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The pathogenesis systemic lupus erythematosus (SLE) is attributed to genetic and
environmental factors that cumulatively elicit the dysfunction of T and B lymphocytes and
dendritic cells, resulting in the formation of antinuclear antibodies (ANA) and immune
complexes of ANA with nuclear DNA, RNA, and proteins [1]. The production of ANA is
thought to be driven by the release of necrotic materials from lupus T cells, exhibiting
mitochondrial dysfunction characterized by a persistent elevation of the mitochondrial
transmembrane potential (Ay,) or mitochondrial hyperpolarization (MHP) [2] and ATP
depletion which predispose to death by necrosis. The increased release of necrotic materials
from T cells may drive disease pathogenesis by activating macrophages and dendritic cells
to produce nitric oxide (NO) and interferon a (IFN ) in SLE. Within T cells, MHP leads to
the activation of the mammalian target of rapamycin (mTOR) that plays key roles in
metabolic pathways that control activation and lineage specification [3].

Dysregulated signaling through the T-cell receptor (TCR) is a critical determinant of
abnormal T-cell activation in patients with SLE [4,5]. The binding of antigen to the af8 or
vS8TCR is associated with the formation of multimeric receptor modules centered around the
signal-transducing TCR C chain (Fig. 1). The cytoplasmic domain of TCRZ harbors an
immunoglobulin receptor family tyrosine-based activation motif (ITAM) which is crucial
for the recruitment of intracellular tyrosine kinases [6]. Binding of Lck to the TCR-CD3
complex through CD4 or CD8 initiates the phosphorylation of ITAM. This in turn triggers
the SH-2-mediated binding of zeta-associated protein-70 (ZAP-70) or the related spleen
tyrosine kinase (Syk). ZAP-70 is activated via phosphorylation by Lck. Phosphorylated
ZAP-70 and Syk recruit the adaptor proteins, linker for activation of T cells (LAT) and SH2
domain containing leukocyte protein of 76kD (SLP-76); the latter is also known as
lymphocyte cytosolic protein 2 (LCP2) [7]. Phosphorylated LAT binds directly to
phospholipase C-y1 (PLC 1) and thus controls hydrolysis of phosphatydilinositol-4,5-
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biphosphate (PIP2) to inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG).
Phosphorylation of inositol lipid second messengers is mediated by phosphatidylinositol
3’hydroxyl kinase (P13K). The stimulatory effect of the TCR alone on PI3K activity is small.
Concurrent triggering of the CD28 co-stimulatory molecule by its ligands CD80 or CD86 is
required for optimal PI3K activation. IP3 binds to its receptors in the endoplasmic reticulum
(ER), opening Ca2* channels that release Ca?* from the ER and connected mitochondria to
the cytosol. Decreased Ca2* concentration in the ER activates the Ca2* release-activated
Ca?* channel (CRAC) in the plasma membrane. Such TCR-induced rapid CaZ* flux through
CRAC isincreased in lupus T cells [8]. The replacement of TCRZ with FceRly at the level
of the T-cell synapse has been identified as the most apical event in enhanced signaling
through the TCR in SLE patients [9]. Changes in TCR( protein levels have been attributed
to altered transcription [10] and translation [11] and increased lysosomal degradation [12].
Alternatively, increased mitochondrial Ca2* stores may also contribute to enhanced
signaling through the CRAC channel [13].

Abdoel and colleagues have now discovered that LAT is displaced from lipid rafts and
decreass in lupus T cells after TCR activation [14]. The reasons for the accelerated decrease
of LAT following activation in lupus T cells are not clear but proposed to be related to
increased ubiquitinylation and degradation in the proteasome [14]. These findings are
plausible although somewnhat discordant with previous observations reporting similar levels
of LAT in lipid rafts of lupus and control T cells [15] but either decreased association of
LAT with ZAP-70 [16] or increased association of LAT with Lck in lupus T cells [17]. As
Lck and ZAP70 levels are reduced and Syk levels are increased in lupus T cells, the latter
being critical in conferring enhanced Ca?* flux [18], changes in LAT or partitioning of LAT
to lipid rafts could be crucial to abnormal signal transduction in SLE.

The rapid depletion of LAT, as soon as 1 min after CD3 stimulation, and a lack of changes
in its state of phosphorylation, strongly argue that this change result from differences in
partitioning and degradation rather than diminished production through transcription and
translation. Interestingly, LAT is ubiquitinylated and targeted to endosomes also harboring
transferrin receptor (TFR) and the TCR or CD3( chain [19]. The trafficking of such
endosomes is regulated by small GTPases, in particular, HRES-1/Rab4 that targets the TFR,
CD4, as well as the TCR{ chain for lysosomal degradation in Jurkat cells [20] and in
peripheral blood CD4 T cells [12]. As overexpression of HRES-1/Rab4 in Jurkat cells and
lupus T cells inhibits the recycling of endosomes carrying TFR, CD4, and TCR( and targets
them for lysosomal degradation, conceivably, this mechanism may also account for
depletion of LAT in the lipid raft of lupus T cells (Fig. 1). Curiously, rapamycin inhibits T-
cell activation-induced LAT expression in healthy donors [21]. As rapamycin blocks the
expression of HRES-1/Rab4, it also reverses the depletion of CD4, TCR( and Lck along
with the compensatory up-regulation of FceRly and Syk in lupus T cells [12]. It would be
telling to formally determine the impact of mTOR blockade on LAT and whether or not
reconstitution of LAT could limit T-cell activation-induced Ca2* flux in SLE.

Alternatively, the depletion of LAT in lipid rafts may not conform with the direction of
changes in CD4 and TCRC and rather reflect the consequences of mitochondrial dysfunction,
oxidative stress, and glutathione (GSH) depletion in lupus T cells [22,23]. Creating

Clin Immunol. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Perl

Page 3

oxidative stress by lowering intracellular GSH levels, resulted in the membrane
displacement of LAT in human peripheral blood T cells [24]. Targeted mutation of redox-
sensitive cysteine residues within LAT prevented the displacement of LAT under conditions
of chronic oxidative stress. It would be important to determine if such mutations also
prevent localization of LAT to endosomes.

In summary, the recently discovered depletion of LAT potentially represents a new
biomarker for rewiring of the T-cell synapse, mitochondrial dysfunction, oxidative stress,
and enhanced endocytic recycling in lupus T cells. Although these novel findings require
confirmation, they already represent an inviting new target for therapeutic intervention in
SLE.
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Figure 1.
Schematic diagram of the metabolic pathways regulating oxidative stress and endosome

traffic controlling the recycling of receptor and adaptor proteins between the cell surface and
lysosomes. The pentose phosphate pathway (PPP), reduced glutathione (GSH), and nitric
oxide (NO) regulate mitochondrial electron transport, the transmembrane potential (Ayp,)
and the production of reactive oxygen intermediates. The mammalian target of rapamcyin
(mTOR) senses Ay, and regulates endosome traffic, protein homeostasis through balancing
translation and lysosomal degradation via autophagy. Necrosis-prone T cells release
oxidized DNA and HMGB1 which stimulate macrophages, and dendritic cells to produce
NO and interferon alpha (IFN-a). Oxidation of cysteine residues and endocytic recycling are
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proposed to mediate the depletion of the linker for activation of T cells (LAT) in lipid rafts
of T lymphocytes in patients with SLE.
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