must be
reached to ensure survival of recently activated naive T
cells 2122,

In the periphery, DCs are the major APCs that activate
naive T cells and control T cell fate. Conventional DCs

(cDCs) are potent APCs for both self-antigens and foreign
antigens, participating in both immune tolerance and
immunogenic responses (reviewed in 23). CDCs produce
various pro- or anti-inflammatory cytokines, and these
cytokines shape the immune response. The border
between a tolerogenic and an immunogenic DC response
is elusive, as shown by the cases in which tolerogenic DCs
induce T cell activation rather than tolerance. For
example, during colitis, CD103+ tolerogenic DCs can
drive an inflammatory T cell response 24. The induction of
an inflammatory T cell response is not observed in healthy
mice following a transient treatment with toll like-receptor
(TLR) agonist 25, suggesting that stimulation with transient
TLR agonists alone are not sufficient to breach tolerance
mechanisms and induce activation of autoreactive T cells.

Finding autoantigens and autoreactive T

cells

Finding autoantigens and autoantigen-recognizing T cells
is an important step to understand pathogenic
mechanisms of autoimmunity. There is substantial evidence
that colonization of commensal bacteria in the gut can
trigger autoimmune disease, including EAE 26, RA 27.28,
uveitis 29, and SLE 30, Gut microbes can affect the immune
system locally and systematically by multiple mechanisms,
including secretion of metabolites and effector T cell
differentiation (reviewed in 31.32), Activation of self-
reactive T cells can be triggered by exposure to a cross-
reactive antigen derived from commensal microbiota.
Pathogenic microbial antigen can also activate those T
cells. It has been speculated that coxsackie virus triggers
the activation of T cells cross-reactive with self-antigen in
multiple sclerosis 33. T cells that have low affinity for self-
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antigen are not routinely activated by self-antigen. As
memory T cells may respond to p-MHC with lower affinity
than that needed to activate naive T cells, T cells may be
activated by viral antigen and then reactivated as
memory cells by self-antigen.

Research in SLE has focused on self-antigen recognizing T
cells that are targeted by B cells. Identification of the
nucleosome (histone/ DNA complex) as a primary antigen
in SLE advanced our understanding of autoreactive T cells
and the mechanisms that might drive pathogenic
autoantibody responses in SLE. Early works identifying
autoantigen-reactive helper cells (Th cells) were
conducted by assessment of in vitro activation of
autoreactive B cells. T cells and B cells were isolated from
(NZBXNZW)F1 (NZF1) or (SWRxNZB)F1 (SNF1) lupus
mouse models and co-cultured with peptides which were
prepared from nucleosomes 34. T cells that induced
autoantibody production from B cells were cloned. From
these studies, critical peptide epitopes, which can breach
tolerance, were mapped in H-2B (H2B10-33), H416-39
and H471-94. The epitopes are located at sites where
the histones contact DNA in the nucleosome and are also
targeted by B cells from lupus mice. Several lines of
evidence suggest that the histone reactive Th cells may
play a role in lupus development. Nucleosome-reactive
Th cells arise spontaneously in lupus-prone mice, but not
in normal mice. They appear many months before the
development of a disease phenotype 35. The frequency
of autoreactive Th cells is low in the pre-clinical stage but
increases in diseased mice. Authors found that an
immunization with nucleosome (a complex of DNA and
histone), but not purified DNA or histone, can trigger the
generation of pathogenic Th cells of SNF1 lupus mice in
vivo, accelerating disease progression 35. Th cells exhibit
a type 1 dominant response in immunized lupus mice,
consistent with IgG2 and IgG3 being the isotypes of the
induced autoantibodies 34. Histone peptide reactive T
cells have also been found in SLE patients. Histone
reactive Th clones were generated by immortalizing lupus
CD4+ T cells with EBV and low-dose IL-2. Interestingly,
there are overlapping epitopes in SLE patients and lupus
mice. Moreover, distinct groups of histone peptides induce
Th clones to secrete interferon (IFN)y or IL-4/ IL-10 36,

Similar studies have been performed with different
nuclear antigens in lupus models and in SLE patients. Anti-
Smith (Sm) antibodies are found in the sera of
approximately 25% of individuals with SLE. The presence
of anti-Sm antibodies is a very specific marker of SLE 37.
Nine different polypeptides from the Sm molecule are
antigenic and SmD polypeptides are regarded as the

most antigenic within the Sm molecule to autoantibodies
isolated from sera of MRL/lpr mice 38. Anti-SmD]1
antibodies are present in NZF1 and MRL/lpr mice 3940, T
cells which recognize SmD1 peptide have been identified
in both SLE patients and lupus-prone mice 41-43. Using an
MHC ll-peptide tetramer, U1-70 autoantigen reactive
CD4+ T cells were found in MRL/Ipr lupus mice 44. The
frequency of U1-70 reactive CD4+ T cells positively
correlate with disease progression. Further, these T cells
produce IL-17 and IFNY following ex vivo stimulation with
peptides. Ribosomal P2 antigen reactive T cells were also
characterized in SLE; the frequency of these T cells is
significantly higher in anti-ribosomal P2 antibody-
positive patients than anti-ribosomal P2 antibody-
negative patients or healthy individuals ¢. The ribosomal
P2 antigen reactive T cells are CD4+ T cells and antigen-
specific T cell proliferation is MHC Il dependent. The
presence of these antigen specific T cells in individuals
with B cell reactivity to the same antigens suggests the T
cells are Tfh cells.

The frequency of antigen-specific T cells within the human
naive repertoire has been estimated to range from 1 in
104 to 107 45, The limited number of known peptide
epitopes and low frequency of antigen-specific T cells
therefore permit only limited and potentially biased
insight into the heterogenous T cell population reactive to
auvtoantigens that may be present. The frequency and
specificity of multiple autoantigen reactive CD4+ T cells
were assessed using a T cell library and CD154+
enrichment to visualize autoreactive CD4+ T cells in ex
vivo studies. Only patients with active SLE show an
expansion of T cells with reactivity to multiple
auvtoantigens; these T cells secrete IFNy and IL-17 44, In
the same study, autoreactive T cells were found in urine
samples of patients with active lupus nephritis (LN),
suggesting tissue infiltration of T cells which recognize
self-antigens. The enrichment of antigen-activated T cells
and the availability of epitope-searching algorithms has
led to the discovery of additional autoantigens, vimentin
and annexin 2, and the presence of vimentin/ annexin 2-
recognizing Th cells was confirmed in blood and urine
samples of patients with LN 47,

In summary, there are strong data that support the
premise that autoreactive T cells exist in lupus mice and
SLE patients (summary in (Table 1)). Those T cells are
mostly CD4+ and are functionally competent since they
induce B cells to produce autoantibodies and can
modulate disease activity. They are heterogenous in
terms of cytokine production, and their number positively
correlates with disease activity.

Table 1. Autoantigen and epitopes are recognized by T cells in SLE.

Antigen epitope Murine SLE patients references
Nucleosome H471.94, H416.39, H2B SNF1, BWF1 active SLE 48, 36
10-33, H391-105

Sm/ Sm U1RNP U1-70131-150 MRL/lpr SLE (MCTD) 44

Ro active SLE 46

La active SLE 46

HMG SLE 49

hnRNP2 SLE 50, 6
vimentin Lupus nephritis 47
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Treg repertoire development and auto-

immunity

The generation of Tregs is required for maintaining
immune tolerance and FOXP3- CD4+ T cells. When
patients lack Tregs due to a FOXP3 deficiency, they
develop immune dysregulation polyendocrinopathy,
enteropathy X-linked (IPEX) syndrome 5'. The generation
of Tregs occurs both in thymus and in the periphery, and
both kinds of Tregs are required for the maintenance of
immune homeostasis 5253, The development of Tregs
depends on a TCR interaction of high affinity for the
cognate antigen 54, Observations made from Nur77-
EGFP reporter mice, where the relative level of TCR
signaling could be inferred from the level of EGFP
expression, indicated that Tregs undergo stronger TCR
signaling than non-Tregs during thymic development 55,
Tregs seem to require specificities distinct from those of
non-Tregs for their differentiation 3456, Cognate antigen
dependent development of self-antigen reactive Tregs
was  demonstrated in  myelin  oligodendrocyte
glycoprotein (MOG)-deficient mice. When the MOG-
deficient mice were reconstituted with hematopoietic stem
cells expressing a MOG-reactive TCR, MOG-reactive
Treg development was severely reduced but MOG-
reactive conventional T cell development was not
affected 57. Thus, autoreactive Tregs are positively
selected on endogenous self-antigen.

It is accepted that the reduced number of Tregs and
reduced suppressive function of Tregs can facilitate the
development of autoimmune diseases including SLE,
however whether the repertoire of Tregs affects immune
homeostasis is understudied. The repertoire of Tregs is
diverse and the mechanisms of generation of Tregs with
diverse TCRs is partly driven by FOXP3 expression in
Treg precursors. FOXP3 expression is a key determinant
for Treg differentiation, and the intronic Foxp3 enhancer
conserved noncoding sequence 3 (CNS3) is required for
increasing the TCR diversity of Tregs. CNS3 works as an
epigenetic switch that confers a poised status to the
Foxp3 promoter to make Treg lineage commitment
responsive to a broad range of TCR stimuli. Deletion of
CNS3 in Tregs increases TCR signal strength and
proliferation but decreases diversity of the repertoire,
leading to a development of autoimmunity 58,
Importantly, no difference is seen in the repertoire in non-
Tregs, demonstrating the importance of antigen
specificity of Treg in maintaining immune homeostasis.

TCR-antigen interactions of different strengths can lead
to the development of distinct Treg subsets, including
GITRWPD1hHCD254 (Tripleh Treg) and CITRIPD1'eCD25/
(Triplele Tregs). These Treg subsets differ by their
expression of Helios, ICOS, CD44 and CDé2L %9, and
affinity for self-antigen: Tripleh Tregs express TCR of
higher affinity for self-antigen than Triplele Treg. They
also display different functions in vivo, Tripleh Tregs
control T and B cell activation in secondary lymphoid
organs, while Triplel® Tregs protect mice from
development of colitis 39. A recent study suggested
autoreactive Tregs as therapeutics in SLE 9. In this study,
authors identified HLA-DR15 restricted immunodominant
epitopes from the Sm antigen, generating Sm-specific
Tregs. These engineered Sm specific Tregs suppressed a
proinflammatory cytokine producing effector T cells and

a disease progression in a humanized mouse model of
LN. This study underscores importance of peripheral
tolerance mechanism by self-antigen reactive Tregs.

TCR repertoire in lupus mouse models
Repertoire selection is inevitably related to the immune
fitness of the host. The selection process throughout T cell
development (including both positive and negative
selection in thymus and in peripheral lymphoid organs)
can affect the repertoire of T cells and antigen-specific
responses in the periphery. Lack of cathepsin L or TSSP in
cTECs during positive selection results in aberrant CD4+
T cell selection; cathepsin L-deficient mice have
decreased polyclonality of the CD4+ T cell repertoire 12,
whereas TSSP-deficient mice have normal clonality but
show defective positive selection of certain MHC II-
restricted TCRs and altered antigen-specific CD4+ T cell
responses in the periphery 3. A direct role of TCR
repertoire in autoimmunity has been seen with altered
negative selection. Mutations in AIRE cause autoimmune
polyendocrinopathy-candidasis-ectodermal  dystrophy
(APECED), a severe multi-organ autoimmune disease ¢1.
Aire-deficient mice have an expanded TCR repertoire
and develop the features of APECED phenotype 62
Monoallelic variants in NFKB2 that lead to loss of function
can result in immunodeficiency and many patients with
these variants display at least one autoimmune
manifestation 3. Since NFkB2 is required for AIRE
expression and for the development of mTECs 6465, the
breakdown of tolerance in NFkB2 deficiency results in
part from altered central tolerance. There is also
evidence that perturbed tolerance can be due to altered
TCR signaling. Mutations in the TCR signaling pathway,
such as loss-of function mutations in the linker for
activation of T cells (LAT), lymphocyte-specific protein
tyrosine kinase (LCK) deficiency, or autosomal-recessive
CD3g deficiency can result in autoimmunity ©66-68,
Mutations in all 3 genes lead to severe T lymphopenia
but direct evidence of an altered repertoire with
negative selection of self-antigen reactive T cells has not
been demonstrated except in mice with the LAT mutation.
Mice with a LAT mutation (Y136F), which precludes
docking of PLCg on LAT, develop lupus-like autoimmunity.
LAT mutant mice with a transgenic TCR show an enhanced
TCR-mediated activation and altered thymocyte
selection, resulting in release of HY-reactive T cells, which
would normally be eliminated through negative selection
69. We observed that alterations in peripheral APCs can
distort the T cell activation to promote lupus-like
autoimmunity in mice with a DC-specific deletion of B
lymphocyte induced maturation protein (BLIMP)-1 without
affecting the TCR repertoire of naive T cells 70.

Evidence of defective central tolerance or a disrupted T
cell repertoire in many lupus prone mice models has been
suggested but not fully understood. Early studies focused
on characterizing the repertoire of T cells which react with
known autoantigens and identified groups of V genes of
TCRs that are expanded in autoreactive T cells in SNF1
lupus mice. CD4+ T cells which can induce autoantibody
production from B cells showed an increased frequency
of VB8 or VPB4 71. In the DWEYS-peptide (peptide cross-
reactive with dsDNA) induced lupus mouse model, TCR V
gene usage differed between autoantigen reactive
CD4+ T cells and total CD4+ T cells, with VB8 dominance
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followed by VB2/4/6/10 in total CD4+ T cells, but a
VB6 dominance in DWEYS-specific T cells 72. Usage of
the TCR VB8 increases over time in MRL/Ipr mice 73. The
autoantigen for V38 is not identified, but the usage of V3
elements reflects the stage of the disease which might
suggest a clonal selection of autoantigen specific TCR in
the lupus mice. Moreover, skewed V gene usage and
CDR3 sequences were found in tissue infiltrating CD4+ T
cell in MRL/Ipr mice. Moore and colleagues compared
the clonality in CD4+ T cells in brain choroid plexus in
MRL/Ipr mice compared to MRL/MpJ control mice and to
spleen and salivary gland from MRL/Ipr mice. They found
a significant difference in the TCR repertoire between
MRL/Ipr and MRL/MpJ, but also among MRL/Ipr tissues.
The TCR repertoire in choroid plexus exhibited greater
clonality and sequence homology compared to spleen
and salivary gland 74. Kidney-infiltrating CD4+ T cell
clones from MRL/Ipr mice have high levels of CD5 and
TCR and respond to splenic DCs but not B cells or
macrophages in MHC ll-restricted manner. When those T
cell clones are adoptively transferred, they promoted
lupus development and nephritis suggesting that they are
autoreactive 73,

NZF1 mice develop T cell dependent autoantibody
production spontaneously, but T cells exhibit normal
central tolerance without a gross alteration in repertoire
76, Autoantibody production rather depends on abnormal
activation of T cells in the periphery. Hyperactivation of
T cells in NZF1 mice results in part from defects in Treg
function 77. Our group found that the diversity of follicular
helper T (Tfh) cells is increased in lupus-prone compared
to control mice in a model of spontaneous lupus secondary
to BLIMP1 deletion in ¢cDCs 78, The increased repertoire
of Tfh cells and development of a lupus phenotype is
associated with increased activity of cathepsin S in cDCs.
Thymic selection and the repertoire of SP CD4 thymocytes
are not affected in this model, suggesting intact central
tolerance. The repertoire of naive CD4+ T cells in the
periphery is similar to control mice, but stimulation with
peptide loaded BLIMP1-deficient ¢DCs induces a
stronger TCR stimulation with an increased TCR diversity
within the activated naive T cells 79 These data
underscore the important role of antigen presentation by
cDCs in the selection of activated T cells in the periphery
and the contribution of aberrantly enhanced T cell
activation to autoimmunity. Studies of another B cell
driven lupus mouse model (mixed bone marrow chimera
of 564lgi mice which an autoreactive B cell receptor
(BCR)) showed that Tfh cells from the autoimmune donor
are distinct from non-autoimmune Tfh cells in
transcriptional profile and repertoire 79. Tth cells from
autoimmune mice express many genes involved in
activation and exhaustion. Paired TCR repertoire of Tfh
cells revealed that CDR3 length, V gene usage or clonal
expansion are not different, but repertoire of lupus Tfh
cells is distinguished from that of non-lupus mice.

TCR repertoire in individuals with SLE

Although the TCR repertoire in an individual is highly
diverse 8081 qutoimmune conditions can cause clonal
expansion of certain T cells. The widespread use of high
throughput next-generation sequencing (NGS), especially
RNA-seq, significantly advances our information on
repertoire and T cell activation state. Results obtained

from high throughput NGS, however, are somewhat
inconsistent among patient studies at present. A
longitudinal analysis of blood T cell repertoire of
individuals with SLE (n=11) showed increased clonality in
individuals with SLE compared to healthy individuals, and
the clonality was not altered by disease activity 82. Unlike
earlier studies from animal models, there was no clear
preference in VB or JB gene usage among the top 100
expanded clones from individuals with SLE compared to
healthy individuals. Another study identified clones
associated with disease severity in a large number of
patients and showed more clonal expansion in
autoimmune patients; in contrast another study compared
TCR repertoire from blood T cells of patients with SLE
(n=877), patients with rheumatoid arthritis (RA) (n=206)
and healthy individuals (n=439) and demonstrated a
significant difference in VP gene usage between SLE or
RA and healthy individuals. This study also compared the
repertoire between SLE and RA and found a high
similarity within the disease-associated clones. These
disease-associated clones were expanded with disease
severity 83, Hou and colleagues analyzed the TCRb and
BCR heavy (H)-chain repertoire of blood cells from
patients with individuals with SLE (n=10) compared to
healthy individuals (n=10) 84. They found a significant
reduction in diversity of BCR-H and BCR-H CDR3 length
in SLE patients, but not in TCR repertoire in individuals
with SLE, including diversity and CDR3 length. Instead,
they found skewed V gene usage and CDR3 sequence in
both TCRP with more TRBVé6-5, TRBV11-3, TRBV6-3,
TRBV6-1, TRBV27 and TRV28 and BCR-H with more
IGHV3-49, IGHV2-70 and IGHV2-5 in SLE patients. The
inconsistencies among these studies need to be resolved.
The studies were conducted with total blood T and B cells,
and cell subsets were not considered. More recent studies
have analyzed immune cells in a more comprehensive
way by using scRNA-seq, with a combined analysis of
gene expression and immune repertoire at a single cell
level. Wu and colleagues compared TCR and BCR in 2
different ethnicity groups of patients with SLE and healthy
controls. They confirmed the increased TCR and BCR clone
numbers in patients with SLE compared to healthy
controls, but diversity was significantly decreased for
both TCR and BCR of patients with SLE. The authors also
attempted to find TCR repertoire changes within subsets,
but none were identified, perhaps due to a limited
sample size 85,

Conclusion

Developing a diverse repertoire of T cells is important for
protective immunity, but self-reactive T cells endanger the
host and contribute to autoimmune diseases. It is well
accepted that all the processes involved in T cell selection,
including positive selection and negative selection and
Treg differentiation in the thymus and further selection in
the periphery, are critical for controlling self-reactivity. In
addition to the repertoire of T cells, activation status of T
cells can aoffect the fate of autoantigen-recognizing B
cells in the periphery. Activated T cells or self-reactive T
cells can secrete pro-inflammatory cytokines, leading to
immunoglobulin secretion with pathogenic, class-switched
isotypes. So far, most data about TCR repertoire from
patients with SLE or lupus moue models have been
generated from total CD4+ T cells and repertoire of
effector T cells (especially Tfh cells) or Treg are not well
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described. How the repertoire of T cells is affected by
antigen challenge and whether this process differs
between patients with SLE, and healthy individuals is also
not known.
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