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Abstract

Objective—Spleen tyrosine kinase (Syk) is involved in membrane-mediated signaling in various
cells, including immune cells. It is overexpressed in T cells from patients with systemic lupus
erythematosus (SLE), and its inhibition has been shown to improve T cell function as well as to
improve disease manifestations in (NZB x NZW)F4 lupus-prone mice and in patients with
rheumatoid arthritis. While clinical trials examining Syk inhibition in patients with SLE are being
considered, the aim of our experiments was to determine whether the therapeutic effects of Syk
inhibition extend to other strains of lupus-prone mice and whether they result in improvement in skin
disease and modification of established disease.

Methods—Female MRL/Ipr or BAK/BAX mice were studied. Starting either at age 4 weeks (before
disease) or at age 16 weeks (after established disease) and continuing for up to 16 weeks, mice were
fed chow containing the Syk inhibitor R788 or control chow.

Results—We found that inhibition of Syk in MRL/lpr and BAK/BAX mice prevented the
development of skin disease and significantly reduced established skin disease. Similarly, Syk
inhibition reduced the size of the spleen and lymph nodes, suppressed the development of renal
disease, and suppressed established renal disease. Discontinuation of treatment resulted in extended
suppression of skin disease for at least 8 weeks and suppression of renal disease for 4 weeks.

Conclusion—Syk inhibition suppresses the development of lupus skin and kidney disease in lupus-
prone mice, suppresses established disease in lupus-prone mice, and may represent a valuable
treatment for patients with SLE.
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Spleen tyrosine kinase (Syk) is a member of the Src family of nonreceptor tyrosine kinases
(1). Syk is widely expressed in the hematopoietic system and is involved in a variety of signal
transduction pathways (2,3), including receptor signaling in mast cells (4), monocytes (5),
osteoclasts (6,7), and T and B cells (8-10).

Recently, a highly specific Syk inhibitor, known as R406, was established (11,12), and it has
been shown to block Fc receptor (11,12) and T cell receptor (13,14) signaling. Syk inhibition
has also been shown to correct aberrant T cell receptor/CD3—initiated signaling in patients with
systemic lupus erythematosus (SLE) (13). In animal models, R406 has been shown to be of
potential clinical value in the treatment of allergic diseases (15), rheumatoid arthritis (16), and
lymphoma (17,18). R788 is a small-molecule, water-soluble prodrug of the biologically active
R406 and a potent inhibitor of Syk (19,20). R788 has been shown to inhibit the progression of
kidney disease in lupus-prone (NZB x NZW)F; mice (21).

We present here evidence that Syk inhibition suppresses the development of skin disease in
lupusprone MRL/Ipr and BAK/BAX mice and suppresses established skin disease. Similarly,
Syk inhibition suppressed the development of kidney disease and improved established renal
disease. The clinical benefit lasted 4 weeks for renal disease and at least 8 weeks for skin disease
after treatment was discontinued.

MATERIALS AND METHODS

Mice and materials

Female MRL/Ipr mice, BAK/BAX double-knockout mice, and C57BL/6 mice were purchased
from The Jackson Laboratory and were housed in the animal facility of Beth Israel Deaconess
Medical Center. Double-stranded DNA (dsDNA) antibody and mouse 1gG antibody were
purchased from Sigma. Syk inhibitors R788 and R406 were provided by Rigel
Pharmaceuticals.

Treatment of MRL/Ipr mice with the Syk inhibitor R788

Starting at the age of 4 weeks and continuing for 16 weeks, female MRL/lpr mice (n = 8 per
group) were fed chow containing R788 (3 gm/kg of chow or 10 gm/kg of chow) or were fed
control chow. The chow was prepared by Research Diets. In experiments to determine the
effect of R788 on established skin injury and nephritis, female MRL/Ipr mice were treated for
8 weeks beginning at the age of 16 weeks (10 gm/kg of chow). Mice were killed at end of the
experiment, and serum, skin, and kidney samples were collected for examination. During the
experimental period, mice were monitored for urinary protein content and mortality.

Histologic assessment

Histopathologic examination of skin and kidney samples was done after routine fixation and
paraffin embedding of the tissues. Tissue sections from the skin were cut and stained with
hematoxylin and eosin. All slides were coded and evaluated in a blinded manner with regard
to identity of the sample. Severity of skin inflammation was scored on a scale of 0-4, where 0
=normal, 1 = hyperplasia of the epidermis, and 2—4 = increasing numbers of infiltrating
inflammatory cells in the skin. Pathologic changes in the kidney were graded according to the
presence of glomerular, interstitial, and perivascular inflammation. Scores ranging from 0
(normal) to 4 (most severely inflamed) were assigned for each of the 3 features. A minimum
of 100 glomeruli were assessed to determine the glomerular index in each mouse.

Assessment of urine

The mice in each group were placed overnight in a Nalgene metabolic cage to collect urine.
Urine was measured with Multistix 10 SG and analyzed by Clinitek Status analyzer (both from
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Bayer Healthcare). Proteinuria was graded on a scale of 0—4, where 0 = none, 1 = 30-100 mg/
dl, 2 = 100-300 mg/dl, 3 = 300-2,000 mg/dl, and 4 = >2,000 mg/dl.

Measurement of serum IgG and anti-DNA antibody

Serum 1gG and anti-dsDNA and anti—single-stranded DNA (anti-ssDNA) antibodies were
detected by enzyme-linked immunosorbent assay (ELISA). For these assessments, 96-well
plates coated with either calf thymus dsDNA (1.5 mg/ml; Sigma) or mouse 1gG antibody (0.1
mg/ml; Sigma) in phosphate buffered saline (PBS) were incubated overnight at 4°C. After
blocking with 1% bovine serum albumin for 2 hours at room temperature, serum samples were
added to the plates and incubated for 2 hours at room temperature. After washing 4 times with
PBS, horseradish peroxidase—conjugated goat anti-mouse IgG antibody was added to the plates
and incubated for 1 hour at room temperature. Antibody binding was visualized using 3,3',5,5'-
tetramethylbenzidine (Sigma), and plates were read at an optical density of 450 nm.

Immunohistochemistry staining

For immunohistochemical examination, deparaffinized, ethanol-dehydrated tissue sections
were boiled for 2 minutes in 10 mM sodium citrate buffer using a microwave oven. Sections
were then allowed to cool to room temperature and rinsed in a detergent solution (0.5% Tween
20 in PBS) for 10 minutes. After deparaffinization and antigen retrieval, samples were stained
with antibody to Syk, followed by incubation with biotinylated secondary antibodies and
avidin-biotin—peroxidase complexes and 3-amino-9-ethyl-carbazole containing H,O,. All
sections were counterstained with Mayer’s hematoxylin. Dendritic cells were fixed and
permeabilized and then stained with monoclonal anti-CD11c conjugated to fluorescein
isothiocyanate (Novus Biologicals).

Statistical analysis

RESULTS

Statistical evaluations of the severity of skin and kidney inflammation were performed using
the Mann-Whitney test. P values less than or equal to 0.05 were considered significant.

Syk expression in the skin lesions of MRL/Ipr mice

MRL/Ipr mice spontaneously develop skin lesions (Figure 1A). At the beginning of the
experiments, we used immunohistochemical analysis to determine whether Syk was expressed
in these skin lesions. As shown in Figure 1, staining with anti-Syk antibody and isotype control
revealed the presence of Syk in the epidermis as well as in the dermis-infiltrating inflammatory
cells. In previous studies, we had shown that Syk was present in the glomeruli of MRL/Ipr
mice (22).

Prevention of the development of skin injury in MRL/Ipr mice by treatment with Syk inhibitor

R788

To determine whether treatment with the Syk inhibitor R788 improves skin lesions in lupus-
prone mice, we fed chow containing the Syk inhibitor (3 gm or 10 gm of inhibitor per kg of
chow) or control chow to MRL/Ipr mice. Treatment started at the age of 4 weeks and continued
for 16 weeks. We found that skin injury was abrogated in MRL/Ipr mice treated with R788 (3
gm/kg or 10 gm/kg of chow), but not in mice fed control chow (Figures 2A-C). Histopathologic
examination demonstrated a lack of skin damage in MRL/Ipr mice treated with R788 (Figure
2C). These data indicate that Syk inhibition can efficiently prevent the development of skin
injury in MRL/Ipr mice.
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Suppression of established skin injury in MRL/Ipr mice by treatment with Syk inhibitor R788

Next, we investigated whether treatment with a Syk inhibitor can improve established skin
disease. To this end, the mice were fed chow containing R788 starting at the age of 12 weeks
(3gm) or atthe age of 16 weeks (10 gm) and continuing for 8 weeks. We observed that treatment
resulted in significant improvement in skin injury (Figures 3A and B), suggesting that Syk
inhibition can reverse established disease.

Extended clinical benefit after discontinuation of treatment with Syk inhibitor R788

To determine whether there was lasting clinical benefit once treatment was discontinued, MRL/
Ipr mice that had been treated with R788 (3 gm/kg of chow) for 8 weeks were divided into 2
groups. In one group, treatment was discontinued, and the mice were switched to control chow.
In the other group, treatment was continued at the same dose. We observed that 8 weeks later,
none of the mice developed skin injury (Figure 3C), which suggests that Syk inhibition has
extended clinical benefit.

Suppression of kidney disease in MRL/ Ipr mice by treatment with Syk inhibitor R788

Female MRL/Ipr mice started receiving chow containing the Syk inhibitor (3 gm/kg or 10 gm/
kg of chow) at the age of 4 weeks. Both treated groups failed to develop proteinuria or pyuria
by the time they reached the age of 20 weeks (Figure 4A). Histopathologic examination
demonstrated that the presence of R788 in the chow suppressed pathologic changes in the
kidney (Figure 4B). In mice in which R788 was added to the chow at the age of 16 weeks,
when kidney disease was already established, proteinuria improved after 7 weeks of treatment
(Figure 4C), suggesting that Syk inhibition may have clinical value in the treatment of patients
with SLE.

Effect of Syk inhibitor R788 on lymphadenopathy, splenomegaly, thymus size, and
autoantibody production in MRL/Ipr mice

The sizes of the lymph nodes, spleen, and thymus were significantly smaller in MRL/Ipr mice
that had been treated with R788 as compared with MRL/Ipr mice in the control group (Figure
5A). Furthermore, we observed that the Syk inhibitor decreased established lymphadenopathy
in MRL/Ipr mice. As shown in Figure 5B, addition of R788 to the chow beginning at age 12
weeks or at age 16 week decreased the size of the lymph nodes. We also measured serum titers
of 1gG and anti-dsDNA/anti-ssDNA antibody in MRL/lpr mice treated with the Syk inhibitor.
Surprisingly, we did not observe any change in the serum levels of 1gG or anti-dsDNA/anti-
ssDNA in mice in the active treatment group (data not shown).

Since dendritic cells are the first to respond to pathogens in the presence of skin inflammation
(23), we examined whether R788 treatment affected the presence of dendritic cells in the skin
lesions. Using immunofluorescence and an anti-CD11c antibody, we found that treatment with
R788 eliminated CD11c+ cells from the skin of MRL/Ipr mice (Figure 5C).

Amelioration of skin injury and induction of the development of gray fur color in BAK/BAX
double-knockout mice by treatment with Syk inhibitor R788

The BAK/BAX double-knockout mouse has been reported to develop lupus-like disease,
including skin rash, spontaneously (24,25). Treatment of BAK/BAX mice with R788 (3 gm/
kg or 10 gm/kg of chow) significantly prevented the development of skin injury as compared
with those fed control chow (Figure 6). Similar to the observations in the MRL/lpr mice,
treatment of BAK/BAX double-knockout mice with R788 reduced splenomegaly and
lymphadenopathy. These observations extend the beneficial effects of Syk inhibition to yet
another strain of lupus-prone mice.
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DISCUSSION

Building on previous studies showing that Syk inhibition reverses aberrant T cell signaling in
SLE patients (13) and improves autoimmune manifestations and pathologic changes in the
kidney of (NZB x NZW)F; mice (21), we present herein evidence that oral administration of
the Syk inhibitor R788 improves kidney disease in another lupus-prone mouse model, the
MRL/Ipr mouse. In addition, we found that R788 has a significant effect on the expression of
skin disease not only in the MRL/Ipr mouse, but also in the BAK/BAX mouse. Importantly,
we found that R788 treatment suppresses established skin and renal disease and that its clinical
effects continue for at least 1 month following discontinuation of treatment.

Inhibition of Syk signaling affects the function of diverse cells. Syk inhibition has been shown
to induce apoptosis of B cells (17) and tumor cells (26), and it is possible that the reduction of
splenomegaly and lymphadenopathy in the MRL/lpr and BAK/BAX mice is the result of
increased cell death in the presence of the Syk inhibitor. Both strains have a profound defect
in apoptosis (22,25). In this study, we found that CD11c+ cells did not enter the skin of R788-
treated mice, which suggests that there are broader effects of Syk inhibition in the immune
system. Since Syk is widely expressed in diverse cell types, including T cells, B cells,
macrophages, and dendritic cells, we think that the Syk inhibitor R788 exerts its effects on
some combination of T cells, B cells, and dendritic cells.

Interestingly, Syk inhibition did not lead to significant inhibition of the production of anti-
dsDNA/anti-ssDNA in the MRL/Ipr mouse. This observation is consistent with those in
previous reports of another lupus-prone mouse and a collagen-induced model of arthritis.
Specifically, while Syk inhibition suppressed lupus nephritis in the (NZB x NZW)F; mouse,
it did not affect autoantibody titers (21). In the collagen-induced arthritis model, Syk inhibition
had a profound effect on the development of clinical arthritis, bone erosions, pannus formation,
and synovitis, but no effect on the anticollagen antibody levels (16). These observations
indicate that the clinical effect of Syk inhibitors does not rely on the production of antibody,
but rather, on immune and nonimmune cells (14).

Syk inhibition in patients with rheumatoid arthritis resulted in prompt clinical improvement
(20), whereas the main side effects were limited to the gastrointestinal tract as well as
neutropenia. Clinical benefit has also been reported in patients with idiopathic
thrombocytopenia (27). The results of studies examining T cells from SLE patients (13), of
preclinical studies reported previously (21) and those reported herein, as well as phase 11 studies
in rheumatoid arthritis and thrombocytopenia make a compelling case for exploration of the
use of Syk inhibitors in the treatment of patients with SLE.
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Control staining

Figure 1.

Syk expression in the skin lesions of female MRL/Ipr mice. A, Photograph showing
representative skin lesions in MRL/Ipr mice. B, Syk expression in skin lesions from MRL/
Ipr mice stained with anti-Syk antibody and isotype control. Syk is present in the epidermis as
well as in the dermis-infiltrating inflammatory cells. Representative photomicrographs are
shown (original magnification x ees).

Arthritis Rheum. Author manuscript; available in PMC 2010 July 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Deng et al.

A

3g control B
& 120 |

p 2

) 5 = 100

) S0 Gg

c'n 6

N s

B £3

control 10g 3g

Control

Figure 2.

Severity
Meant+{-SD

Page 9

* *

O=NWAWN

control10g 3g

Prevention of the development of skin lesions in female lupus-prone MRL/Ipr mice by
treatment with Syk inhibitor R788. A, Photograph showing representative MRL/Ipr mice
treated with R788 (3 gm/kg of chow) or control chow. B, Incidence and severity of skin lesions
in MRL/Ipr mice treated with R788 (3 gm/kg or 10 gm/kg of chow) or control chow. Values
are the mean and SD of 8 mice per group. * = P < 0.01 versus control. C, Histopathologic
features of skin lesions from MRL/Ipr mice treated with R788 (3 gm/kg or 10 gm/kg of chow)
or control chow. Representative photomicrographs are shown (original magnification x eee).
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Figure 3.

Marked improvement in established skin lesions in female lupus-prone MRL/lpr mice
following treatment with Syk inhibitor R788. A, Incidence of skin lesions in MRL/Ipr mice
treated for 6 weeks with 3 gm of R788 per kg of chow starting at age 12 weeks, with 10 gm of
R788 per kg of chow starting at age 16 weeks, or with control chow starting at age 12 weeks
or 16 weeks. Values are the mean and SD of ese mice per group. B, Severity and histopathologic
features of skin lesions from MRL/Ipr mice treated for 6 weeks with R788 (3 gm/kg of chow)
or with control chow starting at age 12 weeks. Values are the mean and SD of e mice per
group. * = P < 0.01 versus control. Representative photomicrographs are shown (original
magnification x eee). C, Incidence of skin lesions at 14 weeks. Mice were treated for 6 weeks
with Syk inhibitor and were then divided into 2 subgroups: one continued Syk inhibitor and
the other received control chow for 8 weeks. The incidence of skin injury was then recorded.
Values are the mean and SD of e mice per group.
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Effects of Syk inhibitor R788 on kidney disease in female lupus-prone MRL/Ipr mice. A,
Levels of proteinuria and urinary leukocytes in MRL/Ipr mice treated with R788 (3 gm/kg or
10 gm/kg of chow) or control chow. Values are the mean of eee mice per group. B,
Histopathologic features of kidney sections from MRL/Ipr mice treated with R788 (3 gm/kg
or 10 gm/kg of chow) or control chow. Representative photomicrographs are shown (original
magnification x eee). C, Proteinuria in MRL/Ipr mice treated for 6 weeks with R788 (10 gm/
kg of chow) or control chow starting at the age of 16 weeks. Values are the mean of 4 mice

per group.
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Figure 5.

Reduction of lymphadenopathy, splenomegaly, and thymus size in female lupus-prone MRL/
Ipr mice following treatment with Syk inhibitor R788. A, Representative photographs of lymph
nodes, spleens, and thymuses from MRL/Ipr mice treated with Syk inhibitor R788 (3 gm/kg
or 10 gm/kg of chow) or control chow. B, Incidence of lymphadenopathy in MRL/lpr mice
treated with 3 gm of R788 per kg of chow starting at age 12 weeks, with 10 gm of R788 per
kg of chow starting at age 16 weeks, or with control chow starting at age 12 weeks or 16 weeks.
Values are the mean and SD of 4 mice per group. C, Reduced numbers of dendritic cells in
skin lesions of MRL/Ipr mice following treatment with Syk inhibitor R788.
Immunofluorescence staining of anti-CD11c expression in skin lesions from MRL/lpr mice
treated for 16 weeks with 3 gm of R788 per kg of chow or with control chow starting at age 6
weeks. Representative photomicrographs are shown (original magnification x ese),
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Figure 6.

Improvement of skin lesions in female BAK/BAX double-deficient mice following treatment
with Syk inhibitor R788. A, Incidence of skin lesions (left) and representative photograph
showing the appearance of skin lesions (right) in BAK/BAX double-deficient mice treated for
12 weeks with 3 gm of R788 per kg of chow or with control chow starting at age 6 weeks.
Values are the mean and SD of 4 mice per group. B, Histopathologic features of skin lesions
from BAK/BAX double-deficient mice treated with 3 gm of R788 per kg of chow or with
control chow. Representative photomicrographs are shown (original magnification x eee)
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