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Abstract: Vascular inflammation plays a significant role in aortic diseases and
involves enhanced recruitment and local activation of circulating monocytes along with
cytokine production, but the mechanisms responsible for these processes are unclear.

The cytokine interleukin-6 (IL-6) is highly induced in aortic aneurysm and dissection and
significantly increases the risk of aneurysm rupture and mortality due to cardiovascular
diseases; however, it remains unknown where and how IL-6 is produced in the vascular
wall and how it contributes to disease exacerbation. Using an Ang Il-infusion mouse
model, we found that 6 days of subcutaneous Ang Il infusion into aged C57BL/6J mice
induced aortic IL-6 and MCP-1 predominantly in the tunica adventitia. Likewise, I1L-6
was detected mostly in the adventitia of sporadic aortic dissectionsin humans. There was
concomitant macrophage recruitment, adventitial expansion, and development of thoracic
and suprarenal aortic aneurysms and dissections in treated wild-type mice. In contrast,

no dissections were produced with infusion into I1L-6 ” or CCR2” mice over the same
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time period along with significantly reduced inductions of aortic IL-6 and MCP-1. Using
flow cytometric quantification of aortic cellular constituents, we found that Ang Il
induced CCR2" macrophage accumulation of a specific CD14"CD11b"F4/80" phenotype
selectively in aortic dissections and not in aortas from IL-6" mice, which were
CD14"°CD11b" F4/80". Adoptive transfer of CCR2"* monocytes into CCR2"™ mice
resulted in selective monocyte uptake into the thoracic and suprarenal aorta with
restoration of IL-6 and MCP-1 secretion and increased incidence of dissection. To
elucidate a source of IL-6, we demonstrated that aortic adventitial fibroblasts (AcAFs)
highly produce IL-6 and MCP-1 and Ang Il treatment increased their expression. Ang Il
and monocytes stimulated AoAF proliferation also. In addition, coculture of monocytes
and AoAFs strongly potentiated MCP-1 and IL-6, which differentiated monocytes to
macrophages and up-regulated CD14 and CD11b as well as induced MCP-1 and MMP-9
expression. These results suggest that AoAFs are a source of I1L-6 and that a leukocyte-
fibroblast interaction in the aortic adventitia potentiates its production, leading to
promotion of local monocyte recruitment and activation, thereby accelerating vascular

inflammation, ECM remodeling and aortic destabilization.
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Chapter 1. Aortic Aneurysm, Dissection, and Vascular Inflammation

The aorta is a large, elastic artery of approxilgat® cm in length in adult
humans that originates above the aortic valve énhibart and extends to the bifurcation
of the two common iliac arteries (1). Its main dtian is to deliver the oxygen and
nutrients in blood to the entire body via smalleariching arteries. It is the biggest and
thickest artery in the human body.

The aorta consists of three layers, the tunicanmtitunica media, and tunica
adventitia. The tunica intima consists of a timmnolayer of endothelial cells that line
the lumen of the aorta. The tunica media is thddiei layer and consists of sheets of
elastic tissue, the elastic lamellae, and vasarnayoth muscle cells (VSMCs); it is the
thickest layer. The media is separated from thimmaby the internal elastic lamina. The
outermost layer is the tunica adventitia, and & leng been considered just a support
structure. It contains connective tissue, residentic adventitial fibroblasts (AoAF),
nerve endings, and small vessels that nourish dngcavall, the vasa vasorum (2;3).
This layer is separated from the media by the eatezlastic lamina.

There are four main regions of the aorta; the afiognaorta, aortic arch,
descending aorta, and abdominal aorta togetheteci@a appearance of a hook that
gradually taper toward the distal end. The ascgndorta is about 3 cm wide, 5 cm long,
and contains the aortic root, which is composedhefthree sinuses of Valsalva (also
known as aortic sinuses, which are anatomic ditatatabove the aortic valves), at its
proximal end. It ends at the aortic arch, the biantthe hook, where the brachiocephalic
arteries branch off. The aortic segment distdhtse arteries is the descending aorta. It
is about 2.5 cm in diameter and 20 cm long, endihghe diaphragm. Beyond the
diaphragm is the abdominal aorta, which is 2 cmewadd 15 cm long. The ascending
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and descending aortas are located in the thorale vlie abdominal aorta, as its name
implies, is located in the abdomen.

There are several diseases that affect the adid&ayasu’s arteritis is a chronic
inflammatory disease that causes fibrous thickewinthe aortic arch and occlusion of
the vessels arising from the arch leading to ocdiaturbances and weakening of the
pulses in the upper extremities(1;2). It is pred@ntly seen in women less than 40
years of age in Asia and Africa and its etiologumknown. Giant cell arteritis is another
disease that can affect the aorta; 15 % of all<hsee disease in the aorta (giant cell
aortitis) or branches off of the aortic arch (1)nlike Takayasu’s arteritis, it is an acute
and chronic inflammatory disease, more common, adfetts older individuals (2). Its
cause is also unknown. These two diseases, howaveount for a small portion of
aortic diseases. The major diseases affectingatinta are aortic aneurysm and aortic
dissection and together, they account for 16,00&thdeannually in the United States
(4;5).

AORTIC ANEURYSM AND DISSECTION

An aortic aneurysm is a localized, permanent dilataof the aorta that can be
fusiform or saccular in shape. A fusiform aneuryisna symmetrical dilatation of the
entire circumference of the aorta while a saccateurysm involves dilatation of only a
portion of the vessel wall (2). Moreover, aneurgstan be described as either true or
false. A true aneurysm is bound by all three Iaysrthe aortic wall, which are usually
attenuated due to the dilatation. A false aneuryalso called pseudoaneurysm) is a
blood-filled pseudo-vascular space or hematoma thatmmunicates with the
intravascular space through a breach in the vesakland is confined by only outer
arterial layers or perivascular tissue (2). Falseurysms can develop after trauma to the

thorax, a transmural rupture of the vascular wiadlt tis contained, or dehiscence of
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vessels such as those that may occur after vasguddéting. In addition, aneurysms
usually occur in two areas, the abdominal aortap &nown as abdominal aortic
aneurysms (AAAs), and the thoracic aorta, also kn@s thoracic aortic aneurysms
(TAAs). Although rare, aneurysms can also devefopoth the thorax and abdomen,
called thoracoabdominal aneurysms.

AAAs occur three-times more frequently than TAAd affect men more than
women, with a ratio of 6:1, respectively (6). #Hsha prevalence of about 3 %-10 % in
people older than 50 years (1;6). The most comsitanfor AAA is in the infrarenal
aorta, and atherosclerosis has long been considerbed its cause (1;2;7). In terms of
risk factors for AAA, smoking is the strongest,lémved by increasing age, hypertension,
and hyperlipidemia (1;8). There is also a strorenegic predisposition to AAA
(discussed below). The majority of AAA cases asgngptomatic, but when symptoms
do appear, lower back pain that is usually gnavand steady, lasting several hours to
days, is the most common complaint (1). Definitdiagnosis is made by abdominal
ultrasound or computed tomography (CT), with ulttasd being the most cost-effective
(6). Treatment can consist of medical managemeilamd pressure witlf-blockers,
but that has been shown to not reduce the ratexpénsion (1). When aneurysms
increase in size to greater than 5 cm in diaméheir risk of rupture, which is the most
feared consequence because it carries an 80 %lnypitecreases to about 5 to 10 % per
year (1). Therefore, it is recommended that tigysater than 5 cm be repaired surgically
by placement of prosthetic tube grafts (1). Initold, it is also worth noting that there
are different variants of AAA. Inflammatory abdoral aneurysm (IAA) is one that has
pronounced inflammatory infiltrates of macrophagesl B- and T-lymphocytes along
with fibrosis in the adventitia due to proliferaticand differentiation of adventitial

fibroblasts into myofibroblasts (9;10). Moreovenycotic abdominal aneurysm is



another variant that results from an infection tipatarly bacteremia due t8almonella
gastroenteritiq2).

Thoracic aneurysms are most commonly found in fterading aorta, accounting
for about 50 % of all cases, and the second meguént site is the descending aorta, 40
% of all cases (6). Ten % occur at the arch. ape of onset is 65 years, 10 years
younger than for AAA, and men are not greatly maffected than women with a 1.7:1
ratio, respectively (6). Twenty % of patients witAAs have a first-degree relative with
the disease and thus there can be a strong geoetigonent (5). TAAs are commonly
due tocystic medial necrosisr medial degeneration with elastin degradationoath
muscle cell apoptosis in the tunica media, andeg®ed accumulation of proteoglycans
instead of atherosclerosis (5). Compared to noawoehs, TAAs have thicker intima and
adventitia and a thinner the media (5). Patientls WAAs have chest pain and vascular
complications like aortic insufficiency or symptomssulting from compression of
adjacent tissue such as the lungs causing respirptoblems such as coughing and or
compression of the esophagus to cause dysphag@iagnosing TAAs, a chest x-ray can
reveal widening of the mediastinal silhouette anthrgement of the aortic knob while
CT is good for detecting and monitoring the expamsiof the aneurysm (1).
Echocardiography is another imaging modality ustfuldetecting TAAs at the root and
ascending aorta, the two common areas for aneuryspetients with Marfan syndrome.
Surgical repair is recommended in those patients &h ascending aortic aneurysm
greater than 5.5 cm in diameter or greater tham $hgpatients with Marfan or a bicuspid
aortic value since they have high risk of rupt8e (It is also worth noting that patients
infected with syphilis in the tertiary stage carvelep aneurysm and dissection in the

thorax.



Aortic dissection occurs when a tear in the wallhef aorta allows for blood flow
into a layer of the aorta, usually in the mediauteng in formation of a false lumen that
can communicate with the true lumen (1). Most sasially start with a transverse or
oblique tear in the intima of unknown cause, butdi@ledegeneration is the most
common predisposing factor (1). Sometimes dilatgis not seen. The tear is frequently
within 10 cm of the aortic valve, and the blood gsuge then rips the tissue of the
weakened media apart (2). The tear occurs ingbenaling aorta 66 % of the time and in
the descending aorta 33 % (1). Aortic dissectian accur in the abdominal aorta also
(11). There are two classification systems fotiaatissections based on the anatomy of
the dissection. In the Stanford classificatiornteys dissections are divided into Type A,
which indicates involvement in the ascending aoda, Type B, which indicates
involvement of only the descending aorta only (12Zfhe DeBakey system categorizes
dissections into three types based on the locaifothe original intimal tear and the
extent of disease (12). DeBakey Type | descriliesedtions originating in the ascending
aorta that has affected both the ascending ancdeéisg aortas while Type Il describes
those that originate and are confined to the asograbrta. Type Il describes dissections
originating in the descending aorta. These tearsextend proximally and or distally
away from the heart, creating the false lumen @rtic dissection is strongly associated
with hypertension (70-90 % of patients) and conmectissue disorders like Marfan
syndrome, which accounts for 5-9 % of all case®;{B). It occurs twice as frequently in
men than women, and the highest incidence is seaged individuals between 50-70
years old, except in patients with Marfan syndromie develop it at a much younger
age (25 years) (2;13). Dissections can occurnmafes during pregnancy, usually in the
third trimester or early postpartum period (13)thé& causes of, or predisposing factors

for, aortic dissection are bicuspid aortic calveest trauma, iatrogenic trauma during
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cardiac catheterization or angioplasty, open-hsargery for aortic valve replacement,
and enlargement of aortic aneurysms, particuldmbyacic aneurysms in the absence of
prophylactic surgical repair (1;12;14). Ninety-$& of patients with aortic dissection
present with severe, sudden onset chest pain Hedcas tearing or sharp stabbing in
acute dissection (less than 2 weeks duration) (I¢ars in ascending aortas produce
anterior chest pain while tears in the descendortagproduces intrascapular pain (11).
The pain may migrate as the dissection extends dbevaorta. The main cause of death
is rupture of the dissection, leading to massiwodlloss and consequences like cardiac
tamponade (1;2). This risk increases over timentreated dissections (11). Diagnosis
of dissection is done with imaging modalities. #®angiography with contrast used to
be the gold standard, but newer modalities likesegophageal echocardiography are
being used increasingly due to its increased semgitspecificity, and rapidity (2;13).
Since the risk of death is the highest in the fiest hours after the dissection begins,
immediate treatment to control blood pressure wiitnoprusside and3-blockers or
calcium channel blockers is generally started (18)the dissection is located in the
ascending aorta, immediate surgical repair is recended. In uncomplicated, stable
Type B aortic dissections, long-term medical managd is preferred over surgery (13).
A variant of aortic dissection called intramurahieoma is worth noting also. It arises
from bleeding from the vasa vasorum causing a hammain the media and not due to an
intimal tear; nevertheless, it is generally tredatezglsame way as regular aortic dissections
).

Progressive enlargement of type A TAAs can leaddxic dissections (TAAD).
Some researchers state that TAAs and thoraciccadifisections are one disease
(personal communication with Dr. Dianne Milewicz)TAADs can be inherited with

genetic syndromes such as Marfan syndrome, LoegtzByndrome, Ehlers-Danlos, and

6



filamin A mutations or in isolation in an autosonddminant manner (15). Familial
TAAD is caused by mutations in the FBN1, TGFBR2,FBR1, MYH11, and ACTA2
genes and are responsible for 20 % of TAAD (15-11h)e majority of cases are sporadic
and highly associated with hypertension, weighinlif, and bicuspid aortic valve (15).
However, the identification of those genes aboved &nowledge of the impact of
hypertension on vascular wall suggests that oviem@iGF{} signaling and or activation
of stress and stretch pathways in smooth muscle oghy play a major role in the
pathogenesis of TAADs in general (15). Of intetesthe research presented here is the
effect of the mutation of smooth muscle cell speatfiyosin heavy chain gene (MYH11)
in patients with TAAD associated with patent ductueriosus (PDA). Smooth muscle
cells from patients with this mutation and TAAD hadcreased expression of
angiotensin-converting enzyme (ACE) and macrophafimmatory protein-d¢ and
(MIP-10. and MIP-B) (16). ACE cleaves angiotensin | to angiotensiAng 1), a
peptide hormone that causes vasoconstriction efiastand inflammatory signaling (18),
and MIP-Iir and MIP-B are classically macrophage derived pro-inflammator
chemokines (19). Both of these genes and theidymts can induce, accelerate, and
maintain inflammation and suggest that inflammationthe vessel wall plays an

important role in TAADSs.



Dissection

lllustration 1. Normal aorta, aneurysm, and aatigsection.

VASCULAR INFLAMMATION IN AORTIC ANEURYSM AND DISSECTION

Vascular inflammation is a complex, multi-step @eg with the distinguishing
characteristics of significant immune cell recrwetm into the vessel wall and release of
cytokines and proteins from the recruited leukosyend native cells leading to
pathological remodeling of the vascular wall. Tégsocesses have been well studied
and have gained tremendous attention in atheresi$erTn fact, atherosclerosis is now
considered an inflammatory disease (20). The stidyortic aneurysms has not gained
as much attention, but it also is now considerethdcan immune disease (6;7). The

vascular inflammatory process is well studied inAAAbut not in thoracic aneurysm
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because TAs have long been considered a non-infamn disease of medial
degeneration (5). However, recent studies havectdgtemportant signs of inflammation
in TA and TAAD (4;21). Therefore, it is thoughtathvascular inflammation is an
underlying component in common in these cardiovasaliseases and that they share

similar features as well as some differences.

Inflammation in AAA

In AAA there is significant transmural infiltratioof inflammatory cells (22;23).
Infiltration is thought to occur either through tlaasa vasorum in the adventitia or the
intima into the media. Inflammatory cells are dguaeen in the outer media and
adventitia in aortic sections from patients with AA22;23). T- lymphocytes, B-
lymphocytes/plasma cells, macrophages, neutropmatjral killer cell (NK cells), and
mast cells have all been detected in these regindshave been shown to contribute to
AAA formation by causing destruction of extraceduimatrix and apoptosis of VSMCs
(24-27). The majority of inflammatory infiltratesre activated CD4 T-cells
(approximately 50 % or greater) and have a memellypbenotype expressing a distinct
pattern of cell surface markers including CD54, @€P3D11a, CD27, CD44, CD95, and
CD27 (27-32). Whether T cells are required forumpem development is a controversy
since different experimental models produce cotfigcresults. In the elastase-induced
AAA mouse model, larger aneurysms develop in CDdcamt mice, suggesting that
CD4" T cells are not required for aneurysm formatiof){zhowever, in the calcium
chloride-induced mouse model of AAA, the absenc€D# T cells prevents aneurysms
(33). B-cells or their antibody-producing formlasma cells, are the second most
abundant cell type found in AAA tissue, composimgnf 25-40 % of the infiltrates
(27;30;32;34). Along with T cells, B-cells are tlyht to be important in a hypothesized

autoimmune mechanism of AAA formation, where autiedies of the immunoglobulin
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G (IgG) isotype, produced by plasma cells, read¢h wiortic proteins normally present
like aortic aneurysm-associated protein-40 (AAAR;4@lastin and elastin fragments,
type | and Il collagen, and oxidized low-densitgdprotein (ox-LDL) (6;35;36). NK
cells are present in the media and adventitia @sduant for about 7 % of the infiltrates
(32;37) Polymorphonuclear (PMN) cells, also knows reeutrophils, have also been
detected in AAA tissue, and in the elastase-infussxperimental model, L-Selectin
deficient mice and infusion of anti-PMN antibodi@%;38). Recently, mast cells were
found in the adventitia of aneurysms, and it waswshthat the number of mast cells
correlated positively with aneurysm diameter (2@Rats deficient in mast cells and
treatment with the inhibitor of mast cell degraniala, tranilast, in the angiotensin Il
(Ang Il)-infusion model of abdominal aneurysm imyperlipidemia background showed
attenuated aneurysm formation (26). Another studing mast cell-deficient mice
infused with elastase or subjected to aortic apfibo of CaClfound similar results (39).
However, both of these studies have confoundingpfadhat should not be overlooked
and not all studies have detected PMNs in AAA (3The other cell of interest is the
macrophage. They have been shown to account feastt2 % of all infiltrates in human
AAA, but certainly much more in IAAA and experimahimodels (30;32;39). Most of
these cells are located in the adventitia, paditylat the adventitia-media border, and
also throughout the media (30;32;39). Interesyingley are also seen in close proximity
to T cells (30;36). Macrophages have long beeowknto contribute to aneurysm
because they are the principle producers of thexmaetalloproteinases (MMPs), which
degrade extracellular matrix proteins, found in AA¥articularly MMP-9 (also known as
gelatinase) (40-42). Animal studies have showrt ¥iMP-9 from monocytes and
macrophages is necessary to induce AAA in respdos€aCh treatment (43;44).

Macrophages are also known to secrete proinflanmpatytokines and produce
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prostaglandin derivatives, leukotrienes, and rgactixygen species (45-49). Some of
their other roles in AAA may be to secrete chemegio help recruit T- and B-cells
along with other leukocytes and to present antigescells (30).

Like the mix of inflammatory infiltrates, the expgsaon of cytokines, chemokines,
and growth factors are upregulated in AAA, but ¢hisrno clear pattern suggesting either
a predominant Thl- or Th2-type response. The Vp#-tresponse is also known as
cellular immunity and results from the activity afictivated CD4+ T-cells, CD8+
cytotoxic T-cells, and macrophages. It is assediavith increases in the following
cytokines: IL-1, IL-2, IL-12, IL-15, TNFe, and IFNy and results in the induction of cell
death and tissue destruction. The Th2-type respl@asling to humoral immunity results
from the activity of activated CD4+ T-cells, B-celland plasma cells. It is associated
with increases in IL-4, IL-10, and IL-5 and resuhlighe production of antibodies. Some
labs have detected Thl-type cytokines and not yp&-tytokines and vice versa, while
others have detected the presence of both typA#\tissue. This discrepancy might
be due to confounding factors like atherosclerastsch is commonly found associated
with AAA (2). IL-6 and IFNy, but not IL-2 or IL-4 have been reported to beéased
in blood and aortic tissue of patients with athel@®tic abdominal aneurysm (50).
Increases in circulating IFM-is correlated with aneurysm size (51). Likewibagh
levels of IFNy transcripts have been detected in AAA tissue ®R;BMoreover, mice
lacking IFNy have been shown to be resistant to Ga@luced aneurysms (33). In
addition, TNFe is also increased in AAA (32;45). On the othendaTh2 cytokines
have also been shown to be the predominant on@é\#(24;54;55). IL-4, IL-5, and
IL-10 were reported to be increased in AAA tissige deetected by western blotting
compared to normal aortic tissue, and the recejotoiFN-y was found to be absent

despite the presence of that cytokine (54;55).0ABchonbeck et al. could only detect
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IL-2 or IL-15 weakly and not mature IFN-IL-12, or IL-18 in AAA (54). Contrary to
the findings mentioned above on IRN-Shimizu et al. found that histocompatibility-
mismatched aortas transplanted into H-Ieceptor-deficient mice recipients developed
large AAA with a strong immune response dominatgdL4 and inhibition of the IL-4
with neutralizing antibodies prevented AAA formati(66). That suggested that IFN-
prevents AAA formation while IL-4 causes it. Fuetimore, there is a study that detected
both Th1l- and Th2-type cytokines in pure AAA sarmspleat contained no contamination
by atherosclerosis. IL-2, IFM- TNF-a, IL-10, and IL-18 transcripts, which are all Thl
gene, were present in addition to IL-4, IL-10, dind 3 transcripts, which are Th2 genes.
Out of that list, IL-2, IFNy, TNF-a, IL-1p, IL-4, and IL-13 cytokines were detectable by
multiplex ELISA. In addition, markers of generaflammation IL-6, MCP-1, MIP-,
TGF$, IL-8 and MIF mRNA were detected. IL-6, MCP-1, RALB, G-CSF, GM-CSF,
IL-7, IL-8, IL-12, and IL-17 proteins were measuan AAA as well (34). Expression
of these genes and their protein products wereehigih AAA tissue than equivalent
atherosclerotic aortic tissue. Koch et al. alss sahanced expression of IL-8 and MCP-

1 in human AAA (57).

Inflammation in TAAD

The inflammation occurring in TAAD has not beenvasd| characterized mainly
because these diseases have long been considete/gonon-inflammatory lesions.
Only recently has the inflammation been investidateSimilarly to AAA, significant
increases in CD4and CD8 T-cells were observed in TAAD aortas in the meaiial
adventitia compared to control aortas (4;21). Soifriese cells in the media, between
smooth muscle cell layers, were actually flatteimeshape and did not look like typical T
cells (4). T-cells were the predominant cell typethe adventitia and appeared to

surround the vasa vasorum (4;21). CD&#acrophages were the next most abundant
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cell type detected and were found mostly in the imdoking the predominant infiltrate
type there (4;21). CDZ20B-cells were also detected in the adventitia inADS (21).
Analysis of transcripts of cytokines from TAADs gegts that Thl-type cytokines
predominate. MRNA levels of IFN-and IFNy-inducible chemokines IP-10 and Mig
were significantly higher in TAAD aortas than cataortas while mRNA levels of Th2-
type cytokines like IL-4, IL-5, and IL-13 were urndetable (21). The level of IFX-
actually correlated with increased aneurysm sireresed intimal thickness, and
decreased extracellular matrix proteins. In additiRANTES and MIP{1 as well as
expression of CXCR3, a receptor for Mig and IP-tfressed on T-cells, were increased
in TAADS compared to non-aneurismal aortas (21AAS are also a major source of
circulating IL-6; two reports by Dawson et al. adty show that TAAs produced more
IL-6 than AAAs and control aortas (58;59). Morenwapoptosis of SMCs was observed
in the media of TAADs and that the T-cells exprésBasL, suggesting that T-cells were
stimulating smooth muscle cell death in a Fas-Fasghway (4).

Although AAA and TAAD are mostly like distinct diases, there might be a
possibility that they may share some common patysiplocial features including
inflammation. The discrepancy between the inflatiomaseen between AAA and
TAAD might reflect variations in sampling of pattetissue at different clinical stages,
different human populations, and low power duental§ patient numbers. It is possible
that both of these diseases might start out aslad3dponse and then progress into a Th2
response or vice versa. Therefore, a relevant dmmodel of aneurysm and dissection is
needed to study the pathogenesis of these diseasiesed points in time. Several
popular models exist to study abdominal aneurysmed ss the elastase-perfusion and
CaCh treatment models briefly mentioned above. AltHougoth models induce

inflammatory lesions in the infrarenal aorta, botlethods require very invasive and
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artificial application of foreign substances to ud aneurysms. Thus, a less invasive,
more physiologically relevant method would be bette Ang Il infusion into
hyperlipidemic or aged WITmice would be a very good model to study aneurysm
formation and vascular inflammation based on wangp®rting the relevance of Ang i
to AAA and TAAD/PDA. It has been shown that inhibn of angiotensin Il binding to
its receptor prevents ascending aortic aneuryse nmouse model of Marfan syndrome
(60) and that ACE inhibitors reduce aortic stiffeesd aortic root dilatation in Marfan
patients (61-63). Moreover, the angiotensin lletyp receptor (AGTR1) 1166C allele,
thought to exaggerate responses to Ang Il, has bleewn to be significantly associated
with AAA (64). Furthermore, increased ACE and clag®m enzymes with greater Ang Il
formation has been detected in aneurysmal aortapamed to normal (65-67), and
angiotensin Il type 1 receptor blocker (ARBs) hasrbshown to reduce oxidative stress
in TAAs (68). Interestingly, Ang Il infusion in e produces both dilatory abdominal

aneurysm formation and aortic dissection in diffiergenetic backgrounds.

Ang |l and itsRolein Vascular I nflammation

Angiotensin Il is a naturally occurring octapeptli@mone circulating in plasma
(69). Its precursor is angiotensin | (Ang ), whicomes from the cleavage of
angiotensinogen by renin, and Ang | is convertedng Il by ACE or a variety of other
enzymes like cathepsin G, chymostatin-sensitive -Baggnerating enzyme, and
chymase found locally in different tissues (69)ngAll is the main effector hormone of
the Renin-Angiotensin System (RAS) and is knowditectly induce vasoconstriction to
increase blood pressure, regulate water balancectljir via stimulating thirst and
modulating renal sodium and water reabsorptiomdiréctly via stimulating aldosterone

release, and induce inflammatory cellular signatmgugh binding to the AT1 receptor.

1 WT is the abbreviation for wild-type
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Binding to AT2 seems to produce opposite effec&q¥). AT1 and AT2 are cell
surface, G protein-coupled receptors capable ofatotg different intracellular signaling
pathways. The AT1 receptor is the predominantlgrezsed angiotensin receptor in
cardiovascular tissue and is upregulated in atblnasis while the AT2 receptor
comprises only about 10 % of all angiotensin remep(72). Both receptors have been
found on endothelial cells, VSMCs, and macrophagesmme a few.

As mentioned briefly above, production of Ang Ihaoaccur locally in tissue. All
components of RAS or their equivalents are foundhany tissues including the heart,
vasculature, adipose tissue, and others (73-76)ariety of vascular tissues, particularly
periaortic adipose tissue, fibroblastic cells, arfMCs, can produce angiotensinogen
(73;77;78). Also, renin-like enzymes such as qaghre D have been identified on
VSMCs and macrophages (79;80). In atherosclepdiques, ACE expression has been
detected in macrophages, T lymphocytes, VSMCs,emabthelial cells (81-83). It has
also been shown that during differentiation of mmytes to macrophages vitro,
angiotensin Il receptors, ACE, and production ofgAh are all upregulated (84).
Moreover, chymase and cathepsin G are capableodfiping Ang Il similarly to ACE in
mast cells and monocytes, respectively (85;86)hus, not only can Ang Il come from
the circulation, but also it can be made abundaattiyne site of disease in the vessel wall
where it can have autocrine and paracrine effects.

Ang Il can stimulate inflammatory responses in thessel wall including
induction of reactive oxygen species leading too#melial dysfunction (defined as
impairment of acetylcholine-induced vasorelaxatioith increased adhesiveness to
leukocytes), leukocyte recruitment and adhesionemoés, LDL oxidation and uptake,
inflammatory cytokine/chemokine expression, hymgtry and proliferation of vascular

cells such as VSMCs and adventitial fibroblastsl amen apoptosis (18;72;87;88). As
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seen from this list, the roles of Ang Il in atheslesosis have been well studied. Many of
them may be relevant to aneurysms since atherosdels seen in many patients with
AAA and features of vascular inflammation like leglte recruitment into the tunica
adventitia are common to both diseases.

Ang Il is known to stimulate NADH and NADPH oxidasen endothelial cells,
VSMCs, and macrophages (89-92n vivo, Ang Il stimulates reactive oxygen species
(ROS) production from NADPH oxidase primarily indethelial cells and adventitial
fibroblasts leading to VSMC growth (93). Ros protion in the media has also been
detected (90). The ROS generated in response tplArs thought to contribute to
endothelial dysfunction by inactivating nitric origNO) (90;94). Treatment with AT1-
selective angiotensin receptor blockers normaliR€3S production and endothelial
dysfunction in hypercholesterolemic animals and &sn(95;96).

In terms of inflammation, Ang Il is known to indudéeukocyte recruitment via
stimulating expression of chemokines and cell adimesnolecules and cytokine
expression in many cells composing the vasculat. wahg I augments recruitment of
leukocytes via regulating the expression of mudtiphemokines. MCP-1 is one of the
most well known of those cytokines attracting celish as monocytes and macrophages.
Ang Il increases MCP-1 expression in VSMCs and mogtes/macrophages, and
inhibition of ACE reduces its expression in a rabimiodel of atherosclerosis and
decreases plasma levels in humans after myocairdeiction (97-102). Moreover,
chemokines IL-8 and IP-10 are induced by Ang IM@MCs (97;100;103). In addition
to stimulating leukocyte recruitment, Ang Il alsacilitates cellular adhesion to the
vascular wall. Ang Il stimulates an increase ie thascular cell adhesion molecule
VCAM-1 on the surface of cultured endothelial caligl VSMCs and in the aorta of Ang

ll-infused rats (104;105). Another intercelluladth@sion molecule, ICAM-1, has also
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been shown to be induced by Ang Il on human undihein endothelial cells and in
humans via activation of the ATikeceptor (106). Moreover, an endothelial specific
adhesion molecule, E-selectin, is upregulated by hand results in increased leukocyte
adhesion to human coronary endothelial cells (10Me expression of these adhesion
molecules is thought to be partially ROS mediatdelurthermore, Ang Il is known to be
able to induce multiple cytokines. The most retevi@ the research project presented
subsequently is IL-6. Our lab has shown that disticulation of cultured rat VSMCs
induces significant increases in IL-6 protein seareand transcription via activation of
NF-«xB by phosphorylation at S8/(108;109). In monocytes, IL-6 is upregulated in
response to Ang Il, and Ang Il has been shown thuée AT1 receptor cross-linking
leading to greater potentiation of cytokine seoretilike IL-13 and adhesion to
endothelial cells (110;111). The increased expoassf some of these cytokines is also
dependent on ROS. These features of vasculaminfkgtion are also seen in the Ang II-
infusion mouse model of aneurysm formation.

Ang ll-infusion causes aneurysm formation and disse in experimental animal
models in the suprarenal aorta. Daugherty et arewfirst to demonstrate that
subcutaneous infusion of Angiotensin Il at a dolsB0® or 1,000 ng/kg/min for 4 weeks
into female hyperlipidemic mice caused accelerasdlderosclerosis and aneurysm
formation (112;113). The observed incidencesnefiaysms were 20 % in LDL'Rmice
and 33 % with apoE mice. In male apoEmice feed a high fat diet, the incidence can
be almost 100 % (114-116). On average, male hpmmic mice have a greater
incidence than female mice of the same backgrotemsving equal Ang Il dosage (~80
% vs. ~50 %, male to female respectively) (114)cidence does increase with Ang Il

dosage; higher dosing at 1,000 ng/kg/min produte®st twice the incidence as 500
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ng/kg/min in male apoE mice. However, duration of treatment longer thdn? does
not increase incidence (114). The average lumea sd@iprarenal aneurysm in ad'oE
mice infused with Ang Il at a dosage of 1,000 ngfkg is around 1.8 mm, but it can
enlarge to more than 4 mm, which is 5-times the sizthe normal diameter of 0.8 mm
(117). Analysis of the aortic dilatation by verigi-frequency ultrasound showed that
Ang Il causes rapid expansion in the lumen withia first 5 dy of infusion followed by a
more gradual increase in lumen diameter along weithodeling of the aorta consisting of
adventitial thickening (112;118). The dilatatiohtbe aorta stops with treatment and
does not regress in male agomice (119). On the contrary, aneurysms in femaleem
are thought to regress after treatment becausaeurysms were scored at 143yost a
2-wk infusion, but a 30 % incidence was seen atehd of treatment (120). The
induction of aneurysm was shown to be dependenAram Il stimulation of the AT1
receptor since blockade of the AT1 receptor witattan, an AT1-selective angiotensin
Il receptor blocker (ARB), completely prevented arysms while blockade at the AT2
receptor increased incidence and severity (121)orebVer, it is believed that the
acceleration of atherosclerosis and aneurysm foomats caused by the pro-
inflammatory actions of Ang Il downstream of reagpbinding and independent of
hypertension since blood pressure increases muldly treatment and elevating blood
pressure with norepinephrine to a similar levekasn with Ang Il did not produce the
same pathologies (115;120;122;123). The developofeaneurysm was first thought to
be associated with hypercholesterolemia (112;14®) more recent studies have shown
that C57BL/6 wild-type male mice can also develgyprarenal aneurysm, but at a

reduced incidence of ~39 % (115). Ang Il infusinnapoE" mice has also been shown

2 d is the abbreviation for day (s)
3wk is the abbreviation for week (s)
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to produce aortic dissection, with disruption cdstin fibers across the entire media, in
the suprarenal aorta between 4-10 d of infusiorpi® aneurysm formation (124).
Continual treatment also leads to increased atblerosis starting after 28 d (124).
Dissected aortas had grossly observable vasculaatoena/thrombi within the aortic
wall, usually confined to the tunica adventitia. ofdover, approximately 7-10 % of
treated mice also die due to AAA rupture (124;12Ahalysis of the aortic cross sections
from treated mice showed that the earliest cellallange detected (within 1 to 4 d of
infusion) was macrophage recruitment into the medithe aneurysm-prone suprarenal
area along with minimal elastin breaks. Furthersuawlation of macrophages into the
adventitia occured between 4-10 d and is followed{zells and B-cells recruitment into
the same layer after 14 d (124). In terms of ayeland chemokine production, Recinos
et al. have shown that IL-6, G-CSF, GM-CSF, IL-I0IF-a, IL-12(P40), MIP-1i, IFN-
v, and IL-1B were highly secreted from the entire aorta of LDLRice infused with Ang
Il for 4 wk compared to sham-treated aortas (123)e significant increases were at least
1.4 fold for IL-18, and IL-6 was the most abundant, showing a 4.d-éblange. This
increase in IL-6 was shown by Wang and Deng etoabe specifically coming mostly
from the suprarenal aorta and the aortic arch @ised apoE and C57BL/6 mice
(115;116). Elevated gene expression of aortic ,|0HF-0, MIP-1a, IFN-y, RANTES,
and TGFB has also been confirmed in treated apoE-/- mi@&)(IMoreover, Ang lI-
infusion also significantly induced MCP-1 mRNA léven the aorta of apdE and
C57BL/6 mice early after infusion (126;127) anddiade of the AT1 receptor reduced
its expression (128). The resulting cytokine peofind leukocyte recruitment are very
similar to that seen in human AAA and TAAD as mené&d above.

Several studies using drug inhibitors and gendyicabdified mice have revealed

significant insight into the mechanisms of Ang riduced AAA. Inhibition of

19



cyclooxygenase-2 (COX-2) using a selective inhibitgelecoxib, reduced AAA
incidence and severity in response to Ang ll-infasin male apoE-/- mice, and similar
results were observed in COX-anice (129;130). Moreover, deficiency of BLT-1gth
G-protein-coupled receptor for leukotriene B4, addtenuated Ang Ill-induced AAA in
apoE" mice (131). However, deficiency and pharmacolognhibition of 5-
lipoxygenase, the enzyme that converts arachidaciat into leukotrienes, did not have
an effect on Angll-induced AAA in apdEmice (132). In addition, MMPs like MMP-2
and MMP-9, both of which can degrade elastin arlhgen, have been detected in AAA
of Ang ll-infused mice (116;133), and their inhibit using a non-specific, general MMP
inhibitor, doxycycline, attenuated AAA incidence Amg Il-treated LDLR™ mice (134).
Similarly, the use of metacept, an inhibitor oftbree deacetylase, which is also an
indirect and non-specific inhibitor of MMP, reducéd\A in male apoE™ mice (135).
Along those lines, deficiency of osteopontin wasveh to be associated with reduced
amounts and activity of aortic MMP-2 and MMP-9 andidence of aneurysm (136).
Furthermore, deficiency of NADPH oxidase subunit&’ghox and NOX1 decreased
AAA in treated hyperlipidemic male mice and C57Blu6ce, respectively (125;137).
Also, inhibition of two intracellular signaling gatays has been shown to interfere with
AAA formation. Inhibiting the Rho-kinase pathwayithv fasudil decreased AAA in
apoE" mice by inhibiting apoptosis and proteolysis (13&hd inhibition of JNK
signaling with SP600125 was shown to cause regmessi AAA induced by Ang Il
(139).

Taken together, these experiments show that sortteeagame agents thought to
play significant roles in human aneurysms are dapdd in and have been shown to
mechanistically cause abdominal aneurysms in thg MAAnfusion mouse model.

Therefore, this model can provide relevant resthist can be extrapolated back to
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understanding the pathogenesis of AAA and TAAD umlans. One important marker

induced in this mouse model is MCP-1.

Role of M onocyte Chemoattractant Protein-1 (M CP-1)/CCR2 in Vascular
I nflammation

MCP-1 is a small (8-10 kDa) CC-type chemokine waecifically attracts cells
that express its receptor, CCR2, which is 7-tramsbrane G-protein coupled receptor,
predominantly found on monocytes and T cells alith a variety of other cells such as
basophils, B-cells, dendritic cells (DC), NK celMSMCs, fibroblasts, and endothelial
cells (140-142). All of these cells can respondatal also express MCP-1 (143).
Neutrophils do not express CCR2 or respond to MCPBut do recognize IL-8 (143).
Since the study presented here primarily focusedLe®y, with MCP-1 of secondary
interest, only topics relevant to MCP-1 in vasculaflammation and aneurysm
development are discussed.

In humans, MCP-1 has been consistently identifiedatherosclerotic lesions
along with macrophages, suggesting that macrophagdsmacrophage-derived foam
cells are the major producers of this chemokin@;(144-146). This is also the case in
AAA. Some studies also report detecting MCP-1 ttesser extent in VSMCs and
endothelial cells in both atherosclerosis and AAX;57;144-146). Moreover, MCP-1
levels have been shown to be elevated in plasmpaténts with acute myocardial
infarction or unstable angina, but not in patiemith stable angina, suggesting that MCP-
1 is associated with worsening disease severity)(14

Animal models reproduce these similar features.rabbits, MCP-1 is normally
detected in some endothelial cells and in the athanbut with cholesterol feeding
MCP-1 is upregulated in macrophages recruited ¢oittkima and smooth muscle cells

(147). Moreover, in LDLR mice a high cholesterol diet rapidly induces @okiCP-1
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expression in macrophages along with macrophageiteent (148). In apoE mice fed

a normal diet, MCP-1 expression increases expaugnbiver time. This increase was
significantly blunted by administration of an ARB28;149). Along those lines, infusion
of Ang Il into rats induces MCP-1 expression by w@hé-fold as well as with increase
macrophage recruitment into the adventitia (138)addition, monocyte accumulation in
the apoE” mouse has been shown to occur continuously datingroma formation and
proportionly to lesion size (151). Those monocyteave been identified as
predominantly CCRZy-6C™ and not CCRR2y-6" (152;153).

More mechanistic animal studies have shown that NMIGIdd its receptor play
important roles in atherosclerosis. Over expressioMCP-1 in the aorta was shown to
be necessary for formation of atherosclerotic lesian hypercholesterolemic rabbits
while inhibition of local MCP-1 with a dominant retgre mutant of MCP-1 limited
progression of preexisting atherosclerosis andlstath lesions in apoE-/- mice with and
without Ang Il treatment (126;154;155). LikewisdCP-1"LDLR” double knockout
mice showed 83 % less lipid deposition throughduwtirt aortas and fewer aortic
macrophages as compared to LDLRnice (156). Furthermore, markedly decreased
lesion formation was observed in CC’RaZ)oE" double knockout mice compared to
apoE” mice (157). In addition, CCRZone marrow was shown to be critical for
initiation of atherogenesis, but not during progies of established lesions in afoE
mice (158;159).

The role of CCR2 has also been studied in aneufgsmation using CCR2
mice. These mice have significantly impaired réorant of macrophages into areas of
inflammation, produce dramatically less IFN-in response to protein from
Mycobacterium bovijsand are not able to clear infections logteria monocytogenes

which is thought to mainly require the work of mzmnages (160;161). In the CaCl
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model of AAA, CCRZ mice were shown to be resistant to aneurysms asndieied by
an increase in aortic diameter of 100 %, but CCRice (RANTES receptor deficient)
and CXCR3 mice (IFNy-inducible chemokines receptor deficient) were saggesting
that CCR2 is involved directly in AAA formation (28 Furthermore, CCR2 was shown
to be very important for macrophage infiltrationarthe aorta in response to Ang Il and
for associated vascular remodeling such as aortal whickening, adventitial
thickening/fibrosis, and vascular inflammation (1&3). More importantly, using the
bone marrow transplant technique, Ishibashi edlexhonstrated that transplanting CCR2-
deficient bone marrow into irradiated agbomice led to blunted induction of aortic IL-6
expression and attenuated development of Ang Wéed aneurysm by 9-fold as
compared to apo"Ereceiving CCRY* (WT) bone marrow (the incidence decreased from
90 % to 10 %) (164). From that study, the autltorscluded that CCR2monocytes play
a critical role in accelerating atherosclerosis ameurysm formation; however, that
conclusion is misleading due to the techniquebdne marrow transplantation, all cells
in the bone marrow from one mouse will be injedtd@d a recipient mouse. Thus mice
receiving CCRZ bone marrow will also have T-cells, B-cells, detidréells, NK cells,
and basophils lacking CCR2. Although they can tatethat CCR2cells recruited into
the aorta are responsible for the IL-6 inductiomn @meurysm incidence of 90 %, the
monocytes cannot be singled out as the pathogefiicTherefore, it still is not clear
which leukocyte is responsible for these two imagotrtphenomena. Another problem
with Ishibashi’'s study is that bone marrow transfdsion is harsh on the animals. For
example, in another study done by Ishibashi (18@psplanting CCR2 bone marrow
into WT mice recipients unexpectedly produced thme induction of aortic MCP-1
expression, around 2-fold, as transplanting CCR&T bone marrow into the WT mice

in response to Ang Il. Transplant of WT bone marinto WT mice was expected to
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produce the same 7.5-fold induction as seen intemeal WT mice infused with Ang I,
but that did not happen, suggesting that the iataxh and repopulation procedure
influenced vascular inflammation (127). This camfding issue has been noted by
Daugherty (119).

In the study presented here, we attempt to idethiédymost important leukocyte
and its role in Ang llI-induce vascular inflammatiand aortic diseases. We hypothesize
that CCR2 monocytes and macrophages are responsible fopdintiation of aortic
MCP-1, IL-6, and aneurysm formation in the mouseleh@f Ang ll-infusion. For this
purpose, we performed adoptive transfer of puriflél monocytes or CCR?2
monocytes, at a physiological relevant number, D&R2" mice recipients undergoing
sham- or Ang lI-treatment. This technique is bettan bone marrow transplantation
because it allows us to directly study the role @ERZ monocytes in vascular
inflammation without the confounding effects ofaidiation. We also labeled the
monocytesin vitro and were able to track their recruitment throughitve body and
particularly into the aorta to determine if thesflscactually home specifically to areas
where lesions develop. Moreover, the resultinggatffon aortic MCP-1 and IL-6
secretion and incidence of aortic dissection weeasured. Together, these results will
provide much needed insight into the role of monesAnacrophages in vascular

inflammation, especially IL-6 potentiation.

Roleof Interleukin-6 in Vascular I nflammation

IL-6 is a 21-28 kDa glycoprotein that is producead ssecreted by activated
monocytes/macrophages, lymphocytes, endothelild, 6¢5MCs, fibroblasts, and a host
of other cells (165-167). There are two ways liniates intracellular signaling. The
classic pathway starts with binding of IL-6 to rsceptora-subunit, IL-6Ry, on cell

membranes and subsequent recruitment of gpl3Qpaate transmembrane protein, to
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form an active hexameric signaling complex. Téeosid mechanism, called the trans-
signaling pathway, allows for cells not expresding IL-6 receptor to respond to IL-6.
In the trans-signaling pathway, IL-6 binds to itduble receptor, sIL-6& which is a
cleavage produce of the membrane bound I;6d that complex then associates with
gp130. Downstream of both pathways, gpl30-as®utigtrosine kinases (JAKs-1 and
Tyk 2 kinases) are then recruited to tyrosine-phosgate gpl30. That leads to
recruitment of cytoplasmic transcription factorgyr&l Transducer and Activator of
Transcription (STAT1 and STAT3) that bind to gp2d@ their src homology-2 (SH2)
domains. The STATSs are then phosphorylated a’Thy the JAK/Tyk kinases, allowing
them to homo- or hetero-dimerize and translocdie time nucleus where STATS bind to
target genes like C-reactive protein (CRP), fibgew, and angiotensinogen to enhance
their transcription (168;169). Although the RaskeRAPK pathway also can be
initiated by IL-6, that pathway plays a minor raempared to the Jak/STAT pathway.
Since gp130 is ubiquitously expressed, almost atlycan respond to IL-6 via the trans-
signaling pathway (168).

IL-6 has multiple biological activities. It candace differentiation of B-cells and
growth of plasma cells, activate T-cells, stimulateduction of platelets and acute-phase
response proteins in the liver, cause proliferabbSMCs in conjunction with platelet-
derived growth factor (PDGF), and help recruit lecjges into areas of inflammation
(18;72;170). In vitro, IL-6 can directly induce monocytes to differetgiainto
macrophages and upregulate CD36 on their surf&&®.(IMoreover, MCP-1 is induced
by the IL-6 Jak/STAT pathway in cultured periphetdbod mononuclear cells and
VSMCs (171;172). Endothelial cells do not expris§R, but studies have shown that
they can be stimulateoh vitro by IL-6 via the trans-signaling pathway to upregel

proteins such as ICAM-1 to help leukocytes sucimasocyte and T-cells that express
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the surfaceuyf3, integrin Mac-1 (CD11b/CD18) to bind (170;173). deet studies have

shown that trans-signaling is required for Ang épéndent hypertension and for
recruitment of mononuclear cells into sites ofanfimation (174;175). Recruitment of T-
lymphocytes into the vascular wall has been showncause Ang Il-dependent
hypertension (176). Together these results sudgastAng ll-induced IL-6, via trans-

signaling, mediates T-cell recruitment leading ypdrtension. Moreover, they suggest
that MCP-1 might be the chemokine induced by Il tactually recruits T-cells.

IL-6 is highly upregulated in patients with athezlesotic cardiovascular diseases.
There is increased IL-6 in atherosclerotic tisquwamarily in macrophages and, to a lesser
degree, VSMCs (177;178). IL-6 also has been showolocalize with AT1, ACE, and
Ang Il in macrophages around the site of plaquetungpin coronary arteries from
patients with myocardial infarction (179). Multipldinical studies have shown that
patients with unstable angina have high levelsladmpa IL-6 and are at increased risk for
plaque rupture leading to an acute myocardial atiam (MI) (180-182). People without
clinical evidence of heart disease, but with ILe@dls in the upper quartile of the normal
range are at increased risk of future MI and caakoular mortality as well as all-cause
mortality (183-185). Furthermore, elevated IL-6shaeen associated with increased
mortality regardless of cardiovascular diseaserggvd85). There are similar findings
with CRP, which is produced by cells such as hepaés following IL-6 stimulation
(183;186;187).

Patients with AAA have consistently been shown &wehhigher venous and
arterial IL-6 concentrations compared to controliggd populations without AAA
(51;58;59;188-190). Moreover, explanted AAA tissugively secretes IL-6 (46;50;191).
Dawson et al. have further shown that aneurysmse wee source of high IL-6 in

circulationin vivo based on the facts that IL-6 concentrations iariitblood increased
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downstream of aneurysms in a linear trend and grufgiant difference was seen in CRP
levels, suggesting that systemic inflammation ddtlinfluence the IL-6 levels measured
(58;59). Interestingly, patients with TAA had faimes the circulating level of IL-6 than
controls and more than two times the concentrat@mnpared to patients with AAA. The
latter correlated with the 2-fold greater aneurygsnface area in TAA patients than AAA
patients, but not with aortic diameter, indicatithgit larger-volume aneurysms secrete
more IL-6 (58;59). It is worth noting that IL-6g8ma levels correlate positively with
aneurysm rupture, but not significantly with aneumysize or expansion in patients with
AAA although non-significant increases with enlagidiameters have been reported
(51;58;188;190;191). In patients without dilataticelevated serum IL-6 is positively
correlated with aortic diameter, suggesting tha6lmay likely play a role in aneurysm
formation (189). In addition, AAA patients with th&74 G- C polymorphism in the IL-

6 promoter have higher circulating levels of IL+#6daare at increased risk for all-cause
and cardiovascular mortality (190).

It should also be recognized that most patientdh vAAA have concurrent
atherosclerotic disease and two-thirds of all pasievith AAA die from cardiovascular
causes not related to their aneurysm (192). Tihissbecoming clear that IL-6 might not
only be contributing to the development and exaa@wsh of AAA, but that the IL-6
coming from aneurysms may also be increasing rfskaodiovascular mortality at all
stages of disease. Therefore, it is of extremeortapce to understand the mechanisms
of how IL-6 is produced and its contribution to AAé&rmation/exacerbation because that
knowledge may shed light on its roles in worsenatigerosclerotic disease leading to
cardiovascular mortality in patients with AAA.

Studies have been performed to study the actionsiLe® relevant to

cardiovascular diseases, but they have not lookeéldealocal roles IL-6 in the vascular
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wall where the aortic diseases occur. Most werdopeed in vitro with direct
stimulation of IL-6 on cultured cells such as emgdital cells, VSMCs, and monocytes in
isolation. Although these studies give valuablewdedge on how these cells respond to
IL-6 and their molecular mechanisms, they are peréal in very defined conditions with
one large dose stimulation. Those results do aoéssarily translate vivo where there

is a mixture of interactions between different ¢gtles and multiple cytokines and agents
inducing a variety of signaling pathways, ultimgtgiving rise to a net effect. Only a
few animal studies have attempted to directly stiingyrole of IL-6. In the study of IL-6
in atherosclerosis, a short-term administratioexagenous IL-6 led to enhanced plaque
development in apoE mice (193), but a lifetime deficiency of IL-6 ihat background
also caused enhanced lesion formation despite eddwcruitment of inflammatory cells
and decreased expression of MMP-9 transcripts (18reover, in LDLR-/- mice, IL-6
deficiency only reduced plaque lesion area modestithout significance (195). In
contrast to the studies on atherosclerosis, thexena published research studying the
role of IL-6 in aneurysm formatioim vivo, but there was a brief mention of unpublished
data that IL-6 deficiency and IL-6 inhibition witheutralizing antibodies suppressed
aneurysm formation in the elastase-infusion mod&AA (196). Because IL-6 is such
a relevant marker to aneurysms and because itroas lmplications for inflammation,
work is needed to better understanding its roknieurysm formation.

In this research, we aim to understand where amdlhéb is upregulated locally
in the aorta and the effects of local IL-6 on aortiacrophage differentiation as well as
their recruitment into the aorta in response to AngWVe focus on macrophages because
their recruitment into the tunica media of the aqgrtecedes aneurysm, dissection and
atherosclerosis, which suggest that they play aifsignt early role in those aortic

diseases. In addition, they are well known to ppgdMMPs which have been shown to
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be crucial to aneurysm development (41;124). bhtawh, studies on aortic macrophages
specifically are lacking besides their detectiommeurysms, not to mention how they are
affected by local IL-6. Keidar et al. have shovmattperitoneal macrophages increase
expression and levels of CD36, a macrophage recéptoxidized LDL, in response to
IL-6 with Ang Il-infusion in apoE™ mice, but it is not clear if local aortic macropglea
respond similarly because these two macrophagebeateave quite differently (197).

To specifically study aortic macrophages we devatbp new method to isolate
them from the aorta and compare their phenotypthénwild-type and IL-6 deficient
backgrounds in response to Ang Il. In addition, determined whether IL-6 regulates
aortic MCP-1 production. From these data we premoplausible cell-to-cell interaction
that could be responsible for the induction of éhegtokinesn vivo. Studies presented
here, therefore, provide valuable understandindheflocal actions of IL-6 in aortic

diseases and in other cardiovascular diseases.

Adventitial Fibroblasts

As mentioned above, inflammatory cell infiltratiand cytokine expression have
been documented in the tunica adventitia for AAAAT and atherosclerosis. Research
has shown that in some cases, the earliest eveats m the adventitia, and that it is the
predominant location of inflammation. Furthermdrereased adventitial inflammation
has been strongly correlated with atherosclerolamye rupture, the final step in the
progression of an atheroma that triggers the aowecardial infarction (198;199).
These observations have led to an “outside-in” bypgis for cardiovascular diseases, in
which vascular inflammation is initiated or exacadd in the adventitia and then
progress inward into the vascular wall toward thigma (200). This has already been

suggested as a pathway in the pathogenesis AAAT&®# (4;5). One important cell
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type that has recently emerged as central to atianbflammation is the adventitial
fibroblast.

Adventitial fibroblasts can originate from two distt cell types depending on
their location. In the coronary arteries, they edimom mesenchymal cells derived from
proepicardial cells through an epithelial-to-messgmeal transition (201). However,
adventitial fibroblasts in the aortic and pulmonarynks, aortic and pulmonary arch
arteries, and brachiocephalic and carotid artec@mwe from neural crest cells (202).
Adventitial fibroblasts in the pulmonary arteriesdadescending aorta most likely are not
neural creset cell derived (202) and their origifeng with those in the abdominal aorta
remain unknown (203).

Although this cell type has long been ignoredsitbeing increasingly apparent
that adventitial fibroblasts are the first to reaatvascular injury and possess many
characteristics that allow it to contribute to fethogenesis of cardiovascular diseases
(204). They are known to Adventitial fibroblaste &nown to proliferate in response to
Ang Il bothin vitro andin vivo (123;205-207). In apoEmice, Ang Il treatment causes
severe adventitial thickening seen along with aymus that is mostly composed of
adventitial fibroblasts (113;124). Ang Il is alknown to induce adventitial fibroblast
differentiation to myofibroblasts that exprassmooth muscle actin dependent on ROS
produced by NADPH oxidase and downstream p38 aril sikess signaling pathways
(208). This phenotype switch has also been obseirvddA (9). Differentiation to
myofibroblasts is associated with increased pnaifee and migratory activities (203).
In response to arterial balloon angioplasty, restenof the lumen by intimal hyperplasia
is a major problem. In animal models of endolurhinpury, adventitial fibroblasts have
been shown to proliferate and migrate from the atite into the intima where they

contribute to the intimal hyperplasia, narrowing famen (209-211). Studies labeling
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the adventitial fibroblasts vitro and directlyin vivo with LacZ have shown that the
labeled adventitial fibroblasts migrate into th&nma after vascular injury, but not in the
uninjured state (212;213). The ability of mice alad aortic adventitial fibroblasts to
induce MMP-2 expression, protein, and activitya@sponse to different stimuli may help
these cells migrate into aortic tissue (214;21B)oreover, adventitial fibroblasts are a
tremendous source of ROS, particularly superoxidehe major site of superoxide
production was found to be the adventitia in ralaloittas, and further analysis showed
that the adventitial fibroblasts were its sourcg6(217). These cells have constitutively
active NADPH oxidase that can be induced furtheAng Il to enhance production of
ROS (217). The major component of that oxidase Weamd to be p6%7° since
specifically inhibiting that protein resulted in s of NADPH oxidase activity.
Furthermore, only limited information is known albdle ability of adventitial fibroblasts
to produce cytokines. One study has detected M@Pthe adventitia of apoE mice
before presence of atherosclerotic lesions, busdgrce was only assumed and not
directly identified (218). Moreover, adventitiabfoblasts harvested from AAA tissue
were shown have much greater gene expression of-MGP-8, VEGF, and TNFe
compared to normal dermal fibroblasts by gene emalysis, but it is unclear whether
those findings translate into cytokine producti@aq). Thus it has become increasingly
clear that the adventitia is no longer just a passtructure, but that it can actually play
an integral role in mediating vascular diseases.

In this study, we further characterize human aadicentitial fibroblasts (AoAFS)
based on their cytokine profile, response to Angstlimulation, and interaction with
monocytes to potentiate inflammation. The full et of cytokines these adventitial
fibroblasts are capable of producing and the exienthich Ang Il can potentiate their

expression is currently not known. Moreover, aliffo Ang 1l has been shown to induce
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cultured primary rat aortic adventitial fibroblaste proliferate and cause murine
adventitial fibroblasts to proliferata vivo (93;205;206;220), it remains unclear if human
AoAFs will respond similarly. In addition, sinceomocytes/macrophages are recruited
into the adventitia in human aneurysms as wellnagnimal models of aortic diseases,
especially with Ang Il infusion, they are in clopeoximity to adventitial fibroblasts,
which in some cases are also increasing in numfdrerefore, we explore potential
interactions between these two cell types and hey might further potentiate vascular
inflammation. Collectively, this knowledge will @ride a better understanding of how
events in the tunica adventitia may contribute ritigtion and exacerbation of many
cardiovascular diseases.

The aims in this study are to create a reliablerateant animal model to study
aortic diseases and vascular inflammation, to deter how the vascular inflammation
develops, to understand some of its eff@ctgvo, and to dissech vitro the cellular and
molecular mechanisms contributing to vascular mfiaaton. In Chapter 2, we
characterize a short-term Ang ll-infusion modelthaVT mice, of aortic aneurysm and
dissection based on histology and cytokine prodac¢tnd in Chapter 3, we present a
new technique to isolate, phenotype, and quanttatéc macrophages. In the following
chapter, we use the model with CCR®ice to deomonstrate how vascular
inflammation, with an emphasis on IL-6 and MCP+id dissections are accelerated. In
Chapter 5, the effects of IL-6 on aortic macrophdifferentiation and regulation of
MCP-1in vivo are elucidated. Based on our observations froof #hose studies, we
next present in Chapter 6 a highly plausible agiéell interactionin vitro that supports
our findingsin viva. Overall, these findings provide valuable insigitd the role of IL-6
that is applicable not only to aneurysm and aalisection, but to a broad spectrum of

inflammatory diseases including atherosclerois.
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Chapter 2: A Mouse Modd of Vascular Inflammation Leading to Aortic
Dissection

The first aim was to establish a mouse model tadystacute vascular
inflammation leading to cardiovascular diseasas known that Ang ll-infusion for 4 wk
in hyperlipidemic apoE mice leads to increased macrophage recruitmetitetorta,
accelerates atherosclerosis, and promotes aodmnaibal aneurysms (AAA) (113;122).
Moreover, our laboratory has recently shown that Arinfusion for 4 wk in LDLR"
mice feed a high fat diet potentiates vascularlggichemokine production, especially
IL-6, along with profound atherosclerosis (123)hu$, Ang Il infusion could be used to
induce vascular inflammation and cardiovasculaeaigsin vivo with relevance to
humans (18); however, using these hyperlipidemiockout mice would cause
confounding influences due to dyslipidemia, which well known to promote
inflammation (221) and to increase the incidenc&®A (115). In a study that excludes
the contribution of dyslipidemia, Deng et al repdrthat 7-11 mbold C57BL/6J WT
mice, the background strain for both apoE-/- and.RB- mice, can develop AAA with
an incidence of 39 % and have increased aorticesspn of IL-6 in the aortic arch and
abdominal aorta after 1 mo of Ang Il treatment (1IFhis is in contrast to a previous
study performed by Daugherty et al. in 1999 thpbreed that C57BL/7J WT mice were
resistant to Ang Ill-induced AAA (112), but this dispancy might be due to the higher
dose of Ang Il used by Deng of 1.44 mg/kg/d vs. @h&2 mg/kg/d used by Daugherty.
Although all models mentioned above developed Masalisease, the disadvantage to
Deng’'s and the hyperlipidemic models was the 1 mtmger duration of study, a time
frame that precludes examination of early eventsthe development of vascular

inflammation. To clarify whether Ang Il can induemeurysm formation in WT mice

4 mo is the abbreviation for month (s)

33



and develop a model that will quickly develop infi@ation in the aorta, 7-12 mo old

WT mice were infused with Ang Il at a dosage of0®,®g/kg/min over 6 and 10 d.

ANG Il INFUSION IN AGED WILD-TYPE MICE INDUCES THORACIC AND ABDOMINAL
AORTIC DISSECTIONS

At 6 d of treatment, sacrifice of some of the arigr@dearly showed a hematoma
confined to the tissue of the aorta whereas shénsed mice did not (Figure 1). PBS
was infused through the left ventricle to removeoll from the aortic lumen, leaving the
trapped hematoma. The hematoma shown in Figusdehds from the ascending aorta
to the suprarenal abdominal aorta. Hematomas baea observed confined to the

suprarenal abdominal aorta also (Figure 2) ortibeatcic aorta (not shown).

Figure 1. Visual hematoma throughout aorta
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Figure 2. Hematoma confined to the
suprarenal abdominal
aorta

Figure 3 shows two separate hematomas, one cortfinie thoracic aorta and the other
to the abdominal aorta. Interestingly, no pathplegas seen in the infrarenal aorta,

where AAA in humans is frequently located (6).

Figure 3. Hematomas localized to the
thoracic aorta and the
abdominal aorta,
separated by a non-
affected region.

The incidence of hematomas was 35 % (8/23) at @ndanimals that did not

develop hematomas with treatment, the aortas apgehickened (Figure 4) compared to
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sham-treated aortas (Figure 1) but it was not eabte until transverse sections of the

aortas were analyzed.

{ Figure 4. Thoracic aorta from Ang IlI-
Ej . infused mouse appeared
thickened.

Upon examination of cross-sections of the aortadoyats pentachrome staining, six
main observations were made. First, Ang Il induegtknsive adventitial remodeling in
both the thoracic and abdominal aorta regions, kwmainly appeared to be due to
increasing numbers of cells, as seen by the light staining representing cellular
cytoplasm in adventitia. The cells are most likatytic adventitial fibroblasts because
the remodeling resembles fibrosis of the tunicaeattia (Figure 5). Fibrosis in the
adventitia has been reported with Ang Il infusionWT mice (127). A cross-section
from a sham-treated WT mouse is shown in Figure éoanparison. Second, along with
adventitial remodeling, medial hypertrophy can eersafter Ang Il treatment (Figure 5,
as compared to sham treatment in Figure 6). Thineke was increased production of
mucopolysaccharide/proteoglycans as seen by bhieirsg (Figures 5&6). Fourth, in
animals with aortic hematomas, a pseudo-lumerdfilih clotted blood was obvious in
the adventitia, Figure 7. All mice with aortic hetomas had the pseudo-lumen localized

to the adventitia throughout the aorta.
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Figure 5. Adventitial remodeling in abdominal @ontith Ang Il infusion as seen by
Movats staining, 4x (left) and 10x (right).

Figure 6. Abdominal aortic cross-section after shisratment as seen by Movats
staining, 4x (left) and 10x (right)
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Figure 7. Abdominal aortic cross-section of a mowgk adventitial hematoma showing
a pseudo-lumen filled with clotted blood as seeMuoyats staining, 4x
(left) and 10x (right)

Fifth, a channel as seen in the indentation thahsll three aortic tunicas in Figure 7 at
10x magnification, was observed, most likely allogvifor communication between the
lumen and the pseudo-lumen. These channels weenaa in both the ascending and
suprarenal abdominal aortas, corresponding tovileentain locations where hematomas
were observed in the aorta. Finally, in some eastia complete tear from the tunica
intima, through the tunica media, to the pseudoelnnn the tunica adventitia was
observed (Figure 8).

Based on the data above, Ang ll-infusion causeticadissection after just 6 d of
treatment. Aortic dissections have been detectighating in the ascending aorta and
propagating down towards the abdominal aorta orenfeequently in the suprarenal
aorta. There was clearly a pseudo-lumen that dped|, which communicated with the

real aortic lumen, as seen by the appearance osSRBthe pseudo-lumen.
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‘7 Figure 8. Dissection through the
Q! tunicas intima and
‘ media of the
suprarenal aorta. A
false lumen was
created in the
adventitia that
communicated with
the true lumen.

Tears in the intima that extended into the mediaewsso observed. Furthermore,
adventitial remodeling was apparent in dissectethao

Although Ang ll-infusion induced aortic dissectiomsmice, there were several
differences compared to human dissections. The difference was that the dissection
tore through all layers of the aorta creating andeh that communicated with a false
lumen in the adventitia. In human aortic dissewjca tear occurs in the intima through
to the media creating a communicating channel aijpseudo-lumen in the media (2).
Moreover, the mice had abdominal dissections, whieghnot common in humans, and
they are found in the infrarenal aorta of humand aot the suprarenal aorta (222). In
addition, the adventitial remodeling that occursriite is much more extensive than in
humans. It actually is very similar to the advealtithickening that occurs in 1AA.
Nevertheless, this mouse model replicated the nfaatures of aortic dissection

indicating its utility for studying vascular inflammation over a short time period.
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CYTOKINE AND CHEMOKINE SECRETION WERE POTENTIATED WITH ANG |1
INFUSION

Although the pathology that occurred was slightlffedent than that seen in
humans, the short-term infusion model gave us aakd¢ tool to study accelerated
vascular inflammation leading to aortic dissectiging Il is known to induce leukocyte
recruitment and expression of cytokines and cheneskiin aortas of experimental
models independent of its effects on constrictirigraes to increase blood pressure (223).
Of all the leukocytes that home to the aorta, maltages are recruited to the adventitia
and media of the suprarenal aorta where aneuryssrsbaerved as soon as 1 to 4 d after
Ang Il infusion in apol'—_" mice (124). In WT mice infused with Ang Il fords staining
for MOMA-2 revealed macrophage accumulation inddegentitia of the ascending aorta

and suprarenal aorta (Figure 9). In comparisomnstieated mice had far fewer

macrophages in their aortas if any were seen (Eigur

Figure 9. Macrophages in the aorta of mice. Rasred fluorescence was localized to
the tunica adventitia of aortas in Ang ll-treateden(left) and sham-treated
mice (right). Green is autofluorescence of meeliastic lamellae and blue
is DAPI. 20x.

Moreover, expression of IL-6 was predominantly seemhe adventitia of aortas from

treated mice, but not clearly noticeable in thaafrom sham-treated mice (Figure 10).
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Staining in the intima was also noticed, but did seem to be as uniform as in the

adventitia.

Figure 10. IL-6 in aorta of mice. Positive reddiesence was seen in the tunica
adventitia and less in the intima of Ang ll-treataite (left).
Representative section from sham-treated (rigldj. 2

In addition, staining for MCP-1 was clearly notibEaat the adventitial-medial border

and extending into the media, but did not appe&oum in the media. In the adventitia,

there seemed to be uniform staining throughout, ib@ppeared to be less intense,
suggesting a low level of expression in the turidaentitia (Figure 11). Since most of
the staining for IL-6 and MCP-1 were in the adveatand specifically at the adventitial-
medial border where adventitial fibroblasts normatside, it was hypothesized that
these cells could contribute to the cytokines/chdnmes expressed in vascular
inflammation. Staining for aortic adventitial fadlasts with an anti-fibroblast antibody
clone ER-TRY revealed that this antibody could detertic adventitial fibroblasts at the

adventitial-medial border in aortic sections fronam-treated mice (Figure 12).
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Figure 11. MCP-1 in the aorta of mice. Positied luorescence was seen mostly at the
adventitial-medial border and extending into thedimen Ang ll-treated
mice (left). Representative section from shamté@gright). 20x

Figure 12. Aortic adventitial fibroblasts in theraa of mice. Ao0AFs (red fluorescence)
can be seen at the adventitial-medial border itigecfrom sham-treated
mice (left). An increase in signal area was seesections from Ang IlI-
treated mice (right). 20x

In Ang llI-infused mice, there seemed to be morestg in the adventitia, suggesting

that an increase in fibroblasts may be respons$drlenost of the adventitial remodeling

seen with movats staining above. Proliferation atflerentiation of adventitial

fibroblasts into myofibroblasts have been showrotour in inflammatory abdominal
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aneurysm and contribute mostly to the adventitimkiening, which is called the “mantle
sign” on computed tomography scans (9).

Besides staining for IL-6 and MCP-1 to determiheirt location in aortic cross-
sections, aortas from the aortic root to the ilafurcation were explanted in culture
medium to measure the amount of these cytokinagteecafter 4 h. Multiplex ELISA
analysis was performed on the culture medium awmdaled that the medium of aortas
from sham-treated animalse=6) had an IL-6 concentration of 7,9943,528 pg/mL.
Medium of aortas from Ang lI-treated animals fordéhad an IL-6 concentration of
28,808+ 1,300 pg/mL 1(=7) while at 10 d of infusionnE7), the concentration was
25,745+ 2,232 (Figure 13). This represented an increédse6efold at 6 d and 3.2-fold
at 10 d.

Figure 13. Secreted aortic IL-6 levels
in culture medium
containing aortas from
sham- or Ang ll-infused

* mice after 6 d and 10 d.
*, P<0.05 vs. sham
treatment. Data are
expressed as mean

I SEM
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Simultaneously on the same samples used to melsa@rdMCP-1 levels were quantified
also. Medium containing aortas from sham-treatechals had a MCP-1 concentration of
293 £ 141 pg/mL. Medium from aortas from treated animiais 6 d had a MCP-1

concentration of 1,91& 174 pg/mL while at 10 d of infusion, the concetitna was
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2,011+ 440 pg/mL (Figure 14). This represented an irszes 6.5-fold at 6 d and 6.9-
fold at 10 d.

Figure 14. Secreted aortic
MCP-1 levels in

3 culture medium
containing aortas
from sham- or
Ang ll-infused
mice after6d
and 10 d. *P<
0.05 vs. sham
treatment. Data
|_}_1 , are expressed as
Sham 6d 104 meant SEM

MCP-1 (ngfmlL)
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Because IL-6 was the main focus of study, it wapartant to determine the
localization of IL-6 in aortas of humans with spdicatype A aortic dissection. Using
immunofluorescence, IL-6 was detected mainly intthieca adventitia of diseased aortas
also (Figure 15). Little to no staining for IL-6aw detected in stable ascending
aneurysms or normal control samples. This confittmesfinding in the Ang Il-infusion
mouse model and supports its use as a good modéldy the role of IL-6 in vascular
inflammation leading to aortic dissection.

In summary, 6 d of Ang Il infusion into aged WT aai produced the main
features of aortic dissection including a visiblEntatoma in the aorta, dissection of the
layers of the aorta creating a false lumen that mamcates with the true lumen,
adventitial remodeling, and vascular inflammati@pecifically, macrophage recruitment
was predominantly in the adventitia along with ILN6CP-1, and adventitial fibroblasts.
However, the biggest difference between this madel aortic dissection in humans was

that all three layers of the aorta were dissectstbad of just the intima and media and
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Adventitia

Figure 15. IL-6 in human type A aortic dissectibaft panels show staining for IL-6 in
the adventitia (A) as seen with red substrate (&oypl) red fluorescence
(bottom). Right panels the intima (I) and medig.(RDx

the resulting false lumen was in the adventitia aotl the media. In spite of these

discrepancies, this mouse model can still be usestudy the role of Ang Il in aortic

dissection, which has been implicated in humanistu.6;63). Furthermore, this model

can also be valuable in studying the contributibrrydokines and major cell types like

macrophages in vascular inflammation and disease.
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Chapter 3: Aortic Macrophages

The hypothesis we are pursuing in this thesis a #ortic macrophages play a
pivotal role in initiating, promoting, and sustaigi vascular inflammation. Previous
studies have been incomplete using simple detewtithone marker or morphology for
identitifcation. In addition, proper immunohist@erhical analysis requires that many thin
tissue sections be analyzed because of regionatrdgeneity in  macrophage
accumulation. For a typical mouse aorta from ta to the iliac bifurcation, which is
approximately 50,00Qum in length, 8,333-10,000 sections at pu@é thickness would
have to be studied to fully know what is occurringhe entire aorta. Typically a small
portion of the aorta is actually studied becauseethis only a certain region of interest,
some samples are lost during sectioning, or théiosscare divided among several
experiments for multiple end-points. Thus, thimiled analysis or regional bias can
overestimate or totally miss important informatid@ading to type | or type Il errors.
The person (s) performing the analysis of secticas unintentionally introduce
observational bias. Moreover, it is sometimes Hardthat person to judge between a
positive or negative event because results from unohistochemical or histological
staining are not usually obvious, but “gray”, makiany quantification difficult and
observer-specific. Along with the fact that onlyrepresentative section that clearly
supports the point of argument is presented byaasitin publications, there can be
substantial bias introduced when using immunohistogstry or histology. Although
targets of interest can be counted and normalizedda/volume of aortic tissue to make
immunohistochemistry “quantitative”, there has ®the assumption that every section
of tissue was analyzed and that is usually not ¢hse. These shortcomings of
immunohistochemistry and histology make resultditpiave at best.
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Some studies have also utilized non-aortic macrgghasuch as peritoneal
macrophages as a model to determine the effedraius treatments with cardiovascular
significance and extrapolate these findings to w@ltages in the aorta or coronary
arteries, where the diseases manifest (197). MWeH known that macrophages in
different tissue function differently and are oftgiven a distinct name (224). For
example, peritoneal macrophages have a specifikandnat tells them to home to the
peritoneum while Kupffer cells go to the liver. rthermore, characterization of aortic
macrophages based on several parameters and hssvfdatures collectively contribute
to cardiovascular diseases and vascular inflammdims not been attempted. Along
these lines, there have been no direct studiesoandortic macrophages change with
treatment over time.

In Chapter three, an aortic digestion techniqudizitg a combination of
collagenase and elastase is described that allowssélation of intact, single-cell,
macrophages for direct study using flow cytomefifis method has proven to be useful
for the study of changes to multiple surface oracellular antigens apart of cellular
signaling events, which infer signaling pathwayiation. It also overcomes the
disadvantages mentioned above for immunohistochsniy allowing for a complete
picture of activities occurring throughout the aognd providing results that can be

presented in a quantitative, unbiased manner.

IDENTIFICATION OF AORTIC MACROPHAGES

Macrophages are derived from peripheral blood mgtesc (225). Once
monocytes leave the blood stream and enter tissaesells become macrophages (225).
Macrophages and monocytes express many surfacanmat common so distinguishing
these two cell types based on the presence or ebsd#nthose markers is impossible.

There are generic markers for tissue macrophagdsasuF4/80, but the actual identity of
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the proteins, their functions, and roles in vascillammation are unknown. Thus, they
can only provide info on the presence of macroptagel nothing more. Although some
surface proteins such as scavenger receptors aBé @@ known to be upregulated on
macrophages and have been used to distinguish iyt@soitom macrophages, they are
only relevant to environments of hyperlipidemia aoxidized lipids in humans and
experimental animal with atherosclerosis. Theipression independent of these
environments is not likely and so would be irrel@vio pure aneurysm formation and
aortic dissection. Therefore, it was necessarymtnitor how markers change in
expression as monocytes differentiate into macrgphaand use generic markers to
confirm differentiation to macrophages along withe ttechnical definition that all
monocytes homing into tissue are macrophages. COMD41b, and F4/80 were used to
detect aortic macrophages.

Since all monocytes and macrophages express CDD44 Gvas used to first
distinguish aortic macrophages from the other celténprising the aorta, mainly
endothelial cells, smooth muscle cells, and adtiehtfibroblasts, which all do not
express CD14. As seen in Figure 16, there aredistinct populations in the SSC-A
(side scatter- infers cell cytoplasmic charactes$tvs. CD14 zebra plot (which displays
a mix of contour and cellular density information)lhis CD14 positive population
represented only 0.72 % of all cells in the aofais positive population is confirmed in
the histogram as determined by comparison to thtgps control.

The gated CD1%population was viewed on a CD11b vs. CD14 zebaphyr
(Figure 17). There were two populations seen, @B@14CD11b and one
CD14'CD116. The CD14CD11b population was confirmed to be CDIldmmpared

to isotype control staining (Figure 17).

48



100

256K -

a0 -
192K -

60

S8C-A
% of Max

40 -

Gk

Figure 16. CD14cells in the aorta. CD14 cells are gated (lefix)b Histogram
confirming CD14 positive population (red curve)casnpared to isotype
control (right).
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Figure 17. CD14CD11b and CD14CD11b cell populations. Left, CDT4ells were
found to be positive (larger box) and negativeG@11b (smaller box).
CD11b positive cells were confirmed to be positiveomparison to isotype
control, right histogram.

49



Staining for F4/80 was used to confirm that CBQB11b" cells were macrophages. The

double positive population was also positive fof8®4as seen in Figure 18.
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Figure 18. CD14CD11b cells are F4/80 positive macrophages. The CODA1b
population was view in the F4/80 vs. CD11b zebeplr left, and the
histogram confirmed that the population was positoar F4/80, right.
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Figure 19. CD14CD115b cells are not macrophages. The Chl211b population was
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viewed in the F4/80 vs. CD11b zebra graph, left, #ue histogram
confirmed the population was negative for F4/8ghti
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The CD14CD11b cells were F4/80 negative, suggesting that theynat macrophages
(Figure 19).

The CD14CD11bF4/80 population was backgated to find the location of
macrophages in a FSC-H (forward scatter- inferssiet) vs. SSC-A plot as seen by red
contour circles outlining the triple positive maghages (Figure 20).
Immunofluorescence staining for CD11b showed thesgmce of macrophages in the
tunica adventitia, similar to the MOMA-2 stainingrfmacrophages in Figure 9. This
CD14'CD11bF4/80 gate was used for all subsequent aortic digestmnples to locate

aortic macrophages for analysis.
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Figure 20. Backgating of CDI@D116'F4/80 cells to determine the gate for
macrophages. The triple positive cells in figuBawlere backgated using
FlowJo to locate the macrophage population in a-ASG. SSA-A plot,
left. Contour plotting in red shows the macrophpgpulation. The CD11b
macrophages (red) were localized to the adverjtismmunofluorescence,

right.
There are several pieces of evidence that strasghport aortic CD14D116
cells as aortic macrophages. First, these celipasitive for a pan-macrophage marker

in mice, F4/80. Second, the position of this papah in a FSC vs. SSC plot has been
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shown to be the same position where monocytes/iphages are located in humans and
mice (226;227). In comparison to other major leajkes, monocytes/macrophages have
a greater FSC and SSC than lymphocytes, but aasimdgree of FSC as neutrophils;
however, neutrophils have a greater SSC due tauheerous granules in their cytoplasm
(226). Third, surface expression of CD14 is foumdmarily on monocytes and
macrophages at high levels (228-230). A smallipormf neutrophils can express CD14,
but they express it at low levels on the plasma brane and most of the CD14 proteins
are actually contained intracellularly in azurophilgranules, not on the surface
(227;230). In general, neutrophils are classicatipsidered to be CD14ells (231).
Although mRNA for CD14 has been detected in a wareé extramyeloid cells such as
epithelial cells byn situ hybridization, it is only clearly observable afsgimulation with
LPS; furthermore, the surface expression of CDldtgimms on those cells was not
detected (228). Fourth, high expression of CDElprimarily found consistently on the
surfaces of monocytes and macrophages and not lathleocytes in peripheral blood,
spleen, and bone marrow of mice (232). Other leyles like neutrophils can express
CD11b also, but monocytes and macrophages are dji@ ones (233-235). Moreover,
CD11b is highly accepted as an established mamkemladtivation of monocytes and
macrophages (236). Thus, based on the detectiéd/8D, FSC and SSC characteristics
with flow cytometry, and the fact that these celle positive for both CD14 and CD11b,
it is reasonable to conclude that the cells ideatihere are macrophages in the aorta.
Figure 21 shows the presence of the double posiiaerophage population that is also
positive for F4/80. There is also a CDAB11b population that is not positive for
F4/80. The identity of that cell population is na@town, but the cells are certainly not

mature macrophages. They might be neutrophils.
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AORTIC MACROPHAGESIN SHAM- AND ANG | I-TREATED WILD-TYPE MICE

Using the optimized parameters for aortic digeshod gating described above,
aortic macrophages from sham- and Ang ll-treategemiith and without aortic
dissection were analyzed. In sham-treated aomas (15), CD14CD11bF4/80
macrophages composed 0#46.08 % (or 1,84@ 314 macrophages) of all cells from the
aorta obtained after digestion (Appendix B, Table Figure 21 shows a contour graph
of aortic macrophages from a sham-treated moudee diadrants in Figure 21 were

based on isotype control staining and kept congigtesubsequent figures.

cD14
F4/80
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Figure 21. Aortic macrophages from a sham-treatedse. CD14CD116" macrophages
(left) are also F4/80 positive (right).

Figure 22 shows a contour graph of macrophages &omouse infused with Ang Il. The

macrophage population has increased to composet204385 % of all cells in the aorta

(or 9,750+ 2,218 cellsn = 11) and CD14 and CD11b expression levels arbehig

Figure 23 shows a contour graph of macrophages fotreated mouse with aortic

dissection. 31.8% 2.39 % of all aortic cells are macrophages (or,427+ 9,575 cells,

n=4).
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Figure 22. Aortic macrophages from an Ang ll-teghinouse. CDI€D11b
macrophages (left) are also F4/80 positive (right).

Surface expressions of CD14 and CD11b on theseopiagges are even greater than on

macrophages from a mouse that did not developcadigsection. Interestingly, these

macrophages are F4/80 negative. Although this seayn unexpected, it is supported by

previous studies that show that activated macrogdhdgse expression of F4/80 (237-

239).

cD14
F4/80

Figure 23. Aortic macrophages from an aortic disea. CD14CD116" macrophages
(left) are not F4/80 positive (right).
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Figure 24. Peripheral blood monocytes. COtla11b" monocytes (left) are not F4/80
positive (right). Quadrants are based on isotyperots using peripheral
blood samples.

Although the cells found in aortic dissections ad express F4/80, they are most
likely not resting monocytes for several reasonsm@ared to macrophages, peripheral
blood monocytes do not express such high levelSf4 or CD11b (Figure 24). The
level of surface CD14 is much lower on monocyteantthe macrophages from aortic
dissections and produces a clearly distinct histog(Figure 25A). The level of surface
CD11b expression on monocytes was also less thamoptaages from dissection, but
there was some overlap as seen by histogram (Fig@5®). In addition, the
CD14°CD11b cells from aortic dissections were digested frantia tissue and did not
come from peripheral blood since PBS was infusatiesyically to flush out blood. Any
dead monocytes trapped in the hematoma of aorgediions were removed with the
washing steps during antibody staining and alsoewstcluded based on low FSC

properties. Therefore, these cells are most likisBue macrophages.
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Figure 25. Peripheral blood monocytes comparedaoraphages from aortic dissection.
Monocytes (blue) have much less surface CD14 (@eft) surface CD11b

(right) than macrophages (red).

Of the aortic macrophages from the three groups;rophages isolated from
aortic dissection express the highest level of CBxid CD11b (red curves in Figure 26A
and 26B). Those from Ang lI-treated animals withalissection had similar CD14
surface expression to macrophages from dissectimrigheir expression of CD11b was
noticeably less (green curves in Figure 26A and)2@Besident aortic macrophages from
sham-treated animals had the lowest level of CDidl @D11b (blue curves in Figure
26A and 26B). In terms of F4/80, aortic macroplsafyjem sham- and Ang ll-treated
animals were positive for this marker, but thosenfrdissections were negative or
expressed it at low levels (Figure 26C).

Since MCP-1 levels increased with Ang Il treatméRigure 14), the aortic
macrophages were stained for CCR2, the receptdiG#H-1, to determine whether MCP-
1 could be contributing to the recruitment of moytes to the aorta. Staining with an
antibody against CCR2 revealed that resident aarticrophages in sham-treated mice
and the macrophages recruited with Ang Il treatnveste CCR2 (Figure 27). Thus,
aortic macrophages in sham- and Ang ll-infused mieee CD14CD116F4/80CCRZ.
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Figure 26. Comparison of expression levels ofeser CD14, CD11b, and F4/80 on
aortic macrophages from sham-treated (blue) andlAtngated mice
(green) and mice with Ang ll-induced aortic disgacired)

57



Sham

Macrophages

CCR2t

Figure 27. Aortic macrophages are CCRZD14'CD11b' macrophages were identified
in sham-infused (top left) and Ang ll-infused m{tep right) and gated
(Mac. gate). Those gated macrophages appeared/pder CCR2 (red
dots) in sham-treated (bottom left) and Ang ll-teesbmice (bottom right).
Quadrants were determined by isotype controls.

In summary, a method of digesting the aorta wasld@ed based on elastase and
collagenase enzymes that allowed for the detectind characterization of aortic
macrophages. This is the first report of usinghstechnique to directly quantify and
characterize aortic macrophages on several paresnetduding CD14, CD11b, F4/80,
and CCR2. This technique gives the advantagesooftoring changes in the expression

of relevant surface markers with treatment andadiseand of changes that occur as

monocytes differentiate into macrophages. Thesatsvgive valuable insight into the
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initiation and progression of vascular inflammatiand aortic dissection. Using the
technique, a significant increase in number of CIEDBH1L5 macrophages were
observed with Ang Il treatment, with the most s@emortic dissections. In addition,
there was a trend towards increased expressiorlbfwface CD14 and CD11b with
treatment and disease. That suggests that theasein CD11b may be contributing to
the ability of the macrophages to bind and migrate the aorta and throughout aortic
tissue. The modest increase in CD14 might alsdriborte to these processes because it
has been shown that ligand binding to this protean facilitate the ability of
monocytes/macrophages to attach to substrate (28@)reover, the loss of F4/80 on
macrophages in aortas with dissection was unexgpediat the phenomenon was
supported by literature showing that F4/80 is degnitated in activated macrophages
vivo (237;238). This finding clearly demonstrates ddity of this technique to isolate
and characterize aortic macrophages and understamdhey change with treatment and
disease status. In addition, the increase in aon@crophage number with Ang I
infusion was most likely due to monocyte recruittnéiem peripheral blood into the
aorta by MCP-1 since the macrophages were posiivehe MCP-1 receptor and aortic
MCP-1 was demonstrated to increase by 6.5-fold wéhtment as described in Chapter
2. Taken together, we conclude that aortic maagph are contributing significantly to
Ang ll-induced vascular inflammation and most likgdlay a role leading to aortic

dissection.
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Chapter 4: Role of CCR2" Monocytes/M acrophagesin Potentiating
Vascular Inflammation and Aortic Dissection

The large increase in macrophages in aortas of Iktrgated animals suggests
that these cells may significantly contribute togAirinduced inflammation and aortic
dissection, but their role has not been clearlynéated. Whether they are involved in
inducing or potentiating the increases in cytokidescribed in Chapter 2 or in causing
aortic dissection remains to be elucidated. Kngwire answers to these unknowns will
shed valuable light into better understanding hascular inflammation comes about in
this model and can possibly be generalized to tbegss that occurs in cardiovascular
diseases in humans.

The best way to study the role of macrophages isis® a model in which
macrophages are selectively depleted while othemdiions remain unaffected.
Although this is not currently possible, at thereat time, the closest option is the CCR2
" mouse model that has been used to study moncaytemacrophages in cardiovascular
diseases. These mice lack the receptor for MCRdlcannot respond to this chemokine
(160;161). Moreover, this model has significantBduced numbers of circulating
monocytes in peripheral blood, which leads to fewercrophages present in areas of
inflammation (160;161). This reduction has beepdtlgesized to be due to the important
role that MCP-1 plays in monocyte migration fromnbomarrow to blood. The few
monocytes that are circulating do not express CCR@iever, many published findings
using this model cannot be totally attributed sfealy to the lack of response to MCP-1
by monocytes. Decreased recruitment of T-lymphesyB-lymphocytes, Natural Killer
cells (NK cells), dendritic cells, and others arxpexrted to play a factor in the results

also. An excellent way to overcome this confougdarctor(s) would be to restore a pure
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population of a single cell type into this knockaubuse and observe the effects of
changing this one defined parameter. Of interest wvould be the transfer of cciR2
monocytes (also known as WT monocytes) into CERfice. This is relevant because
macrophages recruited to the aorta express thept@cin WT mice and because aortic
MCP-1 is highly induced by Ang Il. Since there aceendogenous cells to compete with
the adoptive cells, the role of CCR@sitive monocytes and macrophages can be directly
studied. The results obtained can be directlyibatied to the transferred monocytes
when compared to the knockout background withoubptide transfer. Another
advantage is that this approach can allow for theeovations of events that would not
normally occur in this knockout background, anddirtracking of the adoptive CCR2
monocytes can be performed. In this chapter,éBpanses to Ang Il treatment in CCR2

" mice are first characterized and then adoptivasfex experiments are presented to

demonstrate the role of CCRPonocytes and macrophages in vascular inflammation

and aortic dissection formation.

CCR2" MICE DEVELOP BLUNTED RESPONSES TO ANG || TREATMENT

Previously, it has been shown that compared to IAtrgated CCRZ" mice, Ang
Il infusion into dyslipidemic CCR2 mice lead to reduced atherosclerotic lesion area i
the aorta and decreased incidence of abdominaicaaneurysm (10 %) along with
blunted vascular remodeling (127;164). Bone martransplant studies have shown that
transfer of bone marrow from CCR2mice into apoE mice reduces atherosclerotic
lesion area, but not after lesions were alreadgbished (159). Therefore, it seems that
CCRZ leukocytes accelerate the initiation of vasculaflammation leading to
atherosclerosis and aneurysms, but these cellsnoialge necessary for maintenance of
those diseases. Moreover, CCRice also develop reduced adventitial remodeling

compared to WT mice in response to Ang Il. Therelecreased fibrosis of the tunica
61



adventitia and significantly fewer macrophages @mésin the aortic wall (127).
However, all of these studies cannot prove that £QRonocytes are solely responsible
for these events and their role in Ang ll-inducedia dissection is not known.

In response to a short-term, high-dose infusiomog [, CCR2" mice do not
secrete the same level of aortic cytokines as W8er(frigure 28). Measurement of I1L-6
secreted from explanted aortas of treated CCB2owed a concentration of 12,917
2,088 pg/mL §=7) in incubation medium while medium from sham-tread@dmals had
a concentration of 6,328 1,618 (=6) (Figure 28). Although the 2-fold increase with
treatment was statistically significant comparedham-treatmenB<0.02, this level was
well less than that observed for Ang ll-treated WiCe (IL-6 concentration of 28,8G8

1,300 pg/mL), which was more than 2-fold greater.

Figure 28. Secreted aortic IL-6 levels in
culture medium containing

; * aortas from sham- or Ang
i | I ll-infused CCRZ™ mice
] l : after 6 d. *,P<0.02 vs.
sham-treatment. Data are

expressed as meaSEM

T1.-6 (ng/mL)
o =

e

Sham AngTl

Measurement of MCP-1 secreted from explanted aoftagated CCR2 showed
a concentration of 90Z 210 pg/mLin incubation medium while medium from sham-
treated animals had a concentration of 38069, Figure 29. Although the increase with
treatment was statistically significant comparedham-treatmenf<0.05, this level was
well less than that observed for WT mice (MCP-1amoriration of 1,918 174 pg/mL)
which was more than 2-fold greater.
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Figure 29. Secreted aortic MCP-1
* levels in culture medium
containing aortas from
sham- or Ang ll-infused
CCR2" mice after 6 d. *,
P<0.05 vs. sham-
treatment. Data are
expressed as mean
SEM
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The amount of macrophages in the aorta was quechtifsing the aortic digestion
technique described above (Chapter 3). CODU1bF4/80 aortic macrophages in
sham-treated mice were identified using flow cytoméFigure 30). Figure 31 shows a
representative flow cytometry graph of aortic mpbages from an Ang ll-treated

mouse.
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Figure 30. Aortic macrophages from sham-treate®Z0mice. CD14CD116
macrophages were identified (left) and confirmetded=4/80 (right)

63



cD14
Fa/80

10 103 10 10 10 1[.'l3 10 10
CD11b CD11b

Figure 31. Aortic macrophages from Ang Il-infuse@R2" mice. CD14CD11K
macrophages were identified (left) and confirmeted=4/80 (right)

There were 2,626 106 CD14CD116 aortic macrophagesn£7) in Ang II-
treated mice while the aortas from sham-treatec had 942 102 macrophages+7),
appendix B, Table 1. Although there was a 2.8-foldrease in the number of
macrophages, it was still well less than the 5l8-facrease seen in treated WT mice
without dissection and less than the 69-fold inseegeen in WTs with dissection.
Moreover, the percentage of cells that were ma@ages in the aorta was less compared
to WT animals in both the sham-treated and tregtedips (0.24+ 0.03 % in sham-
treated CCR? aorta vs. 0.4& 0.08 % in sham-treated WT aorta and 0+66.03 % in
treated CCRZ aorta vs. 2.44- 0.55 % in treated WT aorta without dissection)eTh
numbers of resident aortic macrophages in CCRfice were significantly fewer than
resident aortic macrophages in WT mide<@.006), and the numbers of recruited
macrophages in treated aortas were significantBs lalso P<0.004). Although
immunohistochemistry on aortic cross sections sipgna short length of aorta have

shown reduced macrophage recruitment in CCR@ice, this is the first report of
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systematic quantitation of aortic macrophages ftbe entire aorta. In addition, no

dissections were observed in CCRRfused with Ang Il after 6 d.

+/+

ADOPTIVE TRANSFER OF CCR2"" MONOCYTES RESTORED VASCULAR
INFLAMMATION AND AORTIC DISSECTION

Since CCRZ mice lack CCR2 monocytes, have reduced numbers of
macrophages, and based on the fact that macrophagésown to play an integral role
in vascular inflammation and cardiovascular diseasee hypothesized that adoptive
transfer of CCRZ" monocytes into CCR2mice could rescue the cytokine induction and
aortic dissection to levels observed in WT mic@reviously, it has been shown that Ang
Il treatment of irradiated WT mice receiving bonarmow of CCRZ mice produces
blunted vascular inflammation and remodeling, ssmiio Ang Il-treatment of CCR?2
mice (127). Although that study claimed that mones/macrophages were the critical
cells inducing vascular inflammation and remodelitigere was insufficient data to
support this conclusion. The technique used dao¢saliow for studying the role of a
single cell type. Only a correlation between thekl of CCR2 monocytes/decreased
presence of macrophages in aortic tissue and timgdal effects to Ang Il treatment could
be made from the previous work. Other cell typesiag from the bone marrow that
expresses CCR2 can be playing a role in vasculiammation and cannot be ruled out
with  bone marrow transplant experiments. Thus, thele of CCR2
monocytes/macrophages in contributing to the feiponses to Ang Il remains to be
proven. To do so, we performed adoptive transfeE®RZ"* monocytes into CCR2
mice was performed.

Monocytes were isolated from peripheral blood ot&diby heart puncture from
WT C57BL/6J mice. Approximately 0.7-1.0 mL of btbavas obtained per mouse with

an average of 0.8 mL per mouse. Blood was collett® sterile EDTA coated tubes
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chilled on ice. Red blood cells (RBCs) were lypedr to isolation of monocytes using a
negative selection process where monocytes werdigguibased on exclusion from
antibody binding. This method was chosen to keepouytes in the inactive state and to
prevent antibody masking of antigens of intereltis procedure was performed using a
custom murine monocyte isolation kit from StemCBdchnologies according to the
manufacturer’s protocol. Briefly, the antibody ktal included antibodies against CD2,
CD5, CD45R, and F4/80 and bound to cells in perghielood except for monocytes.
The antibodies were then tagged with dense pastarieating a complex of cell-antibody-
dense patrticle that could be separated based gneiéder density compared to untagged
monocytes with a separation medium. The average yias approximately 234,000
monocytes per mL of blood, and 1.5%fonocytes were planned for injection into each
recipient mouse; this number has been reporte@ io the physiological range for mice
(241). Therefore, eight WT mice were sacrificedhtyvest the appropriate amount of
blood to give enough monocytes to inject into e@ER2" mouse. Analysis using flow
cytometry showed that >95 % of the cells isolategtenpositive for CD14 (not shown).
After isolation, the cells were doubled-labeledhMiR800, an infrared dye that emits
signal at 800 nm and PKH26, a dye fluorescing sirtyilto Texas Red. The DIR800
label allows for detection of the adoptive monosytevivo with imaging on the LI-COR
Odyssey machine while the PKH26 allows for detectib the same monocytes in thin
tissue sections by fluorescence microscopy usimgodamine filter (Figure 32). The
main purpose of labeling these cells was to detemihether CCRZ monocytes

homed to the aorta where vascular inflammationamrtic dissections are observed.
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Figure 32. DIR800 and PKH26 labeled monocytes. mMéhocytes were labeled with
DiR800 and detected on the LI-COR Odyssey in ti@&rg@ channel (left-
green cells). The same cells were labeled with P&bihd detected by
fluorescence microscopy (right-red cells at 20x ni&gation).

Injections of the labeled monocytes were performeéaltail veins on day six after
infusion with Ang Il or saline for sham-treated mails, and the animals were sacrificed
at day ten, allowing four days for the monocytesitoulate. The mice were imaged with
the LI-COR Odyssey while anesthetized, and subseye¢he hearts and aortas were
harvested after perfusion with PBS to flush outdland imaged. Representative images
of treated and non-treated mice injected with ladd@honocytes are shown in Figure 33.

As seen in Figure 33, LI-COR imaging allowed fotailed visualization of the
entire mouse body on the ventral and dorsal sittegyawith the location of the injected
monocytes. Images of the backs clearly show ting, é@ad, body, hind feet, and tail.
On the ventral side, the nose, mouth, front featlsathorax, abdomen, and tail can be
seen. The green color shows the location of adeptransferred monocytes
predominantly in the spleen as seen on the dorsumhim the liver as seen on the
ventrum. Organ localization was confirmed by remgvabdominal contents (Figure

34). Green can also be seen in the tail, wherentieocytes were injected.
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Dorsum Ventrum

Figure 33. LI-COR imaging of CCR2mice injected with DiR800-labeled WT
monocytes. Shame-infused (top) and Ang ll-infusedenfbottom) were
imaged from the back (dorsum) and front (ventru@)een color shows
location of monocytes. Red color is tissue autwfgcence at 700 nm.
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In addition, it can be seen at the mid-scapulaision where the osmotic pumps were
inserted subcutaneously to deliver Ang Il or salné at the ears along the edges where
punches were placed for identification. The redbic seen in Figure 33 is tissue
autofluorescence at 700 nm. The main organs wiihautofluorescence are those of the

gastrointestinal tract, specifically the stomact aalon (Figure 34).

Figure 34.Ex vivoimaging of abdominal
contents on LI-COR
Odyssey. Organs of the Gl
tract were removed intact and
imaged at 700 nm (Red) and
800 nm (Green)
simultaneously. The liver
(L), stomach (St), spleen
(Sp), and colon (C) are
identified. Green color shows
the location of DiIR800
labeled monocytes and can
be seen in the liver and
spleen. Red color shows
autofluorescence of the
stomach and colon.

As stated above, the main purpose of labeling CER®0nocytes was to
visualize their homing to the aorta. Since imagnfighe entire animal on the LI-COR
Odyssey did not produce enough resolution to detextheart and aorta, these organs
were removed foex vivoimaging (Figure 35). Imaging of the heats andasoshowed

two hot spots for CCRZ monocyte recruitment in Ang ll-treated mice. Thest is at
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the aortic root and ascending aorta (seen in 5¢&nand the second is at the suprarenal
aorta, immediately above the branching of the ran@ries (seen in 6/7 mice). 4/7 mice
had homing of CCR? monocytes into both regions. These are also #éneesareas
where aortic dissections have been observed inntbisse model. Interestingly, it was

observed that CCR2 monocytes were detected predominantly in the iiefral aorta,

below the renal arteries.

CCR2"* monocytes injected

Sham

Ang Il

Figure 35. Imaging of DiR800-labeled CCRnonocytes in the aorta of CCRnice.
DiR800 labeled monocytes are seen in green. lasafom sham-treated
mice, homing was seen to the infrarenal regiorhefaorta (top), while in
Ang |l treated aortas, homing was seen predomipamtivo hot spots. One
hot spot was seen in the suprarenal aorta, imnedgiabove the branching
of the renal arteries (bottom left and middle) &melsecond hot spot was
seen in the aortic root/ascending aorta regiort¢boteft and middle)

As a control for this adoptive transfer experimengnocytes form CCR2 mice were
isolated and injected into CCRZecipient mice. This served as a good comparison

show the specificity of CCRZ monocyte homing to the aorta and as control fer th

adoptive transfer process to ensure that the fgsdobserved are not due to an artifact of
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injection or introduction of 1.5xf0cells into circulation. CCR2 monocytes did not
home to the same hot spots seen with C+CRﬂonocwes in treated mice; however, they

were seen in the infrarenal aorta of both sham-Aearglli-treated mice (Figure 36).

Figure 36. Imaging of DiIR800-
CCR2’" monocytes injected labeled CCR?
monocytes in the
aorta of CCRZ
mice. CCRZ
monocytes were
harvested from
CCR2" mice and
injected into CCR?
recipients with and
without Ang Il
treatment (bottom
and top,
respectively). Green
color shows location
of monocytes.

Sham

Ang I1

The aortas were explanted into incubation mediumrfeasurement of IL-6 and
MCP-1 secreted from the aortas. The concentratibriL-6 in incubation media
containing aortas from non-treated mice receivi@R2"~ monocytes was 7,096 2,310
pg/mL (h=5), and it was 7,06& 2,176 pg/mL 1(=5) in media containing aortas from
non-treated mice receiving CCR2monocytes (Figure 37). Although the averages were
slightly higher than that reported above for shasated CCRZ mice in Figure 28, the
differences were not statistically significam=0.40 for both compared to sham-treated

CCRZ2" alone). Similarly, the concentration of MCP-1 irciibation media containing
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aortas from non-treated mice receiving CCR2onocytes was 338 72 pg/mL, and it
was 314+ 96 pg/mL in media containing aortas from non-eedanice receiving CCR2
monocytes. These values are not statisticallyifsignt from that reported for sham-
treated CCRZ mice in Figure 28F=0.40 for both compared to sham-treated CCR2
alone). Moreover, with Ang Il infusion in mice meing CCRZ" monocytes, the
concentration of aortic IL-6 and MCP-1 were 14,84B558 pg/mL and 648 58 pg/mL
(n=6), respectively. These levels were significamareases of 2.1-fold for IL-6 and 1.9-
fold for MCP-1 compared to non-treated mice recgjvhative monocytesPE0.01 for
IL-6 and P=0.006 for MCP-1). As expected, they were notigiaglly significant
compared to the levels reported in Figures 28 éhdoR Ang ll-treated CCR2 mice
(P=0.26 IL-6 andP=0.14 for MCP-1) and were not close to the conegiains obtained
from the aortas of WT mice. Interestingly, adopttvansfer of CCR?" monocytes into
CCRZ" mice infused with Ang Il restored the WT secretgohpenotype. The
concentration of IL-6 was 26,2326,098 pg/mL (=6) and that was significantly greater
(by 1.8-fold) than the concentration of aortic ILf®@m Ang ll-infused mice receiving
CCRZ2" monocytes B<0.05). Likewise, the concentration of MCP-1 wal62 + 857
pg/mL and that was significantly greater (by 4.8fahan the concentration of MCP-1
from Ang ll-infused mice receiving CCR2monocytes R<0.03). These values were
similar to those obtained for Ang lI-treated WT mias reported in Figures 13 and 14
and were not statistically different in comparig®+0.33 for IL-6 andP=0.16 for MCP-
1); however, the fold increase in MCP-1 was muckatgr between treated and non-
treated CCRZ mice receiving CCR? monocytes (9.1-fold) than the 6.5-fold increase
seen in WT mice reported above. Although thesesoreanents show that IL-6 and
MCP-1 are being induced in response to Ang Il & phesence of WT monocytes, it is
unclear where these cytokines are being produc#tkiaorta.
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Figure 37. Secreted aortic IL-6 and MCP-1 levatsrifradoptive transfer experiments.
CCRZ" or CCR2" monocytes were injected into CCREecipients with or
without Ang Il infusion. Aortas were harvestedaay 4 post-injection and
incubated in culture medium. P<0.05 between sham-treated and treated
mice receiving CCR2 monocytes. *P<0.05 between sham-treated and
treated mice receiving CCR2monocytes and between treated mice
receiving CCRZ* monocytes and treated mice receiving CER2
monocytes.

Immunofluorescence analysis of cross sections efatbrtas from CCR2 mice
receiving CCRY" monocytes revealed that the IL-6 and MCP-1 wasigrenantly
localized to the adventitia or adventitia-mediadsor respectively (Figure 38). IL-6 was
detected in the intima also. Moreover, MCP-1 weensn some regions of the media and
faintly in the adventitia. The adoptively transézt WT macrophages were identified in
cross sections without additional staining becanfsthe PKH26 dye labeling prior to
injection. Since aortic tissue does not have naetfluoresce, any red signal detected

without additional staining had to be from the PKH&beled monocytes/macrophages.

73



Figure 38. Staining for IL-6, MCP-1, and AoAF imetascending aorta of Ang lI-treated
CCR2-/- mice injected with WT monocytes. IL-6 (yedas detected
primarily in the tunica adventitia (top left) whiMCP-1 (red) was detected
in the adventitia-media border and media (top )igltoAFs (red) were
localized to the adventitia (bottom).

The macrophages seem to be invading into mediardimia from the adventitia on the

left and right of a tear through the media, FigB8e A possible source producing the

majority of IL-6 could be the adventitial fibrobtassince staining for AOAF overlaps the
same region where IL-6 was detected. In additioa,MCP-1 could be coming from the

CCRZ" macrophages recruited to the aorta since staifingCP-1 overlapped the

same region where macrophages were detected. Totessvations could not be
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confirmed because the green autofluorescence nfostlythe elastic lamellae prevented

the use of green and red for co-localization studie

Figure 39. WT macrophages in the ascending abAag II-treated CCRZ mice. WT
PKH26-labeled macrophages (red) were identifiethénadventitia, media,
and intima (top left) and confirmed to be cellshwituclei by DAPI staining
(top right). Image of the adjacent area of theesagction from the right
(bottom)

Adoptive transfer of WT monocytes increased theédeece of aortic dissection.
A total 4/7 of CCRZ mice receiving CCR?" monocytes and Ang Il infusion developed
aortic dissection while no dissections (0/5) welsearyved in treated mice receiving

CCRZ2" monocytes, Figure 40. In addition, although ngsections were seen by day 6

of treatment in CCR2 mice, it was later found that the incidence oftiaadissection in
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CCR2" mice infused with Ang Il for 10 d was actually %5(2/13). Adoptive transfer of
CCRZ™ monocytes into this background increased this eme to 57 % on day 10.

This incidence rate is also higher than the inaeent 35 % seen in WT mice.

Figure 40. Aorta of CCR2mice
receiving WT
monocytes. Non-
treated mice did not
develop aortic
dissection (top) while
57 % of the mice
treated with Ang Il
developed aortic
dissection as seen by
the hematoma in aortic
tissue.

In summary, CCR2 mice did not develop the same level of responsés Mg
Il treatment, but adoptive transfer of CCﬁZ"nonocytes into this background restored
WT phenotype of secretion and aneurysm and dissectiThe induction of aortic IL-6
and MCP-1 was significantly reduced and was asttiaith very low recruitment of
aortic macrophages compared to WT mice. Moredihese mice did not develop aortic

dissection by 6 d of Ang Il infusion like WT anirsal CCR2™* monocytes adoptively
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transferred into these knockout mice were seepécically home to areas where aortic
dissections have been observe in the WT aortassponse to Ang Il and to the infrarenal
aorta in sham-treated mice. After 4 d of injectisil monocytes caused a potentiation
of aortic IL-6 and MCP-1 to levels seen in WT min&ised with Ang Il over 6 to 10 d
and aortic dissection at an incidence of 57 %, tisceven greater than that seen in WT
mice. Adoptive transfer of CCR2monocytes did not produce the same effects, big ga
results equivalent to sham-treated and treated CORRe alone. The injected WT
macrophages were seen to invade into the layetiseodorta from the tunica adventitia
toward tears in the intima and media in cross eectf aortic tissue. Based on
knowledge that macrophages are capable of prodymioteolytic enzymes to cause
tissue destruction, this suggests that Ct’:*Rmonocytes/macrophages might play a

significant role in creating an environment condedor aortic dissection.
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Chapter 5. Roleof IL-6 on MCP-1 Induction and Macrophage
Differentiation

IL-6 plays multifaceted roles in vascular inflamioat and cardiovascular
diseases (18;108). Itis also of particularregeto know the roles of IL-6 on cell types
that play a prominent part in cardiovascular dissaparticularly macrophages.

IL-6 stimulation is well known to promote macropkadifferentiation, growth
arrest, and eventual apoptosisvitro (242-248). Experiments using myeloid leukemia
cells, M1 and HL-60, and the Y6 cell line show tBatl of exposure to IL-6 induces
development of mature macrophages (249-252). Toelé®increase in size, develop a
large cytoplasm containing vacuoles, and have utegty shaped nuclei (253-256). They
also become attached to culture dishesitro instead of staying in suspension (257).
Functionally, these cells have increased esterad@laagocytic activities (258). Surface
expression of C3 complement, Fc, and macrophageygdtimulating factor (M-CSF)
receptors are up-regulated directly by IL-6 (25926 CD36, an oxidized lipid uptake
receptor, has been shown to be induced by IL-60dns® peritoneal macrophages (262).
In contrast, a related receptor, the macrophageesger receptor 1la (MSR1a), has been
shown to be down-regulated in THP-1 monocytes spoase to IL-6 (263). Furthermore,
IL-6 induces gene expression typical of macrophadearly response genes: c-Jun, jun
B, jun D, interferon-regulatory factor 1 (IRF1Jak3 and Egr-1 are immediately up-
regulated (264-267). However, expression of c-mm@NA goes down within hours of
IL-6 stimulation, facilitating growth arrest andfférentiation (268-271). Bcl-2 and
cyclin D1 are down-regulated subsequently, increassusceptibility to apoptosis
(272;273). Late response gengsozyme and ferritin light-chaiare induced during

terminal differentiation (274;275). Moreover, upastimulation with 1L-6, U937
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monocytic cells up-regulate MCP-1 mRNA and proteanchemokine more strongly
expressed in macrophages than monocytes (276).

Thus, most roles for IL-6 on monocyte to macrophddierentiation have been
discovered primarilyin vitro using transformed cell lines, primary isolationsnf
peripheral blood, or easily accessible macrophéigegeritoneal macrophages, but not
the actual monocytes or macrophages in cardiovaistiasues where the diseases occur.
Those findings are extrapolated to tissue macroggiagvivo, but thein vitro results do
not always correlate well with what is actually papingin vivo. Therefore, it is
important to be able to study the effect of IL-6 cardiovascular tissue macrophages
vivo. The digestion technique described in Chaptetl@va for the study of aortic
macrophages in vascular inflammation of the aamthaortic dissection. In this chapter,
we compare WT and IL“6 mice in response to Ang Il. Any differences obeerin IL-
67 mice will be due to the lack of IL-6 since all ethparameters will remain equal.
Thus, these experiments allow for the direct stwdythe role of IL-6 on aortic

macrophages.

BLUNTED AORTIC MCP-1 SECRETION IN IL-6""VS. WILD-TYPE MICE IN RESPONSE
TOANG I

Since it is known that IL-6 can directly stimuld¢&CP-1 production in peripheral
blood mononuclear cells, vascular smooth musclels,cednd endothelial cells
(171;172;277), we hypothesized that the aortas fior®”" mice infused with Ang Il
produced less MCP-1 than WT mice. Il-fnice were infused with Ang Il or saline for
6 d and their aortas were harvested for incubatiaulture medium as described above.
Measurement of MCP-1 showed a concentration of£282 pg/mL (=7) in media from
sham-treated aortas and 749100 pg/mL (=7) in media from Ang ll-treated aortas

(Figure 41). Although the increase was statidiicaignificant with Ang Il infusion
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(P<0.001), the concentration was not as great asotisdrved from WT mice. The level
of aortic MCP-1 from treated IL% mice was significantly less than the 1,94874
pg/mL observed in treated WT mide<0.0001) while the concentration for sham-treated
samples were similar. Therefore we concluded that Icontrols aortic MCP-1

productionin vivo.

Figure 41. Secreted aortic MCP-1
levels in culture
* medium containing

: aortas from sham- or
7 800 - I Ang ll-infused IL-6
% ' i " mice after 6 d. *,
= 600 - P<0.05 vs. sham-
— 400 I treatment. Data are
% expressed as mean
= 200 - j SEM

whatn Ang Il

IL-6" MICE HAVE REDUCED NUMBERS OF AORTIC MACROPHAGESWITH
DIFFERENT PHENOTYPES COMPARED TO WILD-TYPE MICE

The amount of macrophages in the aorta was queshtifsing the newly described
aortic digestion technique. CDI2D11b'F4/80 aortic macrophages in sham-treated
mice were identified using flow cytometry (Figur2)4 Figure 43 shows a representative
flow cytometry graph of aortic macrophages from Ang II-treated mouse. It is
interesting to note that the CDRD11b aortic macrophages in ILZ6 mice were

distinctly positive for F4/80 in response to AndrBatment.
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Figure 42. Aortic macrophages from sham-treate@’Ilmice. CD14CD11b
macrophages were identified (left) and confirmetded=4/80 (right)
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Figure 43. Aortic macrophages from Ang Il-treateebl” mice. CD14CD115
macrophages were identified (left) and confirmeted=4/80 (right)

There were 4,812 998 CD14CD11b aortic macrophages+8) in Ang Il-
treated mice while the aortas from sham-treatederhiad 1,317 217 macrophages
(n=9) (Appendix B, Table 1). Although there was @-fdld increase in the number of
macrophages, it was still well less than the 5l8-facrease seen in treated WT mice
without dissection and less than the 69-fold ineeegeen in WTs with dissection.

Moreover, the percentage of cells that were maages in the aorta was less compared
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to WT animals, but greater than CCR@ice in both the sham-treated and treated groups
(0.33+ 0.05 % in sham-treated I'6aorta vs. 0.4& 0.08 % in sham-treated WT vs.
0.24+ 0.03 % in sham-treated CCR2nd 1.20+ 0.25 % vs. 2.44 0.55 % vs. 0.6&
0.03 % in treated aortas, respectively). Intengdfi the numbers of resident aortic
macrophages in IL*6 mice were not significantly fewer than residentrtiao
macrophages in WT mic®£0.09) or CCRZ mice P=0.07); they were almost halfway
between the values from CCRZand WT mice. On the other hand, the numbers of
recruited aortic macrophages in Il-@nice in response to Ang Il were significantly
fewer than recruited macrophages in WT mie(Q.031), but significantly greater than in
CCR2" mice P<0.033). In addition, no dissections were obsgrvelL-6" infused
with Ang Il after 6 d.

Based on the flow cytometry data, it was observadl the surface expressions of
CD14 and CD11b on aortic macrophages from treatef’ 1 mice were less than their
expression on macrophages from treated WT animalscomparison was performed
between the expression of CD14, CD11b, and F4/88ootic macrophages from Ang Il-
infused IL-6" mice, WT mice without dissections, and WT micehwdiortic dissection
(Figure 44). As shown, the expression of CD11b thasgreatest on aortic macrophages
from aortic dissections and the least on aortic ro@tages from treated I8 mice
(Figure 44B). Macrophages from aortas without eiien had an intermediate
expression of CD11b. The differences in expressibrsurface CD14 were not as
distinct, but there were similar trends like for CIb. A large range of expression for
CD14 was observed on macrophages from WT aortd®outitdissection; macrophages
from dissections had expression of CD14 towardshiigher end while macrophages
from treated IL-8" mice had expression of CD14 towards the lower ehthat range
(Figure 44A).
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Figure 44. Comparison of surface CD14, CD11b,4/@0 expression on aortic
macrophages between treated IL-6-/- and WT midee @xpression curves
for Ang ll-infused IL-6" mice, treated WT mice, and treated WT mice with
aortic dissection are represented in purple, graed red, respectively.

F4/80 expression on treated WT mice was clearlytipesas compared to the low or
negative expression of this marker on macrophages &ortic dissections (Figure 44C).

Interestingly, the expression of F4/80 on aorticcrophages from treated IL“6mice

trended towards the higher end of the range setrated WT mice (Figure 44C).

IL-6 SIGNALING ISACTIVE IN AORTIC MACROPHAGES FROM TREATED WILD-TYPE
MICE, BUT NOT INIL-6" MICE

gpl130-Jak/STAT3 signaling is required for IL-6-imédl monocyte to

macrophage differentiatiom vitro (278). Mutation of the tyrosine residue at positi
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126 in the YXXQ motif of gp130 prevents STAT3 aetion and the subsequent growth
arrest and differentiation of M1 cells into macraghs (279). Furthermore, STAT3
activation downstream of the receptor has been shovbe required because dominant-
negative forms of STAT3 block differentiation (2881). Specifically, Minami et al.
showed that inhibiting STAT3 prevented inductiortte# following macrophage markers:
Fc receptorsferritin light chain,andlysozymgmoreover, c-myc was not down-regulated
and the cells continued to proliferate, unlike eliéintiated macrophagés vitro (282).
Likewise, over-expression afak3 which is also induced rapidly by IL-6, accelesate
macrophage differentiation (283). Moreover, aswshoabove, IL-6 causes aortic
macrophages to be CD1@D118" macrophages that are different than normal, raside
macrophages. In addition, it is also known that6llinduces particular functions in
macrophages, like the production of cytokines apike of oxidized LDL. Thus, IL-6
activates the gp130-Jak/STAT signaling pathwayiteatb differentiation of monocytes
into macrophages of a particular active type, whaah significantly contribute to their
role to the pathogenesis of cardiovascular diseases

Therefore, it was of great interest to determinestiver CD14CD11b" aortic
macrophages had active IL-6 signaling. Since phogpated STAT3 (p-STAT3) was
shown previously to be induced by IL-6 in LDI:Rmice infused with Ang Il (123), it
was used as the specific marker for IL-6 signalirigprtic digestion followed by flow
cytometry was performed to detect CD14, CD11b, pimaspho-STAT3 at tyrosine 705.
In sham-treated WT mice, resident CDT®115 were identified as described above,
but they were not determined to be p-STAT3 posifisigure 45). However, with Ang Il
infusion the recruited CD1€D11b" macrophages were positive for p-STAT3 (Figure
46).
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Figure 45. IL-6 signaling is not active in resitlanrtic macrophages of sham-treated
WT mice. Aortic macrophages were identified as @D11b" (left) and
found to be negative for p-STAT3 at TS
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Figure 46. IL-6 signaling is active in recruitedt&mmacrophages of Ang ll-infused WT
mice. Aortic macrophages were identified as CIIZ11b (left) and
found to be positive for p-STAT3 at T{P

To confirm that this event was specific for activatof IL-6 signaling, aortic

macrophages from IL6mice were probed for p-STAT3. Neither aortic nuptrages in
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sham-infused nor Ang ll-infused IL*6were positive for p-STAT3 (Figure 47 and Figure
48).

CD14
p-STAT3

Figure 47. IL-6 signaling is not active in resitlanrtic macrophages of sham-treated IL-
6" mice. Aortic macrophages were identified as CICIH 16 (left) and
found to be negative for p-STAT3 at TSt
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Figure 48. IL-6 signaling is not active in recadtaortic macrophages of Ang ll-infused
IL-67 mice. Aortic macrophages were identified as CImHL1E (left)
and found to be negative for p-STAT3 at f§r

In summary, Ang Il treatment in IL?6 mice produced less aortic MCP-1

secretion and less macrophage recruitment to the dban WT mice. The aortic

macrophages that were present had lower expres$i@b14 and CD11b, but similar
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expression of F4/80 compared to WT macrophagescomparison to CCR2 mice,

aortas from IL-6° mice secreted less MCP-1 in both the sham-treateti treated
conditions, but the differences were not statifificsignificant. Moreover, although the
numbers of resident aortic macrophages were alemstvalent, Ang Il treatment led to
significantly more macrophages in the aorta. Imittwh, WT mice had recruited
macrophages with active IL-6 signaling, but aomiacrophages in IL-6mice did not as

expected.
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Chapter 6: Aortic Adventitial Fibroblastsand Their Interaction with
M onocytes

Several of the studies reported in Chapters 2 shawed that the majority of
aortic remodeling events occurred in the adventitiaivo with Ang Il treatment. As
seen in Chapter 2, IL-6 was predominantly expressdle adventitia in Ang ll-treated
WT mice and also in human aortic dissections. MeeeoMCP-1 expression was also
detected in this layer. In addition, this was veharacrophages were mostly recruited in
the aorta along with adventitial thickening dueatdventitial fibroblast proliferation in
response to Ang Il.  Thus, it was of great interes try to understand possible
mechanisms that may contribute to these obsensiiothe adventitia.

Since the major cell type in the tunica adventiiathe aorta is the aortic
adventitial fibroblast, it was hypothesized thas ttell type could contribute significantly
to the adventitial inflammation and aortic dissectseen in response to Ang Il. Much is
known about endothelial cells and smooth musclés decause they have long been
considered to be the major, direct contributorgheformation atherosclerosis, yet little
is known about the adventitial fibroblast. In thisapter, aortic adventitial fibroblasts are
characterized with respect to the cytokines theydpce and their response to Ang Il.
Their ability to upregulate major cytokines and ljpevate are studied specifically. In
addition, since macrophages were observed in thenditia in close proximity to
adventitial fibroblasts, interactions between these cell types were examined. The
interactions were studied by coculturing adventifibroblasts with monocytes to
determine effects on adventitial fibroblast pralfigon and the induction of cytokines
that could contribute to the potentiation obseniadvivo in response to CCR2

macrophage recruitment.
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AORTIC ADVENTITIAL FIBROBLASTS PRODUCE A VARIETY OF CYTOKINES
INCLUDING IL-6 AND M CP-1

Human aortic adventitial fibroblasts were obtaifiein Lonza and maintained in
stromal cell growth medium. To detect and quarttiy variety of cytokines/chemokines
produced by AoAFs, 50x20A0AFs were grown for 365hn 3 mL of complete growth
medium. 25 uL aliquots of the conditioned mediaevassayed in duplicate with a
BioSource human 25-plex panel bead-based Luminesayas (Invitrogen). As a
comparison, a parallel experiment using 200XMAP-1 monocytes was performed under
the same conditions. Data were expressed as t&aD. from 6 individual samples for
each cell type. As seen in appendix C (Table 12 Bnd MCP-1 were the two most
abundant cytokines secreted by AoAFs. Other cgtdfchemokines detected at low
levels were IL-receptor antagonist (IL-1Ra), ILH4;5, IL-8, IL-10, IL-15, TNF-, IFN-

Y, GM-CSF, MIP-L, MIP-1B, MIG, Eotaxin, and IP-10. Of those, IL-1Ra, IL{6;10,
IL-15, and MCP-1 were secreted more from AoOAF tA&iP-1 monocytes. Moreover,
GM-CSF and Eotaxin were only detected in AOAF a@ltu On the other hand, THP-1
cells produced more IL-8, MIPBland IP-10. Furthermore, ILBLIL-2, IL-12p40/p70,
and RANTES were detectable only in THP-1 cultures.

Since IL-6 and MCP-1 were the two cytokines of maiterest, their mRNA
expression levels were further characterized in P®A In situ hybridization (ISH)
performed on these cells showed staining for ILIBNA and MCP-1 mRNA at basal
level (Figure 49). The difference in intensity ma&jlect the ELISA data showing that
IL-6 was being produced and secreted by 1.7-foldentban MCP-1, 967.& 149.4

pa/mL vs 583. % 78.9 pg/mL, respectively.

5 his the abbreviation for hour (s)

89



¥ el 1
32 ety Tk, -

IL-6 mRNA MCP-1 mRNA

Figure 49. ISH for IL-6 and MCP-1 mRNA in AoAFs.nfk-sense DIG-labeled cRNA
probes were used to hybridized to human IL-6 mRN&)(and MCP-1
MRNA (right) as seen by purple staining. Represerd hybridization with
sense DIG-labeled probes showed low backgroundista(insert on right).

It is interesting to note that primary AoAFs prodddigh levels of both IL-6 and
MCP-1in vitro, with cytokine and mRNA being expressed greateilfec than MCP-1.
The latter observation is similar to the data pmé=e: in Chapter 2 showing that aortas
from sham-treated and Ang ll-infused mice secregbédr levels of IL-6 than MCP-1. In
addition, immunofluorescence staining performedortic sections from Ang Il infused
animals shows that IL-6 and MCP-1 were predomineashi¢tected in the adventitia where

the adventitial fibroblasts are located. Takenetbgr, these data suggest that the

adventitial fibroblasts are a significant sourcéle6 and MCP-1 in the aorta.

ANG || STIMULATION INCREASESIL-6 AMD MCP-1 MRNA AND PROLIFERATION OF
ADVENTITIAL FIBROBLASTS

Since IL-6 and MCP-1 are the two cytokines of iegtr it was determined
whether Ang Il stimulation could induce their exggmn. RNA was extracted from
AoAFs induced with Ang Il over 0 to 48 h and qut&atid using real-time PCR. Ang Il
induced a rapid increase in IL-6 and MCP-1, butdhange in expression levels of these

two genes was different. IL-6 mMRNA was inducedhmyre than 4-fold starting at 1 h. It
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reached a maximum of 10-fold at 3 h, and remaihedated at around 4-6-fold up to 48
h (Figure 50). On the other hand, MCP-1 mRNA Isv&howed a biphasic response
(Figure 51). MCP-1 was induced by only 1.8-foldLhtand at maximum (2-fold) at 3 h.
The level returned back to baseline by 6 h and thereased to 1.7-fold at 12 h. At 24

and 48 h, the level was at baseline again.

Figure 50. Ang Il induced

12 IL-6 mMRNA in
< AOAFs from 1
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Figure 51. Ang Il induced
MCP-1 mRNA
1 in AoAFs from
1to 48 h of
L stimulation.
0 Data are
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The ability of human AoAFs to proliferate in resgeno Ang Il was measured.
This was of interest because the adventitial thmokg observed in inflammatory
abdominal aneurysm and in mice infused with Angvls due in part to increasing
numbers of adventitial fibroblasts. Based on mresiwork showing that Ang 1l could
induce proliferation of primary rat aortic adveiait fibroblasts (205;206), it was
hypothesized that Ang Il would induce primary humadventitial fibroblasts to
proliferate also. Cell proliferation was assessiedlirectly by *H-Thymidine
incorporation to measure DNA synthesis during cgllle progression. It was observed
that 1uM of Ang Il, a dose previously shown to induce rnmaai proliferation of rat
A0AFs, induced a small but significant increaséHAThymidine incorporation after 12 h
of stimulation (Figure 52). A greater inductionsmaot seen in the range from 0.1 nM to

10 uM (not shown).

Figure 52. Ang Il inducedH-

e * Thymidine
2000 1 incorporation in
AOoAFs. * P<0.031
z 0 between control and
i Ang ll. Data are
expressed as mean
500 S.D.
n]

Control Ang

The ability of Ang Il to induce cell proliferatiomwas also assessed directly by cell
counting using the Z2 Coulter Counter (Beckman-@uylkfter 4 d of treatment (Figure

53). As shown, Ang Il caused a 14% increase ihntehber.
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Figure 53. Ang Il induced

S0 AOAF proliferation
A i after 4 d of
treatment as
% A0 measured by cell
Biscs counting. *,
P<0.033 between
85000 control and Ang II.
- Data are expressed

o i as mearx S.D.

MCP-1 FROM AOAFSCAN RECRUIT MONOCYTESAND MONOCYTESCAN INDUCE
PROLIFERATION OF AOAF

Since MCP-1 can be produced in natural variants dha not active (284), the
MCP-1 from AoAFs was checked to determine whethecould recruit monocytes.
Medium from AOAF culture (conditioned medium) wasllected and used as a
chemoattractant in Boyden Chamber assays. Theentmation of MCP-1 in this
medium was quantified to be 1,577.54 pg/mL. Comeptgowth medium (unconditioned
medium) was the control. THP-1 monocytes wereqaan the top chamber and allowed
to migrate through permeable membrane insertsacony 8 um pores, separating the
top from the bottom chambers. After incubation Zoh at 37C, the THP-1 cells that
have migrated through the membrane were colleateldcaunted using the Z2 Coulter
Counter. Figure 54 shows representative picturéBeobottom chamber after 2 h using
unconditioned and conditioned media as the chenagtdints. Quantitation revealed
that AoAF-conditioned medium induced a 3.840.05-fold increase in cell migration

(225,960+ 10,550 cells vs. 74,30472102) (Figure 55).
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Unconditioned Medium Conditioned Medium

Figure 54. AoAFs can attract monocytes. THP-1mgtescmigrated to AOAF-
conditioned medium (right) more than unconditionaetlium (left).

Figure 55. Quantification of
P migrated monocytes
to AoAF-conditioned
medium compared to
unconditioned
medium. A 3-fold
increase was
observed with
conditioned medium
Vs. control. Data were

expressed as mean
Urconditioned Medium Conditioned Medium S.D. *. P<0.0006.
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To ensure that the MCP-1 in conditioned medium wesponsible for attracting
monocytes, the MCP-1 was neutralized with varyimgoentrations of a neutralizing
antibody. Inhibition of MCP-1 showed that the moyte migration was dependent on
MCP-1 produced by AoAFs. Addition of sy of neutralizing antibody into 1 mL of

conditioned media significantly inhibited monocytegration compared to migration to
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conditioned medium alond®€0.01) (Figure 56). This represented a 31.2 % ctboio
Increasing the amount of antibodies decreased tiogran a step-wise fashion. A 15
pg/mL concentration of antibodies further signifidgrnnhibited migration compared to

5 ug/mL (P<0.02). The total reduction was 57.7 % at thateoitration.

180,000
160,000 -
E 140,000 - 2
= 120,000 4
(=}
E 100,000 -
T 80,000 - T
" 60,000 -
E’ 40,000 -
20,000 -
“ L] 1 ] L n
Conditioned Isotype 5 ug/mL 10 ug/mL 15 ug/mL
Medium Antibody anti-MCP anti-MCP anti-MCP
Control

Figure 56. MCP-1 from AoAFs attracts monocytes. THRonocytes migrated to
AoAF-conditioned medium, but addition of neutraligiMCP-1 antibodies
at increasing concentrations inhibited migratidMaximum effect observed
at 15pug/mL. *, P<0.01 comparing pig/mL to conditioned medium. T,
P<0.02 comparing 1pg/mL to 5pg/mL. Data are expressed as mgan

S.D.
Monocytes are known to secrete multiple growthdetand cytokines such as
IL-1, TNF, p43, and substances similar to PDGF tat thought to induce fibroblast
proliferation (285;286). Therefore, it was detemad whether the migrated monocytes
could induce proliferation of aortic adventitiabfoblasts. Because the resulting mixture
consists of two cell populations, direct countinggfvthe Z2 Coulter Counter could not be
used to measure the number of fibroblasts and d&dloe monocytes. To overcome this

obstacle, the adventitial fibroblasts were labelth PKH26 and flow cytometry was
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used to distinguish the two cell types based orPtadluorescence of PKH26. Labeled
fibroblasts were easily distinguishable from unladeAoAFs (Figure 57). After 4 d of
coculture, THP-1 monocytes were not positive forH2& (Figure 58), confirming that
the labeling did not transfer from one cell to hther, validating that the PE signal

detected in this assay was specific for the AoAFs.

Events
i

LL ]

102
SESEM (480ex)-A

PEH26

10*

Figure 57. PKH26 labeled AoAFs. Unlabeled (redrepfibroblasts were dim for PE
autofluorescence whereas labeled AoAFs were stygragitive (open
curve). The region labeled M1 is the gate dividimipbeled from labeled
fibroblasts. This region was kept constant ants ¢elM1 were counted as
fibroblasts in coculture.
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Figure 58. No transfer of
PKH26 dye
to THP-1
monocytes.
THP-1
monocytes
obtained
from
coculture.
THP-1 cells
did not fall
significantly

s 5 o into the M1

585em (488014 positive

PEH26 region.

512

M1

Events

In coculture, the AoAFs were clearly identifiedthre M1 region and counted by
flow cytometry (Figure 59). Compared to AoAFs audid without monocytes for the
same duration, there was a statistically signiicant small increase in AoAF cell

number in coculture samples (p<0.025) (Figure 60).

Figure 59. AoAFs
counted by
flow
cytometry.
Cells in the
M1 region
were
considered
AOAFs.
Monocytes
compose the

102 Ta* population to

5aSem (485ex)-A the left of
PEH2G M1

200
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=
10° 10!
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Figure 60. Quantification
of AoAFs in
* monoculture
vs. coculture.
In coculture,
there was a
statistically
significant
increase in
cell number;
* P<0.025.
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COCULTURE OF MONOCYTESAND ADVENTITIAL FIBROBLASTSINDUCESIL-6 AND
MCP-1 ASWELL ASMONOCYTE TO MACROPHAGE DIFFERENTIATION

Since adoptive transfer of CCE?2 monocytes into CCR2 potentiated the
production and secretion of aortic IL-6 and MCP-id amacrophages are present
primarily in the tunica adventitia in close proxtynto aortic adventitial fibroblast, it was
determined whether coculture of monocytes and ffilagis could induce these cytokines
and macrophage differentiation. In these expertmet?5x16 AoAFs were cocultured
with 500x10 THP-1 monocytes for 5 d in 1.5 mL of RPMI mediuontaining 5 % FBS;
as controls, each cell type was also grown in moh@e under the same conditions.
There was no measurable level of IL-6 (<3.2 pg/rrLthe medium bathing 500x10
THP-1 monocytes while medium from AOAF monocultufesd a concentration of
10,669+ 513 pg/mL. In coculture, the level of IL-6 was,P30+ 1,881 pg/mL, a 2.3-
fold statistically significant increase in IL-6 cpared to the sum of the concentrations
from the monocultures of THP-1 and AoAF cel®(.0021) (Figure 61). The “sum of
monocultures” was used to represent the summafitdreaontribution of IL-6 from each

cell type; it is also the concentration expectdthére were an additive effect in coculture.
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This summation is mathematically appropriate beedbe volume of media was kept
constant along with the cell numbers for each tygé in monoculture. Since 24,130
1,881 pg/mL is more than the expected additive evalu10,669 513 pg/mL, there was
a synergistic interaction potentiating IL-6 prodantsecretion in coculture. To
determine whether cell-cell contact was requiredtlics induction of IL-6, the coculture
experiments were also done in the presence of @@ ranswell inserts containing 0.3
pm diameter pores to physically separate monocytleedd on top of the insert) from
AoAFs (grown on the bottom of wells), but still@N for fluid exchange. As seen in
Figure 61, the potentiation of IL-6 in coculturesa@ell-contact independent and the level
produced was not statistically different from caareg alone P=0.44). That suggests that
the potentiation of IL-6 in coculture is due moitely to paracrine signaling. The
identity of the agent(s) stimulating the inductmmiL-6 is not known.

Coculture of THP-1 monocytes and AoAF also inducezhocyte to macrophage
differentiation. Monocytes are round and rathealseells while macrophages are much
bigger and contain vacuoles in their cytoplasm @leith an irregular shape. As seen in
Figure 62, the THP-1 monocytes differentiated imt@crophage-looking cells in
coculture with numerous cytoplasmic vacuoles aredjirlar shapes.

The cells were further characterized based onistaiior CD14 and CD11b, the
two surface markers of interest, by flow cytomet§ince CD14 is highly expressed on
monocytes cultureth vivo on plastic plates, the conversion to macrophagkset be
clearly observed based on CD14 expression. Tocowes this, the THP-1 monocytes
were cultured with 10 ng/mL of both IL-4 and GM-CSk cytokine environment that
promotes monocyte conversion iniomature dendritic cells (iDCs). In this

environment, monocytes will differentiate into CDEB®11b iDCs by default.
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Figure 61. Concentration of IL-6 in monoculturesl @oculture of THP-1 monocytes
and human AoAFs. Transwell inserts were usedparsge the two cell
populations in coculture to determine whether cell-contact was required
for potentiation of IL-6. There was a significaynergistic induction of IL-
6 in coculture compared to sum of monoculture$<0.0021. This

induction was contact independent. Data are expdess meatt SEM of 3
experiments.

Macrophages

Figure 62. THP-1 monocytes (left) differentiatatbimacrophages (right) in coculture
with AoAFs as observed by Giemsa staining. 20xselts show a
representative cell of each type.
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If differentiation into macrophages occurs in caed, CD14CD11b cells will
be obtained instead. As shown in Figure 63, théasarexpression of CD14 was clearly

upregulated on the macrophages as compared tD@= i

Figure 63. Comparison of surface CD14
100 expression on THP-1 cells (blue
curve) in monoculture and
derived macrophages (green
curve) from coculture in the
presence of IL-4 and GM-CSF.
Curve representing the isotype
control is seen in red.

% of Max

The surface expression of CD11b also was drambtiegiregulated on the
derived macrophages as compared to the iDCs (F&re In these experiments, CD11c
was used to help identify iDCs, which are CDTID116. 94.7 % of THP-1 cells were
CD11¢CD116 iDCs in monoculture and only 5.14 % were CDTIDR11b
macrophages. After 5 d of coculture, 92.32 % df trells were CD11E€D11b
macrophages and only 7.59 % were CDCI2116 iDCs. Thus, the monocytes
differentiated into CD14CD11¢CD116° macrophages in coculture and not CD14
CD11¢CD116 iDCs.
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Figure 64. THP-1 cells differentiate into CDIC®O11b" macrophages in coculture. In
an environment of I1L-4/GM-CSF, monocytes became GaD11b cells
by default (left). In coculture, the cells beca@®11¢CD11b
macrophages instead (right)

To ensure that these findings were not specifictte THP-1 transformed
monocyte cell line, the experiments above were atgue with primary monocytes
isolated from cord blood or adult peripheral blaming the Monocyte Isolation Kit Il, a
negative selection kit from Miltenyi. In this kiantibodies directed against CD3, CD7,
CD16, CD19, CD56, CD123, and CD235a were used nwove non-monocytes from
blood, leaving the monocytes untouched. Similatht® results shown above, culturing
primary human monocytes with human aortic advettitbroblasts in the presence of
IL-4/GM-CSF induced IL-6 and MCP-1, Figure 65. Winonocytes from cord blood,
there was a 3.5-fold increase in IL-6 as compaoetieé sum of IL-6 concentrations from
monocultures of monocytes and fibroblasts (141,2827,569 vs. 34,472 4,240,
P<0.015). Moreover, MCP-1 increased by 14.1-folel0(¥94+ 12,707 vs. 11,928 330,
P<0.0007). Likewise, with monocytes from adult péeral blood, there were a 6.3-fold
increase in IL-6 (205,006 44,375 vs. 32,45F 179,P<0.031) and a 13.2-fold increase
in MCP-1 (235,840t 7,262 vs. 17,812 434,P<0.00054). Monocyte to macrophage
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differentiation was also observed with these celligure 66 shows a representative
picture of the default differentiation of primaryomocytes to iDCs and a picture of a
macrophage in coculture. The iDCs have the chanatit pseudopodia extending from

a round cell body while the macrophages are bigghs containing multiple vacuoles in

their cytoplasm along with an irregular cell border
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Figure 65. Induction of IL-6 and MCP-1 levels ircatture with primary monocytes.
Cord blood monocytes or adult peripheral blood nogtes were isolated
untouched and cultured with AoAFs for 5 d. Thesswa significant 3.5-
fold increase in IL-6 (open bars) in coculture wethrd blood monocytes (*,
P<0.015) and a 14.1-fold increase in MCP-1 (closad)as compared to
the sum of cytokines levels from monoculturesR40.0007). With
peripheral blood monocytes, there was a signifiéaBifold increase in IL-6
(+,P<0.031) and a 13.2-fold increase in MCP-1 as coetptr the sum of
cytokine levels from monoculture¥ (P<0.00054). Data are expressed as
meant SEM from at least 3 experiments.
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Figure 66. Representative picture of iDC (left) amalcrophage (right) from coculture
using primary monocytes. Pseudopodia extending tte iDC cell body
can be observed while multiple vacuoles in the gigem are clearly seen in
the bigger macrophage. 10x

MACROPHAGE DIFFERENTIATION AND M CP-1 AND MM P-9 PRODUCTION IS
DEPENDENT ON IL-6

Because IL-6 was shown in Chapter 5 to stronglytrobrthe expression of
CD11b and CD14, albeit to a lesser extent, on @articrophages with Ang Il treatment
and aortic dissection, it was hypothesized tha Mvas also controlling the expression of
surface CD14 and CD11b as well as the potentiabioMCP-1 in coculture. Adult
peripheral blood monocytes were cultured in thesgmee of IL-4/GM-CSF in
monoculture or coculture with AoAFs and the chanigesurface expression of CD14,
CD11b, and CD1la were assessed by flow cytometdyiglof anti-1L-6 and anti-sIL-6R
antibodies were added every 8@ starting on day 0. CD1a was used in place of 2D
as a specific marker for iDC; it is not expressedrmnocytes or macrophages. Dendritic
cells were previously described to be CBIRA14 while macrophages were CDla
CD14" (287-289). In addition, positive staining for HIBR was used to exclude

fibroblasts from analysis of monocytes/macrophageoculture (Figure 67). Only cells
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within the HLA-DR gate were analyzed for CD1a, CD&#d CD11b expression. As
described above, 125x1@ortic adventitial fibroblasts and 500%1Monocytes were
cocultured, a 1:4 ratio, respectively. Thus, 8®Pall cells were monocytes and 20 %

were fibroblasts in coculture.

. Figure 67. HLA-DR gating of primary

o monocytes/macrophages in

coculture. This was done to

. exclude fibroblasts from

i | analysis. As expected,

approximately 80 % of all cells
] in coculture were HLA-DR

#Calls

200 -

After 5 d of culture, monocultures of monocytes dmee mostly CD1CD14
iDCs (72.86 %) and only 0.94 % of the cells werel@DD14", Figure 68. In coculture,
97.04 % were CDI&D14" macrophages; 0.07 % of the cells were CICI4 iDCs.
With addition of 10ug of anti-IL-6 and anti-sIL-6R, there was a shaoftvard reduction in
expression of CD14.

In a second experiment, iDCs were observed to bel4TID11b™ while
macrophages were CDIX@D116. Inhibition of IL-6 signaling reduced CD11b swéa
expression in coculture (Figure 69). Comparisoatvben expression of CD14 and
CD11b in monoculture, coculture, and coculture vilitté inhibition are shown in Figure

70.
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Figure 68. IL-6 regulates the expression of surfabd 4. In the presence of IL-4/GM-
CSF, monocytes differentiated into CDC®14 iDCs, but in coculture
CD14CD14" macrophages were observed. Inhibition of IL-6 aid6
reduced the expression of CD14 in coculture.
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Figure 69. IL-6 regulates the expression of surfabd 1b. In the presence of IL-4/GM-
CSF, monocytes differentiated into CDEZ®11b iDCs, but in coculture
CD14'CD11b” macrophages were observed. Inhibition of IL-6 sid6
reduced the expression of CD11b in coculture.
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Figure 70. Comparison of surface CD14 and CD1Mression with inhibition of IL-6
signaling. iDCs (blue curve) were negative for @hile macrophages in
coculture (green curve) were positive. IL-6 inkidm (orange curve)
reduced the expression level of CD14 in coculter CD11b, iDCs and
macrophages were positive for CD11b, and IL-6 iitfwb reduced its
expression in coculture. The red curves depictéspective isotype
controls.

Unlike THP-1 monocytes cultured in the presencigf/GM-CSF, iDCs derived

from primary monocytes were CD11b positive. Thosild be due to the presence of a

greater concentration of IL-6 in monocultures dfrary monocytes than in monoculture

of THP-1 monocytes in the presence of IL-4/GM-CS§ pg/mL vs. 10 pg/mL). The IL-

6 inhibition experiment was repeated with THP-1 pwyies to determine the effect of

IL-6 on CD11b expression on those cells. As seerrigure 71, coculture induced

CD11b expression and neutralization of IL-6 and@R_inhibited CD11b expression.

The concentration of MCP-1 in culture medium waardified after inhibition of

IL-6 in coculture. As seen in Figure 72, the conation of IL-6 in coculture was

205,006 + 44,375 pg/mL and addition of neutralizing antitesdi lowered the

concentration to 26,95F 759 pg/mL, a level close to the sum of concerdratifrom
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monocultures (32,45F 179 pg/mL). Measurement of MCP-1 showed thatethveas a

small, but statistically significant reduction inQW-1 concentration with neutralization

of IL-6 (P<0.05).

Figure 71. IL-6 regulates surface CD11b
expression on THP-1
monocytes. THP-1 cells grown
in monoculture with 1L-4/GM-
CSF were negative for CD11b
(blue curve). In coculture,
CD11b was upregulated (green
curve). Inhibition of IL-6
signaling inhibited the
expression of CD11b (orange).
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Figure 72. Inhibition of IL-6 reduces MCP-1 levelscoculture. 1@ug of anti-IL-
6/sILR antibodies were added to coculture andekellof soluble IL-6 was
decreased to a level similar to the sum of IL-8rfrmonocultures (left).
This reduction caused a statistically significaduction in MCP-1 levels in
coculture (right). *P<0.05 comparing coculture to coculture with IL-6
neutralization.

The changes in expression of MMP-9 also were efr@dt since MMP-9 has been
shown to play a key role in aneurysm formation (48)JMPs are enzymes that cleave
extracellular matrix proteins such as elastin, ygland collagen and have been shown
to be increased in human aneurysm tissue (41). MMM macrophages along with
MMP-2 from mesenchymal cells have been shown tordmuired for aneurysm
development in an experimental aneurysm murine ). In addition, MMP-9
transcripts and protein level are significantly ueed in ApoEIL-67 mice and IL-6"
mice compared to ApoEmice (194). Thus, we hypothesized that IL-6 aksgulated
the expression of MMP-9 in coculture. Using themeasamples above, MMP-9 was also

measured by flow cytometry to detect intracellydeoteins. In the presence of IL-4/GM-

CSF, IDCs were observed to express MMP-9 and inltge, there was an increase in
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MMP-9 in the macrophages (Figure 73). With inhdst of IL-6 signaling, the

expression level of MMP-9 in coculture was redutethe level of iDCs.
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Figure 73. IL-6 controls the expression of MMP9sing flow cytometry, the
expression level of MMP-9 was detected in iDCs €lturve) differentiated
from primary adult peripheral monocytes. In cogtdt the level of MMP-9
was increased in macrophages (green curve), bittaddf anti-IL-6/sIL-
6R antibodies reduced the level of MMP-9 (orangee&u The red curve
depicts the isotype control.

To clearly show that IL-6 regulates the expressioh MCP-1 in
monocytes/macrophages, THP-1 monocytes were dirstithulated with 8 ng/mL of
recombinant IL-6. Real-time PCR was used to meashe induction of MCP-1
transcripts, and ELISA was used to quantitate threcentration of MCP-1 in culture
medium after stimulation from 0 to 96 h. IL-6 stilation induced MCP-1 mRNA to 3-
fold after 24 h. The level of transcripts increhde a maximum at 48 h and then
gradually decreased from 72 to 96 h, but remairetdiden a 3-5-fold increase. On the

contrary, the level of MCP-1 protein was observedytadually increase throughout the
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entire duration of stimulation. There was a maxim+fold increase at 96 h compared to

control, time O h.

§3 600 1 *
i % T 500 -
S e g
% 4 %' 300 1
€3 = 200 1
-2
o 100 1
O |
= |5 B . B O |
0 24 48 72 96 0 24 48 72 96
Duration (Hrs) Duration {Hrs)

Figure 74. IL-6 stimulation of THP-1 monocytes icdg MCP-1 mRNA and MCP-1
protein. Monocytes were stimulated with 8 ng/mlrefombinant IL-6
from 0 to 96 h. Fold induction of mMRNA for MCP-law detected by real-
time PCR (left). There was a 6.5-fold inductiortrainscripts compared to
control, time 0. ELISA measurement of MCP-1 coricagion showed that
MCP-1 increased stepwise over time, reaching amnaxi increase of 3-
fold (right). *, P<0.000001 comparing 96 h to control.

In summary, the aortic adventitial fibroblasts weleserved to be able to produce
and secrete a variety of cytokines and chemokings)L-6 and MCP-1 were the most
abundant. The expression levels of both genes aleogn to be rapidly and highly
inducible by Ang Il. Ang Il also had a weakly ngnic effect on adventitial fibroblasts.
The MCP-1 produced by these cells was shown tableta recruit monocytes and the
monocytes, once recruited, were able to weaklywdtta proliferation of this these cells.
In coculture of fibroblasts and monocytes, the noytes were shown to differentiate into
macrophages, even in the presence of an environthahtfavors differentiation into
dendritic cells. Further characterization showet the macrophages derived from THP-

1 monocytes in coculture increased surface exmessi CD14 and CD11b. Similarly,
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primary monocytes became CDTD14 iDC with classical morphology in monoculture
and CD1ZD14 macrophages with numerous cytoplasmic vacuolescdaulture;
however, the expression of CD11b was not diffebsttveen iDCs and macrophages. In
addition to macrophage differentiation, large imses in IL-6 and MCP-1 occurred in
coculture. The potentiation of IL-6 was shown ® dontact independent, suggesting a
soluble mediator, while the induction of MCP-1 wastially dependent on IL-6. Direct
IL-6 stimulation was shown to induce MCP-1 trangtsi and protein in
monocytes/macrophages, presenting a plausible meschdor the induction of MCP-1
in thisin vitro system andh vivo. Furthermore, inhibition of IL-6 signaling wasostm

to reduce CD14 and CD11b expression along with MMPBxpression in coculture.
These data confirm the observations presented iapteh 5 with IL-6" mice and
previously published data on MMP-9 expression inoBpand IL-6 double knockout

mice.
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Chapter 7. Conclusion and Future Directions

CONCLUSION

In this study, we present an animal model of aadeic dissection without
hyperlipidemia and a powerful technique to spealficstudy aortic macrophages. Using
these new tools anth vitro studies, we elucidated some important roles fati@o
macrophages, adventitial fibroblasts, IL-6, and MCk vascular inflammation. We
provide clear evidence that IL-6 regulates monodgtenacrophage differentiation and
activation in the aorta along with the inductionM€P-1. Also, we demonstrate for the
first time that monocyte recruitment to the aortéeptiates MCP-1 and IL-6, which we
show to be predominantly produced in the advemitiaur animal model and in sporadic
human thoracic aortic dissection. These data geoaivery plausible mechanism for this
inductionin vitro. In summary, these findings show that IL-6 casuice aortic MCP-1
and MCP-1 responsive macrophages are necessdunjlfaortic IL-6 potentiation, which
suggest an important IL-6-MCP-1 amplification lodjmat accelerates vascular
inflammation. Collectively, the data paints a pret showing how vascular inflammation
is accelerated leading to aneurysm formation amdbeaapplied to atherosclerosis and
other cardiovascular diseases.

There are several interesting observations in tudys Most notably, the levels
of aortic MCP-1 and IL-6 increased together withgAhtreatment. Analysis of our data
revealed that these two cytokines are monocytelmpaage dependent. Macrophages
regulate their expression, but with different megtas. The increase in MCP-1 was
directly proportional to the increase in numbegoftic macrophages in IL?6mice (3.4-
fold increase in MCP-1 and 3.7-fold increase in rophages), CCR2 mice (2.4-fold

and a 2.8-fold increase, respectively), and WT nficg-fold and 5.3-fold, respectively).
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This direct relationship was further confirmed joptive transfer experiments where
CCRZ monocytes caused a 9.1-fold increase in MCP-1orebver, MCP-1 induction
was found to be also partially dependent on ILf&ailL-6" mice developed a blunted
response with treatment. A possible mechanismskag/nin vitro when inhibition of
IL-6 reduced the increase in MCP-1 in cocultured stimulation of monocytes with IL-6
induced MCP-1 mRNA and protein. The inductionlo®lin WT mice by Ang Il is also
partially monocyte/macrophage dependent, but idighty/ different way. Adoptive
transfer experiments actually prove that a paricekll type, the CCR2monocyte, is
required for full 3.6-fold potentiation of IL-6 ithe aorta. Without CCR2nonocytes, the
increase was only 2-fold as seen in Ang lI-treaB€R2" mice or in Ang ll-treated
CCRZ2" mice receiving CCR2 monocytes. These findings further define andfglane
contribution of CCR2monocytes and macrophages to vascular inflammation

The data we present here also implicate the sodocesortic MCP-1 and IL-6.
As mentioned above, the induction of MCP-1 is dlyeproportional to the increase in
aortic macrophages and suggests that the macroplaagehe major source of MCP-1.
This is substantiated by the fact that monocytesfaphages produce MCPid vitro.
Staining for MCP-1 also showed localization to twter media/adventitia border where
macrophages, aortic adventitial fibroblasts, andam muscle cells can be found. We
also report here that the AoOAFs have the abilitprtoduce MCP-1In vitro. Moreover,
under the influence of IL-4/GM-CSF, 125xX10rimary human AoAFs produced 25ng of
MCP-1 while 500x18 peripheral blood monocyte produced 1ng over 5 cutifire. For
IL-6, the major source is likely the AoAFs sinceBlwas seen localized to the stromal
cells in the adventitia in our mouse modé. vitro, 125x13 AoAFs produced 979 times

as much IL-6 as 500xi@eripheral blood monocytes over 5 d of culture (98 50pg).
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Future studies can prove these implicationsivo using the aortic digestion technique
presented here.

Although aortic tissue digestions are commonly démeisolation of cells to
culture, we adapted this technique to study aonacrophages and how their phenotype
changes with disease progression. Using our tqakniwe showed that aortic
macrophages were CDX@D11b6F4/80 in sham-treated WT mice while macrophages
from dissecting aortas expressed higher CD14 antil&Dbut were surprisingly F4/80
which indicated activation. In contrast, IC-8nice treated with Ang Il for 6 d did not
develop aneurysms and have aortic macrophages/énatCD1£CD11H°F4/80°. Thus,
we think that IL-6 is differentiating monocytes become CD14CD11H" activated
aortic macrophages that contribute to the inductibhL-6, express MCP-1, and cause
aortic dissection. Using the aortic digestion teghes we describe here, this particular
macrophage can be characterized further on itsaceyfintracellular contents, and
signaling profiles. That knowledge may lead the/\fiaxr selective therapeutic targeting
of these pathogenic macrophages.

CD11b is an integrin known to be involved in moneé¢ymnacrophage adhesion,
migration, and phagocytosis (235;290;291). It ferancomplex with CD18 to become an
amP2 integrin receptor known as Mac-1. Ligands foistheceptor include fibrinogen,
factor X, and intercellular adhesion molecule-1 ANG-1) (235;290), which as been
shown to be upregulated by IL-6 trans-signalimgivo (170;173). Blockade of CD11b
has been shown to reduce vessel wall macrophadwaiindn (290;292). It is also
known that CD11lb can form a complex with urokingg®ee plasminogen activator
receptor (UPAR), which increases in expression acrophages (293-299). This
functional unit has been shown to allow for firmhadion while the ligand for uPAR,

urokinase-type plaminogen activator (UPA), decreaskhesion (296;300). uPA has been
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reported to increase by thirteen-fold in the armmail tissue of Ang Il-infused apdE
mice and to cleave plasminogen to produce plasminich can activate MMPs
(115;116). With the data presented here, the enmient facilitating aneurysm
development with Ang Il infusion is better undemsto Not only can the Ang ll-induced
IL-6 increase ICAM-1, but it also augments CD1lkpression on macrophages to
promote firm adhesion to ICAM-1 and other extradell matrixes or cells. At the same
time, uPA facilitates dissociation, allowing for gration, and MMP activation. This
creates an environment where macrophages can attégtate, and degrade tissue from
the adventitia inward (lllustration 2).

We and others have reported that macrophages arel foredominantly in the
tunica adventitia in humans and animal models ofrdiogascular diseases
(39;113;116;123;124,;150;301;302). In this repam, also observed them in the media
associated with tears in the elastic lamellae dh libe thoracic and abdominal aortas.
Our data suggest that the macrophages in the nweia likely coming from the
adventitia based on the pattern of appearanceesttmacrophages in the aorta. Their
recruitment may be mediated by the MCP-1 expressedhe outer media and
media/adventitia border as we have shown. Thisahadasion from the adventitia has
also been observed and supported by others (4i3;@R; The phenomenon is supported
by a study that showed that macrophages artificiatruited to the adventitia migrate
towards the intima over time (303). In this stway provide insight into how induction
of IL-6 in the adventitia can up-regulate CD11b reggion to facilitate the movement of

macrophages from the adventitia into the medialjtiting dissection.
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lllustration 2. IL-6-differentiated macrophagegeessing high surface CD11b and
CD14, MCP-1, and MMP-9 invade into the vessel viralin the
adventitia. uPAR/uPa aids IL-6-differentiated nogtrages to attach
and migrate (insert).

Another important finding of our study was that ptilee transfer of a finite
number of WT monocytes, 1.5X90nto a background that lacks it can restore ewdl
aortic IL-6 and MCP-1 to that seen in treated WTeni This number of monocytes has
been reported to be in the physiological range arfmal mice and not in excess like
typical adoptive transfer experiments (39;43;2408)oreover, the adoptive transfer also
induced dissecting aneurysms at a greater inciddgvacethat seen in WT mice (57 % vs.
35 %). In addition, this experiment also revedlet monocytes preferentially homed to

the aortic root/ascending aorta and the suprareadh, which are the two locations
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where dissections were observed in our model. Véwehnoticed extensive
neovascularization in these areas, which can hglfaim monocyte recruitment there, but
it is unclear why these specific regions are moon@ to neovascularization. These two
“hot spots” are also the locations of increased Iexpression in the aorta (115;124).
Furthermore, we report for the first time the dtron of medial elastic lamellae along
with macrophage presence and dissecting aneurystmafon in the aortic
root/ascending aorta region of Ang ll-treated miCehese features have been reported
previously in the abdominal aorta, but not in ther&cic aorta (113;124;304). This is an
important observation because human thoracic asmsyare commonly found in this
area. These data clearly demonstrate the impaénbf CCRZ monocytes in vascular
inflammation and dissecting aneurysm disease.

Surprisingly, the coculture experiments using prynAoAFs and monocytes
reproduced our main findings vivo rather well. IL-6 and MCP-1 levels were
simultaneously potentiated in coculture, and the iieduction of MCP-1 was higher than
IL-6 just like in the aorta of Ang ll-treated miceCoculture caused monocyte to
macrophage differentiation, and IL-6 was shown pec#ically regulate CD14 and
CD11b expressiom vitro also. Moreover, neutralization of IL-6 in coculuresulted in
decreased MCP-1 levels, mimicking the finding in6iL mice. These results, together
with the observationin vivo that IL-6, MCP-1, macrophages, and fibroblasts are
predominantly localized to the tunica adventitiapport adventitial fibroblasts and
monocytes/macrophages as major contributors toraithae inflammation.

The aortic digestion technique and analysis by ftgtometry described here is a
very powerful method. Currently, most researchaortic diseases like atherosclerosis,
aneurysm, and aortic dissection rely on immunobismistry or immunofluorescence

done on aortic tissue. Although these techniquesgmod at identifying the mere
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presence of a certain event of interest like calld their localization in different areas of
tissue, the main disadvantage is that the eveatsaétner difficult to quantitate with these
techniques. Attempts have been made to make tlhamtitptive like by counting events
per area or volume, but they rely significantly the observer’s interpretation of a
positive (or “black”) or negative (or “white”) even Many times the scoring is hard
because the results looks “gray” and so the obséra®to make a decision that may not
be the same as another observer. In additiohgifriterpretation was not done blinded,
there can be significant observer bias introducédiost times, that may be the case
because the person doing the immunostaining wélb dde the person evaluating the
results. Moreover, since sections of tissue havgetcut rather thin, usually between 5-
10 um, thousands of slices have to be evaluated inrotoleacquire a complete
understanding of the event of interest in the ertgsue like the aorta. In addition, flow
cytometry can measure the intensity of expressibnmaltiple surface proteins,
intracellular proteins, or markers of active inedroell signaling pathways, and quantify
the number of these proteins using a defined reterdike a standard curve. With the
aortic digestion technique, the entire aorta waasdd apart to yield a single-cell
suspension of all cells, and flow cytometry wasduse systematically quantitate the
number of events based on defined criteria thatseas priori. This eliminated having
to manually interpret “gray” events and overcameeober bias. In this research aortic
macrophages were identified and quantified forfitst time. The expression of surface
CD14, CD11b, and F4/80 were observed to changetratiment, disease status, and in
different genotype backgrounds. In addition, thehhique also allowed for scoring of
phosphorylated STAT3 as a measurement of intrdaelgignaling downstream of 1L-6
in these cells. The potential of characterizing #lortic macrophages further with flow

cytometry is almost unlimited.
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We also conclude that the adventitial fibroblasig contribute significantly to
vascular inflammation. Not only can they producel gecrete cytokines like IL-6 and
MCP-1 in copious amounts, they are highly respangdtv Ang Il. Ang Il potently
increases IL-6 and MCP-1 cytokine expression angses AoAF cell proliferation.
Moreover the MCP-1 coming from these cells are fional and can recruit monocytes.
Furthermore, we believe that they are the cru@al pf a monocyte-fibroblast interaction
that further potentiates cytokine production andeatitial thickening seem vivo with
Ang Il infusion. To directly prove these contrilmuts of AoAFs, these cells will have to
be selectively depletad vivo.

It must be noted that a lifetime deficiency of CCB2IL-6 does not totally
protect mice from aortic dissection in responseotw dosage of Ang Il with longer
infusion. When we infused CCR2 and IL-6 knockouterfor 10 d, we found that 2/13
(15.4 %) of CCRZ mice and 1/8 (12.5%) of IL?%6 mice developed aortic dissection,
which is still half the incidence observed in WTcmby 6 d. These observations suggest
that Ang ll-induced aneurysm and aortic dissectmmation is partly CCR2 and IL-6
independent and underscore our understanding that dependent on a complex,
multitude of processes whose interaction ultimatedgults in a loss of aortic wall
integrity. Nevertheless, our results more impdfyasuggest that MCP-1 and IL-6
signaling accelerate the development and incrdaséntidence of aneurysm and aortic
dissections.

In summary, we elucidated roles for IL-6, MCP-1yveautitial fibroblasts and
macrophages that together provides a novel mecahaifois the acceleration of vascular
inflammation (lllustration 3). We propose that6Lis stimulated by Ang Il in aortic cells
like the VSMCS and AoAFs and is further induced wineonocytes are recruited to the

adventitia where it comes into close proximity ttventitial fibroblasts. Increased IL-6
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then promotes monocyte differentiation into a hygiiobile, activated macrophage that
can invade into the media with the aid of MMP-9 galentiates MCP-1 production.
Increased MCP-1 recruits more monocytes into theemiitia, facilitated by increased
vasa vasorum, and the process repeats. These @mtepsle valuable insight into
effectively disrupting the vascular inflammation nemon to many cardiovascular

diseases.
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IL-6 converts monos into macs that express MCP-1
and MMP-9, further recruiting monos and aiding their
invasion into the media, ultimately leading to a weakened vessel

External Elastic Lamina <= S

lllustration 3. Proposed sequence of events |ggiimcceleration of vascular
inflammation and aortic aneurysm and dissectiaregponse to Ang Il
Ang Il stimulates IL-6 and MCP-1 production frontina cells of the
aorta like AoAFs. The MCP-1 recruits monocytes ithte adventitia
where a monocyte-AoAF interaction potentiates largl MCP-1. The
increased IL-6 increases monocyte surface expresi@D11b and
CD14, allowing them to attach and migrate. IL-&er differentiates
the monocytes into macrophages that express MGt MMP-9. The
increased production of MCP-1 recruits more monegyand this
proposed sequence of events repeat, creating GrMGCP-1
amplification loop that accelerates and sustaigswar inflammation
eventually leading to aneurysm and dissection.
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FUTURE DIRECTIONS

The data and new methods described here giveaikather questions and some
interesting ideas that are worth pursuing. In toldj the techniques used can be
modified to obtain better results or data of inséreThe following are some topics to
consider.

The research presented here shows that the phesobfpaortic macrophages
change with disease status and that they can baatbazed and quantitated based on
surface and intracellular proteins using the aadigestion/flow cytometry techniques
described. The aortic macrophages can be furtharacterized using reasonable
hypotheses to ultimately create profiles distinguig normal versus pathological
macrophages. These profiles may be useful fortiijery stages of disease and
ultimately to calculate risk of rupture or disseatof aneurysms.

The monocyte precursor to the CB'CD118'F4/80 macrophages might be
different from normal monocytes. If so, their iti&oation in peripheral blood and can
be used as a novel serum biomarker to detect éisdaghe research presented here only
a quick analysis was performed on the peripheraddIimonocytes from sham-treated
and Ang ll-infused mice. A thorough analysis oé timajority of these monocytes or
blood flowing through the ascending aorta or sugmar aorta at a fixed time-point is
worth performing to determine if the precursor e pathological macrophages can be
detected in blood and are different. This alsoukhde done for other leukocytes of
interest in aneurysm formation, especially T cellsd in the context of other
cardiovascular diseases such as atherosclerosis. idéntification of precursors or the
actual pathological cell types in peripheral blocah be a powerful tool to detect

aneurysm disease and to monitor its progression.
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The aortic digestion technique can be improved ¢oekerate the digestion
process. The method described here takes betweem Hlepending on the cell of
interest; for complete digestion to detect macrgelsa3-4 h is recommended. This is in
addition to the time required for harvesting thetadérom animals. Also, the subsequent
flow cytometry staining takes approximately 2 hhu$, experiments can take the entire
day to perform and many cells may die during thecess. To overcome that, the
concoction of enzymes can be modified or incredasedoncentration as long as the
antigens of interest are not adversely affectedother studies that have digested murine
aortas for identification of cells like T cells, layronidase was used to facilitate the
digestion of extracellular matrix. The addition thfat enzyme may help speed the
digestion and reduce time from tissue to cell isoha

The aortic digestion/flow cytometry method desdiilteere can be used to study
any cell type in the aorta. As seen in the datsgmted above and in previous
publications, there are multiple changes that oattine aorta with disease. Many other
leukocytes such T cells, B cells, plasma cells,trneadls, neutrophils and DC cells in
addition to monocytes are recruited to the aortaatherosclerosis and aneurysms
(39;301). In addition, native aortic cells canodie studied. As mentioned in Chapter 1,
smooth muscle cell dysfunction leads to TAAD. Wiitle digestion method, these cells
can be individually studied on multiple parametmsultaneously including detection of
markers for cell death and expression of surfaa® iatracellular proteins and their
modification status. Moreover, the ability to gtiete cell number may resolve the
guestion of whether smooth muscle cells increaselemrease in density with TAs.
Murine aortic smooth muscle cells have been idiedtibnd quantitated in a recent pilot
study in this laboratory. Any aortic cell can loemtified based on a specific marker or

series of markers and quantitated. Besides gagingtthe number of cells and intensity
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of expression of proteins, subsets of interestbmeorted to obtain a purified population
and then experimented upaonvitro. That gives the advantage of obtaining resultsafo
uniform population and not a mixture of cells thedy dilute the results.

As briefly mentioned in the conclusion above, tresa vasorum seemed to
undergo neovascularization or increase in volumihatareas where dissections occur.
Neovascularization and increase in volume of th@awasorum have been observed in
aneurysm and atherosclerosis and are thought itadtecthe recruitment of leukocytes to
the area of pathology. Moreover, the developmér@neurysm and atherosclerosis are
believed to be dependent on neovascularizatioheof/asa vasorum since changes in the
vasa vasorum are observed prior to pathology. Wewevhy certain areas of the aorta
develop these changes in the vasa vasorum is oetrkn We have preliminary evidence
in vitro that the adventitial fibroblast-monocyte interanti can induce vascular
endothelial growth factor, the main cytokine thatlices neovascularization. That
suggests another mechanism in which monocytes addré\.can contribute to aneurysm
or atherosclerosis; the recruitment of monocytés the adventitia may accelerate the
neovascularization of vasa vasorum there. Thecs@l) of the VEGF, either the
monocytes or adventitial fibroblasts or both, remdab be determined.

Depletion of AoAFs will provide direct evidence ftine role that cell type in
vascular inflammation, particularly aneurysms atieeesclerosis. Although specifically
knocking out this cell type is not currently avaik there is a possible way to remove
them. Research on angioplasty-induced endolumimaty has shown that adventitial
fibroblasts can be labeled with LacZ by applicatodra viral vector expressing the LacZ
gene into the adventitia. In place of LacZ, a gewkeicing apoptosis can be inserted to
cause the AoAFs to die. This will result in AoAfepletion, but there are several

drawbacks with this technique to keep in mind. strithe depletion may only be
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temporary as progenitor cells proliferate to repléwe dead fibroblasts. Moreover, the
method will not be totally specific for AOAFs sinagher cell types resident in the
adventitia will be affected including macrophagesive cells, and cells composing the
vasa vasorum. In addition, the viral infection nago affect smooth muscle cells in the
outer media. To selectively remove AOAFs, furtrstudies on their origins and
characteristics are needed to reveal unique ceken@) that can be targeted. Once that
is known, manipulation of gene(s) encoding the mgey will allow for specific
targeting of this cell type to inhibit or remove iit vivo. Ang Il infusion in that
background will clearly demonstrate the role of A®Xo0 Ang lI-induced aortic diseases.
In addition, a potentially new method of targetiedg delivery for atherosclerosis
and aneurysm can be develop based on the observiation the adoptive transfer
experiments that monocytes home specifically totthe “hot spots” coinciding with
where aneurysms and dissections are found. THibased therapy utilizes the innate
ability of phagocytosis in monocytes and macropkdgeiptake large amounts of foreign
compounds and to carry it to areas of interestiefr monocytes from patients can be
purified unmodified from peripheral blood, alloweal take up a drug or treatment, and
reinjected back into easy access veins of the gatients. From there, the monocytes
are expected to migrate toward areas of inflammadi® well as the liver and spleen for
clearance. Once at the area of interest, the nype/macrophages will die naturally as
seen in atherosclerosis to release its contentbggrcan be induced to die if treated with
a cell death-inducing agent prior to injectionnc® blood circulates throughout the entire
body in about 1-1.5 min, theoretically the cell$ydmave to be alive for a few minutes in
order to home to the aorta. Data from the adoptamesfer experiments suggest that the
inflamed aorta acts as a sink for monocytes siabeléd monocytes can still be detected

in circulation 4 d post injection in sham-treategt mot diseased mice despite equal
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recruitment to the liver and spleen based on iitten$ labeling detected in those organs.
The main benefit of this therapy would be targedetivery of drugs to areas where it is
wanted and not randomly. This is especially oériest in the treatment of cancer to
reduce side effects that are seen from systemiwvedgl of chemotherapy. The
recruitment to the liver may divert some monocyftesm the area of interest for
clearance, but this occurs with standard drug defivalso. That is not expected to be a
major problem since the inflamed aorta acts aska feir monocytes. An advantage of
this therapy is that unlimited numbers of monocyt&s be isolated from humans. Based
on our adult monocyte isolation protocol, 10 mLbidod from a healthy adult will yield
approximately 3 million monocytes; therefore, 50Q,na typical volume for blood
donation, will yield 150 million monocytes. Sinhematopoesis is a continuous process,
an unlimited number of monocytes can be obtaineel dvne and repeat therapy is
possible to deliver effective doses to the spedfea of interest. Another advantage of
this therapy is that the cells used will be nat@wel will not induce an adverse immune
response.

In addition, further studies on other roles of@Lin aneurysm formation and
dissection should be performed. This researchligigfis some potential aspects to
pursue. Stimulation of monocytes with IL-6 waswhao induce MMP-9 expression,
but whether this results from IL-6 directly upregihg MMP-9 transcription and
translation or indirectly by differentiating mondeg to macrophages is not clear.
Animal studies have shown that Il-énice have reduced MMP-9 mRNA in their aorta
(194). Therefore, it seems like IL-6 controls MNMRexpression. In addition, it is of
interest to study the regulation of VEGF by IL-6 aells native to the aorta and
leukocytes. Moreover, molecular studies can regesdt insight into how IL-6 signals to

regulate VEGF and MMP-9 at their promoters and taethere is cross signaling from
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NF-«B. These two areas of research will provide insigto how IL-6 facilitates the
recruitment of monocytes and regulates an impoaayme that weakens aortic tissue
as well as the molecular signaling involved. Tbgetwith the findings presented here, a
more complete picture of the role of IL-6 in aneumyand dissection will be obtained and
new molecular targets may be revealed for the desigiovel therapeutics that will be

applicable to many cardiovascular diseases.



Appendicies

APPENDIX A: METHODS

Animal care and usageAll mice were housed in the UTMB Animal Resource
Center in accordance with its Institutional Anin@dre and Use Committee guidelines.
C57BL/6J WT and IL-6 mice were obtained as retired breeders from Tio&sda
Laboratory and housed until animals were from #ik2of age. CCR2 breading pairs
were obtained from The Jackson Laboratory and brdwuse. Age-matched CCR2
and IL-6" mice were used in all experiments. Both CECRRd IL-6" mice are in the
C57BL/6J background. For Ang Il infusion, anesiext mice received subcutaneous
Alzet osmotic minipumps (Durcet Corp.) deliveringher saline (sham-treatment) or
Ang Il (synthesized by the UTMB peptide synthesiseg at 2,500 ng kgmin™ for 6 or
10 d.

Explantation of aorta and cytokine analysidlice were perfused with PBS via
the left ventricle to remove blood from tissue. akHe and aortas were excised as a unit
and placed in sterile PBS. Peri-adventitial faswamoved. As soon as the aortas were
clean, they were placed in 0.5 mL of DMEM mediumel{@o) containing 1x ITS
(Sigma) and 0.1 %BSA (Sigma) and incubated irssug culture hood at 3T for 4 h.
After incubation, the medium was removed and stémezen at -80 C. All detection of
IL-6 and MCP-1 in culture medium was analyzed usingulti-plex, bead-based ELISA
kit (Lincoplex/Millipore mouse or human adipocytgiakine panel) according to
manufacture’s instructions. Samples were run iplR28uplicates.

Immunohistochemistyr and immunofluorescengkdes containing frozen mouse
aortic cross-sections (Bm) were immediately fixed with 4 % PFA for 30 minpon

removal from -80 C. Blocking was performed using 0.1 % Triton-Xy®%normal serum
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of the species producing the highly cross-absorhkcka 568 conjugated secondary
antibody (Invitrogen) for 15 mfnat 37 C. Blocking was removed by tapping slides and
primary antibodies were added at the following @mmations: 1:100 anti-CD11b
(M1/70-eBioscience), 1:100 anti-fibroblasts (ER-FRBACHEM), 1:50 anti-MCP-1
(ECE.2-Abcam), 1:200 anti-IL-6 (eBioscience), an@Q0 anti-macrophages (MOMA-2-
Abcam). Incubations in primary antibody were parfed for 2 h at 37C or overnight
at £ C. Washes were performed with PBS containing ®03ween 20 and 1 % BSA
3 times for 5 min each on a tilting platform. A#%68-conjugated secondary antibodies
were added at a dilution of 1:200 and incubated4tomin at 37 C. After incubation,
slides were washed as above 3 times. The slides sta@ined with DAPI for 5 min and
then rinsed before mounting. PFA-fixed, paraffmbedded human aortic tissue sections
were microwaved for antigen retrieval and stainedoading to the instructions of the
VECTASTAIN ABC-AP kit (Vector Laboratories) using 2100 dilution of anti-IL-6
antibody (clone 6708-R&D systems). Vector Red fgetaboratories) was used as the
substrate. The precipitate is red and also givesdaluorescence. Micrographs were
taken with an E800-UIC Upright Epifluorescence rmgmope and images collected by
ACT-1 software. Anonymous human samples of sppescending aortic aneurysm and
type A dissection, stable ascending aneurysm, anchad control samples were kindly
provided by Dong-Chuan Guo from the laboratory of Dianna Milewicz at UTHSC-
Houston.

Aortic digestion. Aortas were removed from mice, cut into 3-4 mrmacps, and
placed into 1 mL of aortic digestion solution. Jhsolution contains 1.25 mg/mL
collagenase (Sigma), 5@/mL porcine pancreatic elastase (Sigma), and 5@a@l in

0.9 mL base solution of Accumax (Innovative Cellcfieologies). The tissue was

6 min is the abbreviation for minute (s)
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allowed to digest at room temperature with agitafar 3-4 h. This digestion process did
not affect surface protein expression as determiosiohg THP-1 monocytes and
macrophages. After digestion, the cells were wagimee in FACS buffer (0.5 % BSA,
0.02 % NaN in PBS) with centrifugation at 300g for 5 min. oBking and the protocol
for flow cytometry are described below. For sampleith significant RBC
contamination, a RBC lysis step was performed dfftennitial wash. For detection of p-
STAT3, aortas were digested in the presence of gitatase inhibitors (5 mM
depolymerized sodium orthovanadate and 50 mM Na¥f)er digestion, the cells were
quickly washed and then fixed in 0.5 % PFA for 1ih.m Cell permeabilization was
performed with 100 % cold methanol for at least rilh on ice. All washes and
incubations were done in the presence of phosphathagitors.

Flow cytometery. Murine Fc receptors were blocked using antibodigsiret
mouse CD16/32 antigens (eBioscience) for 10 mimge. The cells were then washed
and resuspended in 1Q@ FACS buffer. Fluorochrome-conjugated antibodies C
CD11b (M1/70), PE CD14 (Sa2-8), APC F4/80 (BM8)fedim eBioscience, CCR2 (M-
50) from Santa Cruz Biotechnology, Alexa Fluor G+B8TAT3 Y705 (4/P-Stat3) from
BD Bioscience] were added and samples were incdb&ie 30-45 min at room
temperature, protected from light with occasioneguspension. The corresponding
isotype control antibodies were added to “isotypesles” at the same concentrations as
the antibodies of interest. After incubation, sdmples were washed 3x in FACS buffer
with centrifugation at 300g for 5 min. Cells wdbeed in 0.5 % PFA and analyzed by
FASCanto the following day. Compensation was perém using positive samples
containing aortic macrophages stained for one colbor indirect staining using an
unconjugated primary antibody, a 1:2000 dilutiontlté conjugated secondary antibody

was used. Human cells were blocked with humannsenud staining was performed as
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above with the following antibodies: FITC CD1a {49), PE CD14 (61D3), PE CD11c
(3.9), PE-Cy7 CD11b (ICRF44), APC HLA-DR (LN3) &lbm eBioscience and MMP-9
from Sigma. Debris and dead cells, as definedoly forward scatter, were excluded
from analysis. Data were analyzed with Flowjo gfl@ic.

Murine monocyte isolationBlood was obtained from C57BL/6J mice by cardiac
puncture. Approximately 0.7-1.0 mL of blood wagaibed per mouse and collected in
EDTA coated vials. RBC lysis solution (Invitrogemas added to the blood in a ratio of
3:1 for 5 min at room temperature. The cells wezatrifuged at 1,000g for 3 min to
remove RBC lysis solution. The pellet of leukosyteas resuspended and washed in cell
isolation buffer (2 % heat-inactivated FBS, 2mM EDIh PBS) with centrifugation at
4009 for 10 min. Cell counting of leukocytes wamd by the trypan blue exclusion
method with a hemocytometer. Next, the protocolrfegative isolation of monocytes
was performed according to the SpinSep Monocyté&tism Custom Kit instructions
(Stem Cell Technologies). Briefly, an antibody ktad was added to the leukocytes at a
concentration of 10 uL/5xIGucleated cells per mL and incubated aC4for 15 min.
The cells were washed and 2@0 of SpinSep Dense Particles were added per 5x10
cells. This cell/particle suspension was incubatedice for 20 min with occasional
mixing. After incubation, the mixture was dilutedth 6 mL of isolation buffer and
gently layered on top of 4 mL of SpinSep Density dWlen at room temperature.
Centrifugation was performed for 10 min at 1,200goam temperature with brakes off.
The enriched cells from the interface were cargfuémoved into a new tube and
washed. PBS was added to resuspend the monocytes bgection. A typical isolation
took 4 h. We were able to isolate 1.5%h@onocytes from eight mice. Monocytes were

7 % of all leukocytes. The purity was >95 % asassed by staining for CD14.
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Labeling of mouse monocytesMouse monocytes were labeled with DiR800
(Invitrogen) and PKH26 (Sigma) simultaneously adawy the product protocol for
PKH26. Briefly, cells were resuspended in 1 mLusoh A of PKH26. 4uM solution
of PKH26 dye in 1 mL was made in Solution B and:&0Q dilution of 10 mg/mL
DIR800 was added. Solution A was combined withuBoh B and the cells were
incubated for 3 min at room temperature. The fowmicentration of PKH26 was |2V
and DIR800 was 0.01 mg/mL. After incubation, teiscwere washed with PBS 3 times.
Complete removal of DiIR800 dye was checked by LIG@RgIng.

Adoptive transfer of mouse monocytes and in viaging. 1.5x1¢ monocytes in
150 uL of PBS were injected via tail vein using@adauge needle (BD). The tails were
warmed under lighting to dilate veins and cleané&tl alcohol swabs. A tourniquet was
made at the base of the tail to enhance dilatat@ells were injected when no resistance
was felt upon pressing on the needle’s plunger.emMémy resistance was felt, the needle
was immediately withdrawn. This procedure enalitednjection of the entire 150 uL
cell suspension. 4 d after injection of labeleshocytes, the mice were anesthetized and
shaved to remove hair on the ventrum and dorsunice Mere placed on the LICOR
Odyssey and scanned using the DNA Gel setting afffagt of 2-4 mm and an intensity
of 4 in the 800 channel and 1 in the 700 chanielr detection of cells in the aorta, the
aortas were excised and placed in 60 mm cultuteedis They were scanned with the
DNA Gel setting at an offset of 2 mm and an intgnef 4 in the 800 channel and 1 in
the 700 channel. These machine settings and geanvweere kept consistent for each
mouse. For detection of PKH26, the aortic roodaging aorta was embedded and
quickly frozen in OCT on dry ice. Detection of PR&lin 6uM cross-sections was done

with fluorescence microscopy.
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Cells. Primary cultures of human aortic adventitial diblasts (A0AF) were
purchased (Lonza) and grown in Stromal Cell Grodt#dium (SCGM) containing 5 %
FBS (Lonza). THP-1 monocytes were obtained froh€C& and grown in RPMI 1640
medium containing 10 % FBS. Cord blood monocytesewobtained from cord blood
using cord blood donated to the laboratory of Dan&y Urban. Adult peripheral blood
monocytes were obtained from blood of a volunteer.

Coculture. Coculture experiments were performed at a ratid: bf monocytes to
fibroblasts, respectively. 500x10nonocytes were added to a culture of 128x10
adventitial fibroblasts in 1.5 mL of RPMI mediumntaining 5 % FBS for 4-5 d. For
analysis of cytokines in culture medium, the mediwas removed and kept at <8G.
For flow cytometry, cells were dislodged with 1 mt2 mM EDTA. IL-4 and GM-CSF
were added to the culture medium at a concentratid® ng/mL every 3 d starting day 0
of coculture. For neutralization of IL-6, 3@ of anti-IL-6 and anti-sIL-6R antibodies
were added daily from day 0. For Transwell expents, monocytes were added to the
top of polycarbonate inserts with Odn pores and the fibroblasts were grown on the
bottom well (Corning Lifesciences).

Real-time PCR for human MCP-1 from THP-BNA was extracted from 1x310
THP-1 cells using TriReagent following manufactargistructions. 0.pig of RNA was
reverse-transcribed using Superscript Il (Invigny according to provided directions.
Real-time PCR reactions were performed in tripgsaising JuL of resulting cDNA per
20 pL reaction volume containing iQ SYBR Green superrtixo-Rad Laboratories,
Inc.). GAPDH was used as the housekeeping g@&mners for human MCP-1/CCL2
were CATTGTGGCCAAGGAGATCTG (forward) and
CTTCGGAGTTTGGGTTTGCTT (reverse). PCR was perfornoadthe MyiQ system
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(Bio-Rad Laboratoreis, Inc.) according to presetq@eol. MCP-1 mRNA was analyzed
by theAACt method.

Real-Time PCR for IL-6 and MCP-1 from AoAFd.otal cellular RNA was
extracted from AoAFs using TRI-REAGENT (Sigma). ufj of RNA sample was
fractionated by electrophoresis on a 1 % MOPS/&dehyde agarose gel to ensure
RNA integrity. Validated human IL-6 (FW- 5’-GGCAGIGCAGAAAACAACC-3'and
RW- 5-GCAAGTCTCCTCATTGAATCC-3) and MCP-1 (FW-
5’'CATTGTGGCCAAGGAGATCTG-3' and RW- 5'-CTTCGGAGTTTGGTTTGCTT-

3’) gene specific primers were obtained from RT nfem Database
(http://medgen.ugent.be/rtprimerdb). Reverse tapison was performed with fig of
total RNA using random nonomers as primers and Superscript Il reverse
transcription system (Invitrogen) as recommendedhieymanufacturer. Ong. of the
reverse transcription reaction was used as tempdatehe subsequent PCR reaction,
which was carried out in triplicate. The reactmixture consisted of Syber-green super-
mix (BioRad), template cDNA, and target primer atancentration of 200-400 nM.
Thermal cycling was performed with a BioRad myl@&alftime PCR system (BioRad)
under factory defaults (50° C, 2 min; 95° C, 10 nand 40 cycles at 95° C for 15 sec.,
60° C for 1 min). Threshold cycle number (Ct) veddained for each sample. Relative
transcript levels were quantified as a comparidgameasured Ct values for each reaction.
GAPDH mRNA levels were measured for each sample @iided as the internal

AACH method.

control. Fold change values were calculated uie@
Multiplex-ELISA. 50x1G AoAFs and 200xI0THP-1 monocytes were grown in

their respective medium for 36 h. gb samples of fibroblast-conditioned or monocyte-

conditioned medium were assayed in duplicate usBigsource Multiplex Kkits

(Biosource), and a standard curved assayed inlglaveds used to determine cytokine
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concentrations. Data was expressed as nteatandard deviation for 6 individual
samples for each cell type.

In situ hybridization SP6 and T7 RNA polymerases were used to prosieicge
and anti-sense digooxigenin (DIG)-labeled cRNAsrfrouman IL-6 and MCP-1 cDNA
fragments cloned in pCR II-TOPO (Invitrogen). AcAFwere fixed in 4 %
paraformaldehyde for 30 min at room temperaturen) forehybridized with hybridization
buffer (4X SSC; 10 % dextran sulfate; 1X Denhardtdution containing 0.02 % Ficoll
400, 0.02 % polyvinyl pyrolidone, 0.02 % BSA; 2 mEDTA; 50 % deoinized
formamide; 500ug/mL herring sperm DNA) for 1 h at 37° C. Hybridion in buffer
containing 20 ng IL-6 cRNA or 20 ng MCP-1 cRNA peotvas performed overnight at
37° C. Sections were blocked with Roche Blockingf& (Roche) for 30 min at room
temperature, then incubated with anti-DIG antib@dyblocking buffer) for 2 h at room
temperature. NBT/BCIP color substrate incubati@s werformed for detection of DIG-
labeled probes hybridized to IL-6 mMRNA or MCP-1 m®N The cells were
counterstained for 5-10 min with nuclear fast realnsand mounted in Dako mounting
media.

Cell migration assay. Migration to THP-1 monocytes to AoAF-conditioned
medium was assessed by Boyden chamber assay usargswell polycarbonate
membrane inserts with|@m pores (Corning Lifesciences). Briefly, 2XTIHP-1 cells in
100 pL of serum-free Stromal Cell Medium (SCM) were @don the top chamber and
600 pL of AoAF-conditioned medium or Stromal Cell Growihedium was placed on
the bottom chamber. After a 2 h incubation & G7the number of cells migrated to the
bottom chamber was assessed using a Z2 Coultert€o(Beckman-Coulter). For

inhibition studies, neutralizing MCP-1 antibodiéBiqLegend clone 2H5) or Hamster



IgG control (eBioscience) antibodies were incubaté@td AoAF-conditioned medium for
30 min prior to plating.

Cell proliferation assay.AoAFs were plated at 50 x 16ells/well and grown in
SCGM for 24 h. The medium was then replaced wiiiMSontaining 0.25 % BSA, 0.2
% FBS. The cells were stimulated withu¥1 Ang Il for 4 d. AoAFs were detached in
0.5 mL ACCUMAX and diluted into 9.5 mL of an ISOTQONSsolution for counting with
a Z2 Coulter Counter.

Thymidine incorporation assayAoAFs were plated at 50 x i@ells/well in
twelve-well plates and grown in SCGM for 24 h. Trhedium was replaced with SCM
containing 0.25 % BSA, 0.2 % FBS. Cells were stated with 1uM Ang-II for 16 h.
During the final 4 hH-thymidine (2uCi/mL) was added. Plates were briefly washed
with 2 mL of cold PBS and then 2 mL of cold 10 %A were added and incubated at 4°
C for 2 h. Cells were washed with 95 % ethanol alfaved to dry for 1 min. 500L of
0.2 N NaOH was added to dissolve the cells for 2B50uL of lysate was added to 5 mL
of scintillation cocktail, mixed, and dark-adapfed at least 2 h before counting CPM in
a Geiger counter (Beckman-Coulter USA).

Flow Cytometry for cells in culture. AOAFs were labeled with 2M PKH26
(Sigma) prior to start of coculture experiments l&AiHP-1 cells were unlabeled. Cells
in coculture were detached with 10 mM EDTA/ACCUMAXentrifuged, and
resuspended in PBS containing 0.5 % BSA, and kepteuntil time of analysis using a
FASCanto (BD Bioscience). For overnight storagd|scwere resuspended in 0.5 %
paraformaldehyde-PBS solution, vortexed immediatéhen kept in the dark on a
rotating holder at 4° C. The PE signal from PKHh&& detected by flow cytometry.

Data analysis Data were reported as mean * standard devi&ibn or meant

standard error (SE) as indicated from at least (Jars¢e experiments unless stated
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otherwise in Results. Differences were analyzedstudent’s t-test (one-tail, assuming

unequal variances). Valuesi%0.05 were considered significant.



APPENDIX B: TABLE 1-AORTIC MACROPHAGES

Table 1. Quantitation of macrophages in aorta

Mice Group # Macrophage % Macrophage n
Sham 1,840 + 314 0.46 +0.08 15
No

C57BL/6J Dissection 9,750 + 2,218 2.44 +0.55 11

Ang Il
Dissection | 127,452 + 9,575 31.87 £2.39 4
Sham 1,317 + 217 0.33+0.05 9

IL-67
Ang Il 4,812 + 998 1.20+£0.25 8
Sham 942 + 102 0.24 £0.03 7
CCR2™"

Ang Il 2,626 + 106 0.66 = 0.03 7

Table 1. Quantitation of macrophages in the addambers of CD14CD11b"
macrophages in sham-treated and Ang lI-treated \W®;", and CCRZ
mice were quantitated by flow cytometry after 6fdhag Il infusion and
expressed as a percentage of all cells counteth dba meaas SEM.
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APPENDIX C: TABLE 2-CYTOKINES SECRETED FROM HUMAN AOAFSAND
MONOCYTES

Table 2. Adventitial fibroblast and monocyte cytok ine secretion

Cytokines/Chemokines AOAF (pg/mL £S.D.) THP-1 (pg/mL = S.D.)

IL-1B OOR< 71.8+12.4
IL-1Ra 89.3+24.3 33.3+17.4
IL-2 OOR< 10.8 £4.0
IL-4 6.3+0.2 5.9+0.3
IL-5 2.0+0.2 14+0.1
IL-6 967.8 £ 149.4 3.4+0.9
IL-8 84+15 21.2+5.2
IL-10 27.5+4.3 12.7£0.7
IL-12p40/p70 OOR< 14+£10
IL-15 15.3+25 10.8+3.4
TNF-a 3.2+£0.7 33.3+17.4
IFN-y 24+0.3 1.9+0.7
GM-CSF 18.3+3.8 OOR<
MIP-1a 17.7+£3.9 20.7 £5.0
MIP-18 18.1+4.9 276.4 £60.9
Eotaxin 1.2+04 OOR<
RANTES OOR< 163.9 £ 14.3
MCP-1 583.7 £78.9 19.7+£3.1
IP-10 1.9+0.1 8.2+1.2

OOR< (Out Of Range Low)

Table 2. Cytokines secreted from aortic adventitiabblasts and monocytes. 50X10
primary human aortic adventitial fibroblasts an@200° THP-1 monocytes
were cultured for 36 h and the conditioned medieevessayed in duplicate
with BioSource human cytokine 25-plex panel beagsedd_uminex assay.

Data are meat S.D.
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