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Aneurysm formation # Aneurysm rupture
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* Not all aheurysms rupture -

(autopsy sLuﬁles prospective follow-up studies, clinical experlence Q)O
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« <In a life-long follow-up study of unruptured angﬁ?ysms,
\@©‘§) only 1/3 ruptured (Korja et al. Stroke 2014) o
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* Rupture is a rare event in animal mgfdels of induced
aneurysms (in the classical Hash/mow mode/ 3% in 3months)



Aneurysm wall is pot “inert rubber” — it can
grow, remodel, and thicken
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Data for the role ‘of inflammation during
aneurysm f@Tmatlon — animal models

. Hashlrﬁoto N. group’ s model (Kyoto): Rupture rare
— lﬁduced hypertension (salt + renal artery Ilgat@ﬁ)
& Inhibition of collagen crosslinking o
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« Hashimoto T. group’ s model (UCSF)\Rﬁupture
common &
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— Induced hypertension (anngiénsm Il
— Elastase injection into C/stesﬁa magna
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Cerebral artery wall is mf;itrated by macrophages during
formation of mtragranlal saccular aneurysms
(unilateral Qa"rotld artery ligation model)
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FiG. 4. Late inflammatory, ﬁﬁdn“u characterized by progression
of inflammation, resulting Q‘?d defect within the inflammatory zone.
A: Double nlnmumammﬂ‘lﬂ of an ACA-OIfA section. The eNOS
antibodies (green) angd’ -SMA (red) demonstrate the thinning and
.| destruction of lh%@*“u.mmlh muscle layer. This creates a defect
\ (arrow) in the infimmatory zone that ap pears to lack eNOS expres-
W sion aml Lh@“ﬁ‘nn layer of a-SMA—positive cells. B: Magnified
AC view of [‘hmc.l A dmmnalmtmu‘r the inflammatory zone defect (ar-
o row). Tmﬂl defect lacks eNOS expression. C: Positive expression
W of m\lﬁnp 1ages (blue) around the inflammatory defect.  D: Merged
images. Lu = lumen. EulIH— I{} L.

1y Macrophages in blue Lu

Jamous et al. J Neurosurgery 2007




Inhibition of macrophage recruitment via MCP-1
iInhibits aneurysm ermatlon (carotid ligation model)
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Depletion of macr@phages inhibits aneurysm
formatmn (elastase model)

@Control Macrophage
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Kanematsu et al. Stroke 2011 N




How macg@phages cause
aneurysm formation?

Secretion of @é?rix degrading proteases
(e.q. I\/IMP-g@%ind MMP-9) (Aoki et al. Stroke 2007) &
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Induchon of oxidative stress — INOS and reactive oxygen spe@‘es

gEeﬁT(uda et al. Circulation 2000 and Aoki et al. Lab Invest 2509)
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Secretion of inflammatory cytokines (! COX2 and TNI’-Sa signaling)

— phenotype change in smooth muscle and endgtfﬁellal cells
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Potentially induction of cell death in the agé@rysm wall (Fas-
signaling and TNFa signaling) ~



Induction of macropbage activation via COX-2 and
EP2 positive feegd”back loop during formation of
iIntracranial aﬁéurysms (carotid ligation model)
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A proposed model for the formation of cerebral aneurysrﬂr induced Aoki T et al. BrJ Pharmacology 2011

by shear stress.



Inhibition of TNFa 81gnallng (TNFaR1 knock out)
1) reducgs aneurysm formation and
2) MCP-1 and Q@X 2 expression in the aneurysm wall
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Conclusion: Formoétlon of intracranial aneurysms is
meﬁlated by macrophages
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1. I\/Lacrophage Infiltration associates with ¢
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& aneurysm formation &

N\
v &

& &
e@'z’ K

& 2. Blocking macrophage infiltration prQ@vents

b aneurysm formation

3. Inhibition of macrophage S|gnaT|ng (TNFa and
COX-2) prevents aneu[yém formation




What about<aneurysm rupture?

« Data fromaﬁuman tissue samples available &
(ruptur@ﬁ' vs. unruptured aneurysms) o
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V’arlous animal models — none that for certain roe‘pllcates
& the human pathobiology of aneurysm ruptur@
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— Induced hypertension + elastase injetion @@ael
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— Decellularized aortic graft model
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Macrophage |nf|Itrat|oraQassoc:|ates with wall degeneration
and rupture |n°‘ﬁuman iIntracranial aneurysms
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Macrophage infiltrgtion increases with rupture
and is notq,baj‘ﬁst a reaction to rupture
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WALL AREAS OTHER THAN MYOINTIMAL <X AREAS OF MYOINTIMAL HYPERPLASIA ORGANIZ No correlation with time from rupture

Frosen et al. Stroke 2004 o
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In addition to mgcrophage infiltration —
Aneurysm wall degen@“’atlon and rupture associates with

Tulamo et al. Neurosurgery 2006
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activation of the nganement (humoral immune system)
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Also T-cells (CD3) are’present in the aneurysm wall
— and gésociate with rupture
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c. WALL AREAS Q(qu‘EAR THAN MYOINTIMAL | AREAS OF MYOINTIMAL HYPERPLASIA / ORGANIZIN
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..and also, mast cells arec,,present In the aneurysm wall and
assomate with accumulaﬁon of iron and lipids as well as with
macropb”ége and T-cell infiltration

,,4
TABLE 4. Association of Histologic Charé@teristics of slAs With MCs
«Ob MCs
Variable KQ’Q Absent (n =27) Present (n = 9) p
Histology of s1A wall 6’?3
Endothelium not intact, n (%)* ,\\\® 1727 (63) 9/9 (100} [Lb%'r
Intraluminal fresh thmmbmi@‘fjejre-sem, n (%)* 10/26 (38) o7 (0) Q@U?J
Intraluminal organizing L@%mbmiﬁ present, n (%a)* 9/26 (35) 217 (29) @ 1.000
Lipid present in the P{j’.\ , 0 (%)* 21/27 (78) T/9 (78) be 1.000
Ratio nf]ipid—rjch&area. median (range), %I 9 (0-37) 37 (0-69) 0(\ 0.022%
Neovessels pre rbt n (%a)y* 6/27 (22) 99 (100) 0A <0.001F
Distributioresnsity of neovessels, median (range), neovessels/mm> {1 (0-15) 2 (0500 cho <0.001f
lrom de@\'tion present, n (%o)* 327 (11) 6/9 (67) (obo 0.003%
Stroxgg iron deposition present, n (%)* 1/27 (4) 5/9 [“{Q’Q 0.002%
'I'n@}?ﬁmnber of inflammatory cells W
QN@L'I)EaH—pmili\-'e macrophages, median (range)i § 15 (0-527) 0&'4 (42-297) 0.012%
V CD163-positive macrophages, median (range)} § 72 (5-417) oo 158 (35-443) 0.110
CD3-positive T lymphocytes, median (range)i§ 11 (0-357) \%& 52 (25-137) 0.010%
Further analysis of MC-positive slAs (\é\
Total number of MCs, median (range)y ?\\ 23 (3-170)
Total number of degranulated MCs, median (range )y _\ofb*' 15 (2-1100
Ratio of degranulated MCs to all MCs, median (range), %o 0@ 67 (43-96)
Distribution density of MCs, median (range), MCs/mm™ \$\é® 4 (1-69)
Total number of MCs in standard-sized areas, median (range)§ - 7(2-32)
0
©?“

Ollikainen et al. J Neuropath Exp Neurol@gy 2014




Genome wide Comparlsoga of gene expression in ruptured
and unruptufed human aneurysms
— mflammatlon@s"[rongly associates with rupture
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TABLE 2. Biological Processes in Hupture@gaccular Intracranial Aneurysm Wall Samples”

g Upregulated Genes
S

Gene Ontology (GO) Biological Egozessas GO ID® P* FDRY OR Count éize
Chemotaxis ®¢\ GO:00060935 260E — 14 566E — 11 7 30 125
Immune response ,@@ GO:0006955 570E — 14 6.26E — 11 4 49\% 333
Response to external stn@lus GO:0009605 1LOOE — 13 74A1E — 11 3 ] 651
Inflammatory responsg GO:0006954 140E — 13 752E — 11 4.2 \oglrﬁ 296
Locomotory behaz\iér GO:0007626 1.50E 11 646E — 09 45 QA‘?} 35 208
Response to strgﬁ?} GO:0006950 3.60E — 09 1.31E — 06 2.1. o9 1224
Response t er organism GO:0051707 4.70E — 08 149E — 05 18 87
Positive re‘@slatmn of tumor necrosis factor production GO0:0032760 5.80E — 08 1.60E — 05 @ 6 7
Locc:-mg‘tinn GO:0040011 1.30E — 07 3.18E - [}5 \\‘\ : 20 114
Cytaihe production GO:0001816 2.50E — 05 549E — 03 ¥ 38 16 108

sphate metabolic process GO:0006796 5.30E — 05 1.06E - Q%EP 66 893
{chnsnwe regulation of interleukin-6 production GO:0032755 550FE — 05 1 DBE & 2 Gﬁ 4 6
Regulation of cell proliferation GO:0042127 1.80E — 04 3166~ 02 T3 44 550
Intracellular lipid transport GO:0032365 260E — 04 3Q§E 02 21 4 8
Meutrophil chemotaxis GO0:0030593 2.70E — 04 ?\“3 55E — 02 12 5 14
Regulated secretory pathway GO:0045055 2.70E — 04 @ 3.55E — 02 12 5 14
Protein amino acid phosphorylation GO:0006468 2.70E 055\\ 3.55E — 02 1.8 47 613
Regulation of cytokine biosynthetic process GO:0042035 390E 4.55E — 02 4.2 10 61
Purine ribonucleoside monophosphate biosynthetic GO:0009168 3 ‘Elrli}l:\$ 4.55E — 02 11 5 15

process

Kurki et al. Neurosurgery 2011




— but is it the cause of ru@ture7

Gep,é‘*« S O @{@b.
mfla;ﬂmahon associates with ruptur@ in
& human aneurysms
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Degenerative remodellng of aneurysm wall —
What characte?lzes a ruptured aneurysm wall
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Why smooth muﬁcle cells are important?
Capacity for matrl&synthess & adaptive remodeling

c*@v
&
«0
NS . -
| ‘Q, ‘06'
& R ‘
&’ &
q\(o ¢ 4 ‘ (\"\QQ
N . ~ Lo R ’b
» % Y
\(\'Z} N @ - < \ { . 040(\
%Q/@ b ~ A N ) é A\ ;\\OQ
\$® : N . «Ob&'
& b A= N\ B R, &
K~ ’ ~ \\\ IVS:\\ \ .
SRR SN & geninbrown
&
R O AN \
. SN
., ~ ?\\ .
Intimal hype T k"’ o~ |
Smooth mu; MMP9 production in the an rysm waII \ ‘
(in situ hybridization, Ml\/g? mRNA in brox@ \
\‘b |

Q
v



Loss of mural Cellgﬁs what causes aneurysm
growth and rupture...

4
)
Non decell@8rized aneurysms Baseline Follow-up
A &

Follesw-up CE-MRI
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50% growing aneurysms ruptured... ¢
vS. none of the controls
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No evidence that cetnplement acts directly on
smgoth muscle cells

Complement activation (in red) and cell deaiﬁ

\\K

DO NOT colocalize in the aneurysm waII

®
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Tulamo et al. Neurosurgery 2006 <2




Macrophage "derived cytokines —
TNFa |mpI|cateQU|n aneurysm formation in mice
. what abcm’c rupture in human aneurysms?
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Jayaraman et al. Neurosurgery 2006 | "




No evidence for apoptqsﬁs induced by inflammatory cells
(Caspase-8 actlwatlon) in human aneurysm wall
— other factors&mpllcated (Caspase-9 activation)
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. instead apoptosis & milammatory cell infiltration in the
aneurysm wall assomat@s with response to oxidative stress

- and some mflammaetory cells express hemeoxygenase-1
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Myeloperoxidase (derived from neutrophils & macrophages)
causes ‘oxidative stress
— and assomat@:s ‘with rupture risk in aneurysms
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& Aneurysm formation & SAH
& in myeloperoxidase knock out mice
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1) So other Caussé perhaps oxidative stress- rather than
macrophage | iiduced cell death are the primary cause of

Q\\

&f smooth muscle cell loss &
\{@@?@ .\@Q@Q\
K and &
(Q\o&. (\0400
2$Some of the inflammatory cells perhaps causg “oxidative
stress °*

6

— where as others are a responsﬁ to it?

&
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. not all inflammatory cells or macrgfﬁwages In the aneurysm
wall necessarily have th@ same function?
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Macrophages affect sﬁooth muscle cell function in
multiple ways — @nd can even promote fibrosis
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Macrophage@derlved cytokines —
COX2 signaling mp‘llcated in aneurysm formation
.. what abouto‘rupture In human aneurysms?
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A cox-2: &

Ruptured Aneurysm Unruptured Aneurysm

STA  wnruptured  ruptured

uuuptureqa’ Aneurysm
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Hasan et al. Stroke 2012 >

Rup tured Aneurysm




There is ewdence&hat COX inhibition reduces
1)meIammat|on and
2) risk of gneurysm rupture in humans
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Conclus;on from studies on patients samples :
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Iﬁﬂammatlon does not seem to dlrec;;iy kill
@aneurysm wall cells but affects rup{Ure risk
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Wj;xét about animal models — does
wﬂammatlon predispose to rupture’? ¢
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Blocking angiotensin |l medlated signaling with Ang 1-7:

Q"O

1) Redﬁ%ed aneurysm formation
)Reduced aneurysm rupture
3) Regkuced TNFa mediated inflammation
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Blocking COX2 related mPGES-1 increased

both aneurysm “formation and rupture

-and, eﬁ‘ect reduced by aspirin
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Activation of the mmunomodulatory PPARg
receptor in macrophages with pioglitatzone (PGZ)
reduced angurysm formation and rupture
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Studies on, :l:ﬁe aneurysms induced with
hyperteﬁSmn + elastase demonstrate:

I\/Iodqlzétlon of the macrophage activity DOES
shfluence the risk of aneurysm rupture &
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.. but can also increase, not just decrease@@pture risk...
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Role of the inflammatory response insaneurysm healing?
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Do the ahlmal models reproduce the
mflammatl@“ﬁ + pathobiology of human disease?
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Q@ “role of inflammation is multiplex and depends on th@"context
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e.g. inflammation promotes fibrosis and Woum healing
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Inflammation promotes vessel wall thickenigd in vascular injury
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Inflammation may promote plaque heallngeas well as plaque rupture in

atherosclerogs
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Genome wide Compansoga of gene expression in ruptured
and unruptufed human aneurysms

—also lipid accumqmlon strongly associates with rupture

S
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TABLE 2. Biological Processes in Hupture@gaccular Intracranial Aneurysm Wall Samples”
g Upregulated Genes
S

Gene Ontology (GO) Biological Egozessas GO ID® P* FDRY OR Count® gizef
Chemotaxis 06 GO:00060935 260E — 14 566E — 11 7 3[} 6(:\0\ 125
Immune response ,@@ GO:0006955 570E — 14 6.26E — 11 4 Q* 333
Response to external stn@lus GO:0009605 1LOOE — 13 74A1E — 11 3 75& 651
Inflammatory responsg GO:0006954 140E — 13 752E — 11 4.2 -\oglrﬁ 296
Locomotory behaz\iér GO:0007626 1.50E 11 646E — 09 45 4‘?}\ 35 208
Response to strgﬁ?} GO:0006950 3.60E — 09 1.31E — 06 21 o9 1224
Response t er organism GO:0051707 4.70E — 08 149E — 05 4 18 87
Positive re‘@slatmn of tumor necrosis factor production GO0:0032760 5.80E — 08 1.60E — 05 @% 6 7
Locc:-mg‘tinn GO:0040011 1.30E — 07 3.18E - [}5 \\‘\" 4.7 20 114
C}'t@ﬁ:i& production GO:0001816 250E — 05 549E 3.8 16 108

sphate metabolic process GO:0006796 5.30E — 05 1.06E - Q%EP 66 893
{chnsnwe regulation of interleukin-6 production GO:0032755 550FE — 05 1 DBE & 2 Gﬁ 4 6
Regulation of cell proliferation GO:0042127 1.80E — 04 3,108 [}2 =g 44 550

[Cintracellular lipid transport G0;0032365 260E — 04 S (21 ) 4 |
Neutrophil chemotaxis GO:0030593 2.70E — 04 ?‘g.SEE 02 T 5 14
Regulated secretory pathway GO:0045055 2.70E — 04 @ 3.55E — 02 12 5 14
Protein amino acid phosphorylation GO:0006468 2.70E 055\\ 3.55E — 02 1.8 47 613
Regulation of cytokine biosynthetic process GO:0042035 3.90E @%’4 4.55E — 02 4.2 10 61
Purine ribonucleoside monophosphate biosynthetic GO:0009168 3.90 04 4.55E — 02 11 5 15
process bg;c’
r\@@
Q
v

Kurki et al. Neurosurgery 2011




Accumulation of Iu;mds in the aneurysm wall
assomateséWlth loss of mural cells

\0

Frosen et al. Acta Neuropathologica Comm 2013




Complement activation in aneurysm wall regions
W|th Lﬁpld accumulation
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Lipids in red

Tulamo et al. Lab Investi 2010




Macrophage infiltration in the aneurysm wall
associates Wﬂh accumulation of lipids

— that th@ macrophages phagocytose
CD68+®RO | CD163+OO

Ollikainen et al. SUBMITTED



So in human intracranial aneurysms
macrophag@s seem to remove /clear lipids that
otherw?se would promote death of smooth
muscle cells.. &
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-Does lipid accumulation occur In animglcﬁwodels of
induced aneurysms? ¢

- How does that change th@ effects of anti-
mflammatory Lherapy?
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Flow dynamics in human intracranial aneurysms associate with
inflammation in the wall — gﬁerent flow dynamics in mouse models?

Inflammatory cells (in bI”O\@ﬁ‘]) are found especially
in the walls of aneurysms with HIGH WSS - (Cebral et al. submitted)




I\A@reover
Odontogenic ba&ferla In human aneurysm wall
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— what is their role?
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- hgwownl anti-inflammatory therapy affect? &
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Table & The prevalence of bacterial DNA in the samples

§ =

& Negative \\@Q Positive
\@©‘? 06,??
* Surgical patients 11 (38%) & 18 (62%)
Autopsy grou 4 (57%) <& 3 (43%)
psy group R
Total 15 (42%) 21 (58%)
®0
a$\$

Pyysalo et al. JNNP 2013 o




In summary -

:\
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oY

Q}\
 Inflammation m°ed|ates the formation of intracranial
aneurysms_ *@Q

— drug therg@y to reduce the formation of aneurysms? &

Q
\_0.) &

& <
N &
. Inflammatlon of the aneurysm wall associates withs
d%generated wall and rupture &
& marker of rupture risk? &
o K
o o

 Inflammation is likely not the only cause of the
degenerative remodeling but seems 6 modulate it

— possible target for drug therapy’? S +
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Blocking the COX2 —EPZ feedback loop in already
formed aneurysms perhaps not enough?
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Also activation of Ets- Mranscrlptlon factor in SMOOTH
MUSCLE CELLS medlaies in the carotid ligation + hypertension
model the mflamfnatlon causing aneurysm formation
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Aoki et al. Gene Therapy 2010




Genome wid%stj”béne expression study:

{\\%

— Inflammation mgﬁlated by activation of NFkB and ETS
transcrlptlog@"‘factors In the human aneurysm wall
similar tO induced aneurysms in animal models
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TABLE 4. In Silico Mﬁlysm of Transcription Factor Binding Sites in the —5-kb Promoter Regions of the 686 Upregulated Genes m‘ﬂe Ruptured
Saccular Intmcr@ﬁal Aneurysm Walls QA"’
O
T ?Jl'th bo‘}\
In:ri@)sﬂd Binding Sites Number of Binding Sites P @Q

v,v
\mNSFACh HGNC* 686 Upregulated Genes Human Genome® Uncorrected Eungervum corrected TF Family

ELF1 ELF1 411 11 549 1.66E — 08 &Q’Q}\\ 3.32E - 06 ETS
ETV4 714 21 887 1.66E — 07 \6{\\% 332E - 05 ETS
ETS2 413 11 968 3.64E U@& 7.28E - 05 ETS
ETS1 728 22 501 3. E?E 07 7.74E — 05 ETS
HIF1A 304 8663 3%6@ 06 6.26E - 04 e
RELA 96 2232 @?'EQE 06 1.60E — 03 Rel/ankyrin
c)’
Y
'\‘b©v

Kurki et al. Neurosurgery 2006 >




