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Abstract. Spleen tyrosine kinase (SYK) has an important 
role in immunoreceptor signaling, and SYK inhibition has 
accordingly attenuated immune‑mediated injury in several 
models. Therefore, the present study examined the effect 
of SYK inhibition with the selective spleen tyrosine kinase 
inhibitor P505‑15 in experimental rheumatoid arthritis (RA) 
using a murine model of collagen‑induced arthritis (CIA). 
Treatment with the selective SYK inhibitor P505‑15, a small 
molecule kinase inhibitor selective for SYK, led to a reduc-
tion in arthritis score and attenuated histological damage. 
P505‑15 reduced cartilage destruction and macrophage 
infiltration in CIA mice. In addition, P505‑15‑treated mice 
showed lower circulating levels of type II‑collagen immuno-
globulin (Ig)G1 and IgG2 and pro‑inflammatory cytokines. 
Importantly, P505‑15 treatment markedly reduced the 
interleukin 1β‑stimulated inflammatory response in human 
RA synovial cells. Given these encouraging results, a key 
function for SYK in the development of RA was identified, 
highlighting that SYK may be a potential therapeutic target 
for human RA. 

Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease 
characterized by the hyperplasia of synovial tissue and progres-
sive destruction of articular cartilage, bone and ligaments (1‑2). 
The pathogenesis of RA is a complex process mediated by an 
interdependent network of cytokines, proteolytic enzymes 
and prostanoids (3). There thus remains a tremendous unmet 

clinical requirement for more effective therapeutic strategies, 
with a goal of sustained remission for a greater number of 
patients with RA.

Current therapeutic strategies pursued by the biophar-
maceutical industry include those that target the key kinases 
involved in the pathogenesis of RA. One such enzyme is the 
spleen tyrosine kinase (SYK), which is a master regulator 
in coupling activated immunoreceptors to the mobilization 
of downstream signal transduction cascades that affect 
diverse biological functions  (4). Given the central role of 
SYK in transmission of antigen receptor signals that are 
critical for autoantibody production and the various innate 
immune effector functions, pharmacological inhibition of 
the catalytic function of SYK is expected to have pleiotropic 
anti‑inflammatory effects in the pathogenesis of autoimmune 
disorders (5). 

The present study explored whether the selective 
SYK inhibitor P505‑15 impacted the development of 
collagen‑induced arthritis (CIA) disease in vivo in mice. The 
results of the present study indicated that P505‑15 may serve 
as a lead candidate for further development of selective SYK 
inhibitors for the potential treatment of RA.

Materials and methods

Animals. A total of 24 male DBA1/J mice (28‑30 g; 8 weeks 
old) were obtained from Charles River Breeding Laboratories 
(Wilmington, MA, USA).  All animal experiments were 
approved by the Institutional Animal Use Committee of 
Shandong University (Jinan, China). The study was approved 
by the ethics committee of Shandong Provincial Hospital, 
Shandong University (no. G2015698). The mice were housed 
with a 12-h light/dark cycle. They had ad libitum access to 
food and water in cages (n=6) under controlled temperature 
and humidity.

CIA induction. To induce CIA in DBA1/J mice as previously 
described (6), type II collagen (CII; Chondrex, Redmond, WA, 
USA) was dissolved overnight in 0.1 N acetic acid (4 mg/ml; 
(Chondrex) with gentle rotation at 4˚C. The mice were injected 
intradermally at the base of the tail with 100 µg CII emulsi-
fied 1:1 in complete Freund's adjuvant (Chondrex) and then 
received a second injection with 100 µg CII emulsified 1:1 in 
incomplete Freund's adjuvant 21 days later.
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Assessment of arthritis. Clinical arthritis scores were 
evaluated using a scale of 0‑4 for each limb as previously 
described (7). Hind paw thickness was measured with an elec-
tric caliper placed across the ankle joint at the widest point. 
The paw thickness index was defined as the percent increase 
in the diameter of the arthritic ankle at specific time‑points as 
compared with the diameter determined on day 21. On day 38, 
the mice were sacrificed, and joint tissue samples from each 
animal were harvested for end‑point histological analysis.

Administration of P505‑15. On day 24 after the first immu-
nization, CIA mice (n=12 per group) received oral doses of 
vehicle (0.5% methylcellulose in water) or P505‑15 (15 mg/kg) 
twice daily for 14 days as previously reported (8). On day 38, 
mice were anesthetized by subcutaneous injection of ketamine 
(Fort Dodge Animal Health, Webster County, IN, USA) and 
exsanguinated via cardiac puncture. Joints were stained with 
hematoxylin and eosin (H&E) for histology.

Histological assessment. Mouse joint tissue specimens from 
mice with CIA were fixed with 10% formalin, decalcified for 
15 days in 10% EDTA, dehydrated and embedded in paraffin. 
Sections (6 µm) were stained with H&E and Safranin O‑fast 
green for light microscopy (Labophot-2; Nikon, Tokyo, Japan). 
The mouse joint sections were scored for changes in synovial 
inflammation and bone erosion on a scale of 0‑4 as described 
in the previous literature (7). Rabbit anti‑mouse monoclonal 
anti‑CD68 antibody (1:2,000 dilution; cat.  no.  76308; Cell 
Signaling Technology, Beverly, MA, USA) incubated for 2 h at 
37˚C was used to identify the synovial macrophages. Safranin 
O‑fast green staining was scored 0‑3 (7). For immunohisto-
chemical staining, expression of CD68 in the synovial tissue 
of all ankle joints present was scored semiquantitatively on a 
five‑point scale (9). A score of 0 represented minimal expres-
sion, while a score of 4 represented abundant expression of a 
marker.

Assessment of anti‑CII antibodies and cytokines. Sera were 
obtained from anesthetized animals by retroorbital puncture at 
the end of the study. Serum levels of anti‑CII immunoglobulin 
(Ig)G1 and -IgG2a were measured by ELISA (Chondrex, 
Redmond, WA, USA). The levels of tumor necrosis factor 
(TNF)‑α, interleukin (IL)‑6 and IL‑17 were measured 
by TNF‑α, IL‑6 and IL‑17 ELISA kits (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer's 
instructions.

Human RA synovial cells. Synovial tissue from 10  RA 
patients was digested with 0.5 mg/ml collagenase A in RPMI 
medium for 2 h at 37˚C. The cells were washed twice with 
10% phosphate-buffered saline/Dulbecco's modified Eagle's 
medium and filtered using a 0.70‑µm cell strainer (Falcon, 
BD Biosciences, Franklin Lakes, NJ, USA). The cells were 
washed and 3x106 cells were plated in six‑well plates. After 
overnight incubation, the cells were treated with the selec-
tive SYK inhibitor P505‑15 (100 µmol/l) for 48 h. The cells 
were then treated with 20 ng/ml IL‑1β (R&D Systems) for 
4 h. The cytokines in the cell supernatants were quantified by 
ELISA. Results are expressed as the average percent of the 
values in untreated controls. Written consent was obtained 

from all patients and all experiments were approved by 
the Institutional Ethics Committee of Shandong University 
(Jinan, China).

Statistical analysis. Values are expressed as the mean ± stan-
dard error of the mean. Statistical analyses were performed 
using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Statistical 
comparisons were performed using one‑way analysis of 
variance. The significance of differences between groups 
was determined using Student's unpaired t‑test. P<0.05 was 
considered to indicate a significant difference between values.

Results

P505‑15 treatment attenuates arthritis score and joint 
damage in CIA mice. The mice started developing arthritis 
24 days after the first immunization. Clinical scores of CIA in 
DBA1/J mice were recorded every 2 days from 24 days after 
the first immunization. P505‑15 treatment significantly attenu-
ated the clinical symptoms of arthritis from day 32 onwards 
(Fig. 1A). H&E staining (Fig. 1B) showed that the joints of 
vehicle‑treated CIA mice showed marked infiltration of leuko-
cytes and bone damage. In the joints of P505‑15‑treated CIA 
mice, the infiltration of inflammatory cells and bone erosion 
were significantly inhibited (Fig. 1B). 

P505‑15 reduces cartilage destruction and macrophage infil‑
tration in CIA mice. In addition, the present study investigated 
the efficacy of P505‑15 treatment in CIA bone erosion using 
safranin‑O staining. The results indicated that the joints of 
CIA mice showed evident cartilage destruction, which was 
significantly reduced in the CIA mice treated with P505‑15 
(Fig. 2A and B).

The synovial tissue sections were also assessed for the 
expression of CD68 using immunohistochemistry. A signifi-
cant reduction in CD68 expression was observed in the CIA 
mice treated with P505‑15 compared with that in the control 
group (P<0.01; Fig. 2C and D).

P505‑15 treatment inhibits anti‑CII IgG1, -IgG2a and 
pro‑inflammatory cytokines in CIA mice. The effects of 
P505‑15 administration on the serum anti‑CII IgG1 and -IgG2a 
were assessed. The results indicated that P505‑15 treatment 
significantly reduced the number of anti‑CII antibodies relative 
to that in vehicle‑treated CIA controls (P<0.01; Fig. 3A). CIA 
is characterized by marked expression of pro‑inflammatory 
cytokines  (10). To ascertain whether P505‑15 inhibits this 
characteristic, P505‑15‑treated and ‑untreated mice with CIA 
were bled on day 38. Serum TNF‑α, IL‑6 and IL‑17 levels 
were measured using an ELISA (Fig. 3B). The levels of these 
pro-inflammatory cytokines were markedly increased in the 
vehicle-treated group compared with those in the normal 
group, which was significantly attenuated by treatment with 
P505-15 (P<0.01). The results therefore suggested that P505‑15 
may have a therapeutic effect to reduce the severity of CIA by 
inhibiting the production of inflammatory cytokines.

P505‑15 treatment significantly decreases inflammation in 
human RA synovial cells. To assess whether a similar phenom-
enon to that in the mouse model of CIA can be observed in 
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Figure 2. P505‑15 attenuates cartilage destruction and macrophage infiltration in CIA mice. (A) Representative histopathology images of the ankle joints 
stained with Safranin‑O (magnification, x100). (B) Histological evaluation of cartilage erosion in CIA mice after P505‑15 therapy. (C) Immunohistochemical 
analysis indicated that P505‑15 inhibited the expression of CD68 in synovial tissue of CIA mice (magnification, x100). (D) Quantified CD68 expression in CIA 
mice. Values are expressed as the mean ± standard error of the mean of 12 mice per group. *P<0.01 vs control group. CIA, collagen-induced arthritis.

Figure 3. P505‑15 treatment inhibits the production of (A) autoantibodies and (B) pro‑inflammatory cytokines in sera from CIA mice. On day 38, sera were col-
lected and various cytokines were measured by ELISA. Values are expressed as the mean ± standard error of the mean of 12 mice per group. #P<0.01 vs. normal 
mice; *P<0.01 vs. vehicle‑treated group. CII, collagen type II; CIA, collagen-induced arthritis; TNF, tumor necrosis factor; IL, interleukin; Ig, immunoglobulin. 

Figure 1. P505‑15 treatment reduces the severity of arthritis and histology. (A) Clinical score was assessed every 48 h. (B) hematoxylin and eosin staining of 
vehicle‑treated CIA mice, and P505‑15‑treated CIA mice, with histological scoring. CIA mice were treated with P505‑15 or control, starting at 24 days after 
initial immunization (magnification, x100). Values are expressed as the mean ± standard error of the mean of 12 mice per group. *P<0.01 vs control group. 
CIA, collagen-induced arthritis.
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human RA, RA synovial cells were cultured in the presence 
or absence of the SYK inhibitor P505‑15 (100 µmol/l) for 
48 h. The cells were then treated with 20 ng/ml IL‑1β (R&D 
Systems) for 4 h. Supernatants were then assayed for TNF‑α, 
IL‑6 and IL‑17. The results indicated that P505‑15 treatment 
significantly reduced the levels of TNF‑α, IL‑6 and IL‑17 
(Fig. 4). The results therefore suggested that SYK inhibition 
attenuates experimental arthritis via inhibiting the generation 
of a pro‑inflammatory response.

Discussion

The results of the present study suggested that SYK warrants 
clinical investigation as a therapeutic target in autoimmune 
arthritis. In addition to the known anti‑inflammatory effects 
of SYK (11), the present study was the first, to the best of 
our knowledge, to show that SYK inhibition has a significant 
impact on CIA using a highly accurate pre‑clinical autoim-
mune arthritis model. More importantly, the present study 
reported the effects of SYK inhibition in human RA synovial 
cells.

Pharmacological inhibition of SYK using fostamatinib or 
other small molecule inhibitors as potential immunomodula-
tory agents is being actively pursued for the treatment of 
autoimmune and inflammatory disorders in a number of 
in vivo models of immune‑mediated injury (5,11,12). However, 
to the best of our knowledge, P505‑15, a highly specific and 
potent inhibitor of purified SYK, has not been tested in rheu-
matoid arthritis models. SYK is a protein tyrosine kinase that 
couples B‑cell receptor (BCR) activation with downstream 
signaling pathways, affecting cell survival and prolifera-
tion (13). P505‑15 has been shown to inhibit BCR‑dependent 
secretion of the chemokines CCL3 and CCL4 by CLL cells, 
and leukemia cell migration toward the tissue homing chemo-
kines CXCL12, CXCL13, and beneath stromal cells, which 
demonstrates that the selective SYK inhibitor P505‑15 is 
highly effective in the inhibition of CLL survival and tissue 
homing circuits, and supports the therapeutic development of 

these agents in patients with CLL, other B‑cell malignancies 
and autoimmune disorders (13). The present study implicated 
SYK in the pathogenesis of RA and demonstrated that P505‑15 
is highly effective for ameliorating CIA disease. These results 
are also supported by a study showing that genetic deficiency 
of SYK in the hematopoietic compartment completely blocked 
the development of arthritis and also prevented the appearance 
of periarticular bone erosions (14). In further support of the 
results of the present study, it was reported that SYK inhibition 
suppresses the development of lupus disease and ameliorates 
established disease in lupus‑prone mice, and may therefore 
represent a valuable treatment for patients with systemic lupus 
erythematosus (15,16).

In addition to preventing the production of pathogenic 
autoantibodies, including serum anti‑CII IgG1 and -IgG2a, 
the present study observed that the pro‑inflammatory cytokine 
production in CIA was inhibited by P505‑15. In addition, SYK 
has been reported to have a crucial role in macrophage activa-
tion (17,18). Consistent with this observation, the present study 
showed that blockade of intracellular SYK inhibited macro-
phage activation. Strengths of the present study, however, 
include the use of a genuine autoimmune model of RA using 
a well characterized selective SYK inhibitor. The striking 
findings of the present study using this experimental model 
suggested that clinical studies on SYK as a therapeutic target 
in RA are desirable.
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