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Abstract

Purpose of Review—Systemic lupus erythematosus is a complex disease with broad spectrum
of clinical manifestations. In addition to abnormal B cell responsive leading to autoantibody
production, various T cells also play different roles in promoting systemic autoimmunity and

end organ damage. We aim to provide a review on recent developments in how abnormalities in
different T cells subsets contribute to systemic lupus erythematosus pathogenesis and how they
inform the consideration of new promising therapeutics.

Recent Findings—Distinct subsets of T cells known as T follicular helper cells enable the
production of pathogenic autoantibodies. Detailed understanding of the B cell helping T cell
subsets should improve the performance of clinical trials targeting the cognate T:B cell interaction.
CD8™ T cells play a role in peripheral tolerance and reversal of its exhausted phenotype

could potentially alleviate both systemic autoimmunity and the risk of infection. Research on

the abnormal lupus T cell signaling also leads to putative therapeutic targets able to restore
interleukin-2 production and suppress the production of the pathogenic IL-17 cytokine. Recently,
several studies have focused on dissecting T cell populations located in the damaged organs,
aiming to target the pathogenic processes specific to each organ.

Summary—Numerous T cell subsets play distinct roles in SLE pathogenesis and recent research
in understanding abnormal signaling pathways, cellular metabolism, and environmental cues pave
the way for the development of novel therapeutics.

Keywords
Lupus; SLE; T cells

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by the
production of multiple autoantibodies and diverse clinical presentations [1]. Chronic
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inflammation affects multiple organs, causing life threatening complications [2]. Genetic,
epigenetic, hormonal and environmental factors alter the function of practically every cell

of the adaptive and innate immune response to advance the autoimmune response and cause
inflammation and eventually damage in multiple organs (reviewed in [3]). In addition to
numerous B cells abnormalities contributing to lupus pathogenesis, T cells contribute in
important ways by propagating the autoimmune response, by providing help to B cells [4],
and by amplifying systemic inflammation through the production of inflammatory cytokines
[5]. In this article, we discuss T cell abnormalities expressed by different cell subsets in

the context of SLE pathogenesis, and review aberrantly activated pathways and altered
metabolism in lupus T cells leading to disease pathology.

T Follicular Helper Cell

SLE is the prototype of systemic autoimmune disease, characterized by the production

of autoantibodies targeting various components within the nucleus, including chromatin-
associated antigens, spliceosomes, and other ribonucleoproteins. Double-strand DNA
(dsDNA\) antibodies, which represent the hallmark of the disease, acquire high-affinity
toward dsDNA binding through somatic hypermutation [6, 7], indicating the need of T

cell help in generating autoreactive B cell clones. The MHC class Il restricted nature
suggests the cognate and contact-dependent nature of the T-B collaboration [8] (Fig. 1).

This T cell help is mainly provided by a specialized group of B cell lymphoma 6 (BCL6)-
expressing T cells residing in the follicles and are known as T follicular helper (Tfh) cells,
which promote B cell differentiation through IL-21 production [9], and humerous contact-
dependent molecules, including signaling lymphocyte activation molecule-associated protein
(SAP) [10], CD40L-CD40 [11], and inducible T cell costimulator (ICOS)- ICOSL signaling
[12]. The critical role of cognate T-B interaction in driving systemic autoimmunity has been
demonstrated in murine lupus models by targeting each of these molecules and proved

them being critical for T cell help. Roquin, a member of RING-type ubiquitin ligase

family, represses the expression of OX40 and ICOS, and its mutation drives autoantibodies
production mimicking lupus phenotype by overexpressing these costimulatory molecules on
Tfh cells [13]. In Roquinsa"san Jupus mouse model, SAP deficiency significantly reduces
the number of germinal center Tfh cells, and abrogates the development of autoantibodies
and tissue damage [14]. The importance of contact-dependent costimulatory pathways in
promoting autoantibody production in murine lupus models has also been demonstrated

by using blocking antibodies against ICOSL [15] and CD40L [16]. In addition to contact-
dependent costimulation, the generation of autoreactive B cell clones depends on IL-21R
signaling as demonstrated in experiments which involved its genetic modification [17] or the
use of blocking antibodies [18]. Taken together, cognate T-B collaboration plays a pivotal
role in driving self-reactive B cell clones and their further differentiation into pathogenic
autoantibody-producing plasmablasts. These studies provide the foundation for clinical trials
targeting cognate T-B interaction in SLE patients.

Extrafollicular and Peripheral T Helper Cell

In addition to the canonical follicular CD4* T cells, there is evidence of pathogenic B
cell maturation outside of germinal center. In the lupus-prone MRL.Fas'P" mice, the site
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of proliferation and somatic hypermutation for autoreactive B cells occurs outside of
germinal centers [19], and the extrafollicular CD4* T cell help is also ICOS-dependent,
indicating a similar T-B cognate interaction despite the non-classical location [20] (Fig. 1).
Similar to germinal center Tth cells, these extrafollicular CD4+ T cells express Bcl-6 and
the extrafollicular antibody response depends also on IL-21 [21]. Beyond the secondary
lymphoid organs, circulating Tfh-like cells—a population of peripheral blood T helper cells
[22]—are increased proportionally to lupus disease activity in people with SLE [23]. These
circulating CXCR5* CD4* T cells possess the same properties to promote differentiation
of autoantibody-producing plasmablasts in a manner similar to that of germinal center Tfh
cells, suggesting a role in the pathogenesis of disease [24]. Similar Bcl6* IL-21* Tfh-like
cells have been documented in lupus nephritic kidneys where they are in close contact with
B cells [25] (Fig. 1). These data suggest the presence of various Tfh-like populations, which
not only phenotypically resemble follicular helper cells but they drive autoreactive B cell
clones outside of germinal centers.

Analysis of damaged joint tissue in rheumatoid arthritis patients revealed another population
of possible B cell-helper peripheral T helper cells (Tph) [26<] (Fig. 1). Despite being
CXCR5™ BLIMP1*, these CD4™" T cells express critical factors to enable B cell help,
including 1COS expression and I1L-21 production. This population is also found in the
peripheral blood and kidney tissues of patients with lupus nephritis and their numbers
correlate with the frequency of CD11c* T-bet* B cells as well as disease activity [27].
Single-cell RNA-sequencing analysis of human lupus nephritis samples also confirmed the
presence of these Tfh-like and Tph populations [28+]. The analysis of the immune landscape
of the same cohort also revealed signatures of autoantibody-producing T-bet* antibody
forming B cells among the locally activated B cells [28¢]. In addition to the evidence
suggesting a potential T:B collaboration, local anti-dsDNA producing plasma cells were
found in both NZB/W lupus-prone mice and patients with lupus nephritis [29]. All these
data suggest the possibility of autoantibody-producing B cell selection occurring in the
peripheral blood and also in situ in the nephritic kidney, and also raise the question about
the extent to which local autoantibody-producing cells contribute to the development and
perpetuation the tissue injury.

Cytotoxic CD8* T Cell—Friends or Foes

CD8™ T cells are cytotoxic immune cells that kill infected or damaged cells by releasing
cytotoxins, such as granzymes and perforins. Peripheral blood CD8" T cells from SLE
patients generally have decreased production of granzyme B and perforin [30], and display
impaired cytolytic function [31]. These functional defects in cytotoxicity likely contribute
to the pathogenesis of autoimmunity. Accelerated autoimmunity in perforin-deficient lupus-
prone mice suggests that cytotoxic function of CD8* cells serves as a peripheral tolerance
checkpoint charged to remove autoreactive B cells [32]. In a murine model of graft-vs-
host disease presenting with lupus-like disease, co-transfer of donor cytotoxic CD8* T
cells eliminated host B cells and the subsequent development of lupus, confirming the

role of cytotoxic T cells in inducing peripheral tolerance [33]. A reduction in cytolytic
capacity also correlates with poor control of Epstein-Barr virus infection [34, 35] and
predisposition to infection [36]. The risk of infections in SLE patients correlates with
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the reduction of signaling lymphocytic activation molecule family member 4 (SLAMF4)
positive cytotoxic CD8* T cells [37], and the expansion of peripheral blood CD38* CD8*
T cell population, which presents features of exhaustion including decreased granzyme and
perforin production [38¢]. CD38, a cyclic ADP ribose hydrolase expressed on cell membrane
and an exhaustion marker, degrades NAD™; limits chromatin accessibility of RUNX3,
EOMES, and TBX21 loci through the action of the histone methyl-transferase EZH2; and
suppresses the expression of cytotoxic genes [38¢]. These epigenetic modifications explain
the functional defect of the CD38* CD8* T cells and explain the higher risk of infection

in lupus patients. Administration of the CD38 antibody daratumumab to two patients with
SLE not only reduced autoantibody titers i by eliminating long-lived plasma cells, but also
restored cytotoxicity of peripheral CD8* T cells [39], suggesting its multifaceted role in
targeting lupus pathogenesis.

In contrast to reduced cytolytic function in systemic circulating CD8" T cells, CD8* T

cells extracted from inflammatory sites mostly indicated heightened effector functions,
contributing to tissue damage (Fig. 2). However, the work by Tilstra et al. demonstrated
exhausted phenotypes in kidney-infiltrating T cells, with their cytokine producing capability
almost completely abolished [40]. In contrast with those findings, single-cell RNA-
sequencing of biopsies from human lupus nephritis patients revealed clusters of NK and
CD8™ T cells expressing GZMB and GZMK transcripts [28¢]. These seemingly inconsistent
data suggest heterogeneity in the nature of the tissue-infiltrating T cells, and possible
discrepancies between human and murine lupus. Another intriguing paradox is the sharp
contrast in cytotoxic effector functions between systemic exhausted and locally activated
CD8* T cells, and these differences are likely attributed to changes in the inflamed and
damaged tissue microenvironment. These discrepancies in local and systemic CD8* T

cells function also pose great challenges in prescribing immunosuppressive drugs, which
prevents disease flares and organ damage at the expense of imposing higher risk of
infections [41]. Resolution of this therapeutic dilemma requires more detailed analysis of
the pathophysiology of the disease and the design of targeted treatments specific to the local
tissue-infiltrating T cells.

Local tissue hypoxia and transcriptional activation of hypoxia-inducible factor-1 (HIF-1)
are suggested as drivers of heightened effector function in tissue-infiltrating T cells [42¢].
The pathogenic process in the lupus kidney is therefore seen as a chain reaction of tissue
hypoxia, increased cytotoxic effector function of infiltrating T cells, and persistence of
organ damage. Therapeutic HIF-1 blockade helps breakup this vicious cycle and shows
promising effect in murine lupus nephritis. However, implementation of such treatment
should also consider its effect on other local tissue-resident cell types. HIF stabilization in
non-immune cells effectively reduces the degree of tissue injury, and this effect is most
prominent in endothelial cells through the action of HIF-2a. [43]. These HIF-dependent
protective effects can be viewed as adaptive cellular changes to avoid hypoxic injury to the
tissue. Considering HIF-2 mediated protective mechanisms of renal non-immune cells and
also HIF-2-dependent erythropoietin production, a selective HIF-1a blockade may be used
to ameliorate tissue damage incurred by infiltrating immune cells and minimize the adverse
pharmacologic effects [42¢]. Other approaches are also implemented to block expansion of
these tissue-resident T cells.
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In lupus nephritis biopsy samples, TCRp sequencing shows persistence of oligoclonal
effector CD8* T cells in damaged tissues and the numbers of CD8* T cells in diseased
tissue correlate positively with lupus disease activity [44], suggesting features of tissue-
resident memory T cells and the expansion of these culprit T cells locally. In lupus-porne
mice, blocking JAK/STAT signaling by tofacitinib effectively blocks the expansion of tissue-
resident memory CD8" T cells and promotes their apoptosis [45]. These data provide
promising approaches to develop novel therapeutics to target specifically the local tissue-
resident memory CD8* T cells involved in the promotion of tissue damage and could,
potentially, minimize systemic adverse effect.

Pathogenic IL-17 Producing Cells

Two types of IL-17 family cytokines, IL-17A and IL-17F, promote local tissue inflammation
by inducing chemokine production, such as monocyte chemoattractant protein-1 (MCP-1),
to recruit monocytes and neutrophils to the site of inflammation [46]. Propagation of

these proinflammatory Th17 cells in lupus patients is likely the result of multiple factors,
including abnormal T cell signaling and environmental exposure of bacteria. In T cells
from SLE patients and lupus-prone mice, T cells display increased IL-17 production as a
result of activation of calcium/calmodulin-dependent protein kinase IV (CaMK4) [47] (Fig.
2). Inhibition of CaMK4 not only blocks Th17 cell expansion [48], but also restores IL-2
production and expands functional regulatory T cells in murine lupus [49]. Lupus CD4*

T cells also express higher TLR2, which upon activation increases histone acetylation and
reduces methylation of the IL17A and IL17F promoter region [50]. Enhanced catalytic
subunit of protein phosphatase 2A (PP2Ac) in SLE T cells also contributes to DNA
hypomethylation, particularly of the 1117 locus, facilitating thus Th17 differentiation [51,
52]. Gut microbiota dysbiosis also account for the Th17/Treg imbalance seen in lupus
patients and mice [53¢], and the abnormal CD4* T cells differentiation and activation likely
stems from the molecular mimicry between bacterial epitopes and autoantigens.

IL-17 producing T cells are also expanded in the kidney and skin lesions of lupus

patients, and have been proposed to play pathogenic roles [54]. Variants in CCR6—the
protein product of which is the signature chemokine receptor expressed by Th17 cells—are
associated with susceptibility to lupus nephritis [55], suggesting a pathogenic role of IL-17
producing cells in disease. In addition to the chemokine gradient, metalloprotease-cleaved
CD95 ligand induces S1P receptor 3 in Th17 cells with transmigration into the inflamed
kidney and the promotion of organ damage [56]. These tissue-resident Th17 cells likely
accumulate in susceptible patients after exposure to numerous systemic pathogens. Study
of kidney tissue samples from patients with antineutrophil cytoplasmic antibodies (ANCA)-
associated glomerulonephritis revealed dominance of resident Th17 cells, and these are
likely the result of exposure to pathogens derived from pathogens such as S. aureus[57].

In addition to the canonical Th17 cells, double-negative T cells (CD4~ CD87) represent
another major source of IL-17 producing cells [58] (Fig. 2). These double-negative T cells
present with mitochondrial hyperpolarization, increased mitochondrial mass, and mTOR
activation prior disease flare [59]. They derive from CD8* T cells through silencing

of CD8A and CD8B by the cAMP-responsive element modulator a (CREMa.) [60],
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and are reactive to self-antigens [61]. However, targeting IL-17 in lupus mice showed
conflicting results. 1L-17 deficiency (//177/7) prevents disease induction with reduction in
the frequency of double-negative T cells in pristane-induced lupus mice [62]. By contrast,
IL-17A-deficient lupus-prone MRL/Ipr mice were not protected from renal damage, nor

did IL-17A neutralization prevent nephritis in NZB/W F1 lupus-prone mice [63]. Taken
together, these data suggest heterogeneity in lupus pathogenesis, and targeting only one
inflammatory cytokine may be insufficient to completely reverse the disease. Certain
patients may still benefit from IL-17 blockade, yet this may require detail characterization of
the pathogenetic profile of each patient.

T Helper Type 1 Cells

Early studies of peripheral blood mononuclear cells from patients with proliferative lupus
nephritis demonstrated the predominance of Th1 cells [64]. Two autoreactive T cell clones
identified in murine lupus models were IFN-y producing Thl cells [65]. Meanwhile, I1L-12
and IFN-vy signaling are necessary for the initiation and progression of kidney disease in
murine lupus [66, 67]. Enrichment of CXCR3* CD4* T cells is also found in patients with
lupus nephritis, and the number of Th1 cells in the urine correlates with disease activity [68].
Ifng™'~ mice are resistant to pristane-induced lupus [69], and administration of anti-IFN-y
blocks the development of lupus nephritis in NZB/W F1 lupus-prone mice [63]. These

data, along with the reduced renal damage in Cxcr3knockout lupus mice [70], suggest

that Th1 cells may be involved in promoting tissue injury. In addition to its role on organ
damage, IFN-y signaling also leads to Bcl-6 overexpression in Tfh cells, excessive germinal
center response and autoantibody production, suggesting the potential benefits of blocking
IFN-7y in SLE patients [71]. However, administering anti-interferon-y monoclonal antibody
to lupus patients failed to reduce disease activity, organ damage, or autoantibody titer [72],
which casts doubts on the role of Th1 cells in lupus pathogenesis.

Regulatory T Cells

Regulatory T cells (Treg) are CD4* T cells expressing Forkhead box P3 (FoxP3) with high
levels of IL-2Ra (CD25) and are known to suppress the activation and proliferation of CD4*
and CD8* T cells. Treg cells not only keep autoreactive T cell clones in check [73], but

also inhibit the accumulation of autoreactive B cells [74]. Due to their role in maintaining
peripheral immune tolerance [75], their functional or numeric defects are thought to
contribute to SLE pathogenesis (Fig. 2). However, mixed results from SLE patients have yet
to produce a clear consensus. In NZB x NZW F1 lupus mice, adoptive transfer of Treg cells
leads to disease suppression and remission [76, 77]. In this lupus-prone strain, the imbalance
of effector T cells and the reduced proliferation of Treg cells is due to 1L-2 deprivation,
which can be reversed by injecting recombinant IL-2 [78]. In another murine lupus MRL/lpr,
Treg cells have reduced suppressive capacity against T cell proliferation [79, 80], which can
also contribute to autoimmunity. These data in murine lupus suggest that either numeric or
functional defects in Treg cells can cause of systemic autoimmunity. However, results from
studies in SLE patients are mixed probably due to the heterogeneity of the studied cohorts
and the use of different markers in defining Treg. While some studies revealed functional
and quantitative deficiency of regulatory T cells in SLE patients [81, 82], others suggest the
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resistance of SLE effectors T cells against suppression rather than deficiencies in Treg cell
function [83, 84]. In addition, educed IL-2 production in lupus patients is directly related
to lower CD25 expression [85], making the definition of Treg by CD25 expression more
problematic. Taking into account the IL-2 deficiency in lupus patients and its consequence
of Th17/Treg balance, low-dose IL-2 treatment has shown promising results in inducing
Treg, reducing Th17, as well as reducing disease activity [86].

Aberrant activation of the mechanistic target of rapamycin complex 1 (MTORC1) results

in deficiency of Treg suppressive function and subsequent development of autoimmune
disease [87]. Increased mTORC1 signaling and functional defects in Treg cells is directly
related to the altered glucose metabolism, in which mTOC1-dependent Glutl expression
reduces both Foxp3 expression and the suppressive capacity of Treg cells [88]. Elevated
glucose metabolism is also found in activated CD4* T cells in both lupus-prone mice and
SLE patients, and inhibition of both glycolysis and mitochondrial metabolism restores IL-2
production and ameliorates disease activity in lupus-prone mice [89]. In addition to these
pharmacologic treatments, autologous Treg cell transfer has been tested in patients, and has
shown promising results in accumulating Treg cells at the sites of inflammation [90]. In
summary, despite the conflicting results in SLE patients, certain patients may still benefit
from treatments that target Treg cells. More studies are needed to characterize patients who
can benefit most from autologous Treg cell transfer and low-dose IL-2 administration.

Conclusions

T cells are involved in multiple aspects of SLE pathogenesis. Germinal center Tth cells
provide B cell help necessary for the development of autoreactive clones, which further
leads to autoantibody production. T-B collaboration occurs also outside of germinal center
through the action of extrafollicular Tth cells, circulatory and tissue Tfh-like cells, and
peripheral helper T cells. Exhausted phenotype of systemic CD8* T cells likely also results
in loss of peripheral tolerance and contributes to autoreactive B cells. Abnormal lupus T
cells signaling pathways cause reduction in IL-2 production which drives the imbalanced
Th17/Treg differentiation, and contributes to the acceleration of organ damage. Changes in
the damaged organ microenvironment, such as hypoxia, also contribute to the altered T cells
phenotypes and lead to further aggravation in organ damage. Studies in recent years have
made significant breakthroughs in uncovering pathogenic T cell signaling pathways and
provide the foundation for the development of novel therapies.
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Fig. 1.
T cell subsets involved in promoting autoantibody-producing plasma cells through aberrant

T-B interaction. T follicular helper (Tfh) promotes germinal center B cells (GCB) affinity
maturation and class switch in a contact-dependent manner. Other non-canonical T cells
subsets include extrafollicular T cells, circulatory Tth cell, peripheral helper (Tph) cells, and
Tth-like cells residing in damaged organ
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Fig. 2.
Dysregulated T cell subset distribution and function involved in driving lupus pathogenesis.

Abnormality of CD4+ function and signaling, including increased calcium/calmodulin-
dependent protein kinase IV (CaMKa4), serine/threonine protein phosphatase 2A (PP2A),
and glucose metabolism, cause reduction in IL-2 production and the imbalance of Th17/
regulatory T cells (Treg). Reduction of Treg numbers and function may partly play a role
in lupus pathogenesis through inadequate suppression of systemic and tissue inflammation.
Meanwhile, increased IL-17 production by Th17 and CD4~ CD8™ double-negative T cells
contributes to tissue inflammation. Increased numbers of Th17 and CD8* T cells indicate
their pathogenic roles, and increased effector function of tissue-infiltrating T cells may be
caused of local factors, such as hypoxia
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