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BAVM: Research Approaches
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Brain Arteriovenous Malformation
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Epidemiciogy of BAVM

* Rare disease affecting both genders
— Prevalence: 10-18/ 100,000
— Incidence: 1.3/ 100,000 P-Y (Gabriel, Stroke 2010)

 Mearn age of detection between 20-40 yrs

» Associated with neurological morbidity/maortality
— 30-50% morbidity
— 10-30% mortality, 1-3% mortality rate per vear after ICH
 Primary presenting symptom is ICH (50%)
— Seizure (~25%), headache (~10%), neurological deficit
— Incidental 1/2000 (0.05%) Morris, B 2009)
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Accurate predictors are needed to
weigh risks-benefits

Treatment risk Natural history risk
Procedural complications Intracranial kemorrhage
Morbidity and death Seizures, deficits

ARUBA: A Randomized Trial of Unruptiured Brain AVM
(Mohr JP et al., Lancet 2014)

Scottish Audit of Intracranial Vascular Malformations
(Al-Shahi Salman R et al., JAMA 2014)
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ARUBA: A Randomized Trial of
Unruptured Brain AVMs

Intent-to-treat analysis
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Risk factors for AVM hemorrhage

* Previous hemcirhage ¢ Genetic factors?

 Demographic factors — Inflammatory genes
_ Female gender (IL1B, TNFA, APOE)
_ |ncreasing age e S”ent hemorrhageS?
— Hispanic race/ethnicity — Microhemorrhage in

| !
- Angioarchictectural tissue and MR

— Deep venous drainage
— Deep location

— Infratentorial

— AVM size

— Associated aneurysms
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Risk of AVM hemorrhage in the
natural course varies by risk factors

Hemorrhage-free 100
survival (%)
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Higher Spetzler-Martin (SM) and SM-
Supplemented scores correspond to greater
surgical deficits

SM Grade SM- Qﬁo°° Points
Suppvlgf’nented Assigned

AVM size Agé

small (<3cm) \(9@6<20yr
medium (3-6cm\)§§ 20-40yr | £279 MINOR DEFICIT
large (>6cm) o >40yr

-MAJOR DEFICIT

@
Eloquenceoéfff Diffuse border
adjaceng¥rain

DEFICIT

no
yes

Unruptured AVM
pattern
superficial only no
deep yes

GRADES

TOTAL (1-5) TOTAL (1-5) COMBINED
(2-10)

Spetzler and Martin, J Neurosurg. 1986
Lawton MT et al., Neurosurg 2010
Kim et al., Stroke 2012
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What causes AVM development?

 Presumed static congenital lesions

« AVMS can grow Or regress (our. i Neurosurg 2007)

 AVMSs can appear de NOVO manajan A Neurosurg Rev 2010)

o AVMs can reappear after treatment «adera s neurosurg 106)

1987: 5 yo presents with 1987 1994
ICH, resection of small AVF ’ B
In posterior superficial
sylvian fissure

1994: 12 yo presents with
seizures, 3 cm AVM
supplied by anterior
choroidal

Fig 4. from Kader, J Neurosurg 1996



Familiai AVM cases

 Hereditary Hemorrhagic Telangiectasias
— ENG, ALK1, SMAD4
3WTGE-B activation, AVEGF production

o Caplillary malformation-AVM syndrome
— RASA1
— p120 RasGAP, is a Ras GTPase—activating protein
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Hereditary Hemorrhagic Telangiectasia (HHT)
Rendu-Osier-Weber Syndrome
e Autosomal dominant disorder
 Mucocutanecus telangiectasia and visceral organ AVMs
* 80% of cases have functional haploinsufficiency of
Endogiin (HHT1) or ALK1 (HHT?2)

Lung AVM Brain AVMs Liver AVM
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Working Hypothesis

What is the “injury”?
— any pro-angiogenic or inflammatory stimulus
What determines disordered response to injury?

— genetic variation- necessary but not sufficient
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BAVM Pathogenesis: “Response-to-
Injury” Paradigm
inciting event (s)

endothelial
mitogenesis
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Genetic variants play a major role on the
magnitude of inflammatory response

Polymorphism Overexpressed Outcome Magnitude of Reference
Medlatogs Outcome

TNFa -238 AG IL6 °°V Increased ICH 4x increase Achal, Stroke
(\~\ risk 2006

IL6 -174 GG 6¢IL6 IL1, TNFa, IL8, Increased ICH 3xincrease Pawlikowska, 3
¢ MMP3, MMP9, risk Stroke 2004 S

)
K@

<
\{\&{@ MMP12 {\@
IL1A —88&9Y\,T or ILla Increased 2.5x increase Fontanel[é‘

& AVM Neurogﬁrg 2012

N R
susceptibility e,\}o

dLlRN Allele 1 IL1IRN Increased 2X increase E%ntanella
AVM °Neurosurg 2012
susceptibility @06
IL1B -31 CC IL1B Both 2.7X mc;;e‘ase Kim,
Cerebrovasc Dis
& 2009
<@

IL1B -511 TT IL1B of.6x increase  Kim,
\J Cerebrovasc Dis
2009

Mouchtouris et al., JCBFM 2015




Proinflammatory Interleukin-6 is associated
with ICH and increased in BAVM

IL-6 genotype associated

with ICH presentation P
[}
T - >
IL6 — 174G>C o
c
: o
IL6 — 572G>C ——t——i i
: 7]
- ' E
IL19 — 1082G>A —— o
i X
: v 50
TNF — 238G>A 5 9 ula
: -l
. -
TNF — 308G>A R
. \"'9
f 1 I@sue protein Tissue RNA
0.1 1.0 10.0
OR * 95% CI
Pawlikowska L et al. Stroke 2004 Chen Y et al. Ann Neurol 2006
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Polymorphisms in inflammatory genes
predict AVM rupture in untreated course

O
TN F-g@‘?38G>A Kaplan-Meier survival curves, by IL1B-31 genotype
S

E &
.so\
,{\\
S
At risk:

TT+CT 310 71
CcC 90 24

Qp' GG
Lt = —H—— — = 4t —+ =+
6®

0.00 0.25 0.50 0.75 1.00

o
S a
Eo
T ow
E 4
T o
E o
[ =3 =
SE
=

e85
(=3

(===
=

o

0
10 Follow-up timedyears)
- v
Follow-up Observation (years) > I
& Events Total

Number remaining at risk entering each interval: TT+%(* 16 310
o
GG 248 44 31 24 21 18 13 C@ 10 90
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Achrol A et al., Stroke 2006 Kim H et al., Cerebrovasc Dis 2009
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Gene Expression Profiling of BAVM

. Hashimoto. Genes expression 6 BAVM vs Control, Tissue
Tissue sample, 6 BAVM vs. 5 controls

TABLE 3. Ranking of genes that were significantly up-regulated in brain arteriovenous malformations”

35 mMRNA up-regulation R s

no.

37 mRNA down-regulation s e

erythroid potentiating activity, collagenase inhibitor)

Fold-change (FC) > 3, P<0.05

Tissue sample, 11 BAVM vs. 2 controls
49 mRNA up-regulation

25 mRNA down-regulation Gene symbol  Description Category
2y Homo sapiens interleukin 6 (interferon, beta 2) (IL6),
C > 300 L6 mRNA Al

Homo sapiens matrix metallopeptidase 9 (gelatinase B,
92kDa gelatinase, 92kDa type IV collagenase) (MMP3),

Blood sampie, 20 BAVM vs. 20 controls L e
33 MRNAS dOWﬂ-regL”anon ;?fgnr?a;t?;tiiiﬁs leukemia inhibitory factor (cholinergic e@(&o(\
FC 2 12’ FDR<005 ﬁ;:ﬁéjé::;ingﬂ?uaperoxide dismutase 2, mitochondrial, o HESHSRE)

\
mRNA (cDNA clone MGC: 21350 IMAGE: 4184203) 0Q
complete
cds , D(death-related)

Examples: PTX3, |L8, |L6, CXCLlO, Weinsheimer. Genes e*b-réééi-oﬁ ZO‘BV-I-\/I \;s C.:-o-n-tr-o-l,-BIood
GBP1, CHRM3, CXCL1, IL1R2, CCL18, ' (
CCL13 ARPCS t i 1Ei|-£il-a-._ 1

CHS3T7

COL2A1
EPHB1

Takagi Y et al., Neurol Med Chir 2014
Weinsheimer S et al., Transl Stroke 2011
Hashimoto T et al., Neurosurg 2004
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Gene Expression Profiling of BAVM

20 ruptured vs. 20 unruptured BAVM

896 mMRNAs |FC| > 1.2, FDR<0.05 ﬁmﬁmm‘

Clorf150
VNN3
ILIRAP

49 mRNAs |FC| > 2.0, FDR<0.05 s

GPR97
ILIR1

Bhx_O*
N

~‘\@LT1 B1
o‘(‘nmxm
Qk HECW2
’ DKFZp667F0711
o N/A
ARGL

Examples: TNFAIPG6, IL1R1, ILIRAP

DACH1
IL18R1
ASPH

%
KEGG Biological? Pﬁﬁm'ays Gene Count? p¢

Nartural ki]ler(géﬁ mediated cytotoxicity 23 (8) < 0.001 (0.01)

RP11-138L21.1
LOC284751
N/A

TNFAIPE
TNFAIPE
EFHC2

1PO11

%)
T cell l'ei\al?f’or signaling pathway 18 (8) 0.004 (0.01)
‘\HBK signaling pathway / 0.004

2 ‘ :
@?epsﬂon RI signaling pathway - 0.01

o
Q" VEGEF signaling pathway ) 0.02

Fs = C S511E & 5 d D L 1
Antigen processing and presentation 0.02 suczax
LRRN1
N/A

N/A

N/A

N/A
ARHGAP24
N/A

B cell receptor signaling pathway 0.04

’mﬂlrﬁ\ﬂﬁﬁﬂﬂ_rﬁ—mm\

n

GnRH signaling pathway 5 0.04

%

LEF1
C2orf40
NOG
N/A

| [ ] L0C10013010...
[ [ [] IGHD
| EDA

Wt signaling pathway 0.05 (0.05)

4z 8
L]

Notch signaling pathway 0.06

Weinsheimer S et al., Trans| Stroke 2011
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Inflammatory cells present in BAVM nidus

Macrophage (CD 68) in unruptured, non-embolized AVM specimens

Chen Y et al., Neurosurgery 2008
Chen Y et al., Ann Neurol 2006
CCR Chen Y et al., Front Biosci , 2006



Neutrophils are a major source of
MMP9 in BAVM tissue
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Distinct distribution of T-lymphocytes in
unruptured, non-embolized BAVM

Luc.atmn of CD3™ T-lymphocytes. T-lymphocytes were dlstl Fhutc*d in the perivascular

region (A), in the vessel wall (B), and on the surface of ggce endnthclmi lining (C). Scale bar:

>
50um. N

CCR Guo Y et al., Neuroimmunol Neuroinflamm 2014.



Upregulation of E-selectin and ICAM-1
In BAVM tissue

CCR Storer KP, J Clin Neurosci 2008
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AdCre — Regional Conditional Deletion of Alkl

&
R Exons 4, 5, 6

&o
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Alkl Regional Conditional Deletion Plus VEGF

Stimulation Results in Brain AVM

Alk1"
Angiogenesis

AdCre + AAV-VEGF }

CCR

Walker et al. Ann Neurology, 2011



VEGF Stimulation i1s Necessary for Brain
AVM Formation

Alk1' /IVEGF Alk1- only

AIK1*IVEGF AlK1**IVEGF

Walker et al. Ann Neurology, 2011
CCR



Increased macrophage/microglia infiltration in Alk1-
deficient mouse brain
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CCR Chen W et al. ATVB, 2013



Microhemorrhage detected around dysplastic
vessels in both mouse and human BAVM

Chen et al. ATVB, 2013
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Hemosiderin positivity Is associated
with index hemorrhage

Table 3. Multivariable Associations for Association of
Hemosiderin Positivity With Index ICH

OR Lower Upper

Hemosiderin positive 364 1.1 12 @I‘?
Age at diagnosis (decade) 0.58 0.42 \‘D 79
Sex, male 0.66 >

Deep only venous drainage 8.09

»,4 Maximal AVM size, cm
Deep location 0086 0.05
. ] Associated arterial aneurysm & 3 25 1.24

Guo Y et al., Stroke 2012

N=79, prevalence 36% (47% ruptured, 30% unruptured)
N=86, prevalence=48% (58% ruptured, 34% unruptured)
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Neuroradiological Evidence of Old
Hemorrhage (EOOH) predicts new ICH

O=none
1=probably none
2=not sure
3=probably yes
4=definitely yes

CCR

IRR=82.5%
kappa=0.62
P<0.001

HR=3.5 (1.4-9.2), P=0.01
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Guo Y et al., Stroke 2012



Ferumoxytol imaging: a novel imaging agent for
Inflammation

Baseline MRI -> 5 mg/kg ferumoxytol -> 5d post-ferumoxytol MRI

A .

‘\,,_../

g

A

CCR

Left frontal AVM dx in 2002 (A,
angiogram; B, T1-weighted)
Underwent GK in 2002 & 2007 and
resection in 2010 (C, T2*GE)

5 day post-ferumoxytol imaging (D)
Signal loss and blooming in nidus
consistent with uptake of ferumoxytol
(E and D)

Hasan et al., TSR 2012




Macrophage inftitration in BAVM wall

CCR Hasan DM et al, Trans| Stroke Res 2012



PET imaging for neuroinflammation

 Measures expression of translocated protein (TSPO) on
activated microgiia in brain

— TSPO expression markedly upregulated in response
to brain injury; normally low expression

 In vive imaging tool for patterns of neuroinflammation in
both preclinical and clinical studies of neurological
diseases

» Limitations of older tracers include low brain permeability
and high non-specific and plasma protein kinding
resulting in low signal-to-noise and lack of specificity

CCR
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Therapy approaches in AVM

e Adjuvant to treatment options
— Shrink AVM making treatment options easier
— Speed up the obliteration process

—Im
— AC
» Stabi

orove the overall obliteration rate
nieve same obliteration rate at lower doses

1ze vessel wall to reduce ICH

(vasculostatic approach)

CCR



Anti-Inflammation

Doxycycline Treatrrient Reduces Angiogenesis in
VEGF Treated Mouse Brain
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CCR Lee, C. Z. et al. Stroke 2004



Long-term tetracycline use Is safe in AVM

At risk:
Doxycycline 13
Minocycline 13
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Follow-up time (months) >
* Photosensitivity (23%), vertigo (12%), yeast infection (8%), Gl symptoms
(8%), hyperpigmentation (4%), and allergic reaction (4%)
* 1 hemorrhage event in AVM (5.6%/yr) and 1 in aneurysm (5.8%/yr)

CCR Frenzel T et al, Cerebrovasc Dis 2008



Summary

1. Invasive therapies are associated with considerable risks.
2. No specific medical therapy is available.

3. Inflammation plays an important role in BAVM
pathogenesis in both formation and rupture.

4. Novel imaging and therapeutic approaches targeting
Inflammation exist.
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