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Objective. Syk is a cytoplasmic protein tyrosine kinase that plays a role in signaling via B cell and Fc receptors
(FcR). FcR engagement and signaling via Syk is thought to be important in antineutrophil cytoplasm antibody (ANCA)
IgG–mediated neutrophil activation. This study was undertaken to investigate the role of Syk in ANCA-induced myeloid
cell activation and vasculitis pathogenesis.

Methods. Phosphorylation of Syk in myeloid cells from healthy controls and ANCA-associated vasculitis (AAV)
patients was analyzed using flow cytometry. The effect of Syk inhibition on myeloperoxidase (MPO)–ANCA IgG activa-
tion of cells was investigated using functional assays (interleukin-8 and reactive oxygen species production) and tar-
geted gene analysis with NanoString. Total and phosphorylated Syk at sites of tissue inflammation in patients with
AAV was assessed using immunohistochemistry and RNAscope in situ hybridization.

Results. We identified increased phosphorylated Syk at critical activatory tyrosine residues in blood neutrophils
and monocytes from patients with active AAV compared to patients with disease in remission or healthy
controls. Syk was phosphorylated in vitro following MPO-ANCA IgG stimulation, and Syk inhibition was able to prevent
ANCA-mediated cellular responses. Using targeted gene expression analysis, we identified up-regulation of FcR- and
Syk-dependent signaling pathways following MPO-ANCA IgG stimulation. Finally, we showed that Syk is expressed
and phosphorylated in tissue leukocytes at sites of organ inflammation in AAV.

Conclusion. These findings indicate that Syk plays a critical role in MPO-ANCA IgG–induced myeloid cell
responses and that Syk is activated in circulating immune cells and tissue immune cells in AAV; therefore, Syk inhibition
may be a potential therapeutic option.

INTRODUCTION

Syk is a cytoplasmic protein tyrosine kinase that plays a role

in signaling via classical immunoreceptors bearing immunorecep-

tor tyrosine–based activation motifs (ITAM), including B cell and

activatory Fc receptors (FcR). As such, it is highly expressed in

myeloid cells, where it is known to mediate important

FcR-dependent inflammatory responses (1–3). The Syk protein

has a multidomain structure, consisting of 2 SH2 domains and a

C-terminal kinase domain (4). In the inactivated state, the

C-terminal kinase domain is retained within a folded or “closed”
tertiary structure. Following cell surface immunoreceptor ligation,

ITAM serve as binding sites for Syk SH2 domains, resulting in

auto- and transphosphorylation of Syk tyrosine residues,
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conformational changes that release the enzymatically active

kinase domain, and initiation of downstream signaling (5–7).

Thus, Syk activity relies upon its phosphorylation status at multi-

ple tyrosine residues, and phosphorylation at Y352 and Y348 has

been shown to be essential for downstream Syk signaling (8–10).
In antineutrophil cytoplasm antibody (ANCA)–associated

vasculitis (AAV), ANCA may contribute to disease pathogenesis
via binding to their cognate antigens (proteinase 3 and myeloper-
oxidase [MPO]) on the surface of primed neutrophils and mono-
cytes, resulting in cell activation and subsequent vascular injury
(11,12). Both FcR engagement and autoantigen-specific binding
via F(ab) are thought to be important in ANCA-mediated cell acti-
vation, with evidence for signaling through the low-affinity Fcγ
receptor (FcγR) FcγRIIa (CD32A), on neutrophils and monocytes,
leading to cell activation and for ANCA binding to FcγRIIIb
(CD16B) (13–16). Syk is essential for FcγRIIa signaling, suggest-
ing that it may have a role in ANCA-mediated activation of neutro-
phils and monocytes (3,17). It has previously been demonstrated
that activation of neutrophils by ANCA results in phosphorylation
of Syk and that this likely involves both FcγRIIa and FcγRIIIb (18).

We have previously shown that a small molecule kinase
inhibitor with selectivity for Syk is an effective treatment for exper-
imental models of vasculitis, although clinical evidence for Syk
activation in AAV is lacking (19–21). In this study, we set out to
establish whether Syk activation contributes to disease patho-
genesis in humans and to identify if Syk inhibition is a viable thera-
peutic option for multisystem inflammation in AAV.

PATIENTS AND METHODS

Detailed methods are provided in the Supplementary
Materials, available on on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42321.

Study approval. Human AAV biopsy and surgical tissue
samples surplus to clinical need were obtained using the Imperial
College Healthcare NHS Trust Tissue Bank (application R10015).
Blood samples and plasma exchange fluid were obtained from
patients with local ethics committee approval (no. 04/Q0406/25
NHS National Research Ethics Committee London - West
London & GTAC).

Neutrophil and monocyte isolation. Up to 20 ml of
EDTA blood was taken from patients with AAV or healthy con-
trols, and neutrophils and peripheral blood mononuclear cells
(PBMCs) were isolated using dextran sedimentation and
Percoll (Sigma-Aldrich) double-density gradient. Monocytes were
then isolated from the PBMC fraction using immunomagnetic
negative selection beads (MACS Pan-monocyte Selection Kit;
Miltenyi-Biotec).

Flow cytometry. PBMCs were used for cell surface
staining with antibodies directed against CD14 (Alexa Fluor
594; BioLegend), CD4 (Alexa Fluor 700; BioLegend), CD3
(BV510; BioLegend), CD19 (BV711; BioLegend), CD56
(BV421; BioLegend), CD8a (Alexa Fluor 488; BioLegend),
HLA–DR (BV785; BioLegend), and CD16 (BV605; BioLegend).
Neutrophils were used for cell surface staining with anti-CD15
(Alexa Fluor 488). For intracellular staining, cells were then fixed
in 2% paraformaldehyde, permeabilized using ice-cold
70% methanol, and stained with antibodies against intracellular
total Syk (T-Syk) (PE 4D10.2; BioLegend), phosphorylated
Syk (P-Syk) 352 (PercP-eFluor710, n3kobu5; eBioscience),
and P-Syk 348 (allophycocyanin [APC], moch1ct; eBioscience).

Isolation of MPO-ANCA IgG and control IgG.
MPO-ANCA IgG was isolated from plasma exchange fluid from
patients with AAV, and control IgG from serum from healthy con-
trols, using a protein G Sepharose column. F(ab)2 fragments were
prepared using the Pierce F(ab’)2 preparation kit according to the
manufacturer’s instructions, followed by dialysis (10K MWCO) to
remove Fc fragments. Protein content of IgG preparations was
quantified by spectrophotometry at 280 nm.

Neutrophil and monocyte stimulation. Cells were
primed with 2 ng/ml tumor necrosis factor (TNF; PeproTech)
for 15 minutes, then stimulated with 100 μg/ml MPO-ANCA
IgG, MPO-ANCA IgG F(ab)2 fragments, or control IgG for
4 hours. If inhibitor was used, it (or vehicle) was added after
TNF for 15 minutes prior to the addition of IgG. Interleukin-8
(IL-8) production in supernatant was analyzed using a commer-
cially available IL-8 DuoSet enzyme-linked immunoassay
(R&D Systems).

For reactive oxygen species (ROS) production, cells were
primed with 2 ng/ml TNF and stimulated with 100 μg/ml
MPO-ANCA IgG or control IgG for 1 hour in the presence of
750 nM CellRox DeepRed reagent. As a positive control,
200 μM tert-butyl hydroperoxide was used. Samples were ana-
lyzed using a BD Accuri C6 flow cytometer.

Whole-blood phagocytosis assay. Blood was collected
into 3.8% sodium citrate for use with pHrodo red Escherichia
coli bioparticles (ThermoFisher). Whole blood was incubated at
37�C with R406 or vehicle (0.01% DMSO) for 15 minutes fol-
lowed by incubation with bioparticles for 30 minutes. Samples
were incubated on ice as a negative control. Samples were then
used for cell surface staining with CD14 (BV421), CD16 (BV605),
and CD66b (APC; BioLegend) followed by red blood cell lysis.
Samples were analyzed using a BD LSR Fortessa flow
cytometer.

RNA extraction and NanoString analysis. For analysis
of gene expression, cells were primed with 2 ng/ml TNF for
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15 minutes, then stimulated with MPO-ANCA IgG for 1 hour.
If R406 was used, it (or vehicle, 0.01% DMSO) was added after
TNF priming for 15 minutes prior to addition of IgG. Total RNA
was extracted from cells lysed in TRI reagent (Sigma-Aldrich)
using the Direct-zol RNA Miniprep kit (Zymo Research).
Next, 100 ng of RNA per sample was used with the human mye-
loid cell nCounter code set (NanoString Technologies). Normali-
zation of raw gene expression was performed with nSolver
Advanced Analysis Software, and low-expression genes were
excluded. Clustering and heatmaps of normalized counts were
carried out using the clustvis web tool (22). Data were analyzed
by Rosalind (https://rosalind.onramp.bio/), with a HyperScale
architecture.

Immunohistochemistry. Immunohistochemistry (IHC)
was performed on formalin-fixed paraffin-embedded (FFPE) tis-
sues. Primary antibodies were T-Syk (diluted 1:500, N-19; Santa
Cruz Biotechnology) or P-Syk (diluted 1:25, Tyr525/526; Cell
Signaling Technology), followed by a secondary polymeric
horseradish peroxidase system (EnVision; Dako) and
3,3-diaminobenzidine to develop. For double-staining, primary
antibodies used were MPO (diluted 1:1,000; Dako), CD15
(diluted 1:50, Carb-3; Dako), or CD68 (diluted 1:50, PGM1;
Dako). StayGreen AP Plus detection kit (Abcam) was used to
develop sections, and slides were counterstained with Mayer’s
hematoxylin and mounted using Vectamount (Vector Labs).

RNAscope in situ hybridization (ISH). Detection of Syk
messenger RNA (mRNA) in tissue sections was performed using
RNAscope on FFPE sections according to the protocol of the
manufacturer (ACDBio). For each sample, slides were incubated
with a target probe, with peptidylpropyl isomerase B–positive
control probe (to check the integrity of mRNA), or with DapB, a
bacterial gene as a negative control. Quantification of Syk mRNA
was conducted by an observer blinded with regard to the histo-
logic class of disease, using Image J.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 9. Results are expressed as the median
and interquartile range, and comparisons between groups were
conducted by Mann-Whitney U test or Kruskal-Wallis test with
Dunn’s multiple comparison test. For linear correlation, Pearson’s
correlation coefficient was used. NanoString data were analyzed
by Rosalind, with a HyperScale architecture. The limma R library
was used to calculate fold changes and P values and perform
optional covariate correction (23).

RESULTS

Phosphorylated Syk in neutrophils from patients
with active AAV. Using flow cytometry, we compared
levels of T-Syk and P-Syk in neutrophils isolated from

patients with AAV (n = 35 with active AAV, n = 26 with
disease in remission) and healthy controls (n = 10)
(Supplementary Table 1, https://onlinelibrary.wiley.com/doi/
10.1002/art.42321). As expected, there was no difference in
levels of T-Syk between groups (median fluorescence intensity
[MFI] 5,637 for patients with active AAV, 4,000 for patients with
disease in remission, and 5,055 for healthy controls)
(Figure 1A), but there was increased phosphorylation of Syk at
the 348 tyrosine residue (Y348) (MFI 4,191 for patients with
active AAV, 1,016 for patients with disease in remission, and
1,687 for healthy controls; P = 0.0002) (Figure 1B). We con-
firmed this result in a subset of patients (n = 23 with active
AAV, n = 6 with disease in remission), showing that there was
increased phosphorylation of Syk at the 352 tyrosine residue
(Y352), a second activation site, in patients with active AAV
compared to healthy controls, although the difference between
patients with active AAV and those with disease in remission
was not significant (MFI 4,321 for patients with active AAV,
1,817 for patients with disease in remission, and 1,036 for
healthy controls; P = 0.008) (Figure 1C). In a group of patients
who provided a follow-up sample when in disease remission,
there was decreased P-Syk (Y348) in 12 of 14 patients (MFI
5,855 for patients with active AAV and 926 for patients with dis-
ease in remission; P = 0.01) (Figure 1D).

There was no difference in levels of T-Syk or P-Syk (Y348)
when analyzed by ANCA serotype (Supplementary Figures 2A–C,
https://onlinelibrary.wiley.com/doi/10.1002/art.42321). Syk phos-
phorylation at the Y348 residue seemed to increase with
ANCA titer, compatible with ANCA-mediated phosphorylation of
Syk in circulating neutrophils in vivo (r = 0.4, P = 0.01)
(Figures 1E and F). Levels of neutrophil P-Syk (Y348) did not
correlate with C-reactive protein (CRP), serum creatinine, or neu-
trophil count, suggesting that increased levels of Syk phosphory-
lation are not due to factors causing an increase in neutrophil
count, such as concomitant infection or steroid treatment
(Figure 1E).

Phosphorylation of Syk in neutrophils following
in vitro MPO-ANCA stimulation and inhibition of MPO-
ANCA–induced neutrophil activation by R406. Stimulation
of TNF-primed neutrophils with MPO-ANCA IgG in vitro resulted
in rapid phosphorylation of P-Syk (Y348), which was maximal by
30 minutes of stimulation and was decreased by 120 minutes.
This was not seen in cells stimulated with healthy control IgG in
place of MPO-ANCA IgG (Figures 2A and B).

There was significant IL-8 production by neutrophils follow-
ing MPO-ANCA IgG stimulation (median IL-8 1,001.0 pg/ml with
TNF/MPO-ANCA IgG and 177.4 pg/ml with TNF/control IgG;
P = 0.0003) (Figure 2C). IL-8 production was reduced when
F(ab)2 MPO-ANCA IgG fragments were used in place of whole
MPO-ANCA IgG (median neutrophil IL-8 production 677.1 with
TNF/MPO-ANCA IgG and 290.3 pg/ml with TNF/F[ab]2)
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(Figure 2D), suggesting that MPO-ANCA IgG–mediated IL-8
release is partially dependent on FcγR engagement and is consis-
tent with a role for Syk signaling in ANCA-induced neutrophil
responses. Moreover, IL-8 release was inhibited in a dose-
dependent manner by R406, the active metabolite of fostamati-
nib, a small molecule inhibitor relatively selective for Syk (median
IL-8 685.4 pg/ml with vehicle, 85.7 pg/ml with 2 μM R406,
223.1 pg/ml with 1 μM R406, and 366 pg/ml with 0.2 μM R406;
P < 0.0001) (Figure 2C).

In addition to IL-8 release, stimulation of neutrophils with
MPO-ANCA IgG resulted in more ROS production compared to
cells stimulated with control IgG (median percentage ROS-
positive cells 31.0% with MPO-ANCA IgG and 16.1%with control
IgG; P = 0.04) (Figures 2E and F). ROS production was also inhib-
ited by R406 (median percentage ROS-positive cells 14.0% with
2 μM R406 and 30.2% with vehicle; P = 0.008) (Figure 2F).
At the concentrations used here, R406 is expected to be relatively
selective for Syk in vitro (24). In order to confirm that these effects
were not due to off-target effects of R406, we used a second Syk
inhibitor, entospletinib, to inhibit MPO-ANCA IgG–induced IL-8

and ROS production by neutrophils, demonstrating similar results
to R406 (Supplementary Figure 3, https://onlinelibrary.wiley.com/
doi/10.1002/art.42321). To assess the potential effect of Syk inhi-
bition on non–antibody-mediated functions such as bacterial
phagocytosis, which may potentially lead to infection risk in clini-
cal use, we used a whole-blood phagocytosis assay. R406 had
no effect on neutrophil phagocytosis of E coli bioparticles
(Supplementary Figure 4A, https://onlinelibrary.wiley.com/doi/
10.1002/art.42321).

Phosphorylation of Syk in monocytes from patients
with active AAV and inhibition of MPO-ANCA IgG–
induced monocyte responses by R406. Monocytes also
express the ANCA autoantigens and are increasingly recognized
as contributing to the pathogenesis of AAV (25,26). Monocytes
express high levels of FcγRIIa, suggesting a role for Syk in ANCA
IgG–mediated monocyte activation. We therefore assessed Syk
activation in monocytes, with the aim of validating our results in
neutrophils. Flow cytometry of PBMCs isolated from patients with
AAV (n = 12 with active disease, n = 13 with disease in remission)

Figure 1. Neutrophil Syk is phosphorylated at activation residues in patients with active antineutrophil cytoplasmic antibody (ANCA)–associated
vasculitis (AAV). A–C, Median fluorescence intensity (MFI) of intracellular total Syk (T-Syk) (A), intracellular phosphorylated Syk (P-Syk) at residue
Y348 (B), and intracellular P-Syk at residue Y352 (C) in neutrophils isolated from patients with active AAV (n = 35), patients with disease in remission
(n = 26), and healthy controls (HC; n = 10). Bars show the median and interquartile range.D, Comparison of MFI of intracellular P-Syk (Y348) among
a subgroup of patients with active AAV (n = 14) who provided a follow-up sample after attaining disease remission. E, Correlation matrix of P-Syk
(Y348) with clinical parameters in patients with active AAV. F, Correlation between P-Syk (Y348) and ANCA titer in patients with active AAV. Patient
characteristics are shown in Supplementary Table 1 (https://onlinelibrary.wiley.com/doi/10.1002/art.42321). * = P < 0.05; ** = P < 0.01;
*** = P < 0.001, by Kruskal-Wallis test with Dunn’s post hoc correction (versus the active AAV group) in A–C, and by Wilcoxon’s matched pairs
signed rank test in D. BVAS = Birmingham Vasculitis Activity Score; CRP = C-reactive protein; Cr = serum creatinine; nφ = neutrophil count
× 109/ml.
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Figure 2. Syk is phosphorylated following myeloperoxidase (MPO)–ANCA stimulation, and Syk inhibition can prevent MPO-ANCA–induced
responses. A and B, Representative histogram (A) and quantification (B) of MFI of P-Syk (Y348) in neutrophils isolated from healthy controls and stim-
ulated ex vivo with 2 ng/ml tumor necrosis factor (TNF) for 15 minutes, followed by either 100 μg/ml MPO-ANCA IgG or 100 μg/ml control IgG (CIgG)
for the indicated duration. C, Interleukin-8 (IL-8) release from neutrophils isolated from healthy controls primed with 2 ng/ml TNF for 15 minutes and
then stimulated with 100 μg/ml MPO-ANCA IgG for 4 hours. D, IL-8 production from neutrophils isolated from healthy controls and primed with
2 ng/ml TNF for 15 minutes and then stimulated with 100 μg/ml MPO-ANCA IgG or F(ab)2 fragments of 100 μg/ml MPO-ANCA IgG for 4 hours.
E and F, Representative histogram (E) and quantification (F) of reactive oxygen species (ROS) production, by percentage of cells positive for CellRox
Deep Red reagent (gated on unstained cells). Cells were primedwith 2 ng/ml TNF for 15minutes and then stimulatedwith 100 μg/mlMPO-ANCA IgG
for 1 hour. In C and F, when R406 or vehicle (0.01% DMSO) were used, they were added to cells for 15 minutes following TNF priming and prior to
stimulation with MPO-ANCA IgG. Cells were isolated from ≥3 healthy donors with ≥2 biologic replicates for each donor. Bars show the median and
interquartile range. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Kruskal-Wallis test with Dunn’s post hoc correction. Unstim = unstimulated;
tBuOOH = tert-butyl hydroperoxide (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42321/abstract.
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Figure 3. Monocyte Syk is phosphorylated at activation residues in patients with active AAV, and monocyte interleukin-8 (IL-8) production in
response to myeloperoxidase (MPO)–ANCA IgG can be inhibited by R406. A and B, MFI of intracellular T-Syk (A) and intracellular P-Syk (Y348) (B)
in classical (C) and nonclassical (NC) monocytes isolated from patients with active AAV (n = 12), those with disease in remission (n = 13), and healthy
controls (n = 11). P-Syk (Y348) is up-regulated in patients with active AAV compared to those with AAV in remission or healthy controls, with a greater
magnitude of increase in classical compared to nonclassical monocytes. C, Correlation between levels of P-Syk (Y348) in classical (CL) and nonclas-
sical (NC) monocytes among the whole cohort. D, Correlation matrix of P-Syk (Y348) and clinical parameters in patients with active AAV.
E, Correlation between P-Syk (Y348) and BVAS in classical and nonclassical monocytes. F, IL-8 production from monocytes primed with 2 ng/ml
tumor necrosis factor (TNF) for 15 minutes and then stimulated with 100 μg/ml IgG MPO-ANCA for 4 hours. When R406 or vehicle (0.01% DMSO)
were used, they were added to cells for 15 minutes following TNF priming and prior to stimulation with MPO-ANCA IgG. Results are from 4 biologic
replicate experiments with monocytes isolated from 4 healthy donors. Bars show the median and interquartile range. Gating strategy for monocytes
is shown in Supplementary Table 1 (https://onlinelibrary.wiley.com/doi/10.1002/art.42321). * = P < 0.05; *** = P < 0.001; **** = P < 0.0001, by
Kruskal-Wallis test with Dunn’s post hoc correction. Mφ = monocyte count ×109/ml (see Figure 1 for other definitions). Color figure can be viewed
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42321/abstract.
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and healthy controls (n = 11) was performed to assess levels of
T-Syk and P-Syk 348 (Supplementary Table 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.42321). As expected,
there was no difference in levels of monocyte T-Syk between the
groups, but T-Syk was increased in classical monocytes
(CD14++CD16−) compared to nonclassical monocytes
(CD14 + CD16++) in all participants (Figure 3A), which is consis-
tent with previous reports of increased Syk gene expression in
classical and nonclassical monocytes (27).

P-Syk (Y348) was elevated in both classical and nonclassical
monocytes in patients with active AAV compared to healthy con-
trols and in classical monocytes in patients with active disease
compared to those with disease in remission. Higher levels of
Syk phosphorylation were seen in classical versus nonclassical
monocytes, in keeping with greater total Syk expression in this cell
type (Figure 3B). For the whole cohort (patients and healthy con-
trols), there was strong correlation between P-Syk (Y348) in classi-
cal and nonclassical monocytes (r = 0.7, P < 0.0001; Figure 3C).
There was no difference in P-Syk (Y348) based on ANCA serotype
in either monocyte subset, nor were there correlations with CRP,
serum creatinine, or total monocyte count (Figure 3D). For
classical monocytes, there was weak correlation between
levels of P-Syk (Y348) and ANCA titers (r = 0.459, P = 0.1),
which was again compatible with ANCA-mediated phosphory-
lation of Syk in vivo, and there was a moderate correlation
between levels of P-Syk (Y348) and Birmingham Vasculitis
Activity Score (BVAS) (r = 0.6, P = 0.04; Figure 3E). Levels of
T-Syk and P-Syk (Y348) in other components of the PBMC
fraction, including B cell and natural killer cells, are shown in
the Supplementary Figure 5 (https://onlinelibrary.wiley.com/doi/
10.1002/art.42321).

Consistent with our findings in neutrophils, monocyte IL-8
production following MPO-ANCA IgG stimulation in vitro was
Syk-dependent. There was significant IL-8 production in
response to MPO-ANCA IgG stimulation compared to control
IgG stimulation (median IL-8 1,924 pg/ml with TNF/MPO-ANCA
IgG and 752 pg/ml with TNF/control IgG; P = 0.02) (Figure 3F),
which could be inhibited by R406 in a dose-dependent manner
(median IL-8 1,758 pg/ml with vehicle, 138.6 pg/ml with 2 μM
R406, 155.6 pg/ml with 1 μM R406, and 492.9 pg/ml with
0.2 μM R406; P < 0.0001) (Figure 3F). Similar to our findings with
neutrophils, R406 had no effect on monocyte phagocytosis of
E coli bioparticles (Supplementary Figure 4B, https://onlinelibrary.
wiley.com/doi/10.1002/art.42321). As expected, there was more
phagocytosis mediated by classical compared to nonclassical
monocytes.

Altered myeloid cell gene expression by MPO-ANCA
IgG stimulation. To determine if Syk-dependent signaling
pathways are activated in AAV, we next investigated transcrip-
tional differences in MPO-ANCA IgG–stimulated granulocytes
and monocytes, and the effect of Syk inhibition with R406 on

these changes, using the NanoString analysis platform. The mye-
loid innate immunity gene panel used for this study includes
770 genes, covering a range of pathways and processes, includ-
ing cytokines, chemokines, cell migration and adhesion, and
FcR signaling (Figure 4A, Supplementary Figure 6, and Supple-
mentary Table 3, https://onlinelibrary.wiley.com/doi/10.1002/art.
42321). Compared to unstimulated granulocytes, MPO-ANCA
IgG–stimulated granulocytes showed up-regulation of genes in
several functional categories, including chemokine and cytokine
signaling (CXCL8, CCL20, CCL3, CC3L1, CXCL2, CCL4,
CCRL2, IL1A, IL1B, TNF, TRAF1, NFKB, EDN1), chemotaxis
(CCL20, CCL3, CCL4, CCL3L1, CXCL8, IL1B, EDN1, LGALS3),
and stress response (NRFA2, GADD45A).

Reflecting their greater plasticity as a non–terminally differen-
tiated cell, monocytes showed a greater degree of transcriptional
activity following stimulation with MPO-ANCA IgG, and
NanoString analysis identified substantially more differentially
expressed genes than observed in neutrophils (Supplementary
Figures 7 and 8A and Supplementary Table 4, https://
onlinelibrary.wiley.com/doi/10.1002/art.42321). The differentially
expressed genes in MPO-ANCA IgG–stimulated monocytes
included those involved in multiple effector functions, such as
the following: 1) genes for proinflammatory chemokines and cyto-
kines, and genes downstream of cytokine receptors such as
JAK/STAT and MAPK (Figure 4B and Supplementary Figure 8B);
2) genes involved in cell migration and adhesion (Figure 4C);
3) FcR-dependent pathways (Figure 4D); and 4) genes
implicated in the breakdown of extracellular matrix (ECM)
(Supplementary Figure 8C). In keeping with a role for Syk in
MPO-ANCA IgG–mediated monocyte activation, genes related
to tyrosine kinase phosphorylation were also up-regulated
(Supplementary Figure 8D, https://onlinelibrary.wiley.com/doi/
10.1002/art.42321). Specifically, there was up-regulation of
genes involved in several Syk-dependent signaling pathways,
including those related to positive regulation of Rho GTPase activ-
ity. Rho-dependent GTPases have been identified to play a role
downstream of FcγR activation, signaling via Syk, PLCγ2, Vav
(also up-regulated), and phosphatidylinositol 3-kinase leading to
phagocytosis, ROS, and cytokine production in neutrophils and
monocytes (7,28) (Supplementary Figure 8D).

When MPO-ANCA IgG–stimulated cells were pretreated with
R406 (and compared to vehicle-treated cells), there was signifi-
cant down-regulation of the gene signatures, which were found
to be up-regulated following MPO-ANCA IgG stimulation in both
neutrophils and monocytes (Figures 4E and F and Supplementary
Tables 3 and 4, https://onlinelibrary.wiley.com/doi/10.1002/art.
42321), including those involved in chemokine/cytokine signaling
(CXCL8, CCL20, CCL3, CCL3L1, CCL4, CCRL2, CXCR4,
CCR1) (Figure S8E). Similar to the analysis of ANCA-stimulated
cells, there was greater transcriptional plasticity of monocytes
and treatment with R406 resulted in down-regulation of many
genes induced by ANCA IgG stimulation compared to vehicle
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Figure 4. NanoString analysis of myeloperoxidase (MPO)–antineutrophil cytoplasmic antibody (ANCA) IgG–stimulated granulocytes and mono-
cytes. A, Volcano plot showing −log10 (P value) and log2 (fold change) for granulocytes primed with 2 ng/ml tumor necrosis factor (TNF) for
15 minutes and then stimulated with 100 μg/ml MPO-ANCA IgG for 1 hour, compared to unstimulated granulocytes. All genes included in Nano-
String analysis are shown. B–D, Volcano plots showing −log10 (P value) and log2 (fold change) for monocytes primed with 2 ng/ml TNF for
15 minutes then stimulated with 100 μg/ml MPO-ANCA IgG for 1 hour, compared to unstimulated monocytes. Genes shown are identified in
the NanoString code set as involved in cytokine pathways (B), cell migration and adhesion (C), or Fc receptor signaling (D). E, Volcano plot showing
−log10 (P value) and log2 (fold change) for TNF-primed, MPO-ANCA IgG–stimulated granulocytes pretreated with 2 μM R406, compared to those
pretreated with vehicle, for all genes included in NanoString analysis. F, Volcano plot showing −log10 (P value) and log2 (fold change) for TNF-
primed, MPO-ANCA IgG–stimulated monocytes pretreated with 2 μM R406, compared to those pretreated with vehicle, for all genes included
in NanoString analysis. Selected differentially expressed genes with a log2 (fold change) >1.5 and adjusted P values <0.05 are identified by name
and are shown in red (adjusted P < 0.01) and blue (adjusted P < 0.05). Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42321/abstract.
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treatment, including genes involved in chemokine and cytokine
pathways, ECM remodeling, and cell migration and adhesion
(Figure 4F, Supplementary Figures 8E and F, and Supplementary
Table 4). Genes that are associated with GTPase activity, tyrosine
phosphorylation cascades, and MAPK signaling pathways were
also down-regulated.

Up-regulation of Syk mRNA in renal biopsy tissue
from patients with active AAV. Using IHC, we have previ-
ously shown that Syk is expressed in the inflamed glomeruli of
patients with ANCA-associated glomerulonephritis (AAGN) and
that this correlates with Berden disease class (29,30). We sought
to validate these findings using RNAscope, a method of in situ
hybridization used to detect Syk mRNA that overcomes the
potential for nonspecific antibody-binding in standard IHC. We
confirmed Syk mRNA expression in the glomeruli of patients with
crescentic AAGN, with expression localized to crescents and
segmental areas of inflammation that mirrored findings using IHC
(Figures 5A–C). There was minimal Syk mRNA expression in the
glomeruli of patients with sclerotic lesions or in nonaffected glo-
meruli in patients with mixed-class disease (Figures 5D–F).
Marked Syk mRNA expression was also seen in areas of tubuloin-
terstitial and periglomerular inflammation in patients with both
sclerotic and crescentic glomerular disease (Figures 5E and G).
In our previous study, we also detected Syk expression in distal
tubular epithelial cells, a common site for nonspecific staining in
standard IHC; in the current study, we have confirmed that this
accurately represents Syk expression using RNAscope to detect
Syk mRNA (Figures 5H and I).

Syk expression at extrarenal sites of vasculitis. Syk
is expressed at extrarenal sites of inflammation in patients with
active AAV. Our previous studies have focused on the role of
Syk in renal disease (20,30). However, many patients with AAV
may have extensive multisystem disease affecting nonrenal
organs (31). We therefore investigated Syk expression in biopsy
and surgical tissue samples from a range of extrarenal sites of
inflammation using IHC for T-Syk and P-Syk, with colocalization
for leukocyte markers.

We first examined tissue with evidence of small vessel vascu-
litis and capillaritis, including nerve, skin, and intestinal tissue. We
detected T-Syk within cells of perivascular infiltrate of the vasa
nervorum that colocalized with the ANCA autoantigen MPO
(Figures 6A and B and Supplementary Figures 9A and B, https://
onlinelibrary.wiley.com/doi/10.1002/art.42321). T-Syk was pres-
ent in cells with typical neutrophil morphology in inflammatory infil-
trate in ear, nose, and throat–associated vasculitis (Figure 6C).
T-Syk could also be identified in gut tissue in infiltrating leukocytes
associated with vasculitis of an arteriole and leukocytoclasis
(Figure 6D). T-Syk was expressed in infiltrating cells at sites of capil-
laritis in the skin and colocalized with both MPO and the neutrophil
marker CD15 (Figures 6E–G and Supplementary Figures 9C–E).

Extravascular granulomatous tissue inflammation is also a
common disease manifestation in AAV, and we identified T-Syk
in cells within granulomata in lung, nasal, and cutaneous tissue
of patients with active AAV affecting these organ sites (Figure 6H
and Supplementary Figures 9F–H, https://onlinelibrary.wiley.
com/doi/10.1002/art.42321). Within areas of severe inflammation
in the skin, foamy macrophages were positive for T-Syk, and
costaining for CD68 confirmed that T-Syk coexpression was in
both monocytes/tissue macrophages and multinucleated giant
cells. Importantly, staining for P-Syk was present, indicating Syk
activation in these cells in tissue (Figures 6I–K and Supplementary
Figures 9I–N). Of note, T-Syk also colocalized with expression of
the ANCA autoantigen MPO (Figure 6L and Supplementary
Figures 9I–K).

DISCUSSION

This study identifies a role for Syk in the pathogenesis of AAV
and indicates that Syk inhibition may be an effective therapeutic
strategy. We showed the up-regulation of Syk phosphorylation
(i.e., activation) in circulating innate immune cells in patients with
active untreated AAV and found that this correlates with mea-
sures of disease activity. We demonstrated that Syk inhibition
can prevent ANCA-mediated cellular responses in vitro, including
IL-8 and ROS production, and by using targeted gene expression
analysis, we confirmed that Syk-dependent signaling pathways
were activated following MPO-ANCA IgG stimulation. Finally, we
identified Syk in tissue leukocytes at sites of organ inflammation
in AAV, using both standard protein IHC and in situ hybridization
for Syk mRNA.

In the first component of this study, we examined circulat-
ing neutrophils and monocytes from patients with acute AAV,
isolated before receipt of immunosuppression, thus providing
a unique opportunity to assess the association of Syk expres-
sion and activation in myeloid cells with disease activity. The
increased phosphorylation of Syk in patients with active
untreated AAV and the positive correlation with ANCA titers
suggest that ANCA-mediated phosphorylation of myeloid cells
may be occurring in vivo and that Syk activation has a role in dis-
ease pathogenesis. The tyrosine residue for which we identified
the greatest difference in phosphorylation between patients
with active disease and those in remission or healthy donors
was Y348. This residue has been shown to play a critical role in
the transition of Syk from an autoinhibited to an activated state
(10). The differences in Y352 phosphorylation were less marked.
The reasons for this are likely to be multifactorial and may
include technical differences between the 2 antibodies used,
differences in kinetics of phosphorylation, or basal phosphory-
lation states between the 2 sites. A reduction in myeloid cell
Syk activation in most patients during clinical remission also
suggests a functional correlation with disease activity, although
a direct effect of immunosuppressive treatment cannot be
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excluded. In acute disease, a range of Syk activation was
observed, suggesting that flow cytometry cell phenotyping
could be used to stratify patients for future clinical studies, in
order to identify those likely to benefit from Syk inhibitor
treatment.

Using the same flow cytometric approach for intracellular
phosphoprotein analysis, we next assessed Syk activation in neu-
trophil responses in vitro. It is already established that Syk is acti-
vated following FcγR ligation on neutrophils and monocytes, such

as following immune complex stimulation (32). The active metab-
olite of fostamatinib, R406 (a small molecule kinase inhibitor with
relative selectivity for Syk), can prevent respiratory burst and cyto-
kine release induced by this pathway (1,24,32,33). The role of
FcγR signaling via Syk in ANCA-mediated cell activation is less
clearly defined. Several studies have shown the importance of
ANCA binding to FcγRIIa in proinflammatory neutrophil responses
and that blockade of this receptor decreases ANCA-induced neu-
trophil activation (13,16). However, studies using F(ab) fragments

Figure 5. Syk mRNA is up-regulated in glomeruli of patients with crescentic antineutrophil cytoplasmic antibody–associated vasculitis. A, Quan-
tification of glomerular expression of Syk mRNA using RNAscope in situ hybridization showing significant up-regulation in glomeruli from patients
with crescentic glomerulonephritis compared to those with sclerotic (inactive) disease. Bars show the median and interquartile range. ** = P < 0.01
by Kruskal-Wallis test with Dunn’s post-test comparison. B, Representative histologic sections showing Syk mRNA in the distribution of a cellular
crescent, likely indicating Syk in infiltrating leukocytes. C, Comparative image of immunohistochemistry (IHC) for total Syk (T-Syk) showing positive
cells in the distribution of a cellular crescent and periglomerular infiltrate. D, Syk mRNA absent in a glomerulus containing a sclerotic lesion. E, A
small amount of Syk mRNA in a sclerotic glomerulus with significant periglomerular inflammation containing Syk-positive cells. F, Comparative
image of T-Syk IHC showing negative glomerular staining in a patient with sclerotic disease and T-Syk–positive cells in periglomerular infiltrate.
G, Syk mRNA in cells in tubulointerstitial infiltrate. H, Syk mRNA in cells with characteristic morphology of distal tubular epithelial cells. I, Compar-
ative image of T-Syk IHC showing positive staining of distal tubular epithelial cells. In B–I, original magnification ×400 with hematoxylin counter-
stain. IHC images show immunoperoxidase staining. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42321/abstract.
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Figure 6. Syk is expressed at extrarenal sites of inflammation in patients with active AAV and colocalizes with CD68, CD15, and myeloperoxi-
dase (MPO). Immunohistochemistry for Syk on biopsy tissue from extrarenal sites of inflammation in patients with AAV was performed. A and B,
Low-power image of perivascular infiltrate of the vasa nervorum showing cells positive for T-Syk (brown) (A) and high-power image showing cells
positive for T-Syk (brown) and MPO (blue), with cells positive for MPO and T-Syk magnified (inset) (B). C, Paranasal sinus tissue showing infiltrate
of Syk-positive neutrophils and mononuclear cells, including those with typical neutrophil nuclear morphology (inset). D, Vasculitis of an arteriole in
the gut with evidence of leukocytoclasis, with T-Syk–positive cells magnified (inset). E–G, Low-power image of capillaritis in cutaneous tissue with
evidence of leukocytoclasis showing cells positive for T-Syk (brown) (E) and high-power images showing T-Syk (brown) and CD15 (blue) (F) and
T-Syk (brown) and MPO (blue) (G). Insets show magnified images of cells positive for T-Syk and CD15 or MPO, respectively. H, Inflammation in
the lung showing dense collection of T-Syk–positive cells. I–L, An area of severe inflammation in the skin with foamy macrophages positive for
T-Syk (I), P-Syk (J), T-Syk (brown) and CD68 (blue) (K), and T-Syk (brown) and MPO (blue) (L). Insets show magnified images of cells positive
for T-Syk and CD68 or MPO, respectively. Immunoperoxidase/immunophosphatase staining is shown with hematoxylin counterstain. Original
magnification ×100 (A and E), ×200 (D, H–L), ×400 (B, C, F, G). Single stains and additional images are shown in Supplementary Figure 9
(https://onlinelibrary.wiley.com/doi/10.1002/art.42321). See Figure 1 for other definitions.
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of ANCA IgG have generated conflicting results. Several have
shown that F(ab) fragments can bind neutrophils but that this
does not result in cell activation. Others have shown that cross-
linked F(ab) or F(ab)2 of ANCA can induce neutrophil activation,
resulting in cytokine release and the production of ROS, although
this is not a consistent finding (15,34–36). Our findings identify a
critical role for Syk in mediating MPO-ANCA IgG responses, sug-
gesting that FcγR-dependent signaling is necessary for
ANCA-induced activation of myeloid cells. Consistent with this
finding, we showed that stimulation with F(ab)2 fragments in place
of whole IgG results in decreased but not abolished cytokine
release. It is likely that several mechanisms lead to ANCA-induced
activation of myeloid cells in AAV, requiring binding to both auto-
antigen and FcR, such as in the Kurlander effect (37).

Transcriptional analysis of both granulocytes and mono-
cytes after stimulation with MPO-ANCA IgG identified up-
regulation of several pathways likely to contribute to disease
pathogenesis in AAV, including chemokine/cytokine production
and chemotaxis in neutrophils. Monocytes, having greater plas-
ticity, showed broader changes in transcriptional activity, involv-
ing genes related to cytokine/chemokine production and
response, genes implicated in the breakdown of extracellular
matrix, and genes involved in cell migration and adhesion. Nota-
bly, there was clear differential expression of genes involved in
FcR signaling, including significant up-regulation of Rho
GTPases, and of genes known to increase their activity. In cells
treated with R406, these pathways were down-regulated to
levels seen in unstimulated cells. Several studies have identified
a role for these proteins downstream of FcγR/Syk signaling,
and we suggest that activation of Syk and downstream
signaling through PLCγ/Vav/Ras/MAPK/NF-κB leads to myeloid
cell activation and cytokine production after stimulation with
MPO-ANCA IgG (38,39).

Having identified increased Syk activation in circulating
innate immune cells of patients with acute AAV and a role for
Syk signaling in MPO-ANCA IgG–mediated activation of mye-
loid cells in vitro, we next sought to investigate Syk expression
and activation in the tissue of organs affected by vasculitis.
Using RNAscope ISH, we confirm the specificity of our previous
studies using standard IHC and identify that glomerular Syk
mRNA expression is highest in those with crescentic glomerulo-
nephritis and lowest in those with sclerotic (i.e., histologically
inactive) disease (30). Syk expression within glomeruli was
localized to areas of crescent formation or segmental prolifera-
tion and was also observed in areas of tubulointerstitial and
periglomerular inflammation. We used this standard IHC
approach to show that Syk is expressed and phosphorylated
at multiple sites of extrarenal organ inflammation in AAV, includ-
ing in the lungs and the upper respiratory tract, skin, nerve, and
intestinal tissue. These results suggest that inhibition of Syk may
have broad therapeutic potential for the diverse clinical

manifestations of AAV, including extravascular granulomatous
tissue inflammation.

Our study has some limitations. Not all patients provided
sequential samples for analysis, and so we were unable to inves-
tigate changes in Syk activation prior to relapse, nor could we
exclude a direct effect of immunosuppression on Syk activation
in the remission group. It was also not possible to quantify Syk
activation in tissue due to the technical limitations of IHC, a non-
stochiometric technique. However, our findings suggest a role
for Syk in the pathogenesis of AAV and that drugs targeting Syk
may provide a novel treatment approach in this disease. Fosta-
matinib, the orally administered prodrug form of R406, is now an
established therapeutic (40,41). In immune thrombocytopenia,
this therapy has shown efficacy in refractory disease and an
acceptable toxicity profile (41). Despite its effects on inhibiting
myeloid cell activation, fostamatinib/R406 does not seem to
increase the risk of bacterial infection, and the most commonly
reported side effects in clinical studies were gastrointestinal dis-
turbance and mild hypertension (3–5-mmHg increase in systolic
blood pressure), which can usually be managed without cessa-
tion of the drug. In biochemical kinase assays, R406 has been
shown to have activity at a number of other kinases with similar
or greater potency than it has for Syk, although in cell-based
assays, this was reduced when compared to its activity at Syk
(24,42,43). R406 has also been shown to have activity at
vascular endothelial growth factor receptor 2, which is likely to
explain its small effect on blood pressure in clinical studies (43).
However, this pathway is unlikely to mediate the effect seen on
ANCA-mediated myeloid cell activation in vitro, and inhibition of
Syk, downstream of FcR, is the most biologically plausible expla-
nation. As there is the possibility that R406 may be acting at other
targets than Syk in vitro, we have confirmed our results in neutro-
phils, using a second inhibitor entosplentinib, which is described
to be selective for Syk.

This study focused on Syk expression and activation in
innate immune cells, although it is recognized that B cell
maturation, survival, and activation are Syk-dependent (44).
B cell–directed therapy is an established strategy in the treatment
of AAV, and disruption of these Syk-dependent B cell functions
with fostamatinib treatment may provide additional therapeutic
benefit (45). Of interest, we found evidence of Syk activation in
B cells from patients with active disease (Supplementary
Figure 5, https://onlinelibrary.wiley.com/doi/10.1002/art.42321),
and the role of Syk in humoral immunity in AAV should be
explored in future studies.

We have previously shown that fostamatinib is an effective
treatment for pulmonary and renal disease in preclinical models
of vasculitis, and, based on our findings here that show convinc-
ing evidence of Syk activation in patients with AAV, we suggest
that Syk inhibition with fostamatinib should be prioritized for future
clinical studies in vasculitis (21,46).
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