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Abstract

Spleen tyrosine kinase (SYK) is an important component of the intracellular signalling pathway 

for various immunoreceptors, and SYK inhibition has shown promise in preclinical models of 

autoimmune and glomerular disease. The description of SYK expression in human renal tissue, 

which would be desirable ahead of clinical studies, is however lacking. Here, we have conducted 

immunohistochemical analysis for total and phosphorylated SYK in biopsy specimens from over 

120 patients with a spectrum of renal pathologies, including thin basement membrane lesion, 

minimal change disease, membranous nephropathy, IgA nephropathy, lupus nephritis (LN), 

ANCA associated glomerulonephritis (AAGN), anti-glomerular basement membrane (anti-GBM) 

disease, and acute tubular necrosis (ATN). We found significant SYK expression in proliferative 

glomerulonephritis, and that glomerular expression levels correlated with presenting serum 

creatinine and histological features of disease activity that predict outcome in IgA nephropathy, 

LN, AAGN and anti-GBM disease. SYK is phosphorylated within pathological lesions, such as 

areas of extra- and endocapillary proliferation, and appeared to localise both to infiltrating 

leucocytes and resident renal cells within diseased glomeruli. These data strongly implicate SYK 

in the pathogenesis of proliferative glomerulonephritides, suggesting that these conditions may 

respond to SYK inhibitor treatment, and our results may inform the development of future clinical 

studies in this field.

Introduction

Spleen Tyrosine Kinase (SYK) is a non-receptor tyrosine kinase that is highly expressed in 

haematopoietic cells, where it has a critical function in classical immunoreceptor signalling. 

It has a well-characterised role in the intra-cellular signal transduction pathway for the B cell 

surface receptor (BCR)1 and for activatory Fc receptors (FcR) expressed on a variety of 

immune effector cells, including myeloid cells2,3 and mast cells4. In addition, a role for 
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SYK in signalling in other cell types and for other receptors, such as integrins and C-type 

lectins, is increasingly recognised5. The SYK molecule, of molecular weight 72kDA, has a 

multi-domain structure6, characterised by two N-terminal SH2 domains, which allow it to 

interact with immunoreceptor-tyrosine based activation motifs (ITAM) on the intracellular 

domain (or on related adaptor proteins) of the receptors for which it mediates signalling, and 

a C-terminal kinase domain. Upon receptor engagement, SYK is phosphorylated on multiple 

tyrosine residues, leading to conformational changes that allow this C-terminal kinase 

domain to interact with a variety of downstream targets, including PLC-γ, PI3K and MAP 

kinases, resulting in activation of a variety of cellular responses including proliferation, 

differentiation, phagocytosis and cytokine production.

Given its important role in generating and effecting adaptive immune responses, SYK has 

emerged as a potential therapeutic target in autoimmune disease. Both genetic and 

pharmacological manipulation of SYK activity have shown efficacy in treating in vivo 

models of autoimmune disease7,8, and several small molecule inhibitors have progressed to 

clinical investigation9. We have previously reported that SYK inhibition with fostamatinib, 

a kinase inhibitor with high selectivity for SYK that has progressed to phase III study of 

non-renal diseases10,11, is effective in treating two distinct rodent models of immune-

mediated glomerulonephritis (GN)12,13. We also reported that SYK is expressed in 

Immunoglobulin A (IgA) nephropathy14. However, a systematic analysis of SYK expression 

in other glomerular diseases, though desirable ahead of potential clinical studies, is lacking.

Here, we have analysed SYK expression by immunohistochemistry on renal biopsies from 

patients with a range of glomerulonephritides. We report that SYK is expressed and 

activated in proliferative GN, and that SYK expression levels appear to correlate with 

disease activity, suggesting that SYK inhibition may be a rational therapeutic target 

warranting further clinical investigation in glomerular disease.

Results

Method development and characterisation of SYK staining in normal renal tissue

This was an immunohistochemistry (IHC)-based study for which we used commercially 

available primary antibodies. For total SYK (T-SYK) staining, we used an antibody directed 

against the N-terminus of SYK that should detect both major splice variants of the protein. 

For phophorylated SYK (phospho-SYK) staining, we used an antibody directed against 

phospho-tyrosine 525/526, located within the activation loop of the catalytic domain of 

SYK, in order to detect functionally activated protein likely to be relevant to disease 

pathogenesis. We previously reported the use of these antibodies for detection of SYK in 

human renal mesangial cells and in rat tissue by immunoblotting and IHC, respectively14. 

For this study, we further confirmed their reactivity and specificity for SYK by Western blot 

of lysates of human peripheral blood mononuclear cells (Figure 1A). We performed positive 

control IHC on human lymph node tissue and found positive staining for both T-SYK and 

phospho-SYK localised to lymphoid follicles, consistent with an important role for SYK in 

maintaining follicular B cell survival15 and in generating adaptive immune responses 

(Figure 1B-E).
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In order to define the pattern of T-SYK expression in normal kidney tissue, we examined 

tissue from nephrectomy specimens (n=4) and surveillance transplant biopsies with normal 

light micrographic findings (n=4). In all cases, we found positive staining for T-SYK within 

distal tubular epithelial cells (identified by their morphological features of cuboidal 

epithelium with little brush border and open tubular lumens). Minimal staining was observed 

within glomeruli (Figure 2A-B). For initial characterisation of T-SYK staining in nephritic 

tissue, we examined renal biopsies from patients with post-infectious diffuse proliferative 

glomerulonephritis. We observed positive staining of distal tubular epithelial cells, 

comparable to that seen in normal renal tissue. In addition, there was positive staining within 

nephritic glomeruli that appeared to localise to proliferating cells within the tuft (Figure 2C-

F).

Glomerular SYK expression levels are highest in proliferative glomerulonephritis

We then proceeded to perform IHC for T-SYK on renal biopsies demonstrating a range of 

primary glomerular lesions. In thin basement membrane lesion (TBM, n=11), minimal 

change disease (MCD, n=11) and idiopathic membranous nephropathy (iMN, n=10), there 

was negligible glomerular staining for T-SYK, with positive tubular staining as noted in 

normal tissue (Figure 3A; Figure 4). Glomerular T-SYK expression levels were highest in 

anti-glomerular basement membrane (anti-GBM) disease (n=15), and significant expression 

was also seen in ANCA-associated glomerulonephritis (AAGN; n=18), lupus nephritis 

(n=16) and IgA nephropathy (IgAN; n=26) (Figure 3A). In the entire cohort (n=107), there 

was a robust association between creatinine at the time of renal biopsy, and glomerular T-

SYK staining (r =0.4; p<0.0001; Figure 3B). There was no association with the degree of 

proteinuria at the time of biopsy (r =0.03; p=0.77).

In the proliferative glomerulonephritides (anti-GBM, AAGN, lupus nephritis, IgAN), T-

SYK expression localised to areas of segmental inflammation and endocapillary and 

extracapillary proliferation. In anti-GBM disease (Figure 5A-B) and AAGN (Figure 5D), for 

example, staining was observed in areas of crescent formation. No staining was observed in 

sclerotic lesions (Figure 5E). In IgA nephropathy (Figure 6A-B), and lupus nephritis (Figure 

6D-E) staining was observed within the glomerular tuft, that morphologically localised to 

endocapillary cells in proliferative classes of disease. In all cases, sporadic staining within 

tubular epithelial cells was a common finding, which was not present in negative control 

sections, suggesting that SYK is expressed in these cells, although its relevance to 

glomerular disease is unclear.

SYK expression correlates with disease activity and parameters predicting clinical 
outcome

In anti-GBM disease, significantly higher levels of glomerular T-SYK expression were seen 

in patients who presented with dialysis-dependent renal disease (median 5.46% T-SYK per 

glomerular cross section [GCS] in dialysis-dependent cases versus 3.28% per GCS in 

dialysis-independent cases; p=0.031) In addition, glomerular T-SYK expression correlated 

strongly with serum creatinine at presentation (r =0.82; p=0.0001; Figure 5C).
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In AAGN, glomerular T-SYK expression also correlated with serum creatinine at time of 

biopsy (r =0.57; p=0.01). We also found that glomerular T-SYK expression correlated with 

the histological class of disease as recently described by Berden and colleagues16 (Figure 

5F). Total SYK staining was highest in patients with crescentic class disease and minimal in 

patients with sclerotic class disease, suggesting that SYK expression is a feature of acute 

lesions that may respond to treatment.

In IgAN, highest levels of T-SYK staining were observed in biopsies with endocapillary 

proliferation, whereas biopsies with no proliferative features or mesangial proliferation only 

had negligible staining within the glomerular tuft (Figure 6C), again suggesting that SYK 

expression is a feature of acute inflammatory disease.

In lupus nephritis, highest SYK expression levels were seen in ISN/RPS class IV nephritis, 

in keeping with the observation of SYK positive cells within capillary loops in proliferative 

disease (Figure 6E). Minimal staining was seen in class V disease, akin to that seen in 

idiopathic membranous nephropathy. Notably, we found that T-SYK expression levels 

tended to be higher in those patients who failed to achieve complete remission by six months 

(median 1.48% T-SYK per GCS) versus those who did remit (median 0.31% T-SYK per 

GCS) following initiation of immunosuppressive treatment following the index biopsy 

(Figure 6F), although this difference did not achieve statistical significance (p=0.08). In 

lupus nephritis and IgA nephropathy, no association with serum creatinine or proteinuria 

was observed.

SYK is activated in pathological lesions in proliferative glomerulonephritis

In normal renal tissue and non-proliferative GN, we did not observe significant staining for 

phospho-SYK in glomeruli or tubules (Figure 7A-B), suggesting that SYK is expressed but 

not activated in the latter in normal conditions. In those lupus nephritis, AAGN and anti-

GBM biopsies that showed highest levels of T-SYK expression, we found that a pattern of 

phospho-SYK detection similar to that seen for T-SYK, with localisation to areas of 

extracapillary crescent formation and endocapillary proliferation within the glomerulus 

(Figure 7C-F). Notably, staining for phospho-SYK showed a predominantly nuclear pattern 

of expression. Nuclear staining for phospho-SYK was observed in lymphoid tissue (Figure 

1D-E), and previous studies have shown that in lymphoid cells, SYK resides in both nuclear 

and cytoplasmic locations, although little is known about how trafficking between these 

compartments is regulated14.

SYK localises to infiltrating leucocytes in pathological lesions

We performed staining for T-SYK and infiltrating leucocytes on paired sections of IgA, 

lupus and AAGN biopsies (representative images shown in Figure 8A-F). This staining 

demonstrated that SYK appeared to localise to infiltrating CD68+ macrophages and CD15+ 

neutrophils, consistent with the finding of highest SYK expression levels in biopsies 

showing proliferative pathology. We confirmed this observation by performing two-colour 

double staining on AAGN biopsies, which showed that T-SYK detection co-localised to 

areas of CD68+ cell infiltration (Figure 8G-I), in keeping with our current understanding of 

myeloid cells, and macrophages in particular, as important mediators of renal injury in a 
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variety of renal diseases17. We observed, however, significant areas of T-SYK positivity 

that were negative for CD68, indirectly implying that other cell types (and in particular 

resident renal cells) express SYK in inflammatory lesions that may also contribute to disease 

pathogenesis.

Tubulointerstitial SYK expression is upregulated in inflammatory disease

In all cases, we observed intermittent staining for T-STK in tubular epithelial cells. There 

was a statistically significant association between the degree of tubulointerstitial staining 

and serum creatinine at the time of biopsy (r =0.28; p=0.009; Figure 9A). There was no 

correlation with proteinuria (r =0.05, p=0.71). To examine this further, we quantified 

tubulointerstitial SYK expression in an additional 16 case of acute tubular necrosis (ATN; 

without associated glomerular pathology) and found a non-significant trend towards 

increased SYK expression in ATN compared to normal tissue (median 5.0% per tubular 

cross section [TCS] versus 2.7% per TCS; p=0.1225). Strikingly, tubular SYK expression 

was significantly more elevated in biopsies with severe concurrent glomerular inflammation 

(Figure 9B). Morphologically, increased in SYK expression was observed both within 

tubular epithelial cells and within inflammatory cells infiltrating the tubulointerstitium 

(Figure 9C-E). Collectively, these data suggest that SYK expression may be upregulated at 

times of injury tubulointerstitial injury, particularly in the pro-inflammatory milieu of 

concomitant glomerular disease.

Discussion

This is the first systematic analysis of SYK expression in a spectrum of renal diseases, using 

biopsy specimens from over 120 patients. We have found that glomerular SYK expression is 

a feature of proliferative glomerulonephritides, that expression levels correlate with disease 

activity, and that SYK appears to be activated (i.e. phosphorylated) within pathological 

lesions in diseased glomeruli, implicating SYK in disease pathogenesis and suggesting it 

may be a therapeutic target.

Across the entire cohort, SYK expression levels correlated with serum creatinine at the time 

of biopsy and with the accepted severity of different glomerular pathologies, suggesting that 

SYK detection is a marker of acute, severe glomerular inflammation. Glomerular SYK 

expression levels were highest in anti-GBM disease, widely recognised as the most 

aggressive form of glomerulonephritis18. Dialysis-dependent renal failure at disease 

presentation is known to augur badly for future renal outcome19, and it is notable that SYK 

expression levels were highest in this group of patients. In those patients who were not 

dialysis dependent at presentation, glomerular SYK expression levels also correlated with 

serum creatinine, consistent with previous reports that the proportion of crescents seen on 

renal biopsy also correlates strongly with presenting serum creatinine19,20. Taken together, 

these observations suggest that SYK expression is a marker of disease severity and poor 

outcome in anti-GBM disease.

In other proliferative glomerulonephritides, we found that SYK expression levels correlated 

with histological disease activity, as defined by recognised classification systems. In AAGN, 

glomerular SYK expression correlated with the disease class as defined using the recently 
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proposed histopathological classification of Berden et al16. We found that SYK expression 

levels were highest in crescentic class disease, and lowest in sclerotic class, suggesting that 

SYK expression is a feature of acute inflammatory disease that may respond to treatment. In 

lupus nephritis and IgA nephropathy, we observed a similar correlation of SYK expression 

with histological class of disease. In all three diagnoses, the respective classification systems 

not only describe the pathological nature of disease, they also predict prognosis. SYK 

expression may likewise, therefore, be a predictor of clinical outcome in proliferative 

glomerulonephritis. Indeed, all cases of lupus nephritis included in this study were the index 

biopsies from patients enrolled in the previously published open-label study of patients 

treated with rituximab and mycophenolate mofetil, without oral steroids21. In this cohort, no 

difference in response was observed between class III, IV or V disease at six months. 

However, we have observed that SYK expression levels were higher in patients who did not 

achieve complete remission at 6 months, suggesting that SYK expression in the index 

biopsy may indicate more resistant or aggressive disease. The number of cases used in the 

study, however, was not sufficient to allow meaningful multivariate analysis to correct for 

confounding factors.

Our study has other limitations, such as retrospective selection of cases to include a 

spectrum of histological activity, and thus it remains to be seen if SYK staining in 

unselected cases will be informative. Whilst our data strongly suggests that SYK is 

expressed within infiltrating leucocytes, SYK was also observed in cells negative for 

leucocyte markers, most likely resident renal cells, such as mesangial cells, parietal 

epithelial cells and podocytes. Future work should aim to establish the identity of these cells 

and their contribution to glomerular inflammation. We also observed significant SYK 

staining outwith glomeruli in tubular epithelial and interstitial cells, the significance of 

which is not clear. Tubulointerstitial SYK expression tended to increase with tubular injury, 

particularly with concomitant glomerulonephritis, suggesting that SYK upregulation in 

tubular cells may occur as a response to ischaemic or inflammatory injury. Notably, SYK 

inhibition has shown efficacy in non-renal models is ischaemia-reperfusion injury22, and the 

relevance of SYK in the pathogenesis of acute tubular injury (and potentially delayed renal 

allograft function) warrants further investigation. Finally, staining for phospho-SYK, which 

may have more relevance to disease pathogenesis, could not be quantified, due to variable 

detection within tissue sections. We believe this may be due to rapid dephosphorylation of 

SYK prior to adequate tissue fixation, a recognised difficulty in immunostaining for 

phosphorylated proteins23, resulting in loss of phospho-SYK signal in a proportion of 

biopsies. Since this study was performed on surplus sections from routine clinical biopsies 

that were not specifically processed for research purposes, this problem count not be 

resolved and hence it was not possible to reliably quantify the degree of P-SYK detection in 

our cohort. We believe, however, that our observations provide evidence that SYK is, in 

principle, often activated within proliferative glomerular lesions.

Several other studies have suggested a role for SYK in the pathogenesis of 

glomerulonephritis. We and others have previously reported that SYK inhibition using 

selective kinase inhibitors is remarkably effective in both preventing and treating disease in 

neutrophil- and macrophage-dependent rodent models of anti-GBM disease12,24,25. 

McAdoo et al. Page 6

Kidney Int. Author manuscript; available in PMC 2016 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Similarly, SYK inhibitor treatment using fostamatinib has shown efficacy in three distinct 

murine models of systemic lupus erythematosus26,27. In particular, treatment of the lupus-

prone NZB/NZW and MRL/lpr mouse strains reduced kidney disease as determined by both 

proteinuria and renal histology. Higher levels of SYK expression and activity have been 

reported in T cells from SLE patients versus normal controls28, and it was recently reported 

that silencing of SYK expression in SLE T cells, or forced over-expression of SYK in 

normal T cells, normalised their gene expression signature, or recapitulated an SLE 

expression signature, respectively29. SYK has also been shown to have an important role in 

ANCA-mediated activation of primed neutrophils in vitro30, suggesting it may contribute to 

the development of AAGN. Finally, SYK is also implicated in the pathogenesis of IgA 

nephropathy, the most common primary glomerulonephritis for which there is still no 

universally accepted treatment. We previously reported that IgA1 isolated from patients with 

IgA nephropathy induced proliferation and pro-inflammatory cytokine production by human 

renal mesangial cells in vitro, and that this could be inhibited by pharmacological inhibition 

using R406, the active metabolite of fostamatinib, or genetic ‘knock-down’ using siRNA 

techniques14.

Collectively, these findings suggest that SYK inhibition may be an appropriate therapeutic 

target in a range of glomerulonephritides. Indeed, the findings reported here, along with our 

previous in vivo and in vitro studies, were critical in informing the design of a Phase II 

clinical study examining the safety and efficacy of treating IgA nephropathy with 

fostamatinib, (NCT02112838), which opened for enrolment in November 2014, and in 

which recruitment will be stratified for the finding of endocapillary proliferation, following 

its observed association with glomerular SYK expression. SYK may also represent a 

potential target in other glomerular diseases, including AAGN, lupus nephritis and anti-

GBM disease, and the results of this study may likewise inform future trial design in these 

other conditions.

Methods

Study approval

This study was conducted under local ethics committee approval: 04/Q0406/25 

Hammersmith and Queen Charlotte’s & Chelsea Hospitals Research Ethics Committee. 

Renal biopsy specimens were obtained from patients after informed consent, and only spare 

material surplus to clinical need was used. Lymph node and nephrectomy tissue specimens 

were provided the Imperial College NHS Trust Tissue Bank.

Identification of cases

Cases of thin basement membrane lesion (n=11), minimal change disease (n=11), idiopathic 

membranous nephropathy (n=), IgA nephropathy (n=26), anti-glomerular basement 

membrane (anti-GBM) disease (n=15), and acute tubular necrosis (N=16) were identified 

using a central renal pathology database at Imperial College Renal and Transplant Centre. 

Cases of IgA nephropathy were selected to include a mix of histological classes of disease. 

All anti-GBM cases with available biopsy material were included in the study. Cases of 

lupus nephritis (n=16) and anti-neutrophil cytoplasm antibody (ANCA) associated 

McAdoo et al. Page 7

Kidney Int. Author manuscript; available in PMC 2016 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



glomerulonephritis (AAGN; n=18) were identified using well described clinical cohorts 

from our centre21,31. Biopsies were selected to include a mix of histological disease classes. 

All biopsies were reported by an experienced renal histopathologist, and where appropriate 

these were prospectively classified according to recognised classification systems: the 

Oxford Classification for IgAN32,33; the International Society of Nephrology/Renal 

Pathology Society (ISN/RPS) Classification for lupus nephritis34; and the recently proposed 

histopathological classification for AAGN16.

Immunohistochemistry

All immunohistochemistry was performed on formalin-fixed paraffin-embedded tissues. 

Sections were subject to heat-induced antigen retrieval in 0.1M citrate buffer (pH 6) and 

then sequentially blocked in 0.3% hydrogen peroxide and 20% goat serum (Dako Ltd, 

Cambridgeshire UK). Sections were then incubated with the following primary antibodies 

either for one hour at room temperature or overnight at 4°C: total SYK N-19 (Santa Cruz 

Biotechnology, Dallas TX; dilution 1:500); phosphorylated SYK Tyr 525/526 (Cell 

Signaling Technology, Danvers MA; dilution 1:20); CD68 (Serotec, Oxford UK; dilution 

1:500). Negative controls for total and phosphorylated SYK were performed using primary 

antibodies that were pre-incubated with the relevant immunising peptide (provided by the 

respective manufacturer) overnight at 4°C. After washing, sections were incubated in a 

secondary polymer-HRP system for either mouse or rabbit primary antibodies as appropriate 

(EnVision+; Dako) and developed in 3,3-diaminobenzidine (DAB), according to the 

manufacturer’s instructions. The sections were then rinsed, counterstained with filtered 

Harris’ haematoxylin (CellPath, Powys UK), dehydrated and mounted with DPX mounting 

medium (Fisher Scientific, Leicester UK).

For double staining for total SYK and CD68, sections were first stained for SYK as 

described above. Following development in DAB, the sections were sequentially rinsed, re-

subjected to antigen retrieval, blocked with 20% rabbit serum, then incubated with the 

primary antibody for CD68 at room temperature for one hour, then incubated with a 

biotinylated rabbit anti-mouse immunoglobulin secondary antibody (Sigma-Aldrich, Poole, 

UK; dilution 1:100) for one hour, then ALP-conjugated streptavidin (Roche Diagnostics; 

dilution 1:100) for 30 minutes, before final development using the Vector Blue Substrate Kit 

III (Vector Labs, Peterborough, UK) according to the manufacturer’s specifications. Slides 

were mounted in AquaPerm (ThermoFisher Scientific) without counterstaining.

Western Blot

Peripheral blood mononuclear cells (PBMC) were obtained by ficoll density gradient 

separation of whole blood samples obtained from healthy volunteers. The cells were lysed in 

ice-cold lysis buffer (25 mM Tris, pH 7.6, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 

pH 7.8, 1% digitonin), containing protease inhibitor mixture (Sigma) with 1 mM DTT, 10 

mM NaF, 100 mM sodium orthovanadate). The nuclei and cell debris were removed by 

centrifugation. Samples were resolved on 10% SDS-PAGE gels (Criterion). After 

electrotransfer on to nitrocellulose membrane, the membranes were blocked in 2% 

BSA/TBS/Tween (0.05%) and probed with the appropriate antibodies at 4 °C overnight 
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followed by HRP-conjugated secondary antibody. Blots were developed using ECL 

(Amersham Biosciences).

Quantification and Statistical Analysis

Quantification of total SYK staining was conducted by an observer blinded to the 

histological class of disease, using automated image analysis software (ImagePro Plus, 

Media Cybernetics, Bethesda MD), using an algorithm that measured all immunoperoxidase 

stain above a threshold detectable from background haematoxylin stain. For glomerular 

scoring, the proportion of T-SYK staining in each glomerulus was measured, and a mean 

result per glomerular cross section (GCS) calculated for each biopsy case. For 

tubulointerstitial scoring, the mean proportion of T-SYK staining in five high power fields 

was calculated for each biopsy, and expressed as the mean result per tubular cross section 

(TCS). Statistical analysis was conducted using GraphPad Prism 5.0 (GraphPad Software, 

San Diego CA). All results are expressed as median with interquartile range per group. 

Comparison between groups was by Mann-Whitney U test or Kruskal-Wallis test with 

Dunn’s multiple comparison. Correlation analysis was by Spearman’s Rank Order 

correlation. In the reporting of results, * signifies p value <0.05, **p<0.01, ***p<0.0001, 

****P<0.00001.
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Figure 1. Method development and control immunohistochemical (IHC) stains
(A) Western blot for total (T-) and phophorylated (P-) SYK in lysates of human peripheral 

blood mononuclear cells, confirming detection of SYK protein at 72kDA. (B & C) 

Sequential sections showing positive and negative control (NC) staining for T-SYK in 

human lymph node, with strong staining for SYK localised to lymphoid follicles. (D & E) 

Sequential sections showing positive and negative control (NC) staining for P-SYK in 

human lymph node, demonstrating nuclear and cytoplasmic localisation, within cells in 

lymphoid follicles. All sections are immunoperoxidase stains with haematoxylin 

counterstain, x200-400 magnification. Negative control (NC) stains were performed by pre-

incubating the primary antibody with the relevant immunising peptide.
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Figure 2. Total (T-) SYK detection in normal and nephritic renal tissue
(A & B) Paired sections showing positive and negative control (NC) staining for T-SYK in 

normal renal tissue obtained from nephrectomy specimens, showing intermittent SYK 

expression in distal tubular epithelial cells (having thin cuboidal epithelium, little brush 

border and open tubular lumens). (C-F) Two pairs of sequential sections at low and high 

power, respectively, showing positive and negative control (NC) staining for T-SYK in 

diffuse proliferative post-infectious glomerulonephritis; SYK is detected within the nephritic 

glomerular tuft, as well as in some distal tubular epithelial cells, similar to that is seen in 

normal tissue. All sections are immunoperoxidase stains with haematoxylin counterstain, 

x100-400 magnification. Negative control (NC) stains were performed by pre-incubating the 

primary antibody with the relevant immunising peptide.
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Figure 3. Quantification of Total (T-) SYK detection in a spectrum of glomerular diseases
(A) Glomerular T-SYK expression in each form of glomerulonephritis, expressed as mean 

percent stain per glomerular cross section (% per GCS) in each biopsy case; negligible 

staining was observed in non-proliferative diseases and expression levels were significantly 

elevated in proliferative and crescentic forms of glomerulonephritis; TBM, thin basement 

membrane lesion; MCD, minimal change disease; iMN, idiopathic membranous 

nephropathy; IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; AAGN, anti-

neutrophil cytoplasm antibody-associated glomerulonephritis; anti-GBM, anti-glomerular 

basement membrane disease. (B) Glomerular T-SYK expression correlates with serum 

creatinine at the time of biopsy (n=107 cases, Spearman r =0.4, p<0.0001). *** p<0.001, 

***p<0.0001.
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Figure 4. Total (T-) SYK expression non-proliferative glomerulonephritides
(A & B) Sequential sections showing positive and negative control (NC) staining for T-SYK 

in thin basement membrane lesion. (C) T-SYK staining in minimal change disease. (D) T-

SYK staining in idiopathic membranous nephropathy. In all cases, negligible glomerular 

staining is seen. There is intermittent staining of distal tubular epithelial cells, comparable to 

that seen in normal kidney tissue. All sections are immunoperoxidase stains with 

haematoxylin counterstain, x100-400 magnification. Negative control (NC) stains were 

performed by pre-incubating the primary antibody with the relevant immunising peptide.
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Figure 5. Total (T-) SYK expression in anti-glomerular basement membrane (anti-GBM) disease 
and ANCA-associated glomerulonephritis (AAGN)
(A & B) Sequential sections showing positive and negative control (NC) staining for T-SYK 

in a crescentic glomerulus in anti-GBM disease. (C) Glomerular T-SYK expression 

correlates strongly with presenting serum creatinine in anti-GBM disease (n=15 cases; 

Spearman r = 0.78, p=0.0006). (D) T-SYK staining in AAGN localises to areas of crescent 

formation. (E) Minimal glomerular staining for T-SYK in a scarred glomerulus in sclerotic-

class AAGN. (F) Correlation of glomerular T-SYK staining with histologic class of AAGN, 

with highest levels seen in crescentic class disease. All sections are immunoperoxidase 

stains with haematoxylin counterstain, x200-400 magnification. Negative control (NC) 

stains were performed by pre-incubating the primary antibody with the relevant immunising 

peptide. GCS, glomerular cross section. ** p<0.01, *** p<0.001.
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Figure 6. Total (T-) SYK expression in Immunoglobulin A nephropathy (IgAN) and lupus 
nephritis (LN)
(A & B) Sequential sections showing positive and negative control (NC) staining for T-SYK 

in IgAN, localised to a segmental area of endocapillary proliferation. (C) T-SYK detection 

in IgAN according to Oxford Class of disease; significant T-SYK detection was a feature of 

IgAN with endocapillary, and not mesangial, proliferation; M0E0, neither mesangial nor 

endocapillary proliferation; M1E0, mesangial proliferation without endocapillary 

proliferation; M1E1, both mesangial and endocapillary proliferation. (D) T-SYK detection 

in class IV lupus nephritis, localised to cells within the glomerular tuft. (E) T-SYK detection 

in LN according to ISN/RPS class of disease; SYK expression was a feature of class IV 

(diffuse proliferative) disease only. (F) T-SYK detection was higher in patients who failed to 

achieve complete remission (CR) at six months (6m) from initiating immunosuppressive 

treatment after this index renal biopsy. All sections are immunoperoxidase stains with 

haematoxylin counterstain, x200-400 magnification. Negative control (NC) stains were 

performed by pre-incubating the primary antibody with the relevant immunising peptide. 

GCS, glomerular cross section. ** p<0.01
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Figure 7. Phophorylated (P-) SYK detection in proliferative glomerulonephritides
(A & B) Sequential sections showing total (T-) SYK and P-SYK detection in minimal 

change disease; glomerular staining was not observed in either case; T-SYK staining was 

observed in some distal tubular epithelial cells, although minimal staining for P-SYK was 

observed within these cells, suggesting that SYK in not significantly activated in this cell 

type. (C & D) Sequential sections showing positive and negative control (NC) staining for 

P-SYK in anti-glomerular basement membrane disease; P-SYK is detected within cells of an 

extracapillary crescent, and within occasional cells in the glomerular tuft. (E) P-SYK 

detection in ANCA-associated glomerulonephritis, localised to an area of crescent formation 

and peri-glomerular inflammation; minimal tubular staining for P-SYK is seen (F) P-SYK 

detection in class IV lupus nephritis, showing P-SYK cells within the glomerular tuft. All 

sections are immunoperoxidase stains with haematoxylin counterstain, x200-400 

magnification. Negative control (NC) stains were performed by pre-incubating the primary 

antibody with the relevant immunising peptide.
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Figure 8. Cellular localisation of SYK in proliferative glomerulonephritides
(A & B) Paired sections showing staining for CD68 and total (T-) SYK, suggesting co-

localisation of T-SYK and CD68+ macrophages within a segmental area of inflammation in 

the glomerulus (at 7 o’clock position) in a case of ANCA-associated glomerulonephritis 

(AAGN). (C & D) Paired sections suggesting co-localisation of T-SYK and CD68+ 

macrophages in the glomerulus (at 5 o’clock positition) in a case of IgA nephropathy. (E & 

F) Paired sections suggesting localisation of T-SYK and CD15+ neutrophils in a case of 

class IV lupus nephritis (LN). A-F are immunoperoxidase stains with haematoxylin 

counterstain, x400 magnification. (G,H & I) Two-colour double staining for CD68 (blue) 

and T-SYK (brown) in three cases of AAGN, showing co-localisation of T-SYK expression 

with CD68+ macrophage detection, within crescents (G) or segmental areas of glomerular 

inflammation (H & I). In addition, T-SYK+/CD68-negative cells are observed suggesting 

that there are additional cell types that may express T-SYK within the inflamed glomerulus. 

G, H & I are immunoperoxidase stain (brown; T-SYK) and immunophosphatase stain (blue; 

CD68), without counterstain, to enable identification of blue reporter stain.
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Figure 9. Tubulointerstitial staining for total (T-) SYK in glomerulonephritis and in acute 
tubular necrosis (ATN)
(A) Tubulointerstitial T-SYK detection, expressed as the mean percent stain per tubular 

cross section (TCS) in each biopsy case, showing a statistically significant correlation with 

serum creatinine at the time of biopsy (Spearman r =0.28; p=0.009). (B) Tubulointerstitial 

SYK detection according to diagnosis in a range of glomerulonephritides and in acute 

tubular necrosis (ATN), demonstrating that tubular SYK expression may be upregulated at 

times of tubular injury. TBM, thin basement membrane lesion; MCD, minimal change 

disease; iMN, idiopathic membranous nephropathy; IgAN, immunoglobulin A nephropathy; 

LN, lupus nephritis; AAGN, anti-neutrophil cytoplasm antibody-associated 

glomerulonephritis; anti-GBM, anti-glomerular basement membrane disease. ** p<0.01. (C) 

Tubulointerstitial SYK expression in a case TBM, shown here for comparison. (D) 

Generalised increased in tubular SYK staining adjacent to a crescentic glomerulus in a 

severe case of AAGN. (E) Tubulointerstial infiltrate containing SYK positive cells, in a case 

AAGN with concomitant tubulointerstitial nephritis. (A-C) Immunperoxidase stain with 

haematoxylin counterstain, x100-200 magnification.
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