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SUMMARY

Kidney allografts induce strong T-cell and antibody responses which mediate acute
rejection. Spleen tyrosine kinase (Syk) is expressed by most leucocytes, except mature
T cells, and is involved in intracellular signalling following activation of the Fcy-
receptor, B-cell receptor and some integrins. A role for Syk signalling has been estab-
lished in antibody-dependent native kidney disease, but little is known of Syk in
acute renal allograft rejection. Sprague-Dawley rats underwent bilateral nephrec-
tomy and received an orthotopic Wistar renal allograft. Recipient rats were treated
with a Syk inhibitor (CC0482417, 30 mg/kg/bid), or vehicle, from 1 h before sur-
gery until being killed 5 days later. Vehicle-treated recipients developed severe allo-
graft failure with marked histologic damage in association with dense leucocyte
infiltration (T cells, macrophages, neutrophils and NK cells) and deposition of IgM,
IgG and C3. Immunostaining identified Syk expression by many infiltrating leuco-
cytes. CC0482417 treatment significantly improved allograft function and reduced
histologic damage, although allograft injury was still clearly evident. CC0482417
failed to prevent T-cell infiltration and activation within the allograft. However,
CC0482417 significantly attenuated acute tubular necrosis, infiltration of macro-
phages and neutrophils and thrombosis of peritubular capillaries. In conclusion, this
study identifies a role for Syk in acute renal allograft rejection. Syk inhibition may
be a useful addition to T-cell-based immunotherapy in renal transplantation.
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Major advances have been made in controlling T-cell-medi-
ated allograft rejection (Nankivell & Alexander 2010).
However, this success has revealed the presence of signifi-
cant levels of humoral allograft rejection driven by pre-exist-
ing or de novo donor-specific antibodies which is poorly
controlled by current therapies (Roberts et al. 2012). Thus,
there is a major unmet medical need for new therapeutic
options in the treatment of antibody-dependent allograft
rejection.

Spleen tyrosine kinase (Syk) is an intracellular enzyme
which is required for signal transduction via the B-cell
receptor, Fc receptors, some leucocyte integrins, platelet
GPVI and complement receptor 3 (Mocsai et al. 2010). Syk
is widely expressed in leucocyte populations, except in
mature T cells where the ZAP70 kinase is required for T-cell

receptor signalling (Mocsai et al. 2010). Studies in mouse
and rat models have demonstrated that small molecule
inhibitors of Syk can suppress renal injury in models of
native kidney disease, including lupus nephritis, nephrotoxic
serum nephritis and autoimmune experimental glomerulone-
phritis (Bahjat et al. 2008; Smith et al. 2010; Ryan et al.
2011; McAdoo et al. 2014). These studies have shown the
Syk blockade can inhibit neutrophil and platelet-mediated
glomerular injury, macrophage-mediated renal injury and
autoantibody production (Bahjat ez al. 2008; Smith et al.
2010; Ryan et al. 2011; McAdoo et al. 2014). One study
has examined Syk in allograft rejection in which piceatannol
treatment (which blocks both Syk and ZAP70), together
with cyclosporine A, was shown to provide long-term
survival in a rat kidney allograft model (Fernandez et al.
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2002). However, the role of Syk in allograft rejection has
yet to be examined.

The aim of this study was to determine the contribution
of Syk signalling in acute allograft rejection. This was inves-
tigated using a Syk inhibitor compound (CC0482417) in a
rat model of acute renal allograft rejection.

Materials and methods

Syk inhibitor

The selective Syk inhibitor, CC0482417, was manufactured
by Celgene (San Diego, CA, USA). In an enzyme assay,
CC0482417 inhibits Syk with an IC50 of 3.1 nm. In a panel
of 71 enzymes, the closest kinases inhibited were JAK2 (ICsq
15.9 nm), JAK1 (ICso 16.5 nm) and JAK3 (ICso 34.7 nm).
CC0482417 has no activity against ZAP70. In cellular
assays, CC0482417 inhibits anti-IgM-stimulated NFAT acti-
vation at an IC50 of 31 nMm. The drug was prepared in 20%
hydroxylpropyl-B-cyclodextrin vehicle (Sigma-Aldrich, Castle
Hill, NSW, Australia) and administered by twice daily
gavage at the maximum beneficial dose of 30 mg/kg.

Antibodies

Mouse anti-rat monoclonal antibodies used were the follow-
ing: ED1 (CD68), RECA-1 (endothelium) (Serotec, Oxford,
UK); RP1 (neutrophils) (Becton Dickinson, San Diego, CA,
USA); and NKR-P1 (NK cells) (Cedarlane, Burlington, ON,
Canada). Other mouse anti-rat antibodies were prepared in-
house; OX-22 (B cells), R73 (rat af T-cell receptor), and
NDS61 (CD25/IL-2Ra). Rabbit antibodies were against:
fibrinogen (Santa Cruz Biotechnology, CA, USA) and Syk
(Cell Signalling, Danvers, MA, USA). Biotinylated antibodies
were goat anti-mouse IgG (Zymed, San Francisco, CA,
USA) and goat anti-rabbit IgG (Invitrogen, CA, USA), which
were detected using a Vectastain ABC kit (Vector Laborato-
ries, CA, USA). FITC (Fluorescein isothiocyanate)-conju-
gated goat polyclonal antibodies were against rat IgG
(Sigma-Aldrich), rat IgM (Bethyl, Montgomery, TX, USA)
and rat C3 (Cappel, Malvern, PA, USA).

Rat model of acute renal allograft rejection

Orthotopic transplantation of a Wistar kidney into bilateral
nephrectomized Sprague Dawley (SD) recipients was per-
formed as previously described (Kerr et al. 1994; Ma et al.
2013). Briefly, the donor Wistar kidney was isolated and
perfused with ice-cold Ross solution and then implanted or-
thotopically in recipient Sprague-Dawley rats with end-to-
end anastomosis of renal artery (sleeve), vein (stent) and
ureter (stent). Groups of seven allograft recipient rats were
given the Syk inhibitor or vehicle alone 1 h before surgery
and then by twice daily oral gavage until killed at day 5
after surgery. Normal Sprague-Dawley rats were used as
controls. Animals were obtained from the Monash Animal
Research Platform, Australia, and the experimental
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procedures were approved by the Monash Medical Centre
Animal Ethics Committee. Serum creatinine was analysed by
the Department of Biochemistry at Monash Medical Centre.

Histologic analysis of allograft rejection

Paraffin sections of formalin-fixed tissue were stained with
periodic acid-Schiff and haematoxylin. Slides were coded
and assessed in a blinded manner. Injured tubules were iden-
tified with one or more of the following pathological
changes: tubular atrophy, loss of brush border, loss of
nuclei, basement membrane disruption and detachment of
epithelial cells. Over 600 tubules were examined in each
animal using 12 high power fields (x400) in the renal cortex
and results expressed as percentage of injured tubules.

Immunohistochemistry

Immunoperoxidase staining with ED1, Syk and fibrinogen
antibodies was performed on formalin-fixed paraffin sections
using antigen retrieval followed by a three-layer avidin bio-
tin peroxidase complex (ABC) staining method (Lan et al.
1995). Immunoperoxidase staining with R73, RECA-1,
0X22, RP1, NKR-P1 and NDS61 antibodies was performed
on cryostat sections of tissue fixed in 2% paraformaldehyde-
lysine-periodate using the ABC method.

Quantification of immunobistochemistry

Allograft infiltration of RP1 + neutrophils, OX22 + B cells
and NKR-P1 + NK cells was assessed in glomeruli and in
the interstitial area of the entire cortex of allografts under
medium power (x250) and expressed as the number of posi-
tive cells per mm?. The peritubular capillary rarefaction
index of peritubular capillary sparseness (0-100%) was
determined by counting the numbers of squares in 12 x 16
grids containing RECA-1+ peritubular capillaries in at least
12 consecutive medium-power (x160) fields. The same
method was employed to quantify the number of grid
squares containing fibrinogen staining in peritubular capil-
laries. All scoring was performed on coded slides.

Immunofluorescence

Immunofluorescence staining was performed on sections of
snap-frozen tissue using FITC-conjugated antibodies to rat
IgG, IgM and C3. Slides were photographed and quantified
by image analysis using Image-Pro software (Media Cyber-
netics, Rockville, MD, USA).

Real-time RT-PCR

Kidney and spleen samples were snap-frozen and stored at
—-80°C until RNA was extracted using the RiboPure RNA
isolation kit (Ambion, Austin, TX, USA). cDNA was pre-
pared from total RNA by reverse transcription using ran-
dom hexamer primers and Superscript II (Invitrogen,
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Carlsbad, CA, USA). Real-time RT-PCR was performed on
a StepOne machine (Applied Biosystems, Mulgrave, VIC,
Australia) using primers plus Tagman probes with thermal
cycling conditions of 37°C for 10 min, 95°C for 5 min, fol-
lowed by 40 cycles of 95°C for 15 s, and 60°C for 20 s. The
primers and probes for detection of KIM-1, CD3, granzyme B,
IFN-y, FoxP3, CD68, NOS2, MMP-12, TNF-o, IL-12b, argi-
nase-1, CD163, CD206, IL-10 and MCP-1 have been described
previously (Ma et al. 2009, 2013; Han et al. 2013), except
for the IL-2 primers and probe which were purchased from
Applied Biosystems. The relative amount of mRNA was cal-
culated using the comparative Ct method. All amplicons
were normalized against the 18S RNA internal control
(Applied Biosystems).

Statistics

Data are presented as mean + standard deviation. Analysis
between groups of animals was performed by parametric
ANOVA using Bonferroni’s post-test for multiple comparisons.
Non-parametric data were analysed by the Kruskal-Wallis
ANOVA by ranks using Dunn’s post-test for multiple compari-
sons. Analyses were performed using GraphPad Prism 5.0

Results

CC0482417 reduced the severity of acute renal allograft
rejection

Bilateral nephrectomised Sprague-Dawley rats received an
orthotopic Wistar rat kidney allograft. Vehicle-treated
recipients developed severe renal allograft rejection on day
5 as shown by a 10-fold increase in serum creatinine levels
(Figure 1a). Allograft histology revealed widespread acute
tubular injury, diffuse heavy leucocytic infiltration with
perivascular accentuation, peritubular capillaritis and
glomerulopathy (Figure 1d). Most tubules exhibited histo-
logic damage, while the marked up-regulation of KIM-1
was consistent with severe tubular damage (Figure 1b and
¢). Immunohistochemistry staining confirmed Syk expres-
sion in many infiltrating leucocytes in vehicle-treated allo-
grafts (Figure 1f).

Treatment with CC0482417 reduced renal allograft
rejection as shown by the significant reduction in serum
creatinine levels, although this was still fivefold elevated
above normal (Figure 1a). Histology also showed a signifi-
cant reduction in allograft damage, although moderate leu-
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Quantitative analysis showed a partial, but significant,
reduction in tubular damage on the basis of histology and
KIM-1 mRNA levels (Figure 1b and c). In addition, numer-
ous Syk-expressing leucocytes were still evident in
CC0482417-treated allografts (Figure 1 g).

CC0482417 did not affect allograft T-cell infiltration or

activation

A prominent T-cell infiltrate was seen in vehicle-treated allo-
grafts on the basis of immunohistochemistry staining of
R73 + T cells and PCR analysis of CD3 mRNA levels
(Figure 2a and c¢). Many IL-2Ra+ (CD25+) T cells were evi-
dent in vehicle-treated allografts which are predominantly
activated effector T cells (Figure 2d). T-cell activation
within these allografts was also shown by the prominent up-
regulation of mRNA levels for IL-2 (a general marker of T-
cell activation), granzyme B (a marker of activated cytotoxic
T cells and natural killer cells) and IFN-y (a marker of acti-
vated Ty 1-type T cells), while an increase in FoxP3 mRNA
indicated infiltration of regulatory T cells (Figure 2f-i).
CC0482417 treatment had no effect upon T-cell infiltration,
parameters of T-cell activation or on the infiltration of regu-
latory T cells (Figure 2).

CC0482417 reduced macrophage infiltration in acute
allograft rejection

Immunohistochemistry staining identified an enormous mac-
rophage infiltrate throughout vehicle-treated allografts (glo-
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evident by the prominent up-regulation of CD68 mRNA lev-
els (Figure 3a and ¢). PCR analysis of vehicle-treated renal
allografts showed marked up-regulation of markers of both
classically activated M1-type macrophages (NOS2, MMP-
12, TNF-o and IL-12) and alternatively activated M2-type
macrophages (Arg-1, CD163, CD206, IL-10) (Figure 3d-k).
CC0482417 treatment reduced the overall macrophage infil-
trate by approximately 40% (Figure 3b and c). The reduced
expression of most markers of M1- and M2-type macro-
phage activation seen with CC0482417 treatment was pro-
portional to the reduction in the total macrophage infiltrate,
except for the M2 marker, IL-10, whose expression was
increased twofold (P < 0.05) relative to CD68 mRNA levels
in drug-treated allografts (Figure 3d-k). In addition,
CC0482417 reduced MCP-1 mRNA levels which may have
contributed to the reduction in overall macrophage infiltra-
tion (Figure 3I).

CC0482417 did not prevent antibody deposition in renal
allografts

Humoral rejection involves the deposition of donor-specific
antibodies within the allograft. Confocal microscopy iden-
tified prominent rat IgM and IgG deposition along the
glomerular endothelium, peritubular capillaries and arteri-
oles which was absent in normal rats (Figure 4a,b,d,e).
CC0482417 treatment did not affect the deposition of rat
IgM or IgG within allografts (Figure 4c and f-h). In addi-
tion, CC0482417 treatment did not affect the glomerular

deposition of C3 which was evident in allografts
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Figure 5 Effect of CC0482417
(CC0417) on parameters of humoral
allograft rejection. Immunostaining for
RP1 + neutrophils in: (a) vehicle- and
(b) CC0417-treated allografts. (c)
Quantification of neutrophil infiltration.
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CC0417-treated allografts. (f)
Quantification of the percentage of grid
squares containing fibrinogen+
peritubular. Immunostaining for RECA-
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and (h) CC0417-treated allografts. (i)
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Effect of CC0482417 on other features of allograft
rejection

We examined a number of other features which are associ-
ated with antibody-mediated rejection. CC0482417 signifi-
cantly reduced neutrophil infiltration in renal allografts
(Figure 5a—c). However, the NK-cell and B-cell infiltration
evident in vehicle-treated allografts was not affected by
CC0482417 (Figure 5j—m). Substantial thrombosis was evi-
dent in vehicle-treated allografts, being most prominent in
peritubular capillaries as assessed by fibrinogen immuno-
staining (Figure 5d). This was significantly reduced by
CC0482417 treatment (Figure Se and f). In addition, there
was a significant loss of peritubular capillaries in vehicle-
treated allografts compared to normal rat kidney; however,
CC0482417 treatment did not provide significant protection
against this loss (Figure 5g—i).

Discussion

This study has identified a pathological role for Syk in acute
renal allograft rejection. Syk inhibition had no effect upon
the T-cell allograft response, but inhibited some features
associated with antibody-mediated rejection (acute tubular
damage, macrophage and neutrophil infiltration and throm-
bosis).
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Most studies of acute allograft rejection focus on the
role of T cells in allograft destruction. However, a signifi-
cant humoral immune response is also involved in this pro-
cess as shown in the current study by prominent IgM and
IgG deposition along the allograft endothelium together
with complement deposition. Syk is required for B-cell
receptor signalling (Mocsai et al. 2010). However, few
studies have examined the role of Syk in antibody
responses, largely due the failure of B-cell development in
mice lacking the Syk gene in the bone marrow compart-
ment (Cheng et al. 1995; Turner et al. 1995). One recent
study showed that treatment with a Syk inhibitor (fosta-
matinib) was effective in preventing autoantibody produc-
tion in response to immunisation with the Goodpasture
antigen in complete Freund’s adjuvant (McAdoo et al.
2014). In the current study, CC0482417 treatment failed
to inhibit antibody deposition in the allograft. Whether this
is due to insufficient drug levels to inhibit the very high
Syk levels present in B cells is not clear. However, we can
conclude that the protective effect of CC0482417 in the
model of allograft rejection is not simply due to reduced
antibody deposition and complement activation. Rather,
CC0482417 treatment appears to have inhibited some of
the following the deposition of
humoral reactants within the allograft.

downstream effects
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Macrophage infiltration is a prominent feature of the
acute phase of renal allograft rejection in non-immunosup-
pressed animals (Kerr er al. 1994). These infiltrating cells
can be activated via several mechanisms, including Fc and
complement receptors, T-cell- and NK-cell-derived cytokines
such as IFN-y, and release of endogenous ligands for
danger-associated molecular pattern (DAMP) receptors
(Chadban et al. 2010). We found that CC0482417 treat-
ment significantly reduced the degree of macrophage infiltra-
tion, but had relatively little impact upon the M1/M2
phenotype of the infiltrating macrophages. The reduction in
macrophage infiltration may be due to CC0482417 inhibit-
ing Fc receptor-based recruitment, as well as the partial
reduction in allograft MCP-1 production. The lack of effect
of CC0482417 treatment on the pro-inflammatory M1-type
macrophage response may be due to the unaltered produc-
tion of IFN-y by infiltrating T cells and NK cells. Indeed,
our recent studies in a similar model of rat renal allograft
rejection identified a role for macrophages in cellular but
not humoral-mediated rejection (Ma et al. 2013).

Neutrophils are considered to be important effectors of
antibody-mediated allograft injury (Murata & Baldwin
2009). Syk is involved in the recruitment and activation of
neutrophils via Fcy receptors (Florey ef al. 2007; Tsuboi
et al. 2008). Thus, the reduced allograft damage seen with
CC0482417 treatment may be, in part, due to the reduced
neutrophil infiltration and/or activation within the allo-
graft. NK cells can also induce allograft injury via direct
mechanisms (antibody-dependent cell-mediated cytotoxicity)
and indirect mechanisms (cytokine production to activate
other leucocytes) (Rocha et al. 2003; Murata & Baldwin
2009). Although CC0482417 did not affect allograft infil-
tration of NK cells or affect up-regulation of IFN-y expres-
sion, it is possible that the treatment suppressed NK-cell-
mediated allograft injury via antibody-dependent cell-medi-
ated cytotoxicity. Finally, thrombosis is an important
mechanism of allograft injury (Meehan et al. 2003; Murata
& Baldwin 2009). Syk is required for platelet activation
and thrombosis via glycoprotein VI-FcyR-mediated signal-
ling (Kim et al. 2013; Ozaki et al. 2013), and Syk inhibitor
treatment has been shown to suppress thrombosis and
renal injury in antibody-dependent native kidney disease
(Ryan ef al. 2011). Thus, inhibition of platelet activation
may also have contributed to the reduction in capillary
thrombosis seen with CC0482417 treatment of renal allo-
grafts.

An alternative mechanism by which Syk activation may
have contributed to allograft rejection is via Toll-like recep-
tor (TLR) signalling in the innate immune response. Syk is
thought to be directly involved in TLR4 signalling (Miller
et al. 2012). This is potentially important as TLR4 signal-
ling promotes renal ischaemia/reperfusion injury (Wu et al.
2007), and this type of injury is unavoidable in kidney
transplantation. In addition, it has been shown that TLR2/4
expression in the mouse renal allograft contributes to both
macrophage infiltration and chronic allograft rejection
(Wang et al. 2010), thus providing a potential mechanism

by which CC0482417 may have reduced acute renal allo-
graft injury in the present study.

One important finding in the current study was the lack of
effect of CC0482417 on the allograft T-cell response. Using
both immunostaining and PCR analysis, we identified promi-
nent T-cell infiltration and activation within the allograft
which was unaffected by CC0482417 treatment. This is con-
sistent with the first genetic studies of Syk in which reconsti-
tution of immunodeficient mice with Syk-deficient foetal
liver cells did not affect the development of normal mature
CD4 and CD8 T-cell populations (Cheng et al. 1995; Turner
et al. 1995), and that human mature T cells also lack Syk
expression (Feldman ez al. 2008). However, a role for Syk in
early thymocyte development has been described, although
this does not prevent the development of mature T cells
(Chan et al. 1994; Palacios & Weiss 2007), and the abnor-
mal T cells present in systemic lupus erythematosus and in T
cell lymphomas can utilise Syk signalling (Feldman er al.
2008; Grammatikos et al. 2013). One issue that complicates
the understanding of Syk function is that the Syk inhibitor
drug used in most animal studies, fostamatinib, is non-selec-
tive and inhibits 14 other kinases more potently than Syk,
including Jak2 and ZAP70 which play critical roles in T-cell
activation (Davis et al. 2011; Currie et al. 2014; Thoma
et al. 2014). Indeed, the active metabolite of fostamatinib,
R406, was originally described as having activity against IL-
2-induced T-cell proliferation and IL-4-induced B-cell activa-
tion, indicating blockade of JAK/STAT signalling (Brasel-
mann ef al. 2006). A recent study showed that fostamatinib
can suppress a mouse model of bone marrow transplant
chronic graft-versus-host disease; however, this protection
was attributed to blockade of the proliferation and activation
of effector CD4+ T cells (Le Huu et al. 2014). Thus, caution
is needed when interpreting studies of fostamatinib treatment
in disease models.

In the current study, immunostaining confirmed Syk
expression by infiltrating leucocytes. We have previously
identified Syk activation in infiltrating leucocytes in rat mod-
els of kidney disease and kidney transplantation based on
phosphorylation of the activation loop of the Syk enzyme
(Ryan et al. 2011; Ma et al. 2013); however, recent batches
of this anti-human p-Syk polyclonal antibody have been
unable to detect Syk activation in rat tissue sections, and
thus we were unable to confirm that CC0482417 inhibited
Syk activation in the rat allograft model. Further studies to
investigate the role of Syk in humoral rejection are needed.
The protective effect of Syk blockade needs to be investi-
gated in a model of antibody-mediated rejection in the
absence of T-cell-mediated graft damage. In addition, the
potential for combined complement and Syk blockade in
antibody-mediated rejection should be examined. Finally,
the use of conditional Syk gene deletion is required to both
confirm the role of Syk in allograft rejection and identify the
specific cell types in which Syk activation is critical.

Finally, one limitation of the study is that the potential
for Syk blockade to provide a survival benefit was not
investigated. All animals were killed on day 5 post-trans-
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plant to avoid the anticipated death of vehicle-treated rats
due to allograft failure on day 7. However, it is unlikely
that Syk blockade would have prolonged allograft survival
in this model by more than a few days at most as allo-
graft dysfunction and prominent T cell-infiltration and
activation were already evident in drug-treated recipient
rats on day S.

In conclusion, this study has identified a role for Syk in
acute renal allograft rejection which is independent of T-cell
activation. Thus, Syk inhibition may be a useful addition to
T-cell-based immunotherapy in renal transplantation.
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