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Interleukin-6 (IL-6), a member of a superfamily cdrdioactive cytokines, has
been identified as an independent biomarker of wlasc diseases including
atherosclerosis and aortic aneurysms. Local vasdli6 secretion can be induced by
dysregulated angiotensin Il (Ang Il) signaling, guaing leukocyte infiltration that
results in life-threatening aortic aneurysms ansseltions. Precise mechanisms by
which IL-6 signaling induces leukocyte recruitmeatmain unknown. In this study, we
employed two experimental animal models to study rble of IL-6 activation in the
development and progression of aortic aneurysmsanl Ang ll-treated C57BL/6 mice
model, we tested the relationship of IL-6 signalimigh Th17-induced inflammation in
the formation of Ang ll-induced aortic dissectiondVe found that Ang Il infusion

induced aortic dissections and CD4+-interleukin 1{&-17A)-expressing, Th17 cell
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accumulation in C57BL/6 mice. IL-6-deficient micghowed blunted local Th1l7
activation, macrophage recruitment, and reduceddence of aortic dissections,
suggesting the importance of IL-6 signaling in ioidig Thl7-mediated aneurysmal
progression. We further showed the pathologidalsrof Th17 lymphocytes by depleting
Th1l7 by IL-17A neutralization or genetic mutatiomdashowed decreased aortic
chemokine MCP-1 production and macrophage recrutmeading to a reduction in
aortic dissections. We also established clinied¢wance by showing increased Th1l7
infiltration into the aortic adventitial-medial ber in patients with ascending aortic
dissections. These findings indicate that IL-6 algrg converges on Th17 recruitment
and IL-17A signaling upstream of macrophage regreitt, mediating vascular
inflammation and aortic dissections. In another sgomodel with spontaneous aortic
aneurysms due to Marfan Syndrome (MFS) causedriiy1l gene mutation (mgR
homozygotes), we also reported elevated IL-6 siggabnd increased macrophage
recruitment in ascending aneurysmal tissues. Tdysthe role of IL-6 signaling, we
generated mgR homozygotes with IL-6 deficiency (B¥Qvhich showed reduction in
aneurysmal dilation at late stage of disease wniidffected survival rate. Moreover, we
reported that IL-6 deficiency led to decreased E@dgradation that is associated with
reduced levels of local MMPs. These findings sstgéhe activation of IL-6-mediated
inflammatory signaling contributed to aneurysmalogression in MFS through
recruitment of leukocytes and stimulation of MMPpeession, thus aggravating ECM

degradation and vascular remodeling.
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Chapter 1

General Introduction



1.1 AORTIC ANEURYSMAL DISEASES

Aortic aneurysms and aortic dissections account-1@,000 deaths in the United
States annually (Kuivaniemi et al., 2008). Recewidence suggests that enhanced
vascular inflammation underlies the progressiobaih abdominal aortic aneurysms and
thoracic aortic aneurysms (Guo et al., 2006a). Compathologic features of vascular
inflammation aneurysmal disease include recruitnamt activation of immune cells to

the vessel wall, myofibroblast differentiation agdracellular matrix (ECM) remodeling.

1.1.1 Types of aortic aneurysms

Aortic aneurysms are primarily classified based anatomic locations
(Kuivaniemi et al., 2008). Abdominal aortic aneungs(AAA) primarily develop in the
infrarenal segment of the abdominal aorta in humansuprarenal aorta in rodent
models. It predominantly affects elderly males, amdassociated with hypertension,
vascular inflammation and/or atherosclerosis (Guale 2006a). Initial pathological
events in AAA involve recruitment and infiltratiaf leukocytes into the aortic adventitia
and media, which are associated with the productbninfammatory cytokines,
chemokine, and reactive oxygen species (ROS). Exme of macrophage activating
cytokines is increased both systemically and lgcall AAA. Importantly, as a major
source of ECM-degrading matrix metalloproteinas&MPs), recruited activated
macrophages promote structural remodeling by daggadlastin and collagen in the

vessel wall (Longo et al., 2002). Moreover, in exgiag aneurysmal tissues, increased



infiltration of inflammatory cells may amplify MMProduction by resident vascular cells
(Pearce and Koch, 1996), facilitating aortic inflaation and structural remodeling. In
contrast, thoracic aortic aneurysms (TAA) are efiatally separable from AAA due to
their strong genetic influence affecting areasudtig the ascending aorta, aortic arch,
and/or descending aorta. Common genetic disordssscated with TAAs include
Marfan’s Syndrome and Loeys-Dietz syndrome. Restuidies have also identified an
inflammatory component in the etiology of TAA (Ejet al., 2003). In TAA in patients
undergoing surgical repair, enhanced expressiaytokines, such as interleukin-6 (IL-
6) and interferon- (IFN-y), as well as enhanced NADPH oxidase and reactygen
species (ROS) tone are found in aortic tissuessé& le@ents are spatially correlated with
increased monocyte/macrophage accumulation andneetdaMMP production. In
contrast, thoracic aortic aneurysms (TAA) are etiaially separable from AAA due to
their strong genetic influence affecting areasudulg the ascending aorta, aortic arch,
and/or descending aorta. Common genetic disordesscated with TAAs include
Marfan’s Syndrome and Loeys-Dietz syndrome. Restindies have also identified an
inflammatory component in the etiology of TAA (Ejet al., 2003). In TAA in patients
undergoing surgical repair, enhanced expressiaytokines, such as interleukin-6 (IL-
6) and interferon- (IFN-y), as well as enhanced NADPH oxidase and reactygen
species (ROS) tone are found in aortic tissuessd legents are spatially correlated with

increased monocyte/macrophage accumulation ancheeti&MP production.



1.1.2 Cellsand moleculesimplicated in inflammation in aortic aneurysms

The vascular inflammatory responseoimes complex interactions between
recruited inflammatory cells (lymphocytes, monosytemacrophages, neutrophils),
vascular resident cells [endothelial cells (ECssaular smooth muscle cells (VSMCs)
and adventitial fibroblasts] and the ECM. The enguinflammatory response increases
expression of adhesion molecules, growth factoysokines and chemokines, which
facilitates recruitment and local activation oflamhmatory cells and matrix remodeling.
Additionally, medial VSMCs and adventitial fibrokls, as well as immune cells such as
macrophages, neutrophils, B- and T- cells, prodiytekines, chemokines, and matrix-
degenerating enzymes, facilitating local inflammiatiand ECM degeneration (Table

1.1).

Cells Molecules Rolesin Aortic Aneurysms

Fibroblasts MMP-1 Collagen degradation
MMP-2 Elastin and collagen degradation
MCP-1 Monocyte chemotaxis
IL-6 Macrophage differentiation; MCP-1 induction;
systemic acute-phase response

VSMCs MMP-2 Elastin and collagen degradation

MMP-13  Collagen degradation




MT1-
MMP
MCP-1
IL-6

Macrophages MMP-3

MMP-9

MMP-12
MT1-
MMP
MIP-1a
IL-8
TGF

IL-6

Th Cells IFN-y

IL-4
IL-17

Elastin and collagen degradation; ProMMP-2
activation; facilitate macrophage migration
Monocyte chemotaxis

Macrophage differentiation; MCP-1 induction;

systemic acute-phase response

Elastin and collagen degradation; VEGF
activation

Elastin and collagen degradation;

dominant gelatinase in late pathogenesis;
TGF-, VEGF activation; macrophage migration
Elastin and collagen degradation

Elastin and collagen degradation; ProMMP-2
activation; facilitate macrophage migration
T-cell chemotaxis

Neutrophil chemotaxis

Angiogenesis; MMP induction;

Th17 differntiation; myofibroblast differntiation
Macrophage differentiation; MCP-1 induction;

systemic inflammatory responses

Th1 differentiation; macrophage activation
Th2 differentiation; humoral immunity

Macrophage chemotaxis

Table1.1. Major cell types and moleculesinvolved in vascular inflammatory
responsein aortic aneurysms.



Recruited CD68-expressing macrophagesf@nd in both the adventitia and
intima of aneurysms. They are attracted to theé@eoll by elastin degradation products,
CC chemokines [e.g. monocyte chemotactic proteirCPM), RANTES, etc] and
granulocyte-macrophage colony-stimulating factoM(GSF) (Rizas et al., 2009). MCP-
1 produced by VSMCs and fibroblasts (Tilson et2000) induces monocyte chemotaxis
by binding to CC-chemokine receptor 2 (CCR2). MCi-Jan important mediator in
early pathogenesis of aortic aneurysms because GielR@ency prevents aneurysm
formation in various mouse models (Daugherty ef aD10; Tieu et al., 2009).
Additionally, macrophages express 5-lipooxygenased), which produces macrophage
inflammatory protein @ (MIP-1a) to recruit T-cells in a paracrine fashion. Logall
infiltrated T-cells then magnify the inflammatorgscade by secreting various CC and
CXC chemokines, attracting other inflammatory céligshe aneurysmal tissue (Zhao et
al., 2004).

CD3+ T-cells are abundant immunomoduiatand pro-inflammatory cells
recruited to aneurysmal tissues, accounting for%-50f local hematopoietic cells
(Kuivaniemi et al., 2008). Most T-cell subtypes @deen identified, including helper T-
cells (Th cells), cytotoxic T-cells and naturalléal T-cells (NKT) (Kuivaniemi et al.,
2008). Recent studies to identify Th cell subtypelsich are predominant in aneurysms,
reported controversial results. Some suggestedwds2predominant, while other studies
suggested Thl (Galle et al., 2005; Schonbeck ,2@02).

Aortic resident cells also potentiatdammation via interactions with recruited

immune cells. Adventitial fibroblasts produce cytws and chemokines such as IL-6,
6



MCP-1, VEGF, and TNF (Tilson et al., 2000), conitihg to leukocytic chemotaxis and
activation. Work from our laboratory has found tAat Il stimulates aortic adventitial
fibroblasts to recruit monocytes via fibroblastided MCP-1, and that the recruited
monocytes further promote fibroblast proliferatiadyentitial thickening, and additional
cytokine production. This fibroblast-monocyte arfipiition loop may critically mediate
adventitial inflammation (Tieu et al., 2010; Ticuag, 2009).

Many types of enzymes by resident catid recruited immune cells are of
particular interests. For example, MMPs-2, 9 an@rE2capable of inducing ECM
degradation (Table 1.1). Collagen degradation énatffventitia can also be caused by
MMP-3, 8, and 13, promoting aneurysmal rupture.

Cytokines and chemokines such as IL-B2-l, and MCP-1 facilitate
recruitment and proliferation of inflammatory ce(l&able 1.1). Cytokines include TNF,
interleukins, interferons, colony stimulating fastoand transforming growth factors, etc.
They are produced by diverse cell types includirgmophages, T-cells and monocytes,
VSMCs and fibroblasts. Circulating cytokines int#raith specific receptors on various
cell types to activate JAK-STAT, N&B, and Smad signaling pathways, regulating
expression of various genes controlling inflammataisponse involving cell adhesion,
permeability and apoptosis. Further, increased logakine expression is implicated in
aortic aneurysms. Cytokine signaling is also knéavimcrease mitochondrial ROS
production, induce integrins to facilitate cellutthesion and activate MMPs to modify

ECM composition.



1.21L-6 SIGNALING IN VASCULAR TISSUES

IL-6 is a 26 kDa glycosylated cytokinatlacts in a paracrine manner to signal
through two distinct mechanisms, termed the classiatiated by membrane receptor
binding, and the trans-signaling pathway mediateddiuble IL-6 Ry (Hou et al., 2008).
Classical IL-6 signaling is mediated via liganddiing to the IL-6R receptor on the cell
membrane. The IL-6 trans-signaling pathway, on dtieer hand, involves binding of
soluble IL-6 receptors (sIL-6R) with IL-6 and ubitpusly expressed transmembrane
gp130. This process enables IL-6 signaling in datiking IL-6Ru.

In IL-6-initiated classical signaling, noiing of IL-6 with IL-6Rx causes
homodimerization of gp130 expressed on cells, fogran IL-6¢IL-Ruegp130 complex
(Boulanger et al., 2003). This induces conformatiazhanges of gp130, which triggers
trans-autophosphorylation and activation of Janusstne kinase JAK1. JAK1 in turn
induces tyrosine phosphorylation and activatiols®AT isoforms STAT1 and STAT3.
As transcription factors, they then form homo- dmeterodimers with each other,
translocate to the nucleus, bind specific DNA segae and enhance transcription of
target genes via interactions with co-factors aoeaativators such as p300/CREB-
binding protein (CBP) and Positive Transcriptiorofjation Factor (PTEF-b) (Hou et
al., 2008).

IL-6 plays a major role in inducing sysie responses to the presence of vascular
inflammation through the hepatic acute-phase respdBrasier et al., 2002). IL-6 has
diverse actions in multiple cell types of cardiamadar importance, including ECs,

monocytes, platelets, hepatocytes and adipocytethel vessel, IL-6 promotes Ang lI-
8



induced ROS production because IL-6 deficiency qmist against Ang Il-induced
endothelial dysfunction (Schrader et al., 2007).

Importantly, a key action of IL-6 is torgmote monocyte-to-macrophage
differentiation, thus contributing to vascular srfimation. IL-6 stimulation increases
esterase and phagocytic activities. It also enlmneepression of Fc receptors,
macrophage-colony stimulating factor (M-CSF) reoept the mature macrophages
marker F4/80 and other genes important for macmgphdifferentiation (Hou et al.,
2008). Moreover, IL-6 up-regulates MCP-1 expresgBiswas et al., 1998; Tieu et al.,
2009) by vascular monocytic cells. MCP-1/CCR2 iat&ions are important in monocyte
recruitment in the development of aneurysms (Boenhal., 1998; Tieu et al., 2009).
Also, cell-cell interaction of monocytes and fibladts in cocultures induces IL-6
expression and macrophage activation, suggestimglea of IL-6 in monocyte-to-
macrophage differentiation (Chomarat et al., 200@u et al., 2010). Recent studies
demonstrated that IL-6-induced downstream gpl30/3ART signaling pathway
activation is also important for differentiation mionocytes (Hou et al., 2008).

Current studies indicate that enhande@ bkignaling is implicated in vascular
inflammation and aneurysm formation. IL-6 is eledhtsystemically and locally in
patients and experimental models of aortic aneuayslisease. IL-6 deficiency decreases
aortic chemokine secretion and macrophage recrottnaad prevents aortic aneurysms
and dissections in Ang ll-infused mice (Tieu ef 2009). Conversely, in wild type mice,
Ang Il infusion potently induces IL-6 expression tine aorta. IL-6 is predominantly

expressed by fibroblasts and activated macrophiagée adventitia, instead of by cells
9



in the media and intima (Recinos et al., 2007)61kignaling pathway is activated in
local aortic tissues with Ang ll-induced aortic angsms (Tieu et al., 2009), where its
action promotes monocytic activation and advettiti@crophage accumulation via a
chemokine MCP-1-CCR2-based mechanism (Ishibashi.e®004; Tieu et al., 2009).
These activated macrophages in the vessel wallupsogro-inflammatory cytokines,

chemokines, ROS and MMPs, further facilitating ldnlammation and remodeling.
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Chapter 2

IL-6 mediates aortic inflammation and dissectionsinduced by

angiotensin |1 viathe Th17 lymphocyte-IL 17 axisin C57BL/6 Mice

(SUBMITTED MANUSCRIPT)
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2.1 INTRODUCTION

Angiotensin (Ang) Il is the major effector peptidkthe renin angiotensin system,
whose signaling via the type 1 Ang Il receptor ioelsivascular contractility, hypertrophy
and extracellular remodeling (Wi et al., 2009). reloecently, Ang Il has been shown to
induce inflammation, a process mediated by monewderophage cell recruitment into
the adventitial and medial layers of large arteriegmportantly, both human and
experimental animal studies have suggested aaol&rfg 1l in the development of aortic
aneurysms and dissections (Daugherty et al., 2000).

Vascular inflammation is a stereotypic process peaty recruitment of activated
leukocytes, monocyte-macrophages and lymphocytés ail layers of the vascular wall
(Daugherty and Cassis, 2002; He et al., 2006). s@heells are recruited from the
circulation either through the intimal (“inside ubr adventitial (“outside-in”) surfaces,
through a coordinated process of demarginatiosudisinfiltration, and local cellular
activation (Maiellaro and Taylor, 2007). Of thesmll types, cells of the
monocyte/macrophage lineage have been shown toateedne final pathological
consequences of vascular inflammation. Ang ll-stated monocytes are major
generators of ROS stress, producers of matrix foptateases, and secretors of
additional cytokines in the vessel wall (Oya et &011; Rajagopalan et al., 1996;
Sprague and Khalil, 2009). These effects resulextracellular matrix degradation,
enhanced reactivity to inflammatory agents, endathelysfunction, and vascular
dilation (Pearce and Shively, 2006). The mechasigrat Ang ll-induced cytokines play

in this process of local vascular inflammation aog well understood.
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IL-6 is the most highly upregulated cytokine in Aflgstimulated vessels yet
identified (Recinos et al., 2007; Tieu et al., 20@0cytokine identified as an independent
biomarker of vascular atherosclerotic risk andtfa@t of aneurysmal rupture (Brown et
al., 2003; Zipfel et al., 2003). IL-6 is a membafr a superfamily of cardioactive
cytokines whose members include cardiotropin, IL.-4dd -12, and G-CSF that bind to
unique alpha receptors and whose actions are reddiatough a common gp130 signal
transducer (Mihara et al., 2012). Cellular targefsclassical IL-6 signaling include
vascular smooth muscle cells, endothelial cellsl ronocyte/macrophage populations.
Recently, we demonstrated that IL-6 plays a magih@genic role in aortic aneurysms
induced by Ang Il because its deficiency signifitarblocked monocyte infiltration,
reactive oxygen species (ROS) formation, chematantiokine amplification and aortic
dissections (Tieu et al., 2009). Although theséifigs suggest that IL-6 is necessary for
macrophage activation in the latter stages of Jasdaflammation leading to aortic
dissection, IL-6 lacks chemotactic activity andeffects on monocyte recruitment have
therefore not been fully explained.

Earlier studies have linked vascular effects of Angs mediated by lymphocyte
populations (Daugherty et al., 2000; Saraff et 2D03). Not only are T and B
lymphocytes found in Ang ll-induced vascular disgmsag¢Ocana et al., 2003), but the
effect of Ang Il on hypertension, vasomotor dysfime, oxidative stress, arteriolar
thrombosis, and atherosclerosis is prevented withl T-lymphocyte deficiency in mice
(Guzik et al., 2007; Senchenkova et al., 2011)es€hstudies suggest that T lymphocytes

may play a central role in vascular pathogeneswore recently, the CD4T helper
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subset characterized by IL-17A secretion (Thl7jubset distinct from the polarized
Thl, Th2, and Treg populations, has been implicatefing ll-induced atherosclerosis
and vascular dysfunction in a hyperlipidemic baokapd (Butcher et al., 2012; Erbel et
al.,, 2009; Madhur et al., 2011; Pietrowski et 2011; Smith et al., 2010; van Es et al.,
2009). The role of IL-17A/Th17 activation and manlsm for their accumulation in the
development and progression of aortic aneurysmsimsections is not known.

In this study, we explored the relationship of Ilsignaling on formation of the
Th17 cell population, and the pathogenic role ofllA in the formation of aortic
aneurysms and dissections induced by Ang Il. @praach utilized Ang Il challenge of
normolipidemic (Chan et al., 2012) mouse model$Wit6 and IL-17A deficiencies to
assess the rate of aortic dissection. To establisical relevance, we also examined
Th17 recruitment in human ascending aortic dissasti Our results suggest that a major
consequence of vascular IL-6 signaling is on thené&dion and recruitment of Thl7
lymphocytes. Th17, in turn, plays an importanerml monocyte recruitment and aortic

dissections.

2.2RESULTS

2.2.1 Establishment of Ang I1-induced aortic aneurysms.

We have previously reported that chronic subcutasdofusion of Ang Il at

2,500 ng/kg/min induced aortic aneurysms, defingeddidation of larger than 50% of
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normal mice, and dissections, defined as intrambemhatoma in the suprarenal aorta
(Saraff et al., 2003), in 35-50 % of aged mice (Tet al., 2009). In this study, aortic

hematomas/dissections were demonstrated with aosbnography and tissue

histochemistry.

In wild-type mice in the C57BL/6 background, hidtemical analysis of cross
sections in the suprarenal abdominal aorta comsigtehowed adventitial thickening and
blood-filled false lumens located in the tunica eaiia in the Ang lI-treated mice. By
serial aortic sonography, we observed a moderaté Zrtic dilatation at the level of
suprarenal aorta in all mice after 3-7 days (d)ictwhreturned to normal in a subset of
animals after 8-14 d. Approximately 40 % of Angrfused mice developed areas of
focal hemorrhages and development of false lunmelcating aortic dissection. All mice

with dissections maintained an aortic size 50 %igmrethan control aortas (Figure 2.1).

Figure 2.1. Aortic pathology of Ang Il infusion in C57BL/6 mice. Ang II-
treated mice developed features of aortic remodelsearly as day 3 and continued over
the 1l4-day infusion. As previously demonstratediderate early (2-7 days) aortic
dilatation of up to 30 % increase in aortic diametas observed in all mice. Effects of
dilation in ~65 % of the Ang ll-treated mice (a®waim in A) returned to normal level at
later stage of infusion (8-14 days). Around 35 £4he Ang lI-infused mice developed
areas of focal hemorrhages, indicating aortic ditsse (as shown in B). Aortic cross
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sections in the suprarenal abdominal region clestiywed Ang ll-induced adventitial
thickening in all animals (A and B) and blood-fdiéalse lumen formation located in the
tunica adventitia in 35% of the Ang ll-treated m{&). Scale bar: 50 pM.

2.2.21L-6 deficiency reduced aortic dissectionsinduced by Ang 1.

To study the role of IL-6 signaling, we treateddaiype and IL-6-deficient mice
with Ang Il for 14 d and monitor the developmentadfrtic dissections by sonography.

We observed a significant lower incidence of fororatof aortic dissections (Figures

2.2).

C57BL/6 IL6/-

Figure 2.2. Aortic echosonography of suprarenal aortas in Ang Il-treated
wild-type and |L-6-deficient mice. Age matched C57BL/6 and IL-6 knockout&(")
mice were treated with Ang Il for 14 d. During Atigtreatment, in vivo imaging of
aortas was performed with sonography and diametérsaortas were measured.
Representative ultrasound images of Ang lI-trea@&TBL/6 (n=16) and|6” (n=12)
mice at d 7 were shown. Dashes in C57BL/6 imageseent the true lumen and outer
wall of a suprarenal dissection.
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Ang Il infusions conducted iH6” mice in the C57BL/6 background produced a
significantly reduced early incidence of aorticsdistions after 7 d (31 % in C57BL/6,
n=16, vs. 0 % inl6”, n=12, respectively, 7 d, p<0.05), and a trenddduced
dissections after 14 d (Figure 2.3, 38 % in C57Bt968 % inll6"), without affecting
the rate of aortic dilation progression (Figure)2.4
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Figure 2.3. Incidence of aortic dissectionsin Ang II-treated wild-typeand IL-
6-deficient mice. Percentage of aortic dissection characterized togrimural hematomas
is plotted. *, p<0.05; ns, not significant.
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Figure 2.4. Aneurysmal dilation of Ang Il-treated wild-type and IL-6-
deficient mice. Shown are scatter plots of aortic diameter fromsémme experiment at
3, 7 and 12 d of Ang Il infusion. Circles: shanteni Squares: Ang ll-treated mice.
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223 Angll induced Th17 recruitment in aortic aneurysmal tissues.

We next tested the mechanism of pratecagainst aortic dissections by IL-6
deficiency. Earlier studies have shown that Angintluces Thl7 recruitment in
hyperlipidemic vascular tissues, a cell type maédpathypertension, endothelial
dysfunction and atherosclerosis in #yeoe’ background (Erbel et al., 2009; Madhur et

al., 2010; Smith et al., 2010).

10- *% g 200- .
@ L] £
o 8 S5 1504
© 2
'5 6 =
et . & 100-
o) . +
B E
< [] 50
N2 n 3
= Lofee .
D L] L] 0-
Angll: - ++ Angll: - ++

Figure 2.5. Th17 recruitment in aortic aneurysmal tissue in response to Ang
1. Sham and Ang ll-treated C57BL/6 mice were examifoedaortic Th17 recruitment.
(A) IL-17A expression was analyzed using Q-RT- PORircles: sham mice. Squares:
Ang ll-treated mice. (B and C): Aortic sectionsrevatained for IL-17-expressing cells.
Cell numbers were quantified microscopically angressed as cells/visual field under
200X magnification. Arrows indicated border betwéenica media and adventitia. **,
p<0.01. Bottom panel, IHC measurement of IL-1pregsion in sham and Ang I
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infused aortae. IL-17 staining is increased in ddeentitial-medial border (adventitial
border is indicated by arrows).

To establish whether Ang Il inducdelT cell recruitment into the aortic wall in
normolipidemic mice, we measured the abundancd-df/A mRNA in the aorta and
found it was increased 4-fold relative to sham-sefdl mice (Figure 2.5, p<0.01). We
also found that IL-17A-positive staining was obsehmn both the medial and adventitial
layers (Figure 2.5, p<0.01), indicating the reengnt of IL-17-expressing Th17 cells in
the aneurysmal aortic tissues.

To confirm that Ang Il induced theréo accumulation of the Thl7 cell
population, we conducted flow cytometric analydigshe dissociated aortae staining for

both CD4 and IL-17 (Figure 2.6).

al az a2
1074000 0.53 18.09 o 2000
| 3
¥ 1500+
10 7
o <
: 1000
10 -—
© =
+
7 <t 500-
10° 3 2
03 Q3 a1 O
5.29 44.68 0
0 402 TSR TN 0 4o? 10° AT Ang | ++

— IL17A

Figure 2.6. Flow cytometry of aortic CD4+IL17A+ cells induced by Ang II.
Aged C57BL/6 mice received saline (sham) or highedAng Il infusion for 14 d. Flow
cytometric analysis of aortic CD4 and IL-17A-pog#iTh17 cells was performed and
numbers of double-positive cells measured. Whits:lsham animals treated with saline.
Black bars: animals treated with Ang Il for 14 &4nn each group.

19



We treated aged C57BL/6 mice withrsalor Ang Il for 14 d. It is found that
Ang Il induced a significant 5-fold recruitment thfe CD4+I1L17+ Th17 cell population
(Figure 2.6, p<0.01). The retinoic-acid receptelated orphan receptor (RORJT,
directs Th17 cell differentiation (Oukka, 2008)0 further confirm recruitment of Th17
cells, we quantified CD4+ROR+ cells by flow cytometry. A significant 5-fold
increase of CD4+ROR+ cell numbers (Figure 2.7, p<0.05) was also olezkin aortic

wall in response to Ang Il infusion.
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Figure 2.7. Flow cytometric analysis of aortic ROR-yT-expressing cells in
CD4+ gating. CD4+ RORyT+ cells were stained and quantified. White batsam
animals treated with saline. Black bars: animadated with Ang Il for 14 d. n=4 in each

group.

2.2.41L-6 deficiency reduced Ang I1-induced macrophage and Th17 recruitment.

We next tested whether local macagghand T lymphocyte recruitment were

affected in thell6” background. Flow cytometric staining of aortic TID'
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macrophages indicated that Ang IlI-induced macropheagruitment was abolished li&

" mice (Figure 2.8).
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Figure 2.8. Flow cytometry of CD11b+ macrophagesin Ang Il-treated IL-6-
deficient mice. Age matched C57BL/6 anid6” mice were treated with Ang Il for 14 d.
Flow cytometric analysis of CD11b-positive macrogés was performed using aorta-
disassociated cells, and numbers of CD11b-post@hs were measured. Black curve:
Saline-treated wild-type (WT) C57BL/6. Blue curveng lI-treated WT. Red curve:
Saline-treatedl6”. Green curve: Ang Il-treatdtt”". n=6 for each group.

We next tested if IL-6 deficiency affed expression of IL-17A. A 5-fold
increase in aortic wall IL-17A mRNA was produced Ayg 1l in thelL-6""* genotype;
this transcript was decreased in th&" background (Figure 2.9 A; 4.9-fold vs. 2.4-fold
vs. sham, p<0.05). We also observed that aortit7A" cells were decreased with IL-6
deficiency by flow cytometry (Figure 2.9 B, 18 % 1® % showing IL-17 staining after
gating on CDA2 cells, p<0.01). These data indicate that IL-Gaieficy reduces Ang II-

induced aortic IL-17A expression and accumulatibiidl 7 lymphocytes.
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Figure 2.9. IL-6 deficiency decreased Ang Il-induced Th17 recruitment in
aneurysmal aortic tissue. (A) IL-17A expression was analyzed using quanii&atReal-
time PCR. Grey bars: Sham-treated C57BL/6. Whites: Ang Il-treatedl6”. Black
bars: Ang ll-treated C57BL/6. n=5. * p<0.05. ,*<0.01. (B) Flow cytometric
analysis of IL-17A-positive cells in CD4+ gating svperformed and numbers of double-
positive cells measured. Shown is a histogranacheroup (n=6)116"" showed abated
Th17 recruitment to the aorta.
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2.251L-17A neutralization reduced aortic inflammation and aneurysm for mation

induced by Angl.

Since IL-6 plays a pivotal role in Thdifferentiation, we hypothesized that the
reduced inflammatory phenotype observed in Angdated!|6” mice was due, at least

in part, to decreased Th17 activation. To testpébogenic role of IL-17A, we infused
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Ang Il in mice treated with IL-17A neutralizing alobdies (NAb) or an isotype control
antibody (ICAb). First, we confirmed by ELISA thidte IL-17A NAb reduced IL-17A

secretion from aortic explants in tissue culturgFe 2.10).
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Figure 2.10. IL-17A secretion in aortic explant cultures after IL-17A neutralization.
Mice were treated with Ang Il and IL-17A NADb or type control Ab for 14 d. (A) IL-
17A secretion was quantified in aortic explantsteyGoars: Sham. White bars: Ang |l
and ICAb-treated. Black bars: Ang Il and IL-17A bAreated. n=4 in each group.
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Figure 2.11. Incidence and dilation rate of aortic dissection after IL-17
neutralization. (A) White bars: animals treated with Ang Il and 1ZA NAb, n=13.
Black bars: animals treated with Ang Il and ICAB;12. (B) Aortic diameter was
quantified at d 3, 8 and 12 for each treatment groDiameters of aortas were recorded.
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Ci_rcles: Ang Il and and IL-17A NAb-treated mice.Usges: Ang Il and ICAb-treated
mice.

During Ang Il treatment, in vivo imag of aortas was performed with
sonography and diameters of aortas were measuftdl4 d, percentage of aortic
dissection featured by presence of intramural hemas was recorded. We found that a
two-week IL-17A NAb treatment significantly reducéaig Il-induced aortic dissections
(Figure 2.11 A; 33 % in Ang Il plus ICAb, n=12, \8.% in Ang Il plus IL-17A NADb,
n=13; p<0.01). Also, IL-17A neutralization reducedrtic dilation (Figure 2.11 B,
p<0.05 at d 12) and reduced aortic adventitialkiring.

IL-17A NADb also abolished Ang lldaced aortic Th17 recruitment (Figure

2.12, 12 % in ICAD treatment vs. 4 % with IL-17A NAreatment, p<0.05).

Sham Ang ll+iso Ab Ang 11+1L17 NAb

1 []4 05

l vvd 1o

103

IL17A

hlEI.um

CD4

Figure 2.12. Th17 recruitment is abolished in aortas treated with IL-17A
NAb. Flow cytometric analysis of aortic CD4 and IL-17Agitive Thl7 cells was
performed and numbers of double-positive cells mesms n=>5.
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Neutralization of IL-17A also reduc#te aortic macrophage population in the
aortic adventitia (Figure 2.13), indicating that1lZ plays a role upstream of macrophage

recruitment in Ang ll-induced inflammation.

Ang ll+iso Ab Ang l1+IL17 NAb

Figure 2.13. 1L-17 neutralization led to reduced macrophage infiltration in
aortic tissues. Aortic sections were stained for macrophages uSIdVA-2 antibodies.
Shown is representative of 3 experiments for egedtrnent group.

2.2.6 IL-17A deficiency blunted inflammatory responses and aortic aneurysm

formation.

We next utilized IL-17A-deficient mide test the role of Th1l7 lymphocytes in
Ang ll-induced vascular inflammation and aortic arysm formation. We found that,
compared with C57BL/6 mice, age-matchBd7a’ mice had a significantly lower
incidence of Ang ll-induced early (7 d) and latd @) aortic dissections (Figure 2.14 A,
41 and 50 % in C57BL/6 vs. 0 and 819%47a’ mice, respectively, n=12, p<0.05). In
addition, I117a” mice developed aortic dissections later (12 dygssting that IL-17A

plays an early pathogenic role in the formatioraaoftic dilatation and dissection (Figure
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2.14 B, diameters of suprarenal aorta in C57BLt61&va’ were 1.3 mm vs. 1.0 mm at

6 d, p<0.05).
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Figure 2.14. IL-17 deficiency reduced incidence and progression rate of Ang
I1-induced aortic dissections. Age matched C57BL/6 anitfl7a’ mice were treated with
Ang 1l for 14 d. During Ang Il treatmenin vivo imaging of aortas was performed with
sonography and diameters of aortas were measukgdPgrcentage of aortic dissection
featured by presence of intramural hematomas wasrded (left panel). White bars:
animals treated with Ang Il for 7 d. Black barsimaals treated with Ang Il for 14 d.
n=12 in each group. Right panel: diameters ofasowere recorded at 6 and 12 d for
each treatment group. Circles: sham mice, n=Semiyely for C57BL/6 andl17a™.
Squares: Ang ll-treated mice, n=6 for C57BL/6 ar@ for l117a"".
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We confirmed the absence of Th17 delld17a’ mice (Figure 2.15, 12 % in
C57BL/6 vs. 2 % inll17a”), suggesting abnormal Th17 homing in these micg ma

account for protection against aortic aneurysms.
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Figure 2.15. Th17 recruitment in aortas is abolished by IL-17A deficiency.
Flow cytometric analysis of aortic CD4 and IL-17A+17 cells was performed and
numbers of double-positive cells measured. n=ghrh group.

MCP-1 Fold Change
N

0- T

Figure 2.16. MCP-1 secretion from aortic explant culturewasreduced by IL-
17A deficiency. MCP-1 was measured in aortic explant culture medi@ney bars: WT-
sham; white bars WT-Ang II; black bait47a”-Ang Il. n=5-6 in each group. *, p<0.05.
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We further examined cytokine secrefimm aortic tissue in response to Ang |l
treatment. Multi-plex cytokine/chemokine measuretaen aortic explant tissue culture
media demonstrated that Ang Il enhanced expresdgidfCP-1, which was decreased in
the 1117a” background (Figure 2.16). In addition, aortic nephage recruitment in
response to Ang Il was decreased! iiya’ mice (Figure 2.17; 21 % in C57BL/6 vs. 7 %

in 1117a”, p<0.05).
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CD11b
Figure 2.17. CD11b+ macrophage recruitment was blunted in IL-17A-

deficient mice. Flow cytometric analysis of CD11b-positive macrogés on aortic

disassociated cells was performed. n=4-6 in eaohpg Grey curves: Sham-treated

C57BL/6 at 7 d. Red curves: Ang ll-treated C57Baf& d. Blue curves: Ang lI-treated
l117a” at 7 d.

2.2.7 Th17 lymphocyte recruitment in patients with thoracic aortic aneurysms.

Previous work has shown that macrophages T lymphocytes are present in
human aortic aneurysms.(He et al., 2006; He e2@D8) To determine whether aortic

Th17 recruitment is increased in human aneurysihd,7A expression was quantified
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using IHC in thoracic aortic samples from patiemgh TGF{ receptor mutation
(TGFBR2 R460C). We observed IL-17A staining predominaatighe media-adventitia
border (Figure 2.18 A-F). Little IL-17A stainingas observed in the medial or intimal
layers. Comparing with controls (4 + 2 cells/figldiscending aortic samples from
patients with Type A dissections caused T@FBR2 mutation (82 + 23 cells/field)
showed significant enhancement in IL-17A-expressialy recruitment (Figure 2.18 G,

p<0.01).
-
.
G %k %k

Con TAAD

—

o

o
1

IL17+ Cells/field
[+

Figure 2.18. Th17 lymphocyte recruitment was found in patients with
thoracic aortic aneurysms. In thoracic aortic samples from patients with FBF
receptor mutation TGFBR2 R460C), IL-17A was detected by immunofluorescence
microscopy. Positive staining was shown in gré&i&(E) and conterstained with DAPI
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in blue (A &D). Representative images from (A-@ntrol patients and (D-F) patients
with TGFBR2 mutations were shown. (G) Quantification of ILAEpositive cells in
human aortic samples. White bar: control patieBtack bar: patients with TGHBR2
mutations and Type A dissection. n=3. ** p<0.01.

These results extend the pathoplygical relevance of our observations in a
mouse model that IL-17-expressing Th1l7 cells amureed into the aortic wall, and

suggest that these cells may be important conbibuib human aortic aneurysms and

dissections.

2.3 DIscuUssION

Ang Il is a potent inducer of vascular inflammatioii-6 production and
monocyte activation. In this study, we have fotimat IL-6 converges on the recruitment
of Th1l7 cells, a cell type necessary for the dgwalent of Ang ll-induced vascular
inflammation and aortic aneurysms and dissectionys nodulating macrophage
recruitment. This work extends our previous stsidmplicating IL-6 signaling with
monocyte recruitment, providing a unifying mechénispathway where activated
macrophage recruitment is coordinated by the TDO#17 Ilymphocytes. To our
knowledge, this is the first application of a géneteletion of IL-17A in normolipidemic
C57BL/6 mice to study the role of IL17A in aortiseurysms and dissections induced by
Ang Il

Lacking direct chemotactic activity, the role of-6Lin mediating inflammation

has been elusive. Previously, we demonstratediith@tsignaling in Ang ll-stimulated
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vascular disease was mediated by macrophage &atiyat process involving phospho-
Tyr STAT3 formation, loss of F4/80 cell surfaceisitag, and induction of matrix-
modifying MMPs (Recinos et al., 2007; Tieu et &009). Interpreted together, these
data indicate that IL-6 is locally produced in #i#int concentrations to induce
intracellular signaling, and suggest that IL-6 iiedtly activating monocyte-macrophage
differentiation. Our results here are surprisinghat they suggest a second major target
of activation in the vessel is on the naive ThOphocyte population, promoting Th17
differentiation. These data suggest that the astiof IL-6 are necessary for Thl7
accumulation in the aorta vivo.

Several recent studies have employed hyperlipidedpaE” mice to study the
effect of deficiency of total T lymphocytes (Uchidial., 2010) or Th17 cells (Madhur et
al., 2011) in aneurysm formation. Although thesevipus studies indicated that total T
cell or Thl7 deficiency was not sufficient to atiate Ang ll-induced aneurysm
formation or aneurysmal dilation #poE™ mice, our results clearly suggest that defects
in Th17 activation protect against early developtmanaortic dissections by reducing
vascular leukocyte infiltration and cytokine/chenmekexpression. The different results
between these previous studies (Madhur et al.,;20&hida et al., 2010) and our current
study may be due to the hyperlipidemia causedgnE’~ background or to differences in
the dosage and duration of Ang Il challenge.

Th17 cells and IL-17A have been implicated in tla¢hpgenesis of autoimmune
and inflammatory diseases (Cheng et al., 2008), rance recently in cardiovascular

disease (Eid et al., 2009). Increased circulafihg7 cells and Th17 cell infiltration into
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the aorta are found in Ang llI-induced hypertensiang IL-17 deficiency blunts these
responses and prevents hypertension (Madhur &04l0). Further, Th17 cells as well as
IL-17 expression in atherosclerosis are increaaed,blockade of IL-17A reduced aortic
macrophage infiltration, cytokine secretion, andeabsclerotic plaque formation (Smith
et al., 2010; Uchida et al., 2010). Interestindglyp expression is induced by IL-17 and
reduced by blockade of IL-17A signaling (Smith €t, &010), suggesting the

proinflammatory effects of IL-6 also could be meadéhby Th17 cells. These studies
highlight an important proinflammatory role for Elks, especially the Th17 subset, in
vascular inflammation.

Monocyte/macrophage recruitment and differentiadom important events in the
pathogenesis of inflammatory aneurysms. IL-17 nwaytribute to inflammatory
processes by promoting monocyte chemotasis, adhesid migration. It has been
recently reported that IL-17 induces monocyte ntigra partially through MCP-1
induction (Shahrara et al., 2009; Shahrara et@llQ). IL-17A treatment of aorta from
atherosclerotic mice promoted aortic CXCL1 exp@ssind monocyte adhesion (Smith
et al., 2010). Together, these results highlightimportant role of Th17/IL-17 in the
pathogenesis of inflammatory aneurysms by promoteygokine production and
monocyte recruitment.

Besides vascular inflammation, hypertension is laotwell-established pro-
pathogenic factor for much cardiovascular morbiditgcluding aortic aneurysms.
Moreover, we and others have previously shown tiiatdose of Ang Il administered

subcutaneously by osmotic mini pump results in hgmsion in these mouse models.
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Our group has also reported that, Ang Il infusidnaahigh dose (2,500 ng/kg/min)
produces only modest pressor effects (Tieu et28i09). Using a lower dose, 1,000
ng/kg/min, different labs reported that althoughgAhproduced pronounced increase in
arterial blood pressure in other species such godaat, the effects in mice were modest
(Daugherty et al., 2000; Daugherty et al., 1991 Btaal., 1992; Sugiyama et al., 1997).
It was also reported that a lower dose of Ang |IDQDNng/kg/min) at this dose, Ang I
infusion promoted abdominal aortic aneurysms inddpat of hypertension in
hypercholesterolemic mice since administration wydiralazine lowered systolic blood
pressure but did not prevent abdominal aortic amssar (AAA) formation or
atherosclerosis (Cassis et al., 2009; Daugher&}.e2000). Moreover, it is noteworthy
that recently Madhur et al (Madhur et al., 201Q)or¢ed that IL-17A-deficient mice
cannot maintain Ang ll-induced hypertension compugnvith wild-type controls (21-28
d), suggesting that IL-17A did play an importanertor the maintenance of late Ang II-
induced hypertension. However, at the early stdge4(d) which we had examined in
this study, there was no significant effect on hgresion inll17a’” comparing with
wild-types.

Our study expands our understanding of the inflatorgaprocess in aneurysm
formation by identifying Th17 cells as a centratardinator of inflammatory aneurysms.
Since IL-17A acts on vascular tissue and inducespttoduction of proinflammatory
cytokines and chemokines (Chen et al., 2010b; Ebal., 2009; Smith et al., 2010) and
ROS (Pietrowski et al., 2011), we hypothesized th&t7A-expressing Th1l7 cells may

mediate recruitment of leukocytes to sites of mmiaation in the aorta. Vascular cells,
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including endothelial cells (Chen et al., 2010ayosth muscle cells (Pietrowski et al.,
2011) and monocytes (Butcher et al., 2012) explled¥RA, the major component of
the receptor complex for IL-17A and IL-17F (Gaff@909). Recenin vitro andin vivo
studies suggest an important role of IL-17A in raéidg monocyte chemostasis in
different systems (Butcher et al., 2012; Shahrdrale 2009). Rheumatoid arthritis
patients treated with IL-17A antibody showed intedi monocyte chemostasis (Shahrara
et al., 2009). LdIf mice with IL-17R signaling disruption in bone mas-derived cells
resulted in a reduced IL-6 production and atterdiatberosclerosis (van Es et al., 2009).
ApoE” mice with IL-17RA deficiency demonstrated decrelsproduction of
proinflammatory cytokines/chemokine and reduceduituent of macrophages, T cells,
and neutrophils (Butcher et al.,, 2012). Consisteith these findings, our results
indicated that abnormalities in Th17 activation sl by IL-17A deficiency or IL-6
deficiency led to a reduction in macrophage reoreiit and cytokine/chemokine
expression in the wall of the aorta.

In summary, our data suggest that the Th17 lympteelty17 cytokine axis is an
important effector arm of Ang Il in the genesisvalscular inflammation, and functions
upstream of monocyte/macrophage activation. Thiggss is mediated by interplay of
the IL-6 in the vascular microenvironment, and tiéd pathway has direct correlates in

human aortic aneurysms.
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2.4 Materialsand M ethods

2.4.1 Animal careand use

All animal experiments were approved by the Uniigrof Texas Medical
Branch Institutional Animal Care and Use Committielce were housed in the UTMB
Animal Resource Center in accordance with the NUkidélines for the Care and Use of
Animals in Research. Male C57BL/6J wild-type (WThdall6” mice (obtained as
breeding pairs and bred in-house; C57BL/6J backgitpwere purchased from Jackson
Laboratory (Bar Harbor, Me., USA); IL-17mice were generated as described in Nakae
et al. (Nakae et al., 2002) and back-crossed into the Ch@Bbackground. They were
generously provided by David G Harrison, M.D. fragmory University. Mice were
maintained on a 12-hour light/dark cycle and weél@ieed food and water ad libitum. In
all experiments, age-matched retired breeders {0tmonth-old) were used. For Ang Il
infusion, anesthetized mice received subcutanedast Aosmotic minipumps (Durcet
Corp.) delivering either saline (sham) or Ang Nr(thesized by the University of Texas
Medical Branch peptide synthesis core) at 2,50&gigiin for 10 or 14 days. Ang lI-
infused mice are treated with 100 pg/mouse i.p-l1art7 (MAB421; R&D Systems) or
IgG2A isotype control antibody (MABO0O6; R&D Systemat days O, 4, 8, 12 after

starting Ang Il infusion.(Erbel et al., 2009; Hadter et al., 2005)

2.4.2 Sonoraphy
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During Ang Il infusion, animals were imaged everp 2lays with noninvasive
sonographic techniques. Serial ultrasound imagimgviged visualization of the
progression of vessel dilatation and presence thrmural hematomas. Mice were
sedated with 1 % inhaled isoflurane (Baxter HealtbcCorporation, Deerfield, IL, USA)
delivered via nose cone and were positioned suaitteimaged with using Vevo 770
ultrasound machine for small animals (Visualsoniéd)dominal aortas were imaged by
two masked investigators in the both transverselamgitudinal axis view with 704 and
707B transducers. Measurements were obtained phc#ie at the level of suprarenal

aorta.

2.4.3Histological Analysis

Ketamine-anesthetized mice were perfused with PBSthe left ventricle to
remove blood from tissue. The entire aorta wassextand placed in sterile PBS. Peri-
adventitial fat was removed under stereoscope rfiegtion. For histological staining,
aortas were fixed in 4 % formalin, dehydrated, #meh embedded in paraffin. Aortic
tissue was cut at 6 pm serial sections and stan#dMovat staining kit (Market Lab
Inc) or elastin staining kit (Sigma-Aldrich) accord to manufacturers’ protocols.
Aneurysms were defined as a cross sectional widttuding the adventitia of the
suprarenal aorta that was increased by greater5®&a compared with aortas from age-
matched, saline-infused, control mice. Presenceaoftic dissection featured by

intramural hematoma was identified under dissectimgroscope and was recorded.
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Aortic cell numbers and wall thickness were measume at least 5 random visual fields

on sections from 3 different animals under micreecby two masked investigators.

2.4.4 Aortic explant and cytokine analysis

The entire aorta was dissected and immediatelyeglat 0.5 ml DMEM medium
(Cellgro) containing 1x ITS (Sigma-Aldrich) and 0% BSA (Sigma-Aldrich) and
incubated in a tissue culture hood at 37° C forst Culture medium was frozen at -80
°C until being assayed for IL-17A and MCP-1 using naultiplex ELISA kit
(Lincoplex/Millipore mouse or human adipocyte/cyitok panel) according to the
manufacturers’ instructions. Cytokine concentragiowere determined relative to

recombinant standards.

2.4.51HC and immunofluor escence

Formalin-fixed, paraffin-embedded sections from raugnal aortas were
rehydrated using serial concentrations of ethadhen necessary, antigen retrieval was
performed with antigen unmasking solution (Vectoabbratories) according to
manufacturer’s instructions. Sections were blocusithg 0.1 % Triton-X, 5 % normal
serum of the species producing the secondary ahébdor 1 hr at room temperature.
Incubations with primary antibodies were performedthe following concentrations
overnight at 4° C: 1:200 rat anti-macrophage (MO&IAAbcam), and 1:100 rabbit anti-
IL-17A (E-19; Santa Cruz). After washing, secorndantibodies were added at a

dilution of 1:500 for 1 hr at room temperature. r Fmmunofluorescence, secondary
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antibodies were highly cross-absorbed Alexa Flu88—onjugated secondary Ab
(Invitrogen), and slides were conterstained withHDAVector Laboratories). For IHC,
biotinylated goat anti-rat or anti-rabbit antibaxliwere used as secondary antibodies,
followed by staining with ABC kits per manufactuseinstruction (Vectastain; Vector
Laboratories). DAB (Vector Laboratories) was usedsubstrate and slides were then
conterstained with hematoxlin. For human aorsue samples, discarded aortic tissue
and de-identified clinical data from patients wMFS and TGFBRII mutations were
obtained with informed consent under a protocolrayed by the University of Texas
Health Science Center Institutional Review Board®FA-fixed, paraffin-embedded
sections were taken from the ascending aorta atmeinuses of Valsalva. Sections
were stained using a 1:100 dilution of goat anfiA (E-19; Santa Cruz). Secondary
antibody-only controls were used to determine stgirspecificity. Quantitation was

performed with the Pro-Image software.

2.4.6 Aortic digestion and flow cytometry

Aortas were dissected, cleaned, minced and platet il digestion solution
containing 0.6 units/ml Liberase Blendzyme 3 (RQded 50 pg/ml porcine pancreatic
elastase (Sigma-Aldrich) in a base solution of DMEMbrtic tissue was digested at 37°
C with agitation for 1-2 h. After digestion, celigere filter with 70uM cell strainer (BD
Biosciences) and washed in FACS buffer (0.5 % B84 @.02 % NaN3 in DMEM) at
300 g for 5 min. When necessary, red blood cellewemoved using RBC lysis solution

(Qiagen). For IL-17A staining, cells were digestatd incubated in the presence of
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PMA (50 ng/mL), ionomycin (umol/L) and brefeldin A (5.g/mL) for total of 4 hours.
For cell membrane antigen staining, murine Fc rexspvere blocked using antibodies
against mouse CD16/32 antigens (eBioscience) fomi® on ice. Cells were then
incubated with fluorochrome-conjugated primary lodies anti-CD11b (M1/70;
eBiosciences) and anti-CD4 (GK1.5; eBiosciences)3@45 min on ice in the dark.
Corresponding isotype control antibodies were adatetthe same concentrations as the
antibodies of interest. Cells were then fixed angermeabilized in
fixation/permeabilization solution (eBiosciencesy 80 min at 4° C. After washing,
cells were stained with fluorochrome-conjugated-Art7A (eBiol7B7; eBiosciences)
and anti-RORT (AFKJ5.9; eBiosciences) for 30 min on ice. Aftacubation, samples
were washed 3 times in FACS buffer, centrifuge®@l g for 5 min, and then fixed in
0.5 % PFA and analyzed by FACSCanto (BD BioscienceBebris and dead cells,
defined by forward scatter, were excluded from ysial Data were analyzed with

FlowJo software.

2.4.7 Quantitative Real-time PCR

Aortas were freshly isolated and frozen in -80°cCl&ter use. Individual frozen
aortas were pulverized in liquid nitrogen insidagtic pouches (4.5 mils thick; Kapak
SealPAK), resuspended in TriReagent (Sigma-Aldrieng further homogenized on ice
in glass dounce homogenizers (Wheaton). RNA wasaeed according to the
manufacturer’s instructions of TriReagent. RNA rth@as quantified by Nanodrop

(Thermo Scientific) and samples were included wtien 260/ 280 nm ratio was >1.6.
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Five ng RNA was reverse transcribed using Superscrip{(liivitrogen) according to
provided directions. Real-time PCR reactions wesdormed in triplicate using fil of
resulting cDNA per 2Qul reaction volume containing iQ SYBR Green Superiiio-
Rad). The housekeeping gene GAPDH was used asotorRrimers were purchased
from SABioscience for the following RNAs: mouse ZqPPM03151F), mouse il17a
(PPM03023A). PCR was performed on the CFX96 syg®ioyRad) according to preset

protocol. mRNA was analyzed by thaCt method.

2.4.8 Data analysis

Data are reported as £+ SEM. Differences betwegnoRps were analyzed by
Student’s t test (2-tail, assuming unequal variahcé®ne-way ANOVA was performed
when comparing multiple groups, followed by Tukeysst-hoc test to determine
significance. Fisher's exact test was performedtlom data for aortic dissections to
determine significance at different time points daese of small group size. In all cases,

p< 0.05 was considered significant.
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Chapter 3

IL-6 regulates vascular inflammation and MM P-mediated ECM

degradation in aortic aneurysmsin Fbn-1 mutant mice

(SUBMITTED MANUSCRIPT)
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3.1 INTRODUCTION

Marfan Syndrome (MFS), an inherited autosomal damirdisorder with high
motility rate, affects connective tissues in theelstal, ocular, respiratory and the
cardiovascular systems (Dietz et al., 2005). Thetnserious complication in patients
with MFS is degenerative aortic lesions includirrggressive aneurysmal dilatation of
the thoracic aorta (TAA) and sudden rupture, aodigsection. Therefore, the most
important clinical target for improving survivalte delay or prevent aortic dilatation and
dissection by surgical treatment or medical intetias (Williams et al., 2008).
Features of TAAs in MFS includes significant patigital remodeling of extracellular
matrix (ECM) in the tunica media and adventitia,osth muscle cell apoptosis, and
decreased arterial distensibility (Dietz et al.020Hirata et al., 1991). Recent studies
have identified causal relationships between MF8 genetic mutations in fibrillin-1
gene FBN-1) on chromosome 15, which encodes for an importintoprotein of
microfibrils in ECM (Dietz et al., 2005; Dietz amyeritz, 1995), or transforming growth
factor g receptor 2 TGFBR2) gene on chromosome 3, which encodes for a keyatozd
of transforming growth factop (TGF{) signaling (Mizuguchi et al., 2004). In both
cases, abnormally upregulated T@GFsignaling is found to be a critical underlying
biochemical event in TAA pathogenesis in MFS. [BN-1 mutations, insufficient
production of fibrillin-1 leads to unstablenessnaitrofibrils and loss-of-sequestering of
TGF, resulting in over-activation of TGfFsignaling (Kaartinen and Warburton, 2003).

Recently, enhanced Angiotensin Il (Ang Il) signglimas also been implicated in

MFS (Nagashima et al., 2001). Ang Il antagonisngluding angiotensin receptor
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blocker (ARB) losartan and ACE inhibitor perinddpire reported to be effective to
normalize TGH levels and TGHB non-canonical signaling, reduce aortic MMP
expression, and prevent aortic dilation in patiewith MFS (Carvajal et al., 2008;
Habashi et al., 2006; Xiong et al., 2012; Yang let2010). As a vasopressor and a
potent inducer of vascular inflammation, Ang linstilates cytokine, chemokine and
reactive oxygen species (ROS) production in endiatheells (ECs), vascular smooth
muscle cells (VSCMs), and fibroblasts, events imedl in the pathogenesis of aortic
aneurysms (Ejiri et al., 2003; Longo et al., 2008).VSMCs and adventitial fibroblasts,
a major target of Ang ll-induced NiB signaling is to activate expression of interleuki
6 (IL-6) (Chen et al.,, 2001; Han et al.,, 1999). -@Ls an inflammatory cytokine
implicated in many cardiovascular conditions thghals via activation of Janus kinase
(JAK) and signal transducer and activator and tiapson 3 (STAT3) (Brasier, 2010).
Recent studies indicate that enhanced IL-6 siggalsy associated with aneurysm
development. IL-6 is elevated systemically andallgcin patients and experimental
models of abdominal aortic aneurysmal (AAAs) dige@3awson et al., 2006; Dawson et
al., 2007; Jones et al.,, 2001; Tieu et al., 20089)-6 signaling pathway was locally
activated in Ang ll-induced aortic aneurysms (Tieu al., 2009), where its action
promotes aortic monocyte recruitment and monoayterdcrophage activation via a
chemokine monocyte chemotactic protein-1 (MCP-Kedamechanism (Biswas et al.,
1998; Boring et al., 1998; Ishibashi et al., 2004u et al.,, 2009). These activated

macrophages in the vessel wall produce pro-inflatargacytokines, chemokines, ROS
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and matrix metalloproteinases (MMPs), further f&atiing local inflammation and
remodeling.

Although TAA is considered to be a less inflammgatéorm of aneurysms as
comparing with AAA, local inflammatory events areported in patients and mouse
models with MFS (He et al., 2006; He et al., 20P8reira et al., 1999; Radonic et al.,
2012). In a hypomorphic fibrillin-1 mutant mouse®ael (MgR/mgR homozygotes), an
inflammatory-fibroproliferative response has be@satibed in TAA formation (Pereira
et al.,, 1999). Homozygous mgR mice die betweendBmonths of age of dissecting
TAAs, and adventitial inflammation may acceleratathpgenesis by stimulating
unregulated degradation of elastic matrix. In thmouse model, enhanced
monocyte/macrophage infiltration is also pronounaelhte stages of disease progression
(Pereira et al., 1999). Additionally, aortas fromese mice secrete a GxxPG-containing
fibrillin-1 fragment to induce macrophage chemasaiGuo et al., 2006b) and expression
of MMP, which further amplifies matrix degeneratpdoduct-mediated chemotaxis
(Booms et al., 2006; Booms et al., 2005). Togetlleese findings suggest that
inflammation may participate in extracellular matdegradation associated with fibrillin
deficiency-induced TAAs. However, whether the anfimatory cytokine IL-6 is
involved in the pathogenesis of TAAs is not known.

Besides Ang Il antagonists, MMP inhibitors, espkgiaoxycycline, are also
found to be effective in improving survival in MR8labashi et al., 2006; Xiong et al.,
2012; Yang et al.,, 2010). Matrix-degrading MMP® alevated in aortic tissue in

patients with MFS, and are associated with destmuctof matrix structural
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macromolecules such as elastin and collagen (Bistad., 1998; lkonomidis et al.,
2006; Segura et al., 1998). Of numerous MMPs, MM&id MMP-9 expressions are
correlated with the stage of aneurysmal dilatiogtéPsen et al., 2002). They are not only
capable of degrading elastin and collagen in th#icawall, but also able to catalyze
activation of TGF8, further contributing to pathogenesis (Ge and Gspan, 2006;
Wang et al., 2006). Treatment with doxycyclineugek aortic activation of MMP-2 and
MMP-9, thus delaying aneurysmal dilatation in MEsh(ng et al., 2008; Xiong et al.,
2008). Interestingly, in other disease models,resgon of MMP-2 and MMP-9
correlates with IL-6 signaling (Kossakowska et 4899; Kusano et al., 1998; Pajulo et
al., 1999; Xie et al., 2004). IL-6 stimulates mRMRpression and biological activities of
MMP-2 and MMP-9 through soluble IL-6 receptor (9B) in bone resorption and
cancer models (Kossakowska et al., 1999; Kusanal.et1998). Additionally, high
activity of STAT3, the IL-6 downstream signalingogein, is correlated with enhanced
MMP activity and blockade of STAT3 or with JAK iddiiors significantly decrease
MMP activity (Xie et al., 2004). However, whethlr-6 participates in modulating
MMP activity in aneurysm development is unclear.

In this study, we tested the role IL-6 in the paghoesis of TAA in the mgR/mgR
homozygous mouse model of MFS. Using novel imag@oipniques, we examined the
structural and cellular components of the aortidl.w&Ve investigated the presence of
local aortic inflammatory events. We found thapession and secretion of the cytokine
IL-6 and the chemokine MCP-1 were both significanticreased in mgR homozygous

mice with MFS as comparing with wild-type litterreat The localization of IL-6 and
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MCP-1 production was found in the media and adtiantiRecruited by locally secreted
cytokines, the infiltration of macrophages was asominent in the mgR homozygotes.
IL-6 deficiency in mgR/mgR mice delayed progressibascending aorta dilation at late
stage without affecting the survival rate. Iniéidd, IL-6 deficiency reduced elastolytic
events, decreased recruitment of inflammatory cafid resulted in better preservation of
elastin and collagen contents in ascending aortif. wFinally, we showed that IL-6
deficiency led to decreases in MMP-2 and MMP-9vitadis, suggesting a mechanism in
which IL-6 regulated TAA development in MFS by mtating MMP expression and

leukocyte recruitment in the aortic wall.

3.2RESULTS

3.2.1 Characterization of mgR/mgR moude model of MFS.

As previously reported (Pereira et d999), mgR/mgR homozygouSbn-1
mutants developed spontaneous thoracic aortic gsmgrat 0-3 month of age and dead
of aortic rupture before 6 month (Figure 3.1). Werfprmed transthoracic
echosonography to evaluate the establishment ardure the sizes of TAAs. Aortic
diameters of wild-type (+/+) and mgR/mgR mutantsemmeasuredh vivo at 12 weeks
(wk) of age at the levels of ascending aorta, sapréc ridge and sinus of Valsalva

(Figure 3.2).
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Figure 3.1. mgR homozygotes develop spontaneous TAAS. (A) Representative
anatomical image of a TAA formation in a 12 wk-oh)R homozygote. mgR/mgR mice
developed spontaneous TAAD that ruptured prematurédrrow: TAA in ascending
aorta. (B) Survival curves of mgR homozygotes lagigrozygotes.

Of these three regions we examinéffierdnces between +/+ and mgR/mgR
littermates were only significant at the level betascending aorta (Figure 3.3). We

therefore chose the ascending aorta in followivgstigations.
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Figure 3.2. Representative echosonography images of the aortic arch in age-
matched +/+ and mgR/mgR littermates. Age matched mgR homozygotes,
heterozygotes, and wild-type littermates were itified by genotyping and used for
echosonography imaging the throracic aorta atdhel$ of the ascending aorta (Asc Ao),
the supra-aortic ridge (Supra Ao Ridge) and thassof valsalva.
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Figure 3.3. Aortic dilatation is significantly increased at the level of
ascending aorta in mgR homozygotes. Diameters of thoracic aortas in mgR
homozygotes (n=9) and wild-type littermates (n=8yevmeasured in vivo at the levels of
ascending aorta, supra-aortic ridge and the sihualsalva. *, p<0.05.

Using histological staining in mgR mutrnve observed extensive loss of elastin
in the media at this age, exhibiting both breakamgl thinning of elastin fibers (Figure

3.4).

Figure 3.4. Elastin degradation is evident in ascending aortas of mgR
homozygotes. Histological staining of elastin (shown in pufpleollagen (shown in
pink) and SMCs (shown in yellow) in sections of exgting aorta. n=6, respectively.
Arrow: breaks in elastin fibers.

We confirmed the degree of elastolybig multiphoton autofluorescence
microscopy (MPA). In wild-type controls, elastinogeins formed smooth sheets in the
aortic media, whereas in the mgR mutants, largebeusnof holes as large as p)

were evident, suggesting substantial elastin degaéoe (Top panel, Figure 3.5).
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Collagen

Combined

Figure 3.5. SHG and M PA microscopic images of wild-type mice and age-
matched aneurysmal mgR/mgR mice. Top panel: Elastin sheets. Middle panel:
Collagen fibers in the aortic adventitia. Bottoanpl: Combined images of collagen and
elastin at the adventitia-media border. Collageas whown in green and elastin was
shown in red. Arrows: Gaps were formed in elastyers. Cell infiltration is also
pronounced at the adventitia-media border. Shewepresentative of 3 experiments for
each group (n=4-6 in each group). Images werentak820X320uM.
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To study the complete structu@nponents of the ascending aortic wall, we
also combined MPA and second harmonic generatibi&G{Snicroscopy, which is used
to detect collagen contents in different animal eisgKouchoukos et al., 2006; Pajulo et
al., 1999) for imaging of ex vivo aortic sampleSHG images showed that comparing
with dense, curly and thick collagen fibers in wiijghes, the mgR mutants maintained
relatively straightened, dispersed and thin coltafibers (Middle panel, Figure 3.5),
indicating a dramatic loss of collagen contenthi& adventitia. Moreover, we observed a
large number of autofluorescent infiltrating leuktas in the border between media and
adventitia (Bottom panel, Figure 3.5), suggestingmune cell recruitment to the

ascending aortic wall at this age.

3.2.2 Expressions of IL-6 and MCP-1 are elevated in mgR/mgR mice with MFS.

In order to study inflammatory preses and identified the involvement of IL-6
signaling in the development of TAA in MFS, we awatk the expression and secretion

of cytokines in the ascending aortas.
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Figure 3.6. IL-6 expression and IL-6 signaling were activated in ascending
aortas of mgR homozygotes. Real-time quantitative analysis showed that gene
expression levels of IL-6, MCP-1, and IL-6 downatresignaling molecule SOCS3 are
significantly elevated, suggesting activation ofdlsignaling in mgR mutants. *, p<0.05.
** p<0.01.

We observed a significant 2.4-faldrease in IL-6 expression (p<0.05), as well
as an increase in the IL-6 downstream target sgppreof cytokine signaling 3 (SOCS3,
p<0.01), suggesting the activation of IL-6 signglim mgR/mgR ascending aortas
(Figure 3.6). Additionally, expression of MCP-1 important IL-6 downstream effector
and recruiter of macrophages, also elevated relatiwvild-type littermates (Figure 3.6,
p<0.05). We confirmed by ascending aortic exptautture that the local secretion of IL-
6, MCP-1 and granulocyte-macrophage colony-stirmgatfactor (GM-CSF) were

enhanced by 2-3 folds (Figure 3.7, p<0.05).
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Figure 3.7. Secretion of IL-6, MCP-1 and GM-CSF were increased in mgR
homozygotes. Local cytokine and chemokine secretion from tharaaortic tissues in
explant culture medium was measured by multi-plelSB. *, p<0.05.
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IHC staining of ascending aortic sewsi showed that IL-6 and MCP-1

expressions were mainly localized in the aortic i¢gigure 3.8).

+/+

MCP-1

MOMA-2

Figure 3.8. IHC staining of IL-6, MCP-1 and the macrophage marker
MOMA-2. Positive staining was shown in brown and countaired with hemotoxilin
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in blue. Enlarged details of the mgR/mgR sectiamesshown on the right. Scale bar: 50
uM.

Further, constant with cytokine andemiokine activation, macrophage
recruitment was found in the media-adventitia borole mgR mutants (Figure 3.8).
Together, these findings suggested presence ahinflatory events and activation of IL-

6 signaling in TAAs in MFS.

3.2.31L-6 deficiency in mgR mutants decr eases late-stage dilatation of ascending
aorta without affecting survival.

In order to identify the role of IL-6 signaling the formation and progression of
aneurysmal dilatation, we bred mgR/mgR mice with-6thull mice to generate
Fbn1™R™R: 1167 double mutant mouse line (DKOs). We first exardittee activation of
IL-6 signaling in the aortic tissues. With IHCisiag of phospho-STAT3-Y705, an IL-6
downstream signaling molecule, we confirmed the ctimation of STAT3

phosphorylation induced by IL-6 (Figure 3.9).

mgR/mgR DKO

Blocking ”\‘.l‘ '
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Figure 3.9. IHC staining of phospho-STAT3-Y705 in DKOs and mgR
homozygotes. Positive staining was shown in grey. Aortic seasi treated with p-
STAT3 blocking peptide were shown on the left agati@e control. n=4-6 in each
group. Scale bar: 50M.

mgR/mgR DKO

Figure 3.10. Representative images of echosonography of age-matched wild-
type, mgR homozygotes and DK O mice.

We followed the progression of aortic dilation wieksingin vivo ultrasound
imaging (Figure 3.10). As mgR mutants, these DKi©endeveloped spontaneous TAAsS
at 1-3 month of age. To our surprise, DKOs did sledw improved survival, with
median survival of 14 wk in DKOs and 11.5 wk in nigigR mutants (Figure 3.11).
DKOs also exhibited a similar rate of aneurysmédtitin at early stage of life (e.g. 5-12
wk, Figure 3.12). However, DKOs showed a signifityadecreased size of ascending
aorta at late stage of aneurysmal progressionirggaat 14 wk (p<0.05, Figure 3.12).
These findings suggested that aortic dissectiomotsprevented, but delayed at a later

time point, by IL-6 deficiency in DKOs.
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Figure 3.11. Survival curve of mgR homozygotes and DKOs. Survival of mgR
homozygotes and DKOs were not significantly différ@=17-21 for each group.
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Figure 3.12. Dilatation of ascending aortas of DKOs and mgR mice.
Diameters of ascending aorta were measured weéklwivo by transthoracic

echosonography. Progression of aortic dilation wea®rded in mgR/mgR and DKO
mice. n=10 for each group. *, p<0.05.
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3.2.41L-6 deficiency leadsto less ECM degeneration in mgR/mgR mice.

To investigate the molecular mechanisms of IL-Giakefcy-mediated delay of
aneurysmal progression, we examined ECM componenthe aortic wall. Using
histological staining, we first observed a lowegi® of elastin fiber breaks in the DKOs

relative to mgR/mgR mice (Figure 3.13, p<0.05).

+/+ mgR/mgR DKO

20+

15

10+

Elastin breaks/field

+/+ mgR/mgR DKO

Figure 3.13. Elastin staining of ascending aortic sections of wild-type, mgR
homozygotes and DK Os. Top panel: histological staining for elastin fibémswild-type,
mgR homozygotes and DKO miceBottom panel: breaking points in elastin fibers, as
indicators of elastin degeneration, were quantified6-7 in each group.

To more accurately evaluate structural elementghef aortic wall, we then
performed three-dimensional imaging in ex vivo aslieg aortas using MPA and SHG

microscopy (Figure 3.14).
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Figure 3.14. SHG and MPA microscopic images of mgR/mgR and age-
matched DKO mice. Top panel: Elastin content was shown by MPA etwlavelength
of 770 uM. Round and large hole formation is evident in fig§R. In DKOs, Linear
fissures were found in elastin sheets. Arrows: ddegation tears and holes in elastin
sheets. Middle panel: Collagen fibers. BottomgbaGombined images of collagen and
elastin at the adventitia-media border. Collageas whown in green and elastin was
shown in red. Arrows: Cell infiltration was moreopounced at the adventitia-media
border in mgR/mgR mice. Shown is representatived @xperiments for each group
(n=4-6 in each group). Images were taken in 32@X32.

We found that in contrast to large hole-like stauetof elastin degeneration in
mgR/mgR mice, the DKOs developed only small gapthénelastin sheets (Top panel,
Figure 3.14).
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Figure 3.15. IL-6 deficiency led to less degree of elastin and collagen
degradation. Sizes of holes and fissures in elastin sheets,cabolis of elastin
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degradation, were analyzed and quantified usingaMetph Premier S software.
Collagen contents in aortic samples were also medsas percentage of SHG signals.
n=4-6 in each group. ** p<0.01. *** p<0.001.

Moreover, the sizes of fissures were considerabigller in the DKOs (Figure
3.15, p<0.001). In addition, there was a bettas@rvation of collagen fibers in the
adventitia as indicated by SHG signals (Figure 3pk®.01). Finally, there was a lower
number of autofluorescent infiltrating leukocytes the border between media and

adventitia, suggesting a less inflammatory phero(@nttom panel, Figure 3.1).

3.25MMP-2 and MMP-9 activities are reduced in mgR/mgR mutantswith IL-6
deficiency.

To test the mechanism for improved ECM preservaiioibKOs, we evaluate
activities of the MMP-2 and MMP-9 in aortic extract Gelatin zymography with
ascending aortic samples from different genotypesved significantly lower activities
of both MMP-2 (p<0.01) and MMP-9 (p<0.001) in DK@smparing with mgR/mgR
mutants (Figure 3.16). Interestingly, there wa® alignificant higher activities of MMP-
2 and MMP-9 in mgR heterozygous mutants (mgR/+atne? to wild-type littermates
(Figure 3.16, p<0.05, respectively), a phenomemssistent with significantly increased

aortic dilation in mgR/+ comparing with wild-typésigure 3.12, p<0.001).
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Figure 3.16. IL-6 deficiency led to lower MMP-2 and MMP-9 activities in
DK Os comparing with mgR homozygotes. (A) Representative gelatin zymography of
age-matched wild-type, mgR heterozygotes, mgR hggaies and DKOs. Activities of
Pro-MMP-2, MMP-2 and MMP-9 were shown. (B) Quanttion of MMPs in different
genotypes. n=5-8 in each group. *, p<0.05. ®0@®1. *** p<0.001.

3.3 DISCUSSION

Formation and dissection of thoracic aortic anemrywe the most dangerous

medical conditions caused by MFS. One of the mggais for developing treatments for
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MFS is to delay aneurysmal dilation and preventurg In this study, we reported the
activation of IL-6-mediated inflammatory signaling the ascending aortas in the
mgR/mgR model of MFS. We have found that IL-6 deficy in this model improved
aortic pathology in decreasing ECM degeneration lan@ocytic recruitment, reducing
MMP-2 and MMP-9 expression and delaying late-stagsurysmal dilation.

Recent studies have identified an inflammatory conegmt in the etiology of
TAA (Ejiri et al.,, 2003). In TAA patients undergm surgical repair, enhanced

expression of cytokines, such as IL-6 and interfeyo (IFN-y ) are found in aortic

tissues. These events are spatially correlatett witreased monocyte/macrophage
accumulation and enhanced MMP production. HomoaggmgR mice spontaneously
die of dissecting TAAs, which exhibit leukocytidiitration at advanced stage of disease
progression (Pereira et al., 1999). Infiltratiegkocytes may accelerate pathogenesis by
producing MMPs such as MMP-9 and stimulating degtiad of elastic matrix. Matrix
degenerated products, in turn, may be able to mduacrophage chemotaxis (Guo et al.,

2006b; Guo et al., 2011), amplifying local inflantory cascade.

Recently, enhanced Ang Il signaling, a potent imduof cytokines and
chemokines, has been implicated in MFS. Aortic Ahgoncentration is increased in
mgR/mgR mice (Nagashima et al., 2001). Ang Il typeceptor antagonist losartan and
ACE inhibitor perindopril prevents aortic aneuryfonmation in patients with MFS and

reduce levels of TGB and MMPs (Habashi et al., 2006). In the aortag Aractivates

NF-xB to regulate various inflammatory molecules inahgdproinflammatory cytokines
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(e.g. interleukins), chemokines (e.g. MCP-1, GM-C&E.), adhesion molecules (e.g. E-
selectin, ICAM-1, VCAM-1, etc.), and ECM-degradiMMPs. A major target of Ang Il
is to activate IL-6 expression by VSMCs, fibrobtaahd recruited monocytes (Han et al.,
1999). IL-6 is a 26 kDa glycosylated cytokine tlaativates Jak and STAT3, exerting
diverse actions in multiple cell types. In the sedsIL-6 promotes ROS production
(Schrader et al.,, 2007) and macrophage differemtiafpartially through induction of
MCP-1 (Biswas et al., 1998; Tieu et al., 2009).

MMPs are capable of degrading the important strattomponents of the aortic
wall, including elastin and collagen. MMP-2 is gooced by medial VSMCs and
adventitial fibroblasts (Rizas et al., 2009). MMRs significantly elevated in TAA in
MFS (Nataatmadja et al., 2006; Pereira et al., 199®ere it degrades elastin and
collagen, destructing the medial and adventitiadife. In addition, MMP-2 is capable of
catalyzing the release of TGFrom the latency-associated peptide (LAP) andvatibn
of TGFf. MMP-9 is also a strong elastin and collagen deigig enzyme that is mainly
produced by infiltrating macrophages and neutrgp(ilizas et al., 2009). MMP-2 and
MMP-9 levels are associated with sizes of TAA (Magnet al., 2003; Petersen et al.,
2002). As direct targets of T@R-MMPs are elevated due to excessive TRdtgnaling
in MFS (Kim et al., 2004). MMP-2 and MMP-9 actigal GF$§ and degrade ECM,
producing chemotactic fragment of matrix macromoles (Guo et al., 2006b), further

amplifying the inflammatory cascade.
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In summary, our data suggested that in late stagedd, IL-6 mediated aortic
inflammatory cytokine and chemokine expression, nopitage recruitment, ECM
degeneration and levels of MMP-2 and MMP-9, thustitiouting to aneurysmal dilation
of the ascending aorta. IL-6 deficiency delayedt 8id not prevent dissections or
increase survival rate, suggesting the involvenoéndther important players in earlier

stages of disease progression.

3.4MATERIALSAND METHODS

3.4.1 Animal careand use

C57BL/6J wild type (WT; +/+) and6”mice were obtained from The Jackson
Laboratory. Heterozygotes mutant miderf1™™"; mgR/+) were obtained from Johns
Hopkins Univeristy and were bred to generate homgoag mutant miceF@nlng’ng;
mgR/mgR) and wild-type littermateEkn1*’*; +/+). To creatél6”: Fbn1™R™R double
knockout (DKO) mice, FobnlmgR/+ were bred with IlrGH mice and offspring bred.
For histological analysis of aortic tissues, micerevsacrificed at 12 weeks of age. This
time point was chosen based on our preliminaryistuth which aneurysmal changes
were prominent and inflammatory events were evidell animal experiments were
approved by the University of Texas Medical Brahastitutional Animal Care and Use
Committee. Mice were housed in the UTMB Animal Rese Center in accordance with

the NIH Guidelines for the Care and Use of AnimalResearch.
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3.4.2 Echosonogr aphy

mgR/mgR, mgR/+, +/+ and DKO littermates were imageeekly with
noninvasive transthoracic ultrasound echosonogcapdchniques. Serial ultrasound
imaging provided visualization of the progressidwvessel dilatation. Mice were sedated
with 1 % inhaled isoflurane delivered via nose camel were positioned supine and
imaged using Vevo 770 ultrasound machine for sm@aimals (Visualsonics) equipped
with a 707B transducer. Ascending aortas were ihagel diastolic diameter measured
by two masked investigators in the both transverse longitudinal axis view with B-
mode and M-mode. Measurements were obtained idicaip at the level of the
ascending aorta.
3.4.3 Aortic explant and cytokine analysis

Following euthanasia and transcardeffysion with PBS, the entire aorta was
dissected and briefly cleaned under stereoscopeara€it aortas were isolated,
immediately placed in 0.5 ml DMEM medium containihg ITS and 0.1 % BSA and
incubated in a tissue culture hood at 37° C forgtds previously described (Tieu et al.,
2009). Ex vivo explant culture medium was frozén89° C until being assayed for
cytokines and chemokines using a multiplex, beat& LISA kit (Lincoplex/Millipore
mouse cytokine panel) according to the manufacuraémstructions.  Cytokine
concentrations were determined relative to recoaritistandards.
3.4.4 mmunohistochemistry (IHC) and elastin histological staining

Formalin-fixed, paraffin-embedded sewesi from ascending aortas were

rehydrated using serial concentrations of ethanélor histological staining, UM
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sections were staining with modified vrhoeff Vane&n elastic stain kit (Sigma-
Aldrich) using Van Gieson Solution, ferric chloriddcoholic hematoxylin and Weigert's
lodine per manufacturers’ instructions. Light nigcopy was performed using 20X lens
and quantification of elastin breaks was measunedplicate by a masked investigator.
For IHC, antigen retrieval was performed when ngass with antigen unmasking
solution (Vector Laboratories). Paraffin-embeddedtions were blocked using 0.1 %
Triton-X, 5 % normal serum of the species producihg secondary antibodies and
incubated with rabbit anti-IL-6 (1:600, Abcam) abbit anti-MCP-1 (1:100, Abcam). 7
uM-frozen sections of ascending aortas were blocked stained with rat anti-
macrophage (1:100, MOMA-2; Abcam) or rabbit phos@iAT3-Tyr705 (D3A7,
1:100, Cell Signaling). In p-STATS3 staining, seaosopre-treated with phospho-STAT3-
Tyr705 blocking peptide (Cell Signaling) were usesinegative controls. Biotinylated
goat anti-rat or goat anti-rabbit antibodies (Vectmbs) were used as secondary
antibodies, followed by staining with ABC and DABitk (Vector Labs) per
manufacturer’s instructuctions.  Secondary antibodly controls were used to
determine staining specificity.

3.4.5 Quantitative real-time PCR (Q-RT-PCR)

Ascending aortas were freshly isolatedl frozen in -80° C for later use.
Individual ascending aortas were pulverized in itignitrogen inside plastic pouches
(Kapak SealPAK), further homogenized on ice in gldsunce homogenizers and RNA
was extracted with TriReagent (Sigma-Aldrich) adoog to the manufacturer’s

instructions. RNA was quantified by Nanodrop (TherScientific) and samples were
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included when the 260/ 280 nm ratio was >1.6. kigeRNA was reverse transcribed
using Superscript 1l (Invitrogen) according to yided directions. Real-time PCR
reactions were performed in triplicate usingulof resulting cDNA per 2Qu reaction
volume containing iQ SYBR Green Supermix (Bio-Ra®yximers were purchased from
SABioscience for mouse ccl2/MCP-1 (PPM03151F) anduse il6 (PPMO3015A).
Mouse Socs3 primers were synthesized (sense: 5@HEBECACCTTTC-3’; anti-
sense: 5-TTGACGCTCAACGTGAAGAAGT-3’). PCR was penfned on the CFX96
system (Bio-Rad) according to preset protocol. aDaere normalized to the internal
control GAPDH, and expressed as fold change cdbxuilay theAACt method.

3.4.6 Multiphoton (M PA) microscopy and second har monic generation (SHG)

The aortic arch of freshly isolated intadrta was imaged using the nonlinear
optical microscopy techniques of multiphoton micmsy and second harmonic
generation microscopy with contrast based on isicisignals from the tissue (Zipfel et
al., 2003). These include autofluorescence fronstelaand the cytoplasm of cells in
multiphoton autofluorescence microscopy (MPAM) ahd frequency-doubled second
harmonic generation signal that arises from fiérilcollagen (Campagnola and Loew,
2003). Used together, high-resolution images ofabeic media and adventitia can be
obtained for assessment of depth-resolved strucii@eulesteix et al., 2006).
MPAM/SHG evaluation was done with a customized Zé&i$0 confocal laser scanning
inverted microscope modified for multiphoton extda and detection along
nondescanned optics (Sun et al., 2004). Brieflymination was from a femtosecond

titanium sapphire laser (Tsunami, SpectralPhysie@ying a 5W frequency-doubled
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Nd:YVO pump laser, and routed into the scanhead thrmligh the sample objective
using optics for ultrafast laser propagation. Tlsteam operated with a typical pulse
width of 140 fs prior to the objective (40x 1.2 N.Avater). Excitation for
autofluorescence was 780 nm and for SHG was 840Amepi-configuration was used
for collection of emitted light and detected usangooled PMT placed in a nondescanned
configuration (R6060, Hamamatsu, Japan). Fluorescemission in the spectral region
of 450-650 nm was collected for detection of braadbautofluorecence from the aorta.
Second harmonic generation was collected using(a/4PAnm bandpass filter in the
nondescanned detector path. Thus, MPAM and SHG emsigcks were taken
sequentially. The intact aorta was placed on a 3B imaging dish having a #1.5
coverslip bottom (Matek, Ashland, MA) and immersadphosphate buffered saline.
Image stack were obtained beginning prior to theeatitial surface and into the aorta
using a step size of 1 um to depths > 150 um. Tective provided a field of view of
320x320 um. Image reconstructions of micrograptckstawere constructed using
Metamorph (Molecular Devices, Sunnyvale CA). Anays features found in the elastin
lamellae was performed on Metamorph using the measent tools to calculate
diameter of holes and represented in um. SHG sigoalent was quantified by first
thresholding SHG images to determine the regiorstipe for fibrillar collagen. The
same thresholding parameters were used for thesfalk and between samples. The
percent area positive for collagen according to ttiveshold region was determined
relative to the full field. A value per group waltained by averaging this area between

samples of a group.
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3.4.7 Gelatin Zymogr aphy

Aortic proteins from 12-week +/+, mgR/+, mgR/mgRJIdDKO littermates were
exacted as previously described (Davis et al., 199®rotein concentrations were
standardized with Bio-Rad protein assay. Equaluatso(25ug) of aortic proteins were
electrophoresized on 10% gelatin zymogram gelsit(bgen) as previously described
(Hu and Beeton, 2010). The molecular sizes weteraigned using protein standards
(Invitrogen). Gels were scanned and shown in béaak white for densitometry analysis
by ImageJ.
3.4.8 Data analysis

Data are reported as £+ SEM. Differences betwegnoRps were analyzed by
Student’s t test (2-tail, assuming unequal variahcé®ne-way ANOVA was performed
when comparing multiple groups, followed by Tukey Bonferroni post-hoc tests to
determine significance. Kaplan-Meier survival asvfor different genotypes were
plotted and significance analyzed with Mantel-Cestt In all cases, p < 0.05 was

considered significant.
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Chapter 4

Summary and Future Directions
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4.1 SUMMARY

As a member of a cardioactive cytokingestamily including cardiotropin, IL-11,
and -12, and G-CSF, IL-6 binds to unique alphaptre and mediates it actions through
a common gp130 signal transducer (Mihara et all220By activating its classical
signaling pathways, IL-6 targets various typesadoular cells include vascular smooth
muscle cells, endothelial cells, and infiltratingmocyte/macrophage populations. In
cardiovascular diseases, IL-6 is identified asmaependent biomarker of vascular
atherosclerotic risk and for aneurysmal diseasesgitén and Swartbol, 1997; Schuett et
al., 2009). Recently, we demonstrated that IL-8 wéighly upregulated cytokine in
Ang lI-stimulated vessels (Recinos et al., 200&uTet al., 2009) and that IL-6 plays a
major pathogenic role in aortic aneurysms induceding Il because its deficiency
significantly blocked monocyte infiltration, reaai oxygen species (ROS) formation,
chemotactic cytokine amplification and aortic diggens (Tieu et al., 2009). In this
study, we explored the precise mechanisms by wihiéhsignaling induces leukocyte
recruitment and facilitates aneurysmal formatiod progression.

In a normolipidemic mouse model of Akghduced aortic aneurysms and
dissections, we tested the relationship of IL-@along on formation of the Th17 cell
population, and the pathogenic role of IL-6-medidie-17A signaling in aortic
aneurysms and dissections. We reported that Amdusion induced local IL-6
production, aortic dissections and CD4+-interleukid (IL-17A)-expressing, Th17 cell
accumulation in C57BL/6 mice. A blunted local Thdctivation, macrophage

recruitment, and reduced incidence of aortic disses were seen ih6”" mice in the
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C57BL/6 background. To determine pathologicalsa@éThl7 lymphocytes, we
reported that mice treated with IL-17A neutralizengtibodies, or those genetically
deficient in IL-17A showed decreased aortic chemeWICP-1 production and
macrophage recruitment, leading to a reductioromi@adissections. We also showed
increased Th17 infiltration into the aortic advaatimedial border in patients with
ascending aortic dissections. These results iteitat, in Ang llI-induced aortic
aneurysms and dissections, IL-6 signaling conveogeBh17 recruitment and IL-17A
signaling upstream of macrophage recruitment, niediaascular inflammation and
aortic dissections.

In another mouse model with thoracidia@neurysm caused Ipn-1 gene
mutation (the mgR homozygotes), we explored the obliL-6 in aortic structural
remodeling and development of ascending aortieedigmns. Using Q-RT-PCR, ELISA
and IHC techniques, we found that the expressidnsanretion of IL-6 and MCP-1 are
elevated in thoracic aneurysmal tissues. Additlgnee observed significant
macrophage recruitment in aneurysmal aortic wadldmanced stage of disease
progression. To study the role of IL-6 signalimg generated mgR homozygotes with
IL-6 deficiency (DKOs). We found that DKOs showeedecrease in aortic dilation at
late stage of disease without affecting survived.raNe also reported that DKOs
exhibited a lower degree of elastin and collagegederation comparing with mgR
homozygotes. Finally, we showed that the bettesgnvation of ECM proteins was
associated with decreased activities of MMP-2 amdRvB. These findings suggest that

activation of IL-6-mediated inflammatory signaliogntributed to aneurysmal
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progression in MFS through recruitment of leukosyaad stimulating MMP expression,
thus aggravating ECM degradation.

In summary, our findings on these tweegsh projects demonstrate that IL-6 is an
important pro-inflammatory cytokine that is invotgn immune cell recruitment, matrix
remodeling and aneurysm development. By inducimfj/Tactivation and differentiation
in local aneurysmal tissue, IL-6 mediates vascllldl7 production, which may further
facilitate monocyte recruitment and macrophagevatitin. On the other hand, IL-6
regulates MMP activation in aneurysms caused by NE&sling to enhanced matrix

degeneration and contributing to aneurysmal pregas

4.2 FUTURE DIRECTIONS

421 Role of IL-6-STAT3 signaling pathways in Ang Il-induced vascular
inflammation

IL-6 signals through classical signglpathway or the alternative signaling
pathways which involves binding to the membranenrabllL-6 receptor or the soluble IL-
6 receptor, subsequent phosphorylation of Jak kiaas activation of STAT3. Our
preliminary studies have shown that STAT3 phosplation at tyrosine residue 705 is
enhanced in Ang ll-treated aortic tissues. Fustndies using STAT3 phosphorylation
inhibitors should be conducted to examine the rofds-6-STAT3 signaling activation

in aortic macrophage recruitment, T cell activat@md vascular inflammation.
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4.2.2 Role of NF-kB activation in Ang I1-induced vascular inflammation

Our group has established that Angghals through the activation of the NB-
transcription factor in VSMCs. A major event duyithis process is phosphorylation of
RelA subunit at serine residue 536. Our prelimirsudies showed that in Ang Il-
treated aortic tissues, RelA phosphorylation iseoled in both VSMCs and adventitial
fibroblasts. Due to the important role of adveatitibroblasts in production of IL-6,
MCP-1, and cross-talk with macrophages, we proptsstchactivation of NkeB
signaling activation in fibroblast cells is critida mediate vascular inflammatory events
such as leukocyte chemotaxis, differentiation adll activation. In order to test the
role of NF«B signaling in fibroblasts, we designed and creatéiiroblast cell-specific,
Cre-inducible conditional knock-out mouse line ihigh the expression &ela can be
abolished in fibroblasts. Further experimentasbould be performed using this line to

test the role of NReB signaling in fibroblasts in Ang ll-induced vasauinflammation.
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Figure4.1. Schematic diagram of construction and generation of conditional RelA-

targeted mouse line.

4.2.3 Cedlular mechanisms of vascular Th17 activation

Our preliminary studies have shown thaing the processes of Ang IlI-induced

aortic remodeling, adventitial fibroblasts obtaireeshtractile activities and

transdifferentiate into myofibroblasts. Myofibralts, when in close proximity to T

cells, are reported to be capable of inducing n#&ieell differentiation into Th17 cells.

To explore the cellular mechanisms of vascular Tédtiwation, we proposed that the

interaction between aortic myofibroblasts and ndieells potentiates local IL-17

expression and facilitates Th17 polarization. Irerico-culture experiments of

adventitial myofibroblasts and T cells should b&fqrened to investigate the role of cell-

cell interaction during the vascular inflammatorggesses.
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