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Opinion statement

Although systemic lupus erythematosus (SLE) is well-characterized as a B cell-driven,
autoantibody mediated disease, recent studies focusing on innate immunity and on the
interacting roles of other cell types, including T cells, have illuminated a wider scope of
pathophysiology. The development of effective targeted therapies for SLE has been limited
by the complex nature of these multiple interacting immune pathways. T cells in SLE
display an activated phenotype with increased responses by effector subsets coupled to
deficient regulatory responses. This singular SLE phenotype has been associated with
specificintracellular signaling changes such as activation of the NFAT pathway and altered
transcription of characteristic immune mediating proteins, including those related to IL6,
IL23, and IL17 pathways. Some promising treatments developed to specifically regulate
these pathways are currently in preclinical or early clinical development and a few have
moved on to later phase trials. We propose that a specific currently identifiable subset of
patients with SLE (those with altered TH17/Treg responses and/or elevated IL6 and/or
BLyS signals) are likely the best candidates for treatment with appropriately targeted T cell
modulating agents. Although this remains to be proven, our opinion is that advances in
SLE treatment will only occur when there is a better understanding of pre-treatment
biology both to optimize patient selection and to provide markers for improving dosing
strategies. It may be that strategic combinations of targeted agents tailored to individual
patterns of immune activation will provide the best approach to treatment in the future.
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Introduction

Systemic lupus erythematosus (SLE) is a systemic auto-
immune disease characterized by a deregulated immune
response to self-antigens with widespread production of
autoantibodies and tissue injury [1]. T cells play a com-
plex role in SLE. Although they engage B cells to pro-
mote B cell maturation and classic autoantibody pro-
duction, these are actually co-stimulatory interactions,
leading to alterations in the phenotypes of both Band T
cells, which contributes to immune activation through
multiple effector mechanisms and decreased regulatory

T cell subsets in SLE

activity. T cells in patients with SLE display a hyperactive
phenotype with a net alteration in transcription of mul-
tiple immune-regulating proteins. These immune path-
ways represent promising targets for T cell directed ther-
apies in SLE, as has been demonstrated in vitro and in
animal models of the disease. This review will summa-
rize some key pathophysiologic abnormalities in SLE T
cells with a focus on their relatedness to investigational
treatments targeting T cells that are undergoing clinical
trials.

T cells are categorized by a range of effector and regulatory phenotypes based
on the expression of transcription factors and cytokines [2]. Alterations in
frequencies and functions of T cell subpopulations, with increased effector
and decreased regulatory responses, are well characterized in SLE [3, 4] In
addition to the classical Th1 and Th2 lineages, attention has been drawn to
increased signals from Th17 cells, both in animal models and humans with

SLE [5].

Serum levels of IL17 and the prevalence of Th17 cells are increased in
patients with SLE and have been correlated to disease activity in some studies
[6]. Double negative (CD4-CD8-) T cells are also expanded in the peripheral
blood of patients with SLE and represent, along with Th17 cells, a major source
of IL17 [7]. Overproduction of IL17 is implicated in lupus pathology by
promoting recruitment and activation of other inflammatory cells that cause
tissue injury [5]. Renal infiltration of IL17 producing cells has been demon-
strated in patients with lupus nephritis and in lupus prone mice [7]. [L17 can
also act in synergy with BLyS in stimulation of B cell survival, differentiation,
and autoantibody production, ultimately leading to amplification of the auto-
immune response [8, 9¢] Effector CD4+ T cells localized in B cell follicles
(follicular helper T cells) are important for B cell survival, via signaling through
CD40L, PD1, and IL21. These cells promote germinal center formation, somatic
hypermutation of B cells, and plasma cell differentiation [10]. Studies in animal
models provide evidence of the role of follicular helper T cells (Tfh) in SLE
pathogenesis, where abrogation of their development or function was found to
be therapeutically beneficial [10].

In addition to upregulated effector T cell responses, SLE patients have
reduced numbers and impaired function of CD4+ regulatory T cells (Treg)
[11]. An imbalance between Th17 cells and Treg, with higher ratio of Th17 to
Treg cells compared to healthy controls has also been reported in SLE [12e]. IL6,
a pleiotropic cytokine secreted by T cells, monocytes, endothelial cells, and
fibroblasts, has been implicated in this imbalance, by means of promoting
Th17 differentiation and suppressing FoXP3 transcription, thus eventually lead-
ing to reduction in Tregs [13e].
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Thus, agents that could enhance the numbers and function of Tregs without
causing widespread immune activation could, at least in theory, be therapeuti-
cally beneficial, but are not yet tested in SLE. In the interim, therapeutic
inhibition of classic cytokines promoting T-cell functions, such I1L-6, 1L-21,
and IFN-y has been explored in SLE, with promising early phase studies [14,
15] Agents targeting other T cell-related cytokines, such as IL-17 and IL-12/IL-
23, have been studied in malignancies, psoriasis, inflammatory bowel disease,
and/or rheumatoid arthritis, but are not in the development for SLE at this time.
In a small open-label study of tocilizumab, a humanized monoclonal antibody
to the IL6 receptor administered to 16 patients with mild to moderately active
SLE, disease activity significantly improved after 12 weeks, with reduction in
inflammatory markers and anti-double-stranded DNA antibody levels [16].
Improvements however occurred to the expense of dose-related neutropenia
and a high rate of infections, likely due to global IL6 blockade by inhibition of
both soluble and membrane-bound receptors [13¢]. Several other IL6 targeting
therapies are in development, including antibodies to IL6 and a soluble gp130-
IgFc fusion protein that exclusively targets the IL6/sIL6-R signaling pathway
[13e]. Sirukumab (CNTO 136) a fully human monoclonal antibody to IL6
successfully completed a phase I safety and pharmacokinetics study in systemic
lupus [17] and is currently on a phase Il RCT in lupus nephritis
[NCT01273389]. Another fully human anti-IL6 antibody, PF-04236921, has
completed a phase II trial in patients with systemic lupus [NCT01405196], the
results of which are likely to become available in the near future. A randomized
controlled blinded dose-escalation study of NNC0114-0006, a monoclonal
antibody to I1.21, is underway in SLE [NCT01689025].

Surface and intracellular signaling in SLE T cells

Following engagement of the T cell receptor (TCR), T cells from patients with
SLE display rapid and enhanced calcium influx and phosphorylation of a wide
range of cytoplasmic proteins [18]. These alterations have been linked to TCR
rewiring, with replacement of CD3¢ by FcRy and subsequent recruitment of Syk
instead of the canonical ZAP-70 kinase [15]. Syk, an ubiquitously expressed
kinase of the Src family, has a central regulatory role in SLE, affecting protein
and gene expression of a number of key pathogenic molecules, including 11.21
and CD44 [19]. CD44 is involved in cell adhesion and migration and is
increased SLE T cells, likely facilitating T cell migration to inflamed tissues
[19]. Another mechanism that may contribute to enhanced TCR-mediated
signaling in SLE is the clustering of lipid rafts, which are areas of the T cell
membrane where signaling molecules tend to accumulate [15].

Intracellular transmission of signals initiated on the T cell surface culminates
in transcription factor activation and modification of gene expression. The
robust calcdium influx in SLE T cells following activation leads to increased
calcineurin and NFAT activation and enhanced transcription of several early
response genes [20]. CAMK4 is activated by the increased calcium response and
in turn activates the transcription factor CREM and the mammalian target of
rapamycin (mTOR), a pivotal serine/threonine-protein kinase of the outer
mitochondrial membrane [15, 21]. CREM inhibits transcription of 1L2, which
is important for Treg activation, whereas mTOR controls T cell activation by
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multiple metabolic pathways (including Ca*> movement and maintenance of
the mitochondrial transmembrane potential) and enhances Th17 differentia-
tion [22]. Another transcription factor, CREB, acts opposite to CREM when
phosphorylated, increasing IL2 transcription [23]. Phosphorylated CREB is
inactivated by PP2A, a phosphatase that is also regulated by CAMK4 and has
increased activity in SLE [23]. These interacting pathways have been reviewed in
detail elsewhere [23] and provide a particularly promising avenue for T cell
directed therapies, the development of which is expected to expand.

Identification of key signaling molecules in SLE T cells, like Syk, CAMK4,
and ROCK, resulted in successful proof-of-principle studies of their inhibitors in
murine lupus, with potential to prove useful in humans with SLE. Preclinical
studies of agents targeting these molecules have been reviewed elsewhere [15],
and here, we will only focus agents targeting the calcineurin/NF-AT signaling
that are currently in clinical trials. The calcineurin inhibitor cyclosporine A was
as effective as cyclophosphamide in a trial of sequential induction and mainte-
nance therapy in patients with proliferative lupus nephritis [24]. Tacrolimus, a
macrolide antibiotic that also inhibits calcineurin, was found to be more
effective and safer than intravenous cyclophosphamide in induction treatment
for Asians with proliferative or membranous lupus nephritis [25], [26]. Long-
term tacrolimus treatment was also well tolerated and effective, especially in
regards to reducing proteinuria, in a series of 29 Asian patients with lupus
nephritis, but larger prospective studies including other racial groups are war-
ranted [27]. A topical formulation of the calcineurin inhibitor pimecrolimus
was comparable to betamethasone 0.1 % cream in a double-blind randomized
controlled trial of facial discoid lupus [28]. Systemic administration of cyclo-
sporine and calcineurin inhibitors can be limited by side effects, most notably
nephrotoxicity and induction of diabetes. Dipyridamole, an inhibitor of plate-
let aggregation used for stroke prevention with an excellent safety profile, was
found to selectively inhibit calcineurin signaling. Dipyridamole decreased
CD40L expression, IFNy, IL17, and IL6 production and immunoglobulin
secretion in SLE T cells in vitro and in a murine model alleviated lupus nephritis
while preventing the appearance of skin ulcers [29].

T cell costimulation in SLE

Activated T cells in patients with SLE abundantly express CD154, the ligand for
CD40 on antigen presenting cells (also known as CD40 ligand or CD40L).
Evidence from animal models and humans supports an essential role of the
CD40-CD40L interactions in generation of pathogenic autoantibodies and
tissue injury in SLE [30]. Activation of the CD40 pathway leads to upregulation
of costimulatory and adhesion molecules, permitting production of proinflam-
matory cytokines (such as IL1, TNFe, and IL6), antibody class switching, and B
cell affinity maturation [31]. Soluble CD40L is increased in patients with SLE,
and has been found to track with disease severity or activity in different studies
[32, 33]

Despite promising preclinical data, a phase II double-blind randomized
controlled trial of IDEC-131, a humanized monoclonal antibody to CD40L
administered in 85 patients with SLE did not show significant benefits in
disease activity [34]. Multiple factors might have confounded these results,
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including the observed high placebo responses, the heterogeneous distribution
of disease activity at study entry, the use of variable doses of the study medica-
tion and the relatively short duration of treatment [34]. A subsequent open-
label study of another monoclonal antibody to CD40L, BG9588 in 28 patients
with proliferative lupus nephritis failed to provide further insights into thera-
peutic efficacy, and was stopped prematurely due to thromboembolic events
[35]. This could be due to the fact that platelets of patients with SLE strongly
express CD40L on their surface and can be cross-linked via binding of the anti-
CD40L Fc to platelet FcyRIla receptor, potentially leading to platelet aggrega-
tion and thromboembolism [36]. Anti-CD40L constructs that do not trigger
FcyRIla signaling, such as single IgG molecules and domain antibodies, could
bypass platelet activation-related toxicities while maintaining their biological
efficacy [31]. CDP7657, a monovalent PEGylated Fab portion of an anti-CD40L
antibody is currently on a phase I study in SLE [NCT01093911].

Variations in T cell expression or function of CTLA4, an endogenous inhibitor
of the CD28/B7 costimulatory pathway, have also been implicated in SLE path-
ogenesis [37]. Although CTLA4 expression is increased in effector CD4+ T cells of
patients with SLE, CTLA4 is excluded from membrane microdomains and unable
to inhibit T cell proliferation or regulate intracellular pathways [38]. Nonetheless,
binding of soluble CTLA4 to B7 can inhibit activating signals between B7 and
CD28, a rationale for the development of abatacept (CTLA4Ig) as a circulating
inhibitor of B7 interactions. Although abatacept showed promising results in
preclinical studies in SLE and in patients with rheumatoid arthritis, two random-
ized controlled trials in patients with SLE with [39] and without [40] renal
manifestations did not meet their primary or secondary end points. In post hoc
analysis of the nonrenal trial, a treatment effect of abatacept in flare prevention
was suggested for the subgroup of patients able to taper their background steroids
to low levels in the last 3 months of the study [40]. Another post hoc analysis
suggested differences between abatacept and placebo for flares defined by physi-
cians (clinically significant disease) or severe flares (as measured by a BILAG A
score), and these differences appeared to be more pronounced among patients
with polyarthritis at study entry. Similarly, an exploratory analysis of the dataset
for the abatacept nephritis study was performed applying response criteria uti-
lized in other lupus nephritis trials, and this analysis suggested potential efficacy
of the medication for this indication [41]. However, an additional trial (The
ACCESS study) was recently reported. Abatacept added to low dose intravenous
cyclophosphamide did not improve complete renal response rates at 6 months
compared to cyclophosphamide alone [42]. This combination treatment has
been supported by data in murine lupus nephritis [43] and is also employed in
the clinical trial of RG2077, a CTLA4-1gG4Fc fusion protein, that is underway in
lupus nephritis [NCT00094380].

Another costimulatory interaction between ICOS on activated T cells and
NK cells, with its ligand (ICOS ligand) is critical for a variety of T cell responses.
ICOS ligand (also known as B7-related protein-1 or B7RP1) is constitutively
expressed on B cells and monocytes, and promotes the development of Th17
and Tth cells [10]. Overexpression of ICOS has been demonstrated in T cells of
patients with SLE, enhancing their proliferation and ability to produce IFNvy,
whereas antibodies to B7RP1 attenuated autoimmunity in murine lupus [44]. A
humanized monoclonal antibody to B7ZRP1 (AMG557) has completed a phase
I randomized placebo controlled trial in SLE [NCT00774943].
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Oxidative stress in SLE T cells

T cells in patients with SLE exhibit mitochondrial hyperpolarization, increased
production of reactive oxygen species and diminished antioxidant defenses
upon exposure to nitric oxide, that have been attributed to profound depletion
of glutathione (GSH) and loss of endogenous antioxidant enzyme activities
[45e]. The resulting increase in reactive oxygen intermediates predisposes cells
to necrosis and is associated with disease activity and target organ damage in
SLE [45e]. Reactive oxygen species are essential modulators of various signal
transduction pathways, including production of regulatory microRNA, control
of mRNA translation and protein folding, as well as the degradation and
recycling of proteins and organelles via autophagy. Such a pivotal signal
transductor activated by oxidative stress is the mTOR kinase of the outer
mitochondrial membrane, a key regulator of T cell proliferation and differen-
tiation [22]. The activity of mTOR is increased in lupus T cells and has been
implicated in the pathogenic lupus T cell cytokine overexpression and Treg
contraction [21, 46]. Furthermore, decreased DNA methylation and altered
histone acetylation induced by oxidative stress in SLE T cells can contribute to
SLE pathogenesis through effects on transcription patterns and ultimately T cell
signaling and lineage development [47]. In accordance with these diverse
functions, oxidative stress mediates T-cell dysfunction in SLE at multiple levels
and could be an important focus of targeted therapies [45¢].

Rapamycin (sirolimus), a macrolide inhibitor of the mTOR kinase, was
shown to alleviate some features of SLE refractory to other immune suppres-
sants in a small open label study of nine patients [48]. Rapamycin prolonged
survival, normalized proteinuria, and reduced anti-dsDNA titers in lupus-prone
mice, while ameliorating histological lesions and Akt/mTOR glomerular ex-
pression [49]. Mechanistic studies have uncovered multiple distinct mecha-
nisms of action of rapamycin in SLE that are mediated by inhibition of
mTORCI1, including the suppression of IL17 expression by CD4+T cells and
the expansion of Tregs [46]. N-acetylcysteine (NAC), a precursor of glutathione
(GSH) and a stimulator of its de novo synthesis, can effectively raise GSH levels
in lymphocytes, thus regulating the mitochondrial transmembrane potential
and the activity of mTOR. In a double blind randomized placebo-controlled
pilot study in 36 patients with SLE, NAC safely improved disease activity and
fatigue within 3 months, while profoundly blocking mTOR and expanding
regulatory T cells [50]. NAC appears to be a safe, inexpensive, mechanism-
driven approach that warrants further investigation in larger studies.

Other T cell modulatory therapies
- 0000000001}

Laquinimod, an orally administered small molecule of the quinoline-3-
carboxamide family that was originally developed for the treatment of multiple
sclerosis, was found to be equivalent to mycophenolate mofetil in preventing
and suppressing murine lupus nephritis [51]. Laquinimod benefits survival,
proteinuria, and glomerulonephritis in mice by effects on both myeloid and
lymphoid immune cells [51]. In a randomized controlled trial in patients with
lupus nephritis [NCT01085097], laquinimod combined with standard of care
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was well tolerated and demonstrated an additive (although not statistically
significant) benefit in renal function over 24 weeks compared to standard of
care [52]. Results of a phase Ila trial of laquinimod in lupus arthritis
[NCT01085084] are anticipated. Another quinoline-3-carboxamide derivative,
paquinimod (ABR-215757), was well tolerated in a phase Ib dose-ranging RCT in
20 patients with SLE and low disease activity [53]. In a small open-label study of
paquinimod added on standard therapy in 13 patients with mildly active SLE
and mucocutaneous and/or musculoskeletal involvement, improvement in
arthritis, oral ulcers, and/or alopecia was seen over 12 weeks [54].

Forigerimod [Lupuzor (IPP- 201101)] is a 21-amino-acid fragment of Ul
snRNP 70 kDa phosphorylated at Ser140, which is thought to inhibit autoph-
agy and produce altered ligation of the T cell receptor, modulating the
autoreactive T cell phenotype [55, 56]. In a randomized, controlled trial of
149 South American patients with SLE active on standard of care treatment,
forigerimod was well tolerated and more effective than placebo [57]. The
response rate using the SLE responder index (SRI) was 53.1 % in forigerimod-
treated patients at 12 weeks versus 36.2 % in the placebo arm (p=0.048).In a
sub-analysis restricted to patients with more active disease at entry (defined by
SLEDAI score >6), the response rate using SRI increased to 61.9 % in the
treatment versus 38.6 % in the placebo group (p=0.016) [57]. The drug is
currently in phase III development. Of note, a formulation of the same peptide
in trehalose instead of mannitol excipient did not meet its end points in a trial
of similar design, reaching only a 34 % SRI response rate at 24 weeks, compared
with 40 % in the placebo arm [58]. This discrepancy has been attributed to
enhancement of autophagy by trehalose, counteracting the immunomodulato-
1y properties of forigerimod [59]; however, this remains to be proven.

Effects of therapies targeting other immune pathways on T cell
activation in SLE

Intertwining signals between T cells and other pathways of immune activation
that are central in SLE pathogenesis, e.g., BlyS and Type I IFN pathways have
been recently described. For example, type I IFN activity has been associated
with Th17 responses and IL-17 production in SLE, e.g., by inducing production
of cytokines such as IL-6 that promote Th17 cell differentiation [9e]. IFN«
stimulates Th1 responses, prevents apoptosis of cytotoxic T cells and suppress
Tregs, thereby augmenting T cell effector functions. Therapies targeting the IFN«
production and functions are expected to indirectly influence T cell responses
and have been a significant focus of clinical research in SLE, with several
potential treatments completing phase II clinical trials [60].

Induction of Th1 responses and IFN+y production that occur in a subset of
lupus patients may culminate in a more chronic, later stage organ inflamma-
tion, and fibrosing complications [61]. IFNv, a pleotropic type II IFN that
activates macrophages, NK cells, and cytotoxic T cells and can modulate the
Th and Treg cellular functions, has been implicated in lupus pathogenesis in
animal models and humans. Expression of IFN+y inducible genes was increased
in monocytes from patients with SLE [61]. AMG 811, a fully human monoclo-
nal antibody to IFN+y has evolved to a phase Ib, randomized, dose-escalation
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study in SLE patients with or without glomerulonephritis [NCT00818948]. A
phase I study in patients with discoid lupus is also ongoing [NCT01164917].

BLyS, a ligand of the tumor necrosis family predominantly produced by
myeloid cells, is a B cell targeted cytokine considered crucial for autoreactive B
cell survival in SLE. Some data suggests that BLyS receptors are also expressed on
T cells, suggesting that BLyS may also serve as a T cell costimulator [62]. In
murine collagen-induced arthritis, BlyS supports Th17 cell proliferation, in turn
amplifying IL-17 levels and, in full circle, its effects on B cells [63]. Several
therapies targeting membrane and soluble BLyS its receptors are in advanced
phases of development in SLE, and these are reviewed elsewhere [62].

Conclusion

The multifactorial pathophysiology of complex diseases such as SLE has posed a
formidable barrier to treatment development. Elucidation of patterns in this
immune disorder could help to improve the selection and dosing of targeted
treatments. T cells in SLE display a characteristic phenotype with increased
activation of effector cells and decreased activation of regulatory cells. Treat-
ments that are currently in development have the potential to address this
imbalance. Further study of a newly characterized subset of SLE patients who
share disordered Th17/Treg responses and activation of the IL6 and BLyS
pathways might help to determine the optimal use of these new agents.
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