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Abstract

The autoimmune disease systemic lupus erythematosus is characterized by loss of tolerance to
nuclear antigens. Breakdown of tolerance is associated with alterations in T-cell and B-cell
receptor signal transduction, including increased protein phosphorylation that may underlie
pathogenesis and explain the characteristic hyperactivity of T and B cells and other immune cells
in active disease. Tyrosine kinases play a central role in signaling processes in cells known to be
important in the pathogenesis of autoimmune diseases. Considerable progress has been made in
understanding the function of tyrosine kinases in immune cell signaling pathways. In this review,
we will summarize the function of tyrosine kinases and their novel inhibitors from studies made in
animal lupus models and systemic lupus erythematosus patients.
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Systemic lupus erythematosus (SLE) is a chronic autoimmune disease, characterized by the
occurrence of many different autoantibodies, the formation of immune complexes and
inflammation in multiple organs. SLE patients have both increased circulating apoptotic
mononuclear cells and a defective clearance of apoptotic bodies. Among the cells in the
immune system, the B cells in SLE patients have multiple abnormalities that may account
for the ongoing autoantibody production. In parallel, abnormal T-cell activation and
production of cytokines are well known, and these may also be critical for the initiation and
maintenance of the autoimmune reaction.

Members of the tyrosine kinase family have roles in the control of cell survival, activation
and differentiation. Based on their structure, tyrosine kinase families are classified either as
receptor or as non-receptor kinases. Receptor tyrosine kinases share the features of typical
transmembrane glycoproteins. All non-receptor tyrosine kinases share Src-homology-2
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(SH-2) and -3 regions in the N-terminal part of the protein. Studies from animal models and
SLE patients have revealed abnormalities of tyrosine kinases in T cells, B cells, plasma cells
and other immune cells of the innate and adaptive immune systems. This review will discuss
the etiologic and pathogenic role of tyrosine kinases in SLE and their therapeutic potential.

Spleen tyrosine kinase

Spleen tyrosine kinase (Syk) is a cytoplasmic tyrosine kinase of 72 kDa. It contains two
SH-2 domains and a kinase domain. Syk is widely expressed in the hematopoietic lineage of
the immune system, including B cells and T cells. Syk is a positive effector of B-cell
receptor (BCR)-stimulated responses and is required for B-cell development as well as the
maintenance of mature B cells [1,2]. Mice lacking Syk died at the perinatal stage [1].
Following the engagement of BCR, Syk is recruited to the site of the clustered receptor,
leading to its phosphorylation/activation. Higher amounts of Syk expression and activity
were detected in SLE T cells compared with controls [3]. T-cell receptor (TCR) signaling in
SLE T cells is reported to be modified by an alternative pathway involving Fc receptor y
signaling chain (FcRy) and Syk. FcRy is homologous in shape and function to CD3(, and
binding between Syk and FcRy was observed in SLE but not in normal T cells. In addition,
Syk is 100-fold more potent compared with zeta-chain-associated protein kinase 70
(ZAP-70) in binding to the FceRly. When overexpressed, FceRIy was reported to co-localize
with the CD3( chain. A dramatic increase of intracytoplasmic calcium concentration, protein
tyrosine phosphorylation and IL-2 production was observed in peripheral T cells transfected
with FceRly. Increased phosphorylation of Syk kinase was found to be associated with the
FceRIy overexpression [4]. On the other hand, silencing of Syk in SLE T cells normalized
the expression of most abnormally produced molecules (1L-21, CD44 and intracellular
molecules protein phosphatase 2A and 2"-5"-oligoadenylate synthetase 2), while
overexpression of Syk in healthy T cells restored most of the aberrantly expressed molecules
[5]. Syk tends to bind preferentially with VVav-1 and LAT contributing to the enhanced TCR-
induced signaling responses in SLE T cells [3]. When ZAP-70 was knocked in under the
intrinsic Syk promoter, it altered BCR signaling quality, resulting in preferential
development and survival of marginal zone B cells and prominent autoreactivity with age-
related immune complex-mediated glomerulonephritis [6].

Syk is also being considered as a therapeutic target in SLE patients. Selective inhibition of
the activity of Syk reduced the strength of TCR-induced calcium responses and slowed the
rapid kinetics of actin polymerization in SLE T cells, but not in normal donor T cells [3].
R406 is an oral Syk inhibitor, shown to block IgE- and 1gG-mediated activation of Fc
receptors, with reduced immune complex-mediated inflammation [7]. R788 (fostamatinib) is
a small-molecule, water-soluble prodrug of the biologically active R406 and a potent
inhibitor of Syk. It has moderate activity in treatment of human rheumatoid arthritis (RA),
and trials of its use in idiopathic thrombocytopenic purpura are underway. When R788 was
administered long-term (24-34 weeks) to lupus-prone NZB/NZW mice before and after
disease onset, it delayed the onset of proteinuria, reduced renal pathology and kidney
infiltrates and significantly prolonged survival in these mice. A dose-dependent reduction in
the numbers of CD4*-activated T cells (CD44M" or CD69") was noted in spleens from R788-
treated mice [8]. Treatment of lupus-prone MRL/Ipr and BAX/BAK mice with R788 not
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only prevented the development of skin and renal pathology but also treated established
disease. Upon discontinuation of the treatment, there was extended suppression of skin (8
weeks) and renal disease (4 weeks) [9]. An early Phase 1l clinical trial involving 189 RA
patients showed significant improvement in ACR20, 50, 70 and Disease Activity Score 28
[10]. However, the recent Phase 11, 3-month randomized, placebo-controlled study in
patients with active RA reported no significant differences between the R788 and placebo
groups [11]. Moreover, AstraZeneca has decided not to proceed with fostamatinib based on
the Phase 111 program.

Bruton’s tyrosine kinase

Bruton’s tyrosine kinase (Btk) is a member of the Tec family of tyrosine kinases. It contains
an N-terminal pleckstrin homology domain, followed by a Tec homology and SH-3, -2, -1
(catalytic) domains. Btk is a BCR signaling molecule that affects B-cell development,
selection, activation and survival [12]. Mutations in Btk are responsible for Bruton’s X-
linked agammaglobulinemia in humans, which is characterized by severe defects in early B-
cell development with a near-complete absence of peripheral B cells and immunoglobulin of
all classes. In mice, Btk mutations cause a phenotypically milder X-linked
immunodeficiency [13]. Transgenic mice overexpressing Btk specifically in B cells
spontaneously form germinal centers and have increased plasma cell numbers, with
antinuclear autoantibody production and SLE-like autoimmune pathology affecting kidneys,
lungs and salivary glands [14]. Halcomb et al. generated Btk~~ mice on the B6.56R
background carrying a high-affinity anti-DNA IgH transgene. dsDNA-specific B cells were
present in the B6.56R.Btk~~ mice, but anti-dsDNA was not detected in the serum. Re-
introduction of Btk expression at low levels (Btk'°) in the B6.56R mice restored anti-DNA
IgM but not anti-DNA 1gG. Overexpression of Btk had no effect on anti-dsDNA IgG levels
in B6.56R mice [15].

Btk levels set the threshold for mouse autoreactive B-cell activation and negative selection
[14]. Btk is also required for both Toll-like receptor (TLR)9 and BCR signal transduction. In
response to crosslinking of the BCR, Btk is recruited to the plasma membrane via its
pleckstrin homology domain and becomes activated. It then phosphorylates phospholipase
C-v 2, which in turn, cleaves phosphatidylinositol 4,5-bisphosphate into diacylglycerol and
inositol trisphosphate. Generation of inositol trisphosphate leads to the release of calcium.
Increased cytosolic Ca2* in response to BCR stimulation ensures the full activation of B
cells (Figure 1). Overexpressing of Btk in B cells leads to selective hyper-responsiveness to
BCR stimulation with enhanced CaZ* influx. In primary murine B cells, TLR9 synergizes
with BCR, leading to an enhanced signal transduction through an auto-phagosome-like
compartment upon BCR activation. Btk is required for co-localization of the BCR and TLR9
within the primary auto-phagosome-like compartment in the Namalwa human B cell line.
Btk functions in this process via its effect on calcium flux [16].

A seemingly opposite function for Btk in the pathogenesis of autoimmunity was reported by
Byrne et al. [17]. The molecular chaperone calreticulin regulates uptake of C1g-opsonized
apoptotic cells by binding to the transmembrane receptor CD91. Btk-mediated
phosphorylation of calreticulin is necessary for its co-localization with CD91. Bone marrow-
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derived macrophages generated from Btk~~ mice showed reduced phagocytic uptake of
apoptotic neutrophils. Human monocytes treated with LFM-A13 (dual Btk/Polo-like kinases
inhibitor) displayed a significant reduction in clearance of apoptotic cells by monocytes in
comparison with vehicle-treated cells [17]. Moreover, X-linked agammaglobulinemia
patients have been demonstrated to have reduced Fcy- and complement-mediated
phagocytosis [18].

Btk has been shown to be an important target in B-cell activation in autoimmune diseases.
Over the last few years, considerable efforts have been made in order to develop small-
molecule inhibitors for Btk [19,20]. Ibrutinib (PCI-32765) is a selective and irreversible Btk
inhibitor that inhibits BCR signaling in human B cells. Ibrutinib inactivates Btk through
covalent binding to the active site of Btk [21]. In an in vitro study utilizing ibrutinib, Kenny
et al. found that Btk is essential for TLR9 and BCR synergy from an auto-phagosome-like
compartment. Ibrutinib treatment of SLE-like Btk transgenic mice normalized B-cell
activation and differentiation [14]. B6. slel mice supplied with 0.16 mg/ml of ibrutinib in
drinking water showed dampened humoral autoimmunity. More important, the same dose of
ibrutinib given to B6.slel. sle3 bicongenic mice delayed autoantibody production, reduced
leukocyte activation and alleviated renal damage [22]. RN486, a potent competitive small
molecule with reversible Btk-inhibitory property, blocks BCR-mediated CD69 expression in
B cells in a dose-dependent manner. When given to NZB/NZW mice in chow at a final
concentration of 30 mg/kg for 8 weeks at 32 weeks of age, RN486 completely stopped
progression of glomerulonephritis. RN486 induced marked reduction of anti-dsDNA and
caused depletion of CD138MB220!° plasma cells [23]. Trials of ibrutinib in SLE patients
have considerable potential, although Btk has not been shown to be involved in the
pathophysiology of human SLE (Figure 1).

Tyrosine kinase 2

Tyrosine kinase 2 (Tyk?2), a key component of the type | IFN (IFN-I) signaling pathway, is
part of the Janus kinase that binds to the IFN-a receptor, IFNAR. Binding of IFN-a to
IFNAR allows the activation of Tyk2, which then phosphorylates IFNAR to allow binding
of IRF3 and IRF5. The production of IFN-I and the regulation of IFN-inducible genes have
crucial importance in SLE susceptibility, disease activity and severity. Polymorphisms of
Tyk2 have been shown to be associated with SLE. Graham et al. studied the Tyk2
polymorphisms in 380 UK SLE families, consisting of parents and affected offspring, and
found two associated haplotypes across Tyk2, both carrying alleles with distorted
inheritance (tags for undertransmitted and over-transmitted haplotypes, respectively) [24].
Jarvinen et al. recruited 219 Finnish patients with discoid lupus erythematosus or subacute
cutaneous lupus erythematosus and 365 healthy controls. Risk genes were tagged by SNP.
Tyk?2 rs2304256 was reported to be associated with increased risk of discoid lupus
erythematosus [25]. In another study of 44 SNPs involving 679 SLE patients from Sweden,
Finland and Iceland, 798 unaffected family members and 438 unrelated control individuals,
Tyk2 was strongly associated with IRF5 in SLE patients (unadjusted p < 1077) [26].
Hellquist et al. also reported a significant association between Tyk2 (rs2304256 and
rs12720270) and IRF5 (rs1095213) by an SNP study involving 277 Finnish SLE patients
and 356 healthy controls [27]. However, Gonzalez and collaborators claimed no statistical
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evidence of interaction between SLE-associated SNPs in Tyk2 and TRF5 from data with
threefold more samples (1223 cases and 1300 controls) in a letter to the editor of the same
journal that published the study by Hellquist et al [28]. Li et al. commented on the study by
Hellquist et al., with data showing no association of Tyk2 gene polymorphisms in Chinese
patients with SLE [29], which was further supported by a study of Tyk2 polymorphisms in
SLE-susceptible genetic risk factors in a Japanese population [30]. Nevertheless, a meta-
analysis by Lee et al. revealed an association of the rs6445975 polymorphism of phox
homology domain containing serine/threonine kinase and the rs2304256 polymorphism of
Tyk?2 with the development of SLE in Europeans, but not in Asians [31]. Taken together,
there is clearly an ethnic difference in Tyk2 polymorphisms in association with SLE
susceptibility genes.

Src family protein tyrosine kinases

The Src family of non-receptor protein tyrosine kinases comprises Lyn, Src, Yes, Fgr, Fyn,
LSTRA cell kinase (Lck), Hck, B-lymphoid kinase (BIk), Yrk et al. The level of Src family
tyrosine kinase activity is an important determinant of immune tolerance. Several studies
suggest that there is a significant interaction between Src family tyrosine kinases and the Fas
pathway that is important for self-tolerance.

Lyn is predominantly expressed in all blood mononuclear cells except T cells, and associates
with a number of cell surface receptors including BCR and FceRI. Lyn is a critical negative
regulator of B-cell activation. Lyn™~ B cells were found to be both hyperresponsive to BCR
ligation and resistant to the inhibitory consequence of co-ligating FcyRI1b1 or CD22 with
BCR [32]. B cells with disrupted Lyn expression have a delayed but increased calcium flux
and exaggerated negative selection responses in the presence of antigen, and spontaneous
hyperactivity in the absence of antigen [33]. Aged Lyn™~ mice developed pathologic
features of SLE, accompanied by autoantibodies in their serum and the deposition of
immune complexes in their kidneys [34,35]. Recently, the dendritic cell (DC)-specific
deletion of Lyn (Iynf Cdl1c-cre*) was generated by Lamagna et al. using the Cre-loxP
system [36]. Lyn-deficient DCs were hyperactivated and hyperresponsive in response to
LPS and IL-1p stimulation. Mice with Lyn-deficient DCs developed spontaneous B- and T-
cell activation and subsequent production of autoantibodies and severe nephritis.
Interestingly, deletion of MyD88 in DCs lacking Lyn completely reversed the inflammatory
autoimmunity in the DC-specific Lyn-mutant mice [36]. Surprisingly, mice targeted with
gain-of-function of Lyn (Lyn{P’UP mice) displayed inhibitory B-cell signaling, but eventually
enhanced positive signaling that overrode the constitutive negative signaling, causing
LynUPUP mice to develop circulating autoantibodies and lethal autoimmune
glomerulonephritis [37]. Eight to tenfold increased numbers of Bla cells were found in the
peritoneal cavities of LynUP’UP mice and were associated with increased IgM levels. As Bla
B cells have been implicated in the pathogenesis of SLE, autoimmunity in LynUPUP mice
may be a result of their elevated numbers of B1 cells. Expression of Lyn was significantly
decreased in resting B-cell lysates obtained from 66% of patients with SLE, but not from
disease-control patients and healthy volunteers. The deficiency in protein expression was
caused at least partially by defects at the transcriptional level, since mRNA levels were also
reported to significantly decrease in the same patient cohort [38]. Lu et al. targeted Lyn with
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SNP in case-control association studies involving a cohort of European-American, African-
American and Korean SLE subjects. A significant association with Lyn rs6983130 was
revealed in a female-only analysis from the combined European-derived population,
consisting of 2463 independent cases and 3131 unrelated controls [39]. Multivariate logistic
regression analysis implicated rs6983130 as a protective factor for SLE susceptibility when
anti-dsDNA, anti-chromatin, anti-52 kDa Ro or anti-Sm autoantibody status were used as
covariates [39]. However, out of 90 SNPs tested in the study, none of them showed
significant association with SLE in the African-American or Korean populations.

Lck, a 56 kDa Src family tyrosine kinase, is critical for T-cell development and activation.
Lck associates with the cytoplasmic tails of the CD4 or CD8. Intracellular status of Lck
determines the specificity of thymic selection, and thymic selection of MHC-restricted TCR
is Lck-dependent [40]. Lck was found to phosphorylate and regulate the cell surface
expression of cytotoxic T lymphocyte-associated molecule-4, signaling through which
regulates T-cell activation [41]. Though a relatively small cohort of patients was studied,
Lck was reported to be significantly reduced in peripheral blood T lymphocytes from
patients with active SLE compared with healthy controls and RA patients [42]. Similar
observations were made by a Romanian group [43], which reported lower Lck mRNA and
p56Lck protein in SLE patients. They found an inverse correlation between expression of
p56Lck and apoptosis of fresh and cultured SLE peripheral blood T lymphocytes. In the
absence of Lck, T cells required considerably higher doses of antigen to achieve the
threshold required to enter into cell division. Lck-mediated signals are required for
differentiation of naive T cells [44]. Since Lck kinase activity is critical for TCR-mediated
signaling in T-cell activation and its expression is restricted to lymphoid cells, an Lck-
selective inhibitor would be expected to have a significantly improved safety profile for the
treatment of SLE.

Fyn is associated with the CD3( chain and, along with Lck, participates in TCR-mediated
proximal signal transduction. Elevated levels of p59fyn mRNA were found to be threefold
greater in Ipr CD4 CD8 double-negative T cells [45]. Fyn was found to transduce activation
signals to the double-negative T cells in MRL/Ipr mice [46]. Significantly higher mRNA
levels of Fyn were also observed in SLE CD4* T cells than in healthy individuals [47]. Mice
deficient in both Lyn and Fyn died at relatively young ages and developed a severe lupus-
like kidney disease, which mostly resembles the findings seen in Lyn single knockout mice.
Fyn deficiency predisposes the glomeruli to damage resulting from immune complex
deposition (caused by Lyn deficiency) through kidney-intrinsic defects [48]. Issues
regarding the Kidney-intrinsic defects are not well elucidated yet.

Blk is involved in B-cell development, differentiation and signaling. Blk-mediated signaling
plays an important role in transmitting signals through BCR, and for growth arrest and
apoptosis. Blk also contributes to Btk activation by indirectly stimulating Btk intramolecular
autophosphorylation. A multicenter study genotyped more than 500,000 SNPs in DNA
samples from 1311 SLE cases and 1783 controls from North Americans of European
descent. A promoter-region allele associated with reduced expression of Blk was linked to
decreased risk in both the US and Swedish case—control series [49].
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C-Src kinase (Csk) is a 50 kDa tyrosine kinase with a kinase domain in its C-terminus. Csk
is not itself a member of Src family tyrosine kinases, but serves as an indispensable negative
regulator of the Src family kinases by specifically phosphorylating the conserved C-terminal
negative regulatory site [50]. Homozygous Csk mutant embryos die at neurulation stages
with defects in neural tube closure. Csk™~ embryonal tissues and cell lines exhibit increased
activity of all Src kinases [50]. The physical interaction between Csk and Lyp (the product
of the PTPN22 gene) has been strongly associated with many autoimmune diseases [51]. A
study of a cohort of 24 SLE samples showed that the Csk intronic polymorphism
rs34933034 is associated with increased Csk expression and augments inhibitory
phosphorylation of Lyn. Increased BCR-mediated activation of mature B cells and higher
IgM were also observed in the SLE patients carrying the Csk mutation [52]. Direct
interaction between Csk and Lyp is not required for TCR signaling, though the Lyp/Sck
interaction is inducible upon TCR stimulation [53].

Receptor tyrosine kinases

TAM family receptor tyrosine kinases are three closely related receptors: Tyro-3, Axl and
Mer. They have a defining arrangement of two immunoglobulin-like domains and two
fibronectin-111 repeats, followed by a catalytic cytoplasmic tail connected through a single
transmembrane domain. TAM receptors are mainly expressed in cells of the immune,
reproductive and vascular systems [54]. These receptors play an essential immunoregulatory
role by promoting apoptotic cell clearance, maintaining immune homeostasis and providing
negative regulation of TLR and cytokine receptor signaling [55,56]. Mice lacking the single
receptor Mer have impaired clearance of infused apoptotic cells and develop progressive
lupus-like autoimmunity [57]. TAM triple deficient mice developed a broader spectrum of
autoimmune clinical manifestations, including arthritis, skin lesions, vasculitis and 1gG
deposition in glomeruli [58]. Autoantibodies against dSDNA and phospholipids are present.
Impaired phagocytic clearance in the triple TAM ™~ testis leads to accumulation of dead
cells, which accounts for the infertility of male mice [59]. Mer-deficient 2G7 anti-Sm-
transgenic mice, unlike wild-type 2G7 transgenics, develop an anti-Sm response beginning
at 1-2 months of age. Autoreactive anti-Sm B cells originate from marginal zones and B1 B
cells are activated in an Ag-specific manner [60]. The involvement of TAM receptors in
human autoimmune diseases has been investigated in several studies. Mer polymorphisms
were significantly associated with the risk of hematological disorders among Korean SLE
patients [61]. Wu et al. studied plasma concentrations of soluble Mer (sMer, cleaved
extracellular portion of Mer) and soluble Tyro-3 and reported a significant increase of both
in patients with active SLE and RA [62]. An increase in all three soluble TAM receptors was
also reported in plasma of SLE patients [63].

Our laboratory has long been interested in the role of TAM receptors and their ligands in the
disease activity of SLE. We studied the plasma levels of TAM receptors and their ligands,
growth arrest-specific protein 6 and protein S in SLE patients. In one study, we measured
growth arrest-specific protein 6 and protein S levels in 107 SLE patients using ELISA and
found a strong positive correlation of free protein S with complement C3 and C4 levels.
Lower free protein S was found in SLE patients with anti-Sm or anti-cardiolipin 1gG [64].
Recently, we observed an increased Mer expression on CD1c¢* myeloid DCs and
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plasmacytoid DCs in SLE patients compared with controls. The expression levels of Mer on
CD14"MCD16™ monocytes and CD1c* DCs correlated positively with IFN-I activity [65].
sMer in lupus was significantly associated with anti-dsDNA, anti-Sm, anti-RNP and anti-
Ro60 autoantibodies. Levels of sMer also correlated with sCD163, a marker of macrophage
M2c polarization, and also with SLE disease activity index [66]. Excessive sMer and/or its
ligands may compete with cell-bound TAM receptors to block TAM-mediated clearance of
apoptotic cells and macrophage signaling. Decreased clearance of apoptotic cells is
suggested to be a major pathogenic factor in SLE.

Leukocyte tyrosine kinase (Ltk) is another receptor tyrosine kinase belonging to the insulin
receptor family, and is mainly expressed in pre-B cells and neuronal tissues [67]. Ligands
for Ltk have not been identified and the physiological role of Ltk remains largely unknown.
Most functional analyses of the receptor were carried out with chimeric receptor molecules
[68,69]. Interestingly, the Ltk gene is closely linked to Tyro-3, one of the TAM family
receptor tyrosine kinases [70]. Sequence and functional analyses of the gene revealed that
NZB mice have a gain-of-function polymorphism in the Ltk kinase domain near the P85
binding motif YXXM. Human Ltk shows 90% homology with the mouse Ltk kinase domain
and the same Ltk polymorphism was also found in SLE patients with a significantly higher
frequency compared with the healthy controls [71].

PDGFs are a family of four cystine-knot-type growth factors required for many aspects of
embryogenesis. PDGFs stimulate the proliferation of fibroblasts and vascular smooth muscle
cells. PDGFs signal through cell surface PDGF receptor tyrosine kinase (PDGFR), inducing
receptor dimerization and initiating various signaling pathways [72]. PDGF plays an
important role in the pathogenesis of mesangial proliferative glomerulonephritis. A positive
correlation between PDGF-f+ cells and glomerular cells was reported in kidneys of
MRL/Ipr mice [73]. The PDGF-a and -p mRNA levels increased significantly as nephritis
progressed in NZB/NZW mice [74]. Zheng et al. studied PDGF levels in renal biopsy
specimens from nine lupus nephritis cases by immunohistochemistry. PDGF mRNA levels
were found to be much higher in patients with active lesions in glomeruli, compared with
those without active lesions [75].

Inhibitors of PDGFR have been developed recently. Imatinib mesylate (Gleevec, formerly
known as STI-571) is a tyrosine kinase inhibitor of BCR-abl that also potently inhibits
PDGFR. Two lupus-prone mouse models have undergone treatment studies using imatinib.
When given at 5 months, NZBW F1 mice survived significantly longer than vehicle-treated
mice. The higher survival rate was associated with limited renal damage and significantly
delayed onset of proteinuria [76]. MRL/Ipr mice were protected from glomerular
proliferation and crescent formation when treated with imatinib, which led to a prolonged
lifespan [77]. The effect of imatinib in attenuating renal manifestations in diseased lupus-
prone mice suggests a potential application of this drug in the treatment of human lupus
nephritis.
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Tyrosine kinase & lipid rafts

Lipid rafts are enriched in cholesterol and the ganglioside, GM1. The dynamic localization
of signaling molecules, including tyrosine kinases Lck, Lyn and Csk within lipid rafts, is
thought to be essential for the regulation of T- and B-cell activation. Reduced translocation
of tyrosine kinases into lipid rafts has been reported in SLE. CD45 can positively and
negatively regulate Lck activity by its proximity to the lipid raft-associated Lck. Csk
balances the interaction of CD45 and Lck through PAG, a raft-bound adapter protein, thus
regulating Lck activity in lipid rafts [78]. Lck was reported to be depleted from lipid rafts in
lupus T cells, and restoration of total Lck by atorvastatin in lupus T cells reverses many of
the signaling defects characteristic of SLE T cells [79]. Lyn levels in B-cell lipid raft
fractions in SLE patients were significantly reduced compared with that in healthy controls
[80]. Flores-Borja et al. studied lipid raft-associated proximal signaling and translocation of
CD45 and revealed an association between altered CD45 translocation and reduced Lyn
expression [81].

Expert commentary

A large number of tyrosine kinases serve many functions in cell signaling and homeostasis
and are particularly important in the immune system. Their involvement in systemic
immunity and inflammation is broadly described in this review (Figure 1). It is apparent that
compounds targeted to interfere with signaling functions mediated by tyrosine kinases may
be useful in controlling excessive and aberrant T- and B-cell activation in SLE and other
autoimmune diseases (Table 1). A role for tyrosine kinases in fibrosis may also lead to
interventions in this heretofore-untreatable process shared by many inflammatory and
autoimmune diseases. Limits in the development of inhibitors of tyrosine kinases in SLE has
been pointed out, including severe side effects, the lack of specificity and the relative low
benefit of present drugs. It will be of great value if drugs can be developed with low cellular
toxicity and a sufficient but not too strong action to regulate the kinases’ overactivities in
lupus, yet not to interfere with their activities in normal cells.

The TAM receptor tyrosine kinases present a special opportunity to intervene in disease
pathogenesis. Here, these molecules serve to control macrophage and DC activation, and to
mediate phagocytosis of apoptotic cells. Enhancement of their activity through ligand
binding or via biochemical manipulation of their signaling may be useful in increasing
clearance of immunogenic apoptotic debris, and in controlling macrophage polarization
[82]. In this regard, genetically enforced increased expression of Mer has recently been
shown to be of benefit in collagen-induced arthritis [82]. Blocking the function of the TAM
kinases using antibodies or antagonists might also prove useful therapeutically as an
approach to immunodeficiency diseases.

Five-year view

Over the next 5 years, we can expect to see emergence of additional tyrosine kinase
inhibitors, and the application of existing inhibitors to animal models of autoimmunity and
in clinical trials in human SLE. Approaches to stimulation of TAM receptors in animals can
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be expected as hew monoclonals are developed, and promising data may lead to human
clinical trials.
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Figure 1. Mechanistic and therapeutic roles of tyrosine kinases in systemic lupus erythematosus
Abnormal tyrosine kinase-mediated signal pathways in systemic lupus erythematosus

immune cells. All tyrosine kinases are shown in brown. All inhibitors are shown in red.

IFN: Interferon; PDGFR: PDGF receptor.
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Table 1

Tyrosine kinases and inhibitors involved in systemic lupus erythematosus.
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Target  Function Inhibitors Association with SLE Mouse study/clinical trial
Syk TCR and BCR R788 (fostamatinib), R406 Higher Syk expression and activity = R788 shows long-term benefit in
signaling in SLE T cells lupus mice, but no efficacy in RA
clinical trials
Btk B-cell activation PCI-32765 (ibrutinib), RN486  Overexpression of Btk in B cells SLE-like autoimmunity develops in
leads to hyperresponsiveness to Btk transgenic mice; ibrutinib
BCR dampens humoral autoimmunity in
B6.slel mice; RN486 stops the
progression of glomerulonephritis in
NZBW mice
Tyk2 IFN-I signaling n.a. Polymorphism associated with na
SLE and DLE
Lyn Negative regulator n.a. Lower Lyn in resting B cells from Both Lyn~~ and Lyn!P"uP mice
of B-cell activation SLE patients. Lyn rs6983130 is develop pathologic features of SLE
associated with SLE
Lck T-cell development n.a. Reduced Lck in peripheral T cells n.a.
and activation from SLE patients
Fyn TCR proximal signal  n.a. Higher mRNA levels in SLE CD4*  Fyn deficiency predisposes the
transduction T cells glomeruli to damage
Blk B-cell signaling n.a. Reduced BIk linked with n.a.
decreased risk of SLE
Csk Negative regulator n.a. Csk mutation associated with Csk™'~ embryos die at neurulation
of Src family increased mature B-cell activation stages
and higher IgM in SLE
TAM Apoptotic cell n.a. Increased soluble TAM receptors TAM™ mice develop severe
clearance, in the plasma of SLE patients autoimmune disorder
macrophage/DC
regulation
Ltk TCR and BCR n.a. Higher frequency of Ltk gain-of- Ltk gain-of-function polymorphism
signaling function polymorphism in SLE in NZB mice

patients

BCR: B-cell receptor; DLE: Discoid lupus erythematosus; n.a.: Not applicable; NZBW: (NZB x NZW) F1; RA: Rheumatoid arthritis; SLE:
Systemic lupus erythematosus; TCR: T-cell receptor.
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