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The Role of Syk in Inflammatory Response of
Human Abdominal Aortic Aneurysm Tissue
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Objective: Inflammatory response is central to patho-
genesis of abdominal aortic aneurysm (AAA). Recently, we
reported that Syk, a signaling molecule in inflammatory
cells, promotes AAA development in a mouse model. In this
study, we aimed to investigate the role of Syk in human AAA
pathogenesis.

Materials and Methods: We obtained human AAA wall
samples during open surgical aortic repair at Kurume Uni-
versity Hospital. Immunohistochemical analyses of AAA
samples were performed for Syk activation and cell type
markers. Ex vivo culture of human AAA tissue was utilized
to evaluate the effect of P505-15, a Syk inhibitor, on secre-
tions of interleukin-6 (IL-6) and matrix metalloproteinases
(MMPs).

Results: Immunohistochemical analysis showed infiltra-
tion of B cells, T cells, and macrophages in AAA samples.
Syk activation was localized mainly in B cells and part of
macrophages. AAA tissue in culture secreted IL-6, MMP-9,
and MMP-2 without any stimulation. The unstimulated
secretions of IL-6, MMP-9, and MMP-2 were insensitive to
P505-15. Secretions of IL-6 and MMP-9 were enhanced by
exogenous normal human immunoglobulin G (IgG), which
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was suppressed by P505-15, whereas secretion of MMP-2
was insensitive to 1IgG or P505-15.

Conclusion: These results demonstrate an important role
of Syk for IgG-dependent inflammatory response in human
AAA.
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Introduction

Abdominal aortic aneurysm (AAA) is common among
elderly people, which is caused by the local weaken-
ing of aortic walls.!) Although AAA usually presents no
symptoms, it leads to the progressive dilation and abrupt
rupture of the aorta with high mortality. To prevent the
lethal event of aortic rupture, therapeutic options are
either replacement of the weakened part of the aorta
with an artificial graft by open surgery or insertion of a
self-expandable stent graft spanning the aneurysmal le-
sion through a catheter, termed as endovascular aneurysm
repair.2) Other than these surgical techniques, no medical
therapy has been established to prevent the progression
and rupture of AAA.

Accumulating evidence indicate that chronic inflamma-
tion is central to tissue destruction in AAA.>* Involve-
ment of inflammation is underscored by the infiltration
of inflammatory cells including B cells, T cells, and
macrophages in AAA tissue before the destruction of
extracellular matrix and expansion of the aorta.!) Among
the inflammatory cells, we and others demonstrated that
B cells and their effector molecule IgG promote AAA in
mouse models of AAA.57) We also demonstrated that
human AAA tissue secretes a number of inflammatory cy-
tokines including interleukin-6 (IL-6),8 and exogenously
added IgG promotes the secretions of IL-6 and matrix
metalloproteinase-9 (MMP-9) from human AAA tissue in
culture.”

Although B cells can theoretically be a therapeutic
target for AAA, depletion or functional suppression of
B cells in patients is impractical, because of the fact that
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Table 1 Clinical characteristics of patients in abdominal aortic aneurysm (AAA) tissue culture
Case# Age Sex Maxi. diameter Location of AAA Comorbidity Smoking Medication
(male/female) (mm)

TC#1 76 Male 92 Infrarenal- None Current  None
Common iliac artery

TC #2 86 Female 67 Infrarenal-Terminal aorta HT None CCB

TC#3 82 Female 55 Infrarenal- DL, HT, IHD None ARB, APT, CCB, Statin
Common iliac artery

TC#4 58 Male 58 Infrarenal-Terminal aorta CVD, DL, HT, IHD History  ARB, APT, Statin

TC#5 85 Male 48* Infrarenal-Terminal aorta CKD, DL, HT, IHD History  ARB, BAB, APT, Statin

TC #6 73 Male 48** Infrarenal- CKD, DL, DM, HT, IHD  None ARB, CCB, Statin
Common iliac artery

TC #7 73 Male 57 Infrarenal- CVD, DL, Graves, IHD  Current ACEi, APT, BAB, Statin
Common iliac artery

HP#1 75 Male 48** Infrarenal- DL, IHD History ~ APT, Statin
Common iliac artery

HP #2 82 Male 50 Infrarenal-Terminal aorta HT, DL, IHD Current  ACEi, APT, BAB, Statin

HP #3 62 Male 54 Infrarenal-Terminal aorta DL History  Statin

HP #4 68 Female 54 Infrarenal-Terminal aorta DL, DM, HCM, HT None ARB, Statin, Isosorbide

Clinical characteristics of the patients of whom AAA tissue was obtained for tissue culture (TC) or histopathology (HP). HP #3 sample was

used for the representative data in Figs. 1 and 2.

CKD: chronic kidney disease; CVD: cerebrovascular disease; DL: dyslipidemia; DM: diabetes mellitus; HCM: hypertrophic cardiomyopa-
thy; HT: hypertension; IHD: ischemic heart disease; ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin Il type 1 receptor
blocker; APT: antiplatelet drugs; BAB: B-adrenergic blocker; CCB: calcium channel blocker

*Surgical repair was carried out for TC #5 due to the concern of the advanced frailty and surgical intolerability of the patient if the surgery is
to be carried out after the diameter reaches 5cm. **Surgical repair was carried out for TC #6 and HP #1 to repair the iliac artery aneurysms

with diameters exceeding 3 cm together with the AAAs.

AAA is a chronic disease that persists for several years
without symptoms and the concern for immunosuppres-
sion. In addition, it is difficult to fine tune the dose and
the effect according to the disease activity or the adverse
side effects using the current antibody-based medicine to
deplete B cells, such as anti-CD20 monoclonal antibody
rituximab.?)

Considering the flexibility in drug use, the non-receptor
tyrosine kinase Syk is an attractive candidate drug target,
because Syk plays a central role both in B cell function and
in immunoglobulin effector function,'®-'3) and small-mol-
ecule Syk inhibitors are available. Indeed, we previously
reported that a Syk inhibitor can suppress AAA develop-
ment in mice.”) However, no mouse model can recapitulate
all aspects of human AAA.' Therefore, in this study, we
intended to test the effect of a Syk inhibitor in human
AAA tissue in ex vivo culture that maintains inflammatory
and tissue destructive activities for several days.!?)

Materials and Methods

Human AAA wall tissue

All protocols that involved human specimens were ap-
proved by the Institutional Review Board at Kurume
University Hospital (approval number 16139), and all
samples were obtained with written informed consent

from the patients. Human AAA tissue was obtained from
patients during open surgery performed to repair AAA
(Table 1). Tissue was acquired from the anterior wall of
the aneurysm.

Histological analysis

For histological analyses, AAA tissues were fixed in
paraformaldehyde, paraffin embedded, and sliced into
5-um-thick tissue sections. We stained paraffin-embedded
sections of human AAA tissue with Elastica van Gieson
(EVG) or hematoxylin and eosin (H&E). We performed
immunohistochemical staining of human AAA tissue
with antibodies specific for activated (phosphorylated)
Syk (pSyk, phospho-Y323, Abcam, Cambridge, UK;
#ab63515, 20 ug/mL), B cells (CD20, Leica Biosystems,
Wetzlar, Germany; #NCL-L-CD20-L26, 80 ug/mL), T cells
(CD3, Leica Biosystems; #NCL-L-CD3-565, 105 pg/mL),
smooth muscle cells (smooth muscle o-actin, Dako,
Jena, Germany; #M0851, 180 pg/mL), and macrophages
(CD68, Dako; #M0876, 155 pg/mL). To examine the tis-
sue localization of activated Syk and other inflammatory
cells, immunofluorescence staining of the human AAA tis-
sue was performed. An antibody for pSyk (phospho-Y323,
Abcam; #ab63515, 40ug/mL) was used for detecting
activated Syk visualized by indirect immunofluorescence
staining with the Tyramide Signal Amplification labeling
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Table 2 Well numbers obtained from each patient for tissue culture

Role of Syk in Human Abdominal Aortic Aneurysm

Experimental interventions

Case # Assays
Control P505-15 1gG IlgG+P505-15
TC#1 4 4 N N MMP-9/MMP-2, IL-6
TC#2 4 4 N N MMP-9/MMP-2
TC#3 4 N 4 4 MMP-9/MMP-2, IL-6
TC #4 4 4 4 4 MMP-9/MMP-2, IL-6
TC#5 4 4 4 4 MMP-9/MMP-2, IL-6
TC #6 5 5 5 5 MMP-9/MMP-2
TC#7 2 2 2 2 MMP-9/MMP-2

Abdominal aortic aneurysm samples were used to obtain the indicated number of wells of 6-well tissue culture plate for the assays of matrix
metalloproteinase (MMP)-9 and MMP-2 by gelatin zymogram and interleukin-6 by enzyme-linked immunosorbent assay. N: not used for

the indicated experimental condition

kit with Alexa-Fluor 488 tyramide (#T-20922, Thermo
Fisher Scientific, Waltham, MA, USA). Antibodies for
CD20 (Leica Biosystems; #NCL-L-CD20-L26, 95 pg/mL),
CD3 (Leica Biosystems; #NCL-L-CD3-565, 80 pug/mL),
and CD68 (CD68, Dako; #M0876, 370 ug/mL) were used
for detecting B cells, T cells, and macrophages, respec-
tively, by indirect immunofluorescence staining with Cy3-
conjugated goat anti-mouse IgG antibody (#715-165-151,
Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). TO-PRO-3 (#T3605, Thermo Fisher Scientific) was

used for nuclear staining.

AAA tissue culture

The ex vivo culture experiment of human AAA tissue was
performed as previously described.!® Briefly, we obtained
fresh AAA samples including the site of maximal diameter
from patients during open surgery performed to repair
AAA that were cleaned of thrombi and loose connective
tissue. The AAA tissue was cut horizontally into three
parts. Each part of the aortic wall was minced into pieces
of approximately 2 X2mm with maintaining full thick-
ness of the aortic wall. Minced tissues were transferred to
12-well plates with serum-free Dulbecco’s Modified Eagle
Medium (DMEM) (#11885-084, Invitrogen, Carlsbad,
CA, USA). Into each well, we placed an equal number of
pieces from all three parts of the AAA sample to minimize
the effect of AAA tissue heterogeneity. At 48 h after start-
ing the culture, culture media were exchanged with fresh
DMEM, and samples were incubated for 48h (the first
48 h, Pre values). We obtained conditioned media from the
first 48 h of culture for measuring basal secretions of IL-6
and MMP-9 and MMP-2 (Table 2). Then, culture media
were exchanged with fresh DMEM, with or without
0.5 mg/mL human polyclonal IgG (Jackson ImmunoRe-
search, West Grove, PA; #767-71594) and 10pmol/L
P505-15 (Selleckchem.com, Houston, TX, USA), a specific
Syk inhibitor, and cultures were continued for another
48h (the second 48h, Post values) to obtain conditioned
media after stimulation. The conditioned media after

stimulation was used for measuring stimulated secre-
tions of IL-6 and MMPs. Secreted IL-6 and MMPs were
measured with an IL-6 enzyme-linked immunosorbent
assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA;
#56050). Secreted MMP-2 and MMP-9 were measured by
gelatin zymography (Thermo Fisher Scientific, Waltham,
MA, USA; #EC61755BOX). To normalize the variability
in the tissue, we calculated the ratios of the stimulated se-
cretion during the second 48 h (Post values) and the basal
secretion during the first 48 h (Pre values) to evaluate the
effect of experimental interventions.

Statistical analysis

All data are expressed as individual data points with the
median = interquartile range relative to the control sample
without any experimental intervention. All analyses were
performed using JMP 13 (SAS Institute, Cary, NC, USA).
To compare three or more groups, the Kruskal-Wallis
test followed by Dunn'’s post hoc test was used. Statistical
significance was accepted by a P value of less than 0.05.

Results

Activation of Syk in human AAA tissue

We first examined the histological characteristics and
activation status of Syk in human AAA tissue obtained
from patients who underwent open surgery to repair AAA
(Fig. 1, Table 1). The AAA tissues showed loss of elastic
fibers in EVG staining and infiltration of inflammatory
cells as observed in H&E staining (Fig. 1B). Immunohis-
tochemical staining of smooth muscle a-actin, a marker
of smooth muscle cells (SMCs), showed disruption and
disarray of SMC layers. Imnmunohistochemical staining of
inflammatory cell markers, including CD20 (B cells), CD3
(T cells), and CD68 (macrophages), indicated that these
cell types make cell clusters adjacent to SMC layer in the
aortic walls (Fig. 1C). Immunostaining for phosphory-
lated and hence activated Syk (pSyk) showed that cells
positive for pSyk are in the cluster of inflammatory cells.
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Fig. 1 Histological analysis of human abdominal aortic aneurysm
(AAA) wall tissue.
(A) A three-dimensional computed tomography image is
shown for the representative AAA case. A white rectangle
indicates the location of tissue curation for the analysis.
(B) Low-magnification images of human AAA wall tis-
sue with Elastica van Gieson and hematoxylin and eosin
(H&E) staining. Bar, 0.5mm. A white rectangle indicates
the area corresponding to the high-magnification images.
(C) High-magnification images of H&E staining and im-
munohistochemical staining for activated (phosphorylated)
Syk (pSyk) and cell type markers, CD20 (B cells), CD3 (T
cells), CD68 (macrophages), and smooth muscle a-actin
(SMA; smooth muscle cells). Bar, 0.1 mm. All images are
shown with the luminal side up and adventitial side down.

To further characterize pSyk-positive cell types in
human AAA tissue, we performed double immunofluores-
cence staining for pSyk and cell type markers (CD20, CD3,
and CD68) (Fig. 2). In the observed area, CD20-positive
B cells were most abundant, making tight cell clusters.
CD3-positive T cells were scattered in the cell clusters, and
CD68-positive macrophages were more sparse within the
cell clusters. pSyk staining overlapped mainly with CD20-
positive B cells and part of CD68-positive macrophages,
whereas the overlap with CD3 was less obvious. Other
samples from three other patients showed similar results.
These results suggested that Syk was activated mainly in B

TO-PRO-3

CD20 pSyk TO-PRO-3 CD68 pSyk TO-PRO-3

CD3 pSyk TO-PRO-3

Fig. 2 Localization of pSyk and cell type markers.
Immunofluorescence images for cell type markers for B
cells (CD20), T cells (CD3), and macrophages (CD68), ac-
tivated Syk (pSyk), and nuclei by TO-PRO-3. The overlap
images of pSyk (green) and cell type markers (red) and
nuclei (blue). Arrowheads indicate the cells with the cor-
responding cell type markers. Bar, 20 ym.

cells and part of macrophages in AAA tissue.

Involvement of Syk in AAA pathogenesis

To investigate the role of Syk in AAA pathogenesis, we
made ex vivo tissue culture of human AAA tissue (Table 1)
and measured the secreted MMP-9 and MMP-2 to assess
the tissue destructive activity (Table 2). Human AAA tis-
sue was obtained from seven randomly chosen patients
during open surgery performed for AAA repair. We ex-
cluded the patients with family history of AAA to exclude
the familial forms of AAA. We also excluded suprarenal
AAA or ruptured AAA. Human AAA tissue secreted both
MMP-2 and MMP-9 in the culture media (Fig. 3A). Ex-
ogenously added human IgG stimulated the secretion of
MMP-9, but not that of MMP-2. P505-15 showed no ef-
fect on unstimulated secretion of MMP-9 but suppressed
IgG-stimulated secretion of MMP-9. MMP-2 secretion
was insensitive to either IgG or P-505-15. To evaluate
the inflammatory activity of AAA tissue, we measured
the secretion of IL-6 (Fig. 3B). P505-15 showed no effect
on the unstimulated secretion of IL-6 from AAA tissue.
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Fig. 3 Secretions of matrix metalloproteinases (MMPs) and inter-

leukin-6 (IL-6) in ex vivo culture of human abdominal aortic
aneurysm (AAA) tissue.
(A) Secretions of MMP-2 and MMP-9 from human AAA
tissue culture in the presence or absence of P505-15, a
specific Syk inhibitor, and normal human immunoglobulin
G (IgG). MMPs were measured by gelatin zymogram for
the basal secretion (Pre) and the stimulated secretion
(Post). A representative image of the zymogram is shown.
The graph shows the ratios of the stimulated secretion and
the basal secretion for MMP-9 and MMP-2. (B) Secretion
of IL-6 was measured by enzyme-linked immunosorbent
assay in the same way as MMPs. Red and blue bars
indicate medians and interquartile ranges. N.S.: not signifi-
cant; *P<0.05, **P<0.01, ***P<0.001.

Exogenously added IgG stimulated the secretion of IL-6
into the culture media,” which was effectively suppressed
by P505-15. These findings indicated that Syk was in-
volved in IgG-stimulated secretions of IL-6 and MMP-9 in
human AAA tissue.

Discussion

In this study, we showed in human AAA tissue that infil-
trating inflammatory cells, including B cells, T cells, and
macrophages, are making cell clusters, suggesting the cell-
cell interaction of these cell types. Among the cell types of
inflammatory cells and smooth muscle cells, activated Syk

Role of Syk in Human Abdominal Aortic Aneurysm

was located mainly in B cells, underscoring its importance
in B cell activity.!%1213) Of note, we demonstrated that
P505-15, a specific Syk inhibitor, effectively suppressed
the secretions of IL-6 and MMP-9 that were induced by
exogenous IgG, supporting the notion that Syk is a poten-
tial therapeutic target for AAA.

Pathogenetic role of B cells and IgG in human
AAA

While it is well established that AAA tissue is enriched
for B cells and immunoglobulins,!6-1®) their roles in AAA
pathogenesis is still under investigation. Recently, a series
of reports have uncovered the mechanism by which B
cells and immunoglobulins promote AAA progression
in mice.>61% In these reports, it has been shown that
naturally occurring IgG in normal mouse serum contains
anti-fibrinogen antibodies that can bind to the deposited
fibrinogen in the injured aortic tissue, which initiates the
local inflammatory response. Consistently, we found
that exogenously added normal human IgG promoted
secretions of IL-6 and MMP-9 from human AAA tissue
in ex vivo culture in previous study”) and in the current
study. Different lots of normal human IgG in our studies
stimulated IL-6 and MMP-9 secretions to similar extent.
Similarly, different lots of normal mouse IgG promoted
AAA in B cell- and immunoglobulin-deficient uMT mice,”
suggesting that naturally occurring antibodies are respon-
sible for the inflammatory effect. Whether such stimulat-
ing IgG is against fibrinogen, similar to the mouse model
in the previous study,® or have other antigens remains to
be elucidated.

Action point of the Syk

With regard to the function of B cells and immunoglobu-
lins, the main function of Syk is the B cell receptor (BCR)-
mediated regulation of B cells and the signal transduction
under the Fc receptors of immunoglobulins. In B cells,
engagement of BCR with corresponding antigen activates
signal pathway involving Syk!?) and regulates develop-
ment and activation of B cells.2? In inflammatory cell,
Fcy receptors mediate IgG-dependent response, where im-
munoreceptor tyrosine-based activation motif-containing
Fcy receptors mediate activation signal through Syk,
whereas immunoreceptor tyrosine-based inhibitory motif-
containing Fcy receptors mediate inhibitory signal by
recruiting phosphatases.2!:22)

In this study, we found that Syk was active mainly in
B cells in human AAA tissue, suggesting that infiltrating
B cells are immunologically active, although exactly how
B cells and Syk are activated and their function remain to
be investigated. It should be noted that the suppression of
MMP-9 and IL-6 secretions by the Syk inhibitor was not
detected at the baseline but was observed when AAA tis-
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sue was stimulated with IgG. Because AAA tissue secreted
detectable amount of MMP-9 and IL-6 in the tissue cul-
ture condition, this unstimulated secretion seemed inde-
pendent of Syk activity even though histological analysis
showed Syk activation in inflammatory cells. On the other
hand, IgG-stimulated secretions of MMP-9 and IL-6 were
sensitive to the Syk inhibitor, suggesting that exogenous
IgG stimulated Syk in AAA tissue. This could be due to
the fact that Syk activation may be diminished during
several days of tissue culture in the absence of serum or
immunoglobulins. In our previous report, we showed that
Syk was activated by exogenous IgG as demonstrated in
B cell- and immunoglobulin-deficient pMT mice,” sug-
gesting that activation of Syk and secretions of IL-6 and
MMP-9 were dynamically regulated by IgG in AAA tissue.
Although we intended to detect the Syk activation in the
cultured AAA tissue by western blotting and immunos-
taining, our attempt was unsuccessful possibly due to the
tissue degradation activity in the culture condition. Also,
whether any risk factors for AAA such as smoking or
other clinical conditions would alter the response to IgG
or the Syk activity in AAA tissue remains to be clarified in
future research. Nonetheless, our data indicate that Syk
inhibition is effective in suppressing tissue inflammatory
and destructive activities in the presence of IgG.

Therapeutic implication

Considering the clinical situations, several challenges must
be overcome in pharmacological therapy for AAA.>%
Because most of AAA patients do not have symptoms for
several years, the therapy may need to be continued for
long time with minimal side effect. Ideally, the pharmaco-
logical therapy may be applied to the patients with high
activity of tissue inflammation and destruction in AAA
tissue but discontinued for patients with low disease activ-
ity. This strategy would not only minimize the potential
side effect but also reduce the medical cost of the phar-
macotherapy. As symptom cannot be an indicator for the
disease activity in AAA, sensitive and reliable biomark-
ers need to be identified to realize the pharmacological
therapy for AAA. Whether inhibition of Syk suffices these
requirements remains to be clarified.

Conclusion

In conclusion, our data suggested that tissue inflammatory
and destructive activities may be regulated by IgG, which
depends on Syk activity. Future studies should be directed
on whether endogenous IgG participates in AAA patho-
genesis in a Syk-dependent manner, how Syk is activated
in human AAA, and whether and how Syk inhibition
therapy can be realized in the clinical practice.
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