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Biology of cerebral arteriovenous malformations with a focus

on inflammation

Nikolaos Mouchtouris', Pascal M Jabbour', Robert M Starke?, David M Hasan®, Mario Zanaty', Thana Theofanis’, Dale Ding?,
Stavropoula | Tjoumakaris', Aaron S Dumont®, George M Ghobrial', David Kung', Robert H Rosenwasser' and Nohra Chalouhi’

Cerebral arteriovenous malformations (AVMs) entail a significant risk of intracerebral hemorrhage owing to the direct shunting of
arterial blood into the venous vasculature without the dissipation of the arterial blood pressure. The mechanisms involved in the
growth, progression and rupture of AVMs are not clearly understood, but a number of studies point to inflammation as a major
contributor to their pathogenesis. The upregulation of proinflammatory cytokines induces the overexpression of cell adhesion
molecules in AVM endothelial cells, resulting in enhanced recruitment of leukocytes. The increased leukocyte-derived release

of metalloproteinase-9 is known to damage AVM walls and lead to rupture. Inflammation is also involved in altering the AVM
angioarchitecture via the upregulation of angiogenic factors that affect endothelial cell proliferation, migration and apoptosis.
The effects of inflammation on AVM pathogenesis are potentiated by certain single-nucleotide polymorphisms in the genes of
proinflammatory cytokines, increasing their protein levels in the AVM tissue. Furthermore, studies on metalloproteinase-9 inhibitors
and on the involvement of Notch signaling in AVMs provide promising data for a potential basis for pharmacological treatment
of AVMs. Potential therapeutic targets and areas requiring further investigation are highlighted.
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INTRODUCTION

Cerebral arteriovenous malformations (AVMs) are comprised of
vessels that directly shunt blood from the arterial to the venous
system because of the absence of a capillary bed. The incidence
of AVMs is 0.94 to 1.34 per 100,000 person-years with a mean age
of presentation at 30 to 35 years.'™

The prevailing theory of AVM rupture risk is the lack of
intervening capillaries leading to an abnormally high-pressure
blood flow through the AVM nidus. This high pressure is then
transmitted to the venous vasculature, resulting in venous hyper-
tension by impaired outflow, eventually resulting in rupture.*®

Arteriovenous malformation rupture is very common, making
intracerebral hemorrhage (ICH) the major cause of AVM-related
morbidity and mortality. The ICH risk for untreated AVMs is 2% to
6% per year.**® However, the annual hemorrhage risk may be as
high as 34% if any additional risk factors are present.’ History of
hemorrhage, high blood pressure, intranidal aneurysm, venous
stenosis, and deep venous drainage are the main factors that
increase the likelihood of AVM rupture. '™

Although there are several therapeutic options to eradicate
AVMs, the treatment-related morbidity is significant, especially
for large, deep-seated, or eloquently located nidi.° The recently
published ARUBA trial (A Randomized trial of Unruptured Brain
Arteriovenous malformations) showed that medical management
alone is superior to medical management with interventional
therapy for the prevention of death or stroke in patients with

unruptured brain AVMs.'? Thus, there is a pressing need to
better understand the pathogenesis of AVMs and the molecular
mechanisms that destabilize these lesions to develop novel
medical therapies, which may reduce the need for invasive
intervention. Studies have shown that inflammation plays a major
role in vascular dysmorphogenesis by weakening the AVM vessel
walls. Certain genetic polymorphisms have been shown to
significantly upregulate the expression of angiogenic and pro-
inflammatory proteins, which may, in turn, contribute to AVM
destabilization and rupture. In this review, we critically analyze the
existing data from in vitro, in vivo, and clinical studies implicating
inflammation in the pathogenesis of cerebral AVMs.

THE COMMON PATHWAY

The common pathway for AVM formation and rupture appears to
involve an inflammatory reaction (cytokines, neutrophils, macro-
phages, etc.) in the AVM walls, triggered by genetic’hemodynamic
factors (Figure 1). Inflammation is then followed by increased
angiogenesis and concomitant breakdown of extracellular matrix
by various proteinases and cell death, all of which contribute
to AVM wall weakening and rupture. These pathways will be
discussed in this review.
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Figure 1. Contributors to AVM pathogenesis. The SNPs shown above upregulate the inflammatory response to inciting events and lead to
the overexpression of proinflammatory cytokines, which in turn exacerbate the inflammation, recruit leukocytes and activate the endothelial
cells of the AVM. As a result, increased vascular damage and angiogenesis are observed, resulting in AVM formation and expansion. AVM,
arteriovenous malformation; CAMs, cell adhesion molecules; EC, endothelial cell; ICAM-1, intercellular cell adhesion molecule-1; IL1RN,
interleukin-1 receptor antagonist; IL-6, interleukin-6; IL-1q, interleukin-1-alpha; IL-18, interleukin-1-beta; IL-8, interleukin-8; MIF, macrophage
migration inhibitory factor; MMP, matrix metalloproteinase; MPO, myeloperoxidase; SNPs, single-nucleotide polymorphisms; TNF-a, tumor
necrosis factor-alpha; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial

growth factor receptor.

GENETIC PREDISPOSITION

Genetics play a major role in the magnitude of the inflammatory
response upon an inciting event. Several single-nucleotide poly-
morphisms (SNPs) have been identified in the genes of major
proinflammatory cytokines that result in varying levels of inflam-
matory responses, thereby altering the extent of vascular dys-
morphogenesis.'”*' The cytokines, tumor necrosis factor-a
(TNF-q), interleukin-6 (IL-6), interleukin-1a and 18 (IL.-1a and
IL-18), and IL-1 receptor antagonist (ILTRN) each have several
SNPs, some of which are associated with greater likelihood of
pathogenesis than others (Table 1).

Two SNPs have been identified in the IL-6 gene, — 174 G>Cand
—572 G>C, and their effects on the rate of ICH were showed by
Pawlikowska et al.'* The GG genotype of the IL-6 174 G>C SNP,
located in the promoter region, has been shown to increase the
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expression of IL-6 in AVMs. Increased IL-6 levels induced the
expression of IL-18, TNF-a, IL-8, matrix metalloproteinase-3
(MMP-3), MMP-9, and MMP-12, which suggests an association
between IL-6 and the inflammatory and proteolytic processes in
AVMs. The IL-6-induced expression of MMP-9 results in degrada-
tion of extracellular matrix in the surrounding vasculature, damage
to endothelial cells (ECs), and renders the AVM more prone to
rupture.”>'® As a result, patients with the —174 GG genotype
exhibit a threefold increase in hemorrhage risk, while patients
with the C allele are protected (Table 1). Additional studies did not
find the —572 G>C SNP of the IL-6 gene to affect the AVM
rupture risk.'*

Two SNPs were also identified in the gene of the proinflamma-
tory cytokine TNF-a in AVM patients, TNF-a —238 G> A and —308
G>A. The AG genotype of the —238 G>A SNP was associated
with a 6.4% rate of ICH in patients carrying this SNP presenting
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Table 1. Effect of gene polymorphisms on inflammation in AVMs

Polymorphisms Overexpressed mediators Outcome Magnitude of outcome
—238 AG TNF-a IL-6 Increased ICH risk 4x Increase'’

-174 GG IL-6 IL-6, IL-1, TNF-q, IL-8, MMP-3, MMP-9, and MMP-12 3x Increase'*
-31CCIL-1B8 IL-18 2.7x increase'®

—511 TTIL-18 IL-18 2.6x increase'®

—-889 CTor TT IL-1a IL-1a Increased AVM susceptibility 2.47x Increase?’

Allele 1 of IL-1RN IL-1RN 2x Increase?”
AVMs, arteriovenous malformations; ICH, intracranial hemorrhage; IL-6, interleukin-6; IL-1, interleukin-1; IL-8, interleukin-8; IL-1B3, interleukin-1-beta;
IL-1a, interleukin-1-alpha; IL-1RN, interleukin-1 receptor antagonist; MMP, matrix metalloproteinase; TNF-a, tumor necrosis factor-alpha.

Table 2. Factors involved in AVM pathogenesis

Inflammatory mediators involved

Inflammatory pathway

Leukocyte recruitment IL-6, TNF-a, and IL-18?'

Angiogenesis

Vascular instability
Decreased TIMP level*®

Vascular permeability VEGFS®

HCSMC proliferation IL-6%

IL-6, VEGF, HIF-1, NF-B, IL-1B, and IL-8°"%%*

MIF, Caspase-3, MMP-9, IL-6, TNF-a, and VEGF?3394064

Overexpression of E-selectin, ICAM-1, and VCAM-122
EC proliferation®'~2343

EC migration®***

CAM expression®?

Decreased EC apoptosis*
Macrophage recruitment®®

ECM degradation®

Increased EC growth®

EC fenestrations

ECM degradation®5777

Sprouting angiogenesis®®
Upregulation of VEGF and MMP-9%3

CAM, cell adhesion molecule; EC, endothelial cell;*® ECM, extracellular matrix; HCSMC, human cerebral smooth muscle cell; HIF-1, hypoxia-inducible factor-1;
ICAM-1, intercellular cell adhesion molecule-1; IL-6, interleukin-6; IL-1, interleukin-1; IL-8, interleukin-8; IL-13, interleukin-1-beta; MIF, macrophage migration
inhibitory factor; MMP, matrix metalloproteinase; NF-kB, nuclear factor-kappa B; TIMP, tissue inhibitor of metalloproteinase; TNF-a, tumor necrosis factor-alpha;
VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor.

with a new ICH likely through overexpression of TNF-a and IL-6."”
In contrast, the TNF-a 308 G> A SNP was not found to increase the
risk of new ICH.

The effect of the proinflammatory cytokine IL-1 on brain AVMs
has been studied extensively as well. Three SNPs on the IL-1 gene,
two SNPs on the IL-1a gene, and five alleles of the ILTRN gene have
been shown to be associated with alterations in AVYM hemorrhage
risk.'®'® AVM patients with the IL-18 —31 CC and the —511 TT
genotypes had an increased hemorrhage risk and patients with the
IL-1a —889 C>T genotype (either CT or TT) or IL1RN allele 1 had a
greater AVM susceptibility (Table 1).'®'9%° Thus, IL.-1 may be a
promising therapeutic target for patients with AVMs.

EFFECT OF INCREASED PROINFLAMMATORY CYTOKINES ON
AVMS: A CENTRAL ROLE FOR IL-6

Various cytokines have been implicated in the pathogenesis of
AVMs; most notable is the contribution of IL-6. When IL-6 is
expressed in large amounts, there is a significant increase in the
mMRNA levels of IL-18, TNF-a, and IL-8 in human AVM tissues.”'
Through the upregulation of these cytokines, IL-6 indirectly
stimulates leukocyte recruitment, endothelial activation, and
vascular smooth muscle cell (SMC) proliferation (Table 2). Leuko-
cyte recruitment occurs when the cellular adhesion molecules
(CAMs) of ECs bind circulating leukocytes and affix them to
the site of inflammation. Indeed, resected AVMs were found to
have increased expression of CAMs: namely E-selectin, intercellular
CAM-1 (ICAM-1), and vascular CAM-1 (VCAM-1). E-selectin
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concentration was increased to the greatest extent relative to
ICAM-1 and VCAM-1.%?

In addition to leukocyte recruitment, the increased expression
of IL-18 and IL-8 secondary to elevated IL-6 has a significant
upregulatory effect on angiogenesis. The magnitude of angio-
genesis was measured in cultured human cerebral ECs exposed
to IL-6, where 100 ng/ml of IL-6 was shown to have a similar
effect on human cerebral ECs as 20 ng/ml of vascular endothelial
growth factor (VEGF).?' Additionally, an increase in IL-6 concen-
tration stimulates VEGF release, VEGF receptor Il activation along
with human cerebral SMC proliferation and greater MMP-9
expression.”> Hence, the combination of increased angiogenesis
and breakdown of extracellular matrix initiated in part by IL-6 may
lead to vascular instability and AVM rupture.

NEUTROPHIL AND MACROPHAGE RECRUITMENT TO AVMS
LEADS TO RELEASE OF MATRIX METALLOPROTEINASES AND
VASCULAR REMODELING

The upregulation of inflammatory cytokines and the over-
expression of CAMs on ECs result in the enhanced recruitment
of leukocytes to the AVM tissue. Recruited leukocytes secrete
myeloperoxidase, MMPs, cytokines, and other proteolytic
enzymes, all of which cause damage to the AVM vessel walls,
leading to rupture of the nidus.?* Chen et al*> characterized the
inflammatory cells found in AVM tissue using myeloperoxidase,
CD68, CD3, and CD20 as markers for neutrophils, macrophages
and microglia, T-lymphocytes, and B-lymphocytes, respectively.
Neutrophils were mainly found in the inner vessel walls and in
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AVM parenchymal tissues. Macrophages were located primarily in
the outer vessel walls. In contrast, there was minimal evidence of
T-cells or B cells in AVM tissues. Double immunofluorescent
staining showed co-localization of myeloperoxidase and MMP-9,
suggesting that neutrophils contribute a substantial portion of
the MMP-9 to AVMs. It was also found that circulating MMP-9
comprised only 6% of the total MMP-9 in AVM tissues, and thus
the majority of AVM-associated MMP-9 was likely derived from
neutrophils. Once released upon neutrophil activation, MMP-9
breaks down the extracellular matrix, leading to vascular dilation/
weakening.>*?%737 Using substrate zymography, Hashimoto et a/*°
determined that the expression of total MMP-9, pro-MMP-9, and
active MMP-9 was significantly increased in AVMs in comparison
to control brain tissue. The levels of MMP inhibitors, tissue
inhibitor of metalloproteinase 1 (TIMP-1), and TIMP-3, were also
increased in AVMs, although to a lesser extent than MMP-9. The
proportionally lower amount of TIMPs in AVMs explains
the increased susceptibility to vascular breakdown and rupture.

Given the role of MMP-9 in the pathogenesis of AVMs,
investigators have attempted to use MMP-9 level as a screening
tool to determine the likelihood of rupture. Starke et af® tested
the plasma MMP-9 concentration in 15 AVM patients before
treatment, 24 hours after embolization, 24 hours after surgical
resection, and 30 days after surgery; a significant correlation was
found between systemic and local MMP-9 expression. AVM
patients also had significantly higher plasma pretreatment
MMP-9 levels than controls, potentially providing a marker of
the disease. The mean plasma MMP-9 levels rose 24 hours after
endovascular embolization as well as after surgical resection
before returning to pretreatment levels during the short follow-up
period (30 days).*® Although normalization of MMP-9 levels could
have been seen if longer postresection follow-up was pursued, it is
possible that patients with AVMs have a germline disorder that is
responsible for high levels of MMP-9 and as such for AVM
formation and rupture.

Macrophage migration inhibitory factor (MIF) appears to be a
key factor in macrophage-induced vascular degradation in AVMs.
The MIF protein has been found to be elevated in AVMs—a
twofold increase compared with control human brain tissue has
been observed.** Macrophage migration inhibitory factor is
associated with the upregulation of MMP-2, MMP-9, MMP-12,
and downregulation of TIMPs, causing dilation of the arterial wall
and eventual rupture.'>*°*! Based on studies in abdominal aortic
aneurysms, MIF has been shown to induce MMP expression and
leads to increased breakdown of many types of collagen, elastin,
fibrillin, fibronectin, tenascin, and osteonectin.”>**** |t is note-
worthy that the extracellular form of MIF was mostly found in the
tunica intima and adventitia of the vasculature, while the
intracellular form was found in the tunica media and activated
caspase-3 was also detected in the tunica media of AVMs. This
co-localization led Chen et al*° to perform a terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling assay, which
showed a 10-fold increase in the apoptotic rates in AVMs. Taken
together, these findings suggest that MIF promotes macrophage
accumulation and weakens AVM walls through both induction of
MMPs and apoptosis.

ENDOGLIN AND ITS ROLE IN INFLAMMATION AND VASCULAR
REMODELING

Endoglin is a membrane glycoprotein located on cell surfaces and
is part of the transforming growth factor-8 (TGF-B) receptor
complex. It is involved in hereditary hemorrhagic telangiectasia,
which can also result from a loss-of-function mutation in activin-
like kinase receptor-1 (ALK1) or SMAD4 genes. Based on several
studies, 9% to 16% of hereditary hemorrhagic telangiectasia
patients had an AVM, 27% of whom had a history of ICH.**"%’
Homozygous loss of these genes leads to death in utero.*® ENG
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and ALK1 are expressed on ECs and bind TGF-f, modulating
EC proliferation, migration, adhesion, and apoptosis.*> They are
downregulated during adulthood, but are reactivated when the
need for vascular repair arises. In addition, they are required for
recruiting pericytes, producing extracellular matrix, and stabilizing
blood vessels. Pericytes are closely associated with ECs and are
involved in suppressing capillary development, stimulating wall
growth, and upregulating cell-matrix adhesion and intercellular
junction formation. Owing to the extensive involvement of ENG
and ALK1 in maintaining vascular stability, missing an allele and
thus expressing lower amounts of these proteins leads to vascular
dysmorphogenesis and potentially hemorrhage.*®

As part of the TGF-f receptor complex, ENG is also involved in
the neovascularization of damaged tissue during inflammation. It
binds activated circulating leukocytes, enabling them to adhere to
damaged endothelium or ischemic tissues. Based on myocardial
infarction studies, mice with underexpressed ENG—resembling
the vasculature in patients with hereditary hemorrhagic telan-
giectasia—had a decreased ability to stimulate vessel repair, but
this ability was restored with the injection of wild-type mono-
nuclear cells.*® Rossi et al”® showed that leukocytes adhere and
extravasate at the site of injury by binding ENG in an integrin-
mediated manner in response to the inflammatory chemokine
CXCL12/CXCR4. ECs that underexpress ENG therefore have two
main defects: (1) they are unable to process active TGF-f3, which
prevents the recruitment of SMC and results in weak, unstable
blood vessels; and (2) they are unable to repair the weakened
vessels because of defective leukocyte adhesion.*® Matsubara
et aP' compared the expression of ENG in sporadic AVMs to
normal brain vessels. In normal brain, ENG was found on the
endothelium of all vessels and in the adventitia of arteries and
arterioles. In AVMs, ENG was expressed on both endothelium and
adventitia. Arterialized veins expressed ENG-positive fibroblasts in
the adventitia and perivascular connective tissue. The authors
concluded that although increasing numbers of ENG-positive ECs
and ENG-positive adventitial cells were seen in sporadic AVMs,
ENG density was normal. Thus, the authors did not believe ENG
was involved in AVM pathogenesis. However, the presence of ENG
on perivascular fibroblasts suggests a possible role for this protein
in the vascular remodeling process in response to increased
hemodynamic stress.

ANGIOGENESIS IN AVMS AND THE LINK TO INFLAMMATION:
THE ROLE OF NUCLEAR FACTOR-KAPPA B AND
HYPOXIA-INDUCIBLE FACTOR-1

Excessive angiogenesis and vascular remodeling likely contribute
to the formation and progression of cerebral AVMs."" Most of the
cerebral vasculature is formed during embryogenesis, with
minimal postnatal vasculogenesis. AVMs are generally considered
congenital vascular lesions that form in the late stages of fetal
development. De novo AVM formation, although rare, has also
been reported.® Spontaneous growth and regression of AVMs
confirms that the formation of these lesions is not limited to the
period of embryonic development.>*** Angiogenesis can occur
later in life in response to certain physiologic conditions, such as
chronic hypoxia, shear stress, exercise, or hormonal fluctuations,
thereby altering AVM morphology.>*° Pathologic conditions
such as tumor, stroke, or trauma can also drastically upregulate
angiogenesis via VEGF and angiopoietins (Table 2). These factors
cause the reactivation of quiescent endothelium, breakdown of
vessel walls, and the fusion of perinidal capillaries with the nidus,
enlarging the AVM.°® On the cellular level, AVMs are dynamic
lesions, expanding or shrinking depending on the concentration
of inflammatory cytokines and the expression of angiogenic
factors and receptors on ECs. AVM ECs express elevated amounts
of VEGF-A, -B, -C, -D, and VEGF receptor-1.2"? Two factors, nuclear
factor k light chain enhancer of activated B cells (NF-«kB) and
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hypoxia-inducible factor-1 (HIF-1) play an important role in
bridging inflammation and angiogenesis in AVMs (Table 2).

Inflammation stimulates lymphocytes to release several inflam-
matory cytokines, including IL-6, IL-18, and TNF-q, all of which
upregulate the expression of VEGF in a multitude of pathways.
These three cytokines induce the expression of NF-«B, which binds
the promoter regions of the VEGF and IL-8 genes and upregulates
their expression, thereby enhancing AVM angiogenesis.®*®> VEGF
in turn increases capillary permeability and upregulates ICAM-1
and VCAM-1 on EGCs, thus enhancing leukocyte accumulation,
inflammation, and the degradation of the vascular walls via
leukocyte-derived MMPs.5>=%° Moreover, VEGF can create fenes-
trations in the endothelium previously linked by tight junctions.”
Using in vitro models, VEGF was shown to induce sprouting
angiogenesis: ECs invaded the underlying matrix and formed
capillary-like tubules.”" In addition, studies have shown that VEGF
upregulates MMP-9 in a nitric oxide-dependent mechanism.”>73
Together, these findings suggest that inflammation induces
VEGF expression, which in turn promotes angiogenesis, vascular
remodeling, and further inflammation in AVM walls.

The NF-kB-VEGF pathway in AVMs is also stimulated under
hypoxic conditions by HIF-1. Owing to the shunting of blood
directly from the arterial to the venous circulation, perinidal brain
tissue may receive relatively lower amounts of oxygen, causing
HIF-1 to accumulate and upregulate the expression of VEGF by
binding to hypoxia responsive element.”*”> The induction of VEGF
by HIF-1 promotes EC proliferation and migration, while also
inhibiting EC apoptosis (this is partly the result of upregulation of
factors, such as Flt-1 and FIk-1)"* In fact, Wautier et al’® showed
that AVM ECs resist apoptosis upon exposure to dexamethasone
and TGF-B, both of which are known proapoptotic factors.
Although hypoxia is a major stimulant for HIF-1 and angiogenesis,
venous hypertension may be a key factor in the process, as
suggested by Zhu et al’” who created a mouse model to test the
effect of venous hypertension on cerebral blood flow, oxygen
levels, and VEGF expression. In their experiment, venous
hypertension did not alter blood flow or oxygen delivery to the
AVM, but it caused a fivefold increase in HIF-1 and threefold
increase in VEGF.”” These findings suggest that the presence of
other factors mainly inflammatory, such as IL-1, TNF-a, and TGF-8
can increase HIF-1 expression, even in the absence of hypoxia.”” In
fact, it can be hypothesized that venous congestion exerts
increased shear stress on the venous ECs, activating the inflam-
matory cascade and signaling an increased need for more
vasculature, which results in upregulation of HIF-1 and VEGF.

The role of inflammatory molecules such as IL-6, MMP-9, and
NF-kB, and factors such as HIF-1 and VEGF in the pathogenesis of
AVMs has direct implications on AVM treatment, embolization in
particular. Even though embolization is a commonly used
preoperative or preradiosurgical adjunct, it induces HIF-1a,
VEGF, and MMP-9 upregulation among other inflammatory
mediators.>®7879 |n fact, many studies have shown that embolized
AVMs have significantly higher amounts of HIF-1 and VEGF than
nonembolized ones.”®*° Partial AVM occlusion leads to hypoxia,
which in turn upregulates VEGF, resulting in elevation of MMP-9
expression via NO- and NF-kB-dependent pathways and
angiogenesis. 282387279 These findings suggest that incomplete
embolization could have a destabilizing effect on AVMs and may
increase the subsequent risk of hemorrhage, warranting further
investigation into what the impact of embolization is on the
complication risk after surgical resection and on recovery.

The role of VEGF in AVM pathogenesis has prompted investiga-
tors to study the relationship between local and systemic VEGF
levels. Although elevated local VEGF expression has been linked to
an increased likelihood of ICH,*® quantifying the local amount of
VEGF and thus the risk of ICH is only feasible once the AVM has
been resected. To be able to predict presence of weakened
vasculature from early on, Kim et al sought to determine if there
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was a correlation between local VEGF expression and circulating
VEGF levels. They measured the plasma VEGF levels of AVM
patients before treatment, 24 hours after resection, and 30 days
after resection.®’ The mean plasma VEGF concentration was
36.08+13.02 pg/ml on the first measurement (healthy controls
had 80.52+14.02 pg/ml VEGF, P=0.028), significantly decreased
to 20.09 +4.54 pg/m 24 hours after resection (P=0.048), and then
increased to 66.81+26.45 30 days after resection, which was not
significantly different from controls®' Even though VEGF is
upregulated locally, systemic VEGF is lower in AVM patients and
decreases even more immediately after AVM resection. A potential
explanation for this finding is that the AVM functions as a ‘sink’,
since the AVM has upregulated VEGF receptors, which bind VEGF
and sequester it from the circulation.? Once the AVM is resected,
the local VEGF is removed, leading to an initial decrease in its
plasma concentration. However, the systemic levels increase back
to normal within 1 month postoperatively. Another explanation is
that the local overexpression of VEGF initiates a negative feedback
loop, which downregulates systemic VEGF expression. Removal of
this negative inhibition, upon AVM resection, would allow
systemic VEGF levels to return to normal. In contrast, Sandalcioglu
et al’? suggested that patients with AVMs have significantly
elevated plasma VEGF levels in comparison to controls, contra-
dicting the findings of Kim et al®' Out of the 17 patients studied,
however, 8 presented with hemorrhage, which may have
contributed to the increased VEGF levels. Hemorrhage initiates
clot formation by recruiting platelets, which contain VEGF.8384
Once stimulated, platelets release soluble VEGF into the
circulation, increasing the systemic levels. #3085 |n  addition,
hemorrhage-induced hypoxia may further induce VEGF expres-
sion.2" Therefore, current evidence suggests that high local VEGF
expression leads to low serum VEGF levels in AVM patients.

THE NOTCH SIGNALING PATHWAY IN CEREBRAL AVMS

Murphy et al®® were able to induce the formation of the hallmark
AVM characteristics in mice by manipulating the Notch signaling
pathway. In fact, Notch signaling is involved in vascular SMC
differentiation and proliferation. Inhibition of Notch has been
shown to enhance arterial SMC differentiation in adults, whereas
activated Notch increases human vascular SMC proliferation.®”
Notch receptors and ligands are only expressed in arteries
and upregulate arterial differentiation while hindering venous
differentiation.2®®” When the mammalian receptor Notch4 is
expressed in the endothelium, it induces arteriovenous shunting
and formation of enlarged and tangled vessels in mice.®
Increased Notch activity also inhibits sprouting angiogenesis,
which decreases vessel density. Expression of Notch was sufficient
to induce vascular malformations even in adult mice, signifying
the importance of Notch homeostasis.®

After experiments on mice showed that Notch4 signaling is
involved in AVM pathogenesis and Notch4 repression can lead to
hemodynamic normalization, Murphy et al*® studied the role of
Notch in human brain AVMs. Using immunofluorescent staining,
they showed that the presence of activated Notch1 is significantly
higher in resected AVMs in comparison to autopsy and surgical
biopsy controls. They also tested for the presence of the canonical
Notch downstream gene Hesl in the AVM endothelium since
Hes1 is a transcriptional target of Notch.® Hes1 was shown to be
significantly upregulated in resected human AVMs in comparison
to autopsy controls, which had minimal Hes1 expression. Hes1
was also upregulated in AVMs when compared with surgical brain
biopsies from non-AVM patients.

It is not yet clear whether Notch initiates the AVM pathogenesis,
or if it is an epiphenomenon of which expression is requisite for
the maintenance of the AVM angioarchitecture. In contrast to data
from animal studies, experiments on human AVMs do not suggest
that increased Notch signaling can form AVM lesions or contribute
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to their development.® It is unknown whether pharmacological
inhibition of Notch activity would lead to AVM regression in
humans.

POTENTIAL THERAPEUTIC TARGETS

The degradative activity of MMP-9 is believed to be one of the
primary mechanisms through which inflammation damages the
AVM vasculature and often leads to hemorrhage.'®?42736°1
MMP-9 inhibitors have showed utility in protection from ICH.>*~*
Inhibiting MMP-9 may also negate the harmful effects of AVM-
related inflammatory responses. Lee et al*®*° evaluated the effect
of the MMP-9 inhibitors minocycline and pyrrolidine dithiocarba-
mate on an AVM mouse model and showed that MMP-9 blockade
significantly reduced the extent of hemorrhage. Minocycline
completely inhibited cerebral MMP-9 activity, effectively suppres-
sing VEGF-induced ICH. Pyrrolidine dithiocarbamate also attenu-
ated hemorrhage by suppressing ~80% of MMP-9 activity.
Pyrrolidine dithiocarbamate is an inhibitor of NFkB as well,
preventing it from upregulating the expression of VEGF. This is
also evidence that VEGF induces MMP-9 expression and con-
tributes to our understanding of the deleterious effect of VEGF-
induced angiogenesis on AVM vasculature 282972

Most studies of MMP-9 inhibitors for AVM stabilization have
been in animal models. Hashimoto et af' conducted a pilot study
of doxycycline in 14 AVM patients to determine its effect of
MMP-9 in the AVMs. Ten AVM patients received Dox 100 mg and
four patients received placebo for 1 week before AVM resection.
The amount of total and active MMP-9 in the resected tissue
showed that Dox was effective in inhibiting MMP-9, although not
to a statistically significant extent. These data were consistent with
previous clinical studies of Dox, decreasing the levels of MMPs in
abdominal aortic aneurysms and carotid plaques.®>?> More
studies need to be conducted with a larger sample to determine
whether agents such as Dox can stabilize the AVM structurally and
modify its clinical course.

A promising approach to treat cerebral AVMs medically is the
use of VEGF inhibitors such as bevacizumab. In a cerebral AVM
model in mice by focal Alk1 gene deletion combined with VEGF
stimulation, Walker et al®® elegantly showed that bevacizumab can
penetrate the blood-brain barrier in VEGF-induced angiogenic
foci to inhibit angiogenesis and reduce vessel density and the
number of dysplastic vessels. It remains to be seen whether VEGF
inhibitors can translate into a safe and effective therapy for AVMs
in humans.

The Notch pathway in AVMs may be another promising target
for medical treatment. Inhibition of Notch using doxycycline
treatment reversed the AVM-like lesion, preventing vessel growth
and hemorrhage. 2287 Murphy et al®® showed that doxycycline
treatment significantly decreased the diameter of AV shunts in
mice and increased the blood flow through arteries adjacent to
the AVM. Nearly 70% of the AV shunts regressed without the EC
loss.”® The same authors showed that a single genetic manipula-
tion turning off Notch4 to normalize Notch signaling promptly
converted large caliber, high-flow AV shunt into capillary-like
vessels.”®

LIMITATIONS

Many of the cell culture, animal, and human studies described in
this review provide important insights into the development,
progression, and rupture of AVMs; however, there are several
limitations to be taken into consideration. We acknowledge that
co-occurrence has been used as rationale for the cause-effect
relationship both in this review as well as in the original reports.
Therefore, certain assumptions may have been made regarding
the role of interleukins, VEGF, and Notch in AVM pathogenesis
despite insufficient scientific data.
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Perhaps the most important gap in AVM research that has
hindered advances in understanding of the disease is the absence
of a true experimental model. Currently, there is no available true
animal model for cerebral AVMs. A reliable animal model is key for
studying disease mechanisms and testing new therapies. Some
models have been suggested and used, yet these onlg/ resemble
some but not all aspects of human cerebral AVMs.”® The first
cerebral AVM model was recently developed by the distinguished
University of California—San Francisco Group by combining a
focal Alk1 gene deletion with VEGF stimulation (virally mediated
human VEGF-A overexpression).”® This model mimics some
aspects of cerebral AVMs, namely the irregular vasculature and
arteriovenous shunting.

The second major limitation of AVM research is the relative
rarity of the disease in the general population. For example, the
recent ARUBA trial initially called for an enrollment of 800 patients
but was reduced to 400 after slow trial recruitment, prompting a
reassessment of the design. At the conclusion of the trial, outcome
data were available for only 223 subjects.'? Further adding to the
complexity of the problem is the heterogeneous nature of the
disease. Specifically, there are five different groups of AVMs based
on the Spetzler-Martin classification, each with a distinct natural
history. Also, hemorrhagic versus nonhemorrhagic presentation,
embolized versus nonembolized lesions, and time from hemor-
rhage to treatment are all important variables that can affect the
profile of inflammatory gene expression.

The most pressing priority in AVM research is the conception of
an animal model that completely resembles human brain AVMs.
This will undoubtedly pave the way for development of safe and
efficient medical therapies. Studying the role of Notch is crucial in
the search for a treatment to achieve regression of AVM lesions
solely by pharmacological means. Another avenue warranting
further exploration is the use of MMP inhibitors for rupture risk
reduction. A very promising strategy appears to involve VEGF
blockade as well. VEGF inhibition has preliminarily proven to
inhibit angiogenesis and reduce vessel density in cerebral AVMs as
discussed above.”® Also, VEGF blockade could prove useful to
reduce the size of the AVYM making resection easier and radio-
surgery safer. Furthermore, bevacizumab has been shown to have
radiation-sensitizing effects.'®

A promising future area in AVM research is the use of targeted
imaging to assess the inflammatory status of lesions and their
stability. Ferumoxytol-enhanced MRI is one such technique that is
based on the critical role of inflammation and macrophages in the
formation and rupture of AVMs.'®" As with intracranial aneurysms,
the technique may provide important information regarding the
risk of AVM rupture, or may be used to monitor the effects of
antiinflammatory drugs on these lesions.

CONCLUSIONS

Inflammation plays a fundamental role in the progression and
rupture of cerebral AVMs via the effects of cytokines on
leukocytes, ECs, and SMCs. Several genetic polymorphisms have
been identified that exacerbate lesion progression and increase
the risk of AVM rupture owing to increased expression of IL-6,
IL-18, IL-1a, TNF-a, and IL-8. These cytokines promote the
recruitment of neutrophils and macrophages to the site of injury,
and the resulting leukocyte-derived metalloproteinase release
damages the vessel walls of AVMs. In addition, increased produc-
tion of MIF and VEGF in AVMs may contribute to their
destabilization by enhancing inflammation and angiogenesis,
respectively. A multitude of therapeutic strategies have been
investigated with promising results, most notably VEGF block-
ade and Notch inhibition. As data accrue concerning which
constituents of the inflammatory response appear critical in
AVM formation, progression, and/or rupture, more specific and
efficacious therapeutic strategies can be devised and tested.

© 2015 ISCBFM
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