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dysfunctional angiogenesis and
circulating monocytes infiltration in
brain arteriovenous malformation

Li Ma'? , Xiaonan Zhu"z, Chaoliang Tang"z, Peipei Pan"z,
Alka Yadav''?, Rich Liang"z, Kelly Press'?, Jeffrey Nelson'? and
Hua Su'"?

Abstract

Myeloid immune cells are abundant in both ruptured and unruptured brain arteriovenous malformations (bAVMs). The
role of central nervous system (CNS) resident and circulating monocyte-derived macrophages in bAVM pathogenesis
has not been fully understood. We hypothesize that CNS resident macrophages enhance bAVM development and
hemorrhage. RNA sequencing using cultured endothelial cells (ECs) and mouse bAVM samples revealed that down-
regulation of two bAVM causative genes, activin-like kinase | (ALKI) or endoglin, increased inflammation and innate
immune signaling. To understand the role of CNS resident macrophages in bAVM development and hemorrhage, we
administrated a colony-stimulating factor | receptor inhibitor to bAVM mice with brain focal Alk/ deletion. Transient
depletion of CNS resident macrophages at an early stage of bAVM development mitigated the phenotype severity of
bAVM, including a prolonged inhibition of angiogenesis, dysplastic vasculature formation, and infiltration of CNS resident
and circulating monocyte-derived macrophages during bAVM development. Transient depletion of CNS resident macro-
phages increased EC tight junction protein expression, reduced the number of dysplasia vessels and severe hemorrhage
in established bAVMs. Thus, EC AVM causative gene mutation can activate CNS resident macrophages promoting bAYM
progression. CNS resident macrophage could be a therapeutic target to mitigate the development and severity
of bAVMs.
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Intr ion . .
troductio bAVM pathogenesis.” We found increased macrophage

Arteriovenous malformations (AVMs) are active
angiogenic lesions consisting of tangles of abnormal
vessels which shunt blood directly from arteries to
veins without a true capillary bed.! Innate immune
response in bAVM is characterized by macrophage
infiltration. An abnormally high number of macro-
phages are present in and around vascular walls in
human brain AVM (bAVM) specimens, regardless of
hemorrhage, which suggests that macrophage accumu-
lation is not simply a response to hemorrhage.” ™
Polymorphisms in inflammatory cytokine genes and
elevated expressions of inflammation-related genes in
bAVM patients suggest active roles of inflammation in

burden in mouse bAVMs generated through condition-
al deletion of endoglin (Eng) or activin-like kinase 1
(Alk1, also known as ACVLRI), in combination with
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focal angiogenic stimulation.® ENG and ALKI are
causative genes of hereditary hemorrhagic telangiecta-
sia (HHT), a familial disorder with high prevalence of
bAVMs.' The activated macrophages were also found
abundantly in mouse bAVM with endothelial overex-
pression of KRASY'?Y 1% 3 somatic mutation identified
in sporadic bAVMSs.'® Macrophage accumulation in
bAVM represents unresolved inflammation, which
can enhance abnormal vascular remodeling and the
severity of the bAVM phenotype. It is unclear whether
these known gene mutations directly contribute to
neuroinflammation in bAVMs. Understanding the
mechanism of macrophage accumulation may afford
opportunities to identify therapeutic targets for devel-
oping new therapies that improve outcomes of bAVM
patients.*

In addition, persistent proinflammatory differentia-
tion of macrophages have been found to be critical in
bAVM progression. We identified both the central ner-
vous system (CNS) resident and circulating myeloid
cells as potential precursors of proinflammatory mac-
rophages in bAVMs.!" Recent studies on human
bAVM tissues unraveled the crosstalk between
immune cells and vascular components.'? More impor-
tantly, a heterogenous spectrum of myeloid cells with
typical molecular signature and spatial distribution
were clustered, which were distinct in ruptured
bAVMs and associated with instability of AVM vascu-
lature. Resident myeloid cells were the major immune
cells infiltrating along the perivascular space and
deeper brain tissue, while some specific monocytes
were over-represented in ruptured AVMs. It is unde-
termined which cell clusters act as initiators and which
ones respond subsequently. Moreover, potential inter-
play between CNS endogenous and circulating myeloid
cells has yet to be determined. Further exploration is
needed to elucidate the distinct role of myeloid cell
subsets and to catalog more specific therapeutic targets
in bAVM.

Circulating monocytes can infiltrate the CNS in
brain vascular disorders and differentiate into macro-
phages.'>!'* The recruitment of monocytes into tissues,
including CNS tissues, depends on monocyte chemo-
attractant protein CCL2 and its receptor, CCR2. We
found a delayed but persistent accumulation of Ccr2™"
cells in mouse bAVMs.!' In contrast, CNS resident
macrophage populations are established in the CNS
during embryonic development, which are maintained
independently of circulating monocytes. There are two
major clusters of CNS resident macrophages based on
anatomical location, morphology, and molecular sig-
natures: parenchymal specific macrophages (microglia)
and non-parenchymal macrophages (further classified
as perivascular, subdural meninges and choroid plexus
macrophages.'>!” Tonized calcium-binding adaptor

molecule 1 (Ibal), C-X3-C motif chemokine receptor
1 (CX3CR1), and colony stimulating factor 1 receptor
(CSF1R) markers are expressed across all CNS resident
populations.'>'® The stimulation from CSFIR is criti-
cal for the development and maintenance of CNS res-
ident macrophages.'® Pharmacological inhibition of
CSFIR depletes Ibal™ and CX3CRI1™" cells by 94%
to 98% in the parenchymal and ~70% in perivascular
space.”’ The CSFIR inhibitor PLX5622 depletes CNS
resident myeloid cells without interfering the infiltra-
tion of circulating CCR2" monocytes.'**! Therefore,
use of PLX5622 will allow us to understand the role of
CNS resident macrophages.

In this study, we demonstrate that mutation of
AVM causative genes in endothelial cells (ECs) can
upregulate neuroinflammatory signaling pathways,
and CNS resident macrophages actively involved in
bAVM pathogenesis.

Material and methods

Animals

The protocol and experimental procedures for using
laboratory animals were approved by the Institution
of Animal Care and Use Committee (IACUC) at the
University of California, San Francisco and were con-
ducted in accordance with the guide for the Care and use
of Laboratory animals. The experiment results are
reported according to ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments). Animal
husbandry was provided by the Animal Core Facility
and the TACUC under the guidance and supervision
of certified Animal Technologists. Veterinary care was
provided by TACUC faculty and veterinary residents
located on the Zuckerberg San Francisco General
Hospital campus.

Three mouse models were used: 1) A/kI”" mice in
which two alleles of Alkl gene (exons 4 to 6) are
flanked by LoxP sites,”> 2) AlkI"5Cer2RFP/H,
Cx3crISTP/" mice with red fluorescent protein (RFP)
gene knocked into one allele of Ccr2 gene and green
fluorescent protein gene (GFP) knocked into one allele
of Cx3crl gene,”® and 3) PdgfbiCreER;Eng"”" mice that
have Pdgfb promoter driven cre recombinase expres-
sion in ECs and two alleles of Eng gene (exons 4 to
5) flanked by loxP sites.>* Equal numbers of male
and female mice were included. All mice were 8- to
10-week-old and had C57BL backgrounds.

Induction of bAVM through stereotactic injection
of viral vector

Brain AVMs were induced in AlkI"" and AlkI"%;
Cer2R®PPI.Cx3¢r1™ " mice through stereotactic
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intracerebral injection of viral vectors as described in
our previous paper (Supplementary Fig. 1).° Mice were
anesthetized through inhalation of 4% isoflurane and
placed in a stereotactic frame with a holder (David
Kopf Instruments, Tujunga, CA). A burr hole was
drilled in the pericranium 2mm lateral to the sagittal
suture and 1mm posterior to the coronal suture.
A total of 2pL viral vector suspension containing
2x10° genome copies (gcs) of AAV-VEGF (an
adeno-associated viral vector carrying CMV promoter
driving human vascular endothelial growth factor) and
2 x 107 plaque-forming units (PFU) of Ad-Cre (an ade-
noviral vector carrying CMV promoter driving Cre
recombinase expression) were injected into the basal
ganglia 3mm beneath the brain surface. AAV-LacZ
and Ad-GFP were used as controls for AAV-VEGF
and Ad-Cre, respectively.

Brain AVMs were induced in PdgfhiCreER;Eng"’"

mice through intra-peritoneal injection of tamoxifen
(TM, 3 doses of 2.5mg/25 g of body weight) in 3 con-
secutive days and intra-brain injection of AAV-VEGF
(2 x 10° ges) at the first day of TM injection.” Control
mice were treated with 3 doses of corn oil and intra-
brain injection of AAV-VEGF. Brain AVM tissues
were collected 8 weeks after model induction. Total
RNAs were isolated from bAVM lesions and brain
angiogenic regions (controls) for sequencing.

ALK knockdown in ECs and RNA sequencing
(RNAseq)

Human umbilical cord ECs [HUVECs, American Type
Culture Collection (ATCC), Manassas, VA)] were cul-
tured in Vascular Cell Basal Medium supplemented
with EC growth factors in Endothelial Cell Growth
Kits provided by ATCC. Cells within 6 passages were
used. To knockdown ALK/, 180 pmol of ALKI siRNA
(Sequence: 5-CCCUCUACGACUUUCUGCA-3)*
custom synthesized by Thermo Fisher Scientific
(South San Francisco, CA) were transfected into
HUVECs using FlexiTube siRNA (QIAGEN, Hilden,
Germany) in RNAiMax (Invitrogen, Waltham MA),
according to manufacturer instructions. Scrambled
siRNA transfected cells were used as controls. Total
RNAs were extracted from the cells 48 hours after the
transfection using RNAzol RT (Molecular Research
Center, Cincinnati, OH).

To check the knockdown efficiency, the RNAs were
reverse-transcribed into cDNA using SuperScript 111
First-Strand Synthesis System (Invitrogen, Carlsbad,
CA). Real-time PCR was performed using TagMan
Fast Advanced Master Mix (Applied Biosystems,
Foster City, CA) with gene-specific primers and probes
(Applied Biosystems): ALKI (Hs00953798_ml), and
GAPDH (Hs02758991 _gl). The relative gene expression

was calculated using the comparative threshold cycle
(CT) and normalized to GAPDH (ACT).

Total RNAs isolated from HUVECs with ALK]
being downregulated by more than 80% and control
cell, as well as total RNAs isolated from bAVMs and
brain angiogenic region of control mice were sent to
Novogene Co (Davis, CA) for sequencing using the com-
pany’s standard protocol (Supplemental material 1). The
outcome data were also analyzed by Novogene Co.

Administration of inhibitor of CSFIR (PLX5622)

Alk1"" and Alk175Cer2RFP1+:Cx3er ISP+ mice were
used in testing the effect of PLX5662. Mice were ran-
domly assigned by generating random numbers to
4 experimental groups. PLX5622 (180 mg/kg of body
weight/day, Plexxikon Biotech Company, South San
Francisco, CA) was incorporated into chow and
orally administered for 7 days starting at 1 week or
8 weeks after model induction (Supplementary Fig. 1).
The placebo chow was administrated in the same pat-
tern to the control group.
Experimental groups are:

1. AVM + V: bAVM mice treated with vehicle starting
at 1 or 8 weeks after model induction. This group
serves as a control for PLX5622 treatment.

2. AVM + P: bAVM mice treated with PLX5622. The
effect of PLX5622 on bAVM was tested in this
group.

3. Ang+ P: Mice with brain focal angiogenesis treated
with PLX5622. This group is for testing the effect of
PLX5622 on normal brain angiogenesis.

4. WT + P: Mice received intra-brain injection of con-
trol vectors and PLX5622 treatment starting at 1 or
8 weeks after model induction. This group is for
testing the effect of PLX5622 on normal brain.

Quantitative assessment of vessel morphology
and macrophages

Brain samples were collected 8 weeks or 9 weeks after
model induction. After being anesthetized with isoflur-
ane inhalation, Cy5-fluorescein-conjugated lycopersicon
esculentum lectin (Vector Laboratories, Burlingame,
CA) was injected via jugular vein to stain endothelial
cells. Mice were then perfused with heparinized PBS
through the left cardiac ventricle to clear blood from
vessels, followed by 4% paraformaldehyde. Brain sam-
ples were collected and incubated in 4% paraformalde-
hyde containing 20% sucrose until they sunk to the
bottom of the solution. Brain samples were then snap-
frozen in dry ice for section.

Coronal sections (20-um-thick) were cut using a
cryostat (Leica, CM1900, Germany). Two coronal
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sections, 0.5mm anterior and 0.5 mm posterior to the
needle track, from each mouse were cover slipped with
Vectashield mounting medium containing 4’-6-diami-
dino-2- phenylinidole (DAPI, Vector Laboratories,
Newark, CA) to label cell nuclei for quantification of
vascular density, dysplasia, RFP" and GFP™" cells.

For analyzing claudin 5 expression, brains were
frozen in dry ice and cut into 20-um-thick coronal
sections using a Leica CMI1950 Cryostat (Leica
Microsystems). Claudin 5 expression on vessels was
visualized by double immunostaining using rabbit
anti mouse claudin 5 antibody (1:100, Thermo Fisher
Scientific, Waltham, MA) and goat anti-mouse CD31
antibody (1:250, R&D Systems, Minneapolis, MN).
Alexa Fluor 594-conjugated (1:250) and Alexa Fluor
488-conjugated IgG (1:250, Invitrogen, Carlsbad, CA)
were used as secondary antibodies.

Three images were taken under 20 X objective field
of each section (left, right, and below the injection site,
Supplementary Fig. 1) using a fluorescent microscope
(Keyence BZ-9000, Itasca, IL). Vascular density
(number of vessels per mm?), RFP™ and GFP" cells
(per mm?) were quantified in using NIH Image 1.63
software. For claudin 5 quantification, claudin 5 posi-
tive areas and CD31 positive areas were quantified
using NIH Image 1.63 software. The claudin 5 levels
were expressed as ratio of claudin 5 positive areas and
CD31 positive areas. Dysplasia vessels were counted
manually and expressed by Dysplasia index (the
number of vessels with lumen diameter larger than
15 pm/mm?).

Prussian blue staining

Iron Stain Kit (Sigma-Aldrich, St. Louis, MO) was
used to detect iron deposition. Two sections within
the injection site were chosen for staining for each
brain. Data were presented as percentage of Prussian
blue positive area in the hemisphere.

Power analysis

Based on the testing study on normal mouse brains
(Supplementary Fig. 2), we chose a sample size of 6
animals per group to detect a 30% difference with
80% changes in CNS macrophage number.

Statistics

For quantification of vessels density, dysplasia index,
RFP* and GFP™ cell numbers, vascular claudin 5 cov-
erage, and Prussian blue positive areas, section num-
bers were scrambled. The quantification was done
independently by at least two researchers who were
blinded to the treatment groups. Inter-observer dis-
crepancy was controlled within one standard deviation,

and the means were used for further analysis. Data are
presented as mean + standard deviation (SD). Histogram
was used to test if the data were normally distributed. All
data except Prussian blue staining were analyzed through
t test for two sample-comparation, or one-way ANOVA
for multiple sample-comparation followed by Tukey’s
multiple comparisons using GraphPad Prism 9 software.
The non-parametric Kruskal-Wallis test method was used
to analyze differences of the percentages of Prussian blue
positive area versus the total hemisphere areas between
groups using stata 18.0 MP (StataCorp. 2023. Stata
Statistical Software: Release 18. College Station, TX:
StataCorp LLC.) with the aid of the dunntest command
(Dinno A. 2014. dunntest: Dunn’s test of multiple com-
parisons using rank sums. Stata software package. URL:
https://alexisdinno.com/stata/dunntest.html), since the
data were not normally distributed and had value of
zeros. The percentages of Prussian blue positive area
versus total hemisphere area were also analyzed by fre-
quency distribution using GraphPad Prism 9 software. A
P value <0.05 was considered to be significant. Sample
sizes were indicated in figures.

Results

Downregulation of ALKI or Eng in ECs upregulated
pro-inflammatory and innate immune signaling

To understand the roles of ALkl and ENG genes in
endogenous angiogenesis and inflammation, ALKI
was knocked down in HUVECs and Eng was knocked
out in mouse ECs. The transcriptional profiles of
ALKI deficient HUVECs, bAVMs of Eng deficient
mice, and angiogenic region in control mice (corn oil
treated mice) were analyzed via RNAseq. We found
that down regulation of ALK! in HUVECs upregu-
lated the expression of 507 genes and downregulated
the expression of 563 genes compared to scrambled
siRNA treated HUVECs. Gene Ontology (GO) enrich-
ment analyses showed that knockdown of ALK/ in
HUVEC increased the transcription of genes regulating
immune response and cell migration, including cellular
response to interferon-gamma (INF v, adjust P =0.005),
positive regulation of response to cytokine stimulus
(adjust P=0.015) and positive regulation of cell migra-
tion (adjust P=0.03). Top 10 upregulated biological
pathways are shown in Figure 1(a).

We have also analyzed the changes of gene tran-
scription in bAVMs of mice with Eng deleted in ECs.
We found 1243 genes were upregulated, and 1830 genes
were downregulated in bAVM, compared to brain
angiogenic of control mice. GO enrichment analyses
showed that knockout of Eng in ECs increased the
transcription of genes upregulating angiogenesis
(adjust P=2.1x10""7), vascular development
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Figure |. Down regulation of ALK/ in HUVECs or Eng in mouse ECs increased pro-inflammation signaling in HUVECs and mouse
bAVM lesion. (a) Bar graph showing the top 10 upregulated biological pathways in ALK/ siRNA treated HUVECs compared to
scrambled siRNA treated HUVECs and (b) Bar graph showing the top 10 upregulated biological pathways in Eng deficiency bAVMs

compared to normal brain angiogenic regions.

(adjust p=2.5x107%), leukocyte migration (adjust
P=22x10""), and myeloid cell differentiation
(adjust P=1.5x 107%). Top 10 upregulated biological
pathways are shown in Figure 1(b). GO enrichment
analyses also show that Eng deficiency ECs increased
the transcription of gene sets related to myeloid leuko-
cyte differentiation and migration, myeloid leukocyte
activation, phagocytosis, activation and regulation of
innate immune response, neutrophil chemotaxis, mye-
loid cell development, positive regulation of chemotax-
is, and glial cell proliferation and migration
(Supplementary Table 1). Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses shown that
EC Eng deficiency increased PI3K-Akt (adjust
p=0.04) and chemokine (adjust p=0.04) pathways,
and cell adhesion molecules (CAMs, adjust p=20.05).

Differential analysis shown that the transcription of
Cx3crl (adjust P<0.001) and Csfl gene (adjusted
P=0.003) were increased significantly in the bAVM
of EC Eng deficient mice.

These data indicate that down regulation of ALK/
or Eng expression in ECs increases EC inflammation,
immune and inflammatory response, and angiogenic
activity.

Transient depletion of CNS resident macrophages
reduced the burden of Cx3crl™ and Ccr2*
macrophages in bAVM

To investigate the specific function of CNS resident

macrophages in bAVM inflammation, Cx3crl™ CNS
resident macrophages were transiently depleted through
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administration of PLX5622. We first tested the efficiency
of PLX5622 on depletion of CNS resident macrophages
by administration of PLX5622 (180mg/kg of body
weight/day) in chow to Cer2®™; Cx3cri®*™* mice
for 7 days. We found 93% of Cx3crl™ were depleted in
the brains of treated mice (Supplementary Fig. 2).

We next administrated same dose of PLX5622 in
chow to mice with bAVMs generated by focal deletion
of Alkl gene plus angiogenic stimulation® to test the
effect of transient depletion of CNS resident macro-
phage on bAVM pathogenesis. PLX5622 treatment
was performed for 7 days, starting either 1 week after
model induction, when bAVM development begins
(P=0.004), or 8 weeks after model induction, when
bAVMs have established (P < 0.001), reduced Cx3crl*
resident macrophages in bAVM lesions (Figure 2). In
the disease condition, some Ccr2" peripheral macro-
phages can adopt characters of the CNS resident macro-
phages and express both Ccr2 and Cx3crl, showing

yellow in Figure 2.** To avoid double counting
Cx3crl™ cells, we subtracted double positive cells
(yellow) from Cx3crl™ cell counts.

Administration of PLX5622 starting at 1 week after
model induction, during the beginning of bAVM devel-
opment, also reduced Ccr2" circulating monocyte-
derived macrophages in bAVMs (P < 0.001, Figure 2),
however PLX5622 treatment failed to reduce the
number of circulating derived Ccr2"™ macrophages in
already established bAVMs. This could be due to
more severe inflammation in the established bAVMs
(Figure 2).

Transient depletion of CNS resident macrophages
did not reduce angiogenic activity in bAYMs
significantly

To explore the role of CNS resident macrophages
on bAVM angiogenesis, we assessed the blood vessel

AVM+V-1

AVM+P-8 AVM+V-8 S AVM+P-1

(b)

(c)

Figure 2. PLX5622 treatment reduced CNS resident and circulating monocyte-derived macrophages in mouse bAVMs. (a) & (d).
Representative images of bAVMs collected from mice that received PLX5622 starting | week (a) or 8 weeks (d) after model induction.
CNS resident macrophages (CNS) are Cx3crl™ (green) and peripheral monocyte-derived macrophages (Peripheral) are CCR2*
(red). Merged images show some cells expressing both Cx3crl™ and CCR2™ (yellow). Nuclei were counterstained with DAPI (blue).
Scale bar= 50 um. (b) and (c). Quantifications of CNS resident macrophages (b) and peripheral monocyte-derived macrophages (c) in
bAVMs of mice that received PLX5622 starting | week after model induction. (e) and (f). Quantifications of CNS resident macro-
phages (e) and peripheral monocyte-derived macrophages (f) in bAVMs of mice that received PLX5622 8 weeks following model
induction. AVM 4 V: AVM mice treated with vehicle; AVM + P: AVM mice treated with PLX5622; Ang+ P: mice with brain
angiogenesis and PLX5622 treatment; WT + P: WT mice treated with PLX5622 treatment. N =5-7.
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densities of bAVMs and brain angiogenic regions in
control mice (Supplementary Fig. 1), then compared
to treated mice. The vessel densities of bAVMs in
mice treated with PLX5622 at the beginning of
bAVM development (434.1 +128.9 vessels/mm?) were
trend toward lower than that in vehicle-treated mice
(567.5+ 110 vessels/mm?, P=0.079) and were similar
to that in normal brain angiogenic region of angiogenic
control mice (419.3 +63.3 vessels/mm?, p=0.99,
Figure 3). The vessel densities in the bAVMs of mice
treated with PLX5622 at 8 weeks after model induction
(542.54104.5 vessels/mm?) were also trend toward
lower than that in vehicle treatment (466.5+
80.0 vessels/mm?, p=0.070) and were similar to that
in angiogenic control mice (361.3+13.24, p=0.55,
Figure 3). Therefore, transient depletion of CNS

resident macrophages did not inhibit angiogenic activ-
ity effectively.

Transient depletion of CNS resident macrophages
alleviated bAVM severity

We next evaluated the effect of PLX5622 treatment on
bAVM severity by examining abnormal vessels with
dilated and irregular lumens. PLX5622 treatment start-
ing at 1 week after the model induction inhibited
bAVM development. Even though PLX5622 treatment
had stopped for 6 weeks, there were still fewer dyspla-
sia vessels in the treated group (15.2 +2.6 vessels/mm?)
than the control group (23.1+ 2.4 vessels/mm?>,
P=0.002). However, the PLX5622 treated bAVM
group still had more dysplasia than the angiogenic

(@) AVM+V AVM+P

WT+P

=
)i
o
°
=]
@

= N W
=]

Dysplasia
vessels/mm?

o

(f)

Vessels/imm?
Dysplasia
vessels/mm?

Figure 3. PLX5622 treatment reduced dysplastic vessels in mouse bAVMs. (a) and (d) Representative images of brain sections
collected from lectin-perfused mice. Vessels are labeled by Cy5 fluorescence labeled lectin (violet). The pictures under | W and 8 W
AVM + Vand AVM + P are enlarged pictures of the squared areas in the pictures above them showing dysplasia vessels. White arrows
indicate dysplastic vessels. Scale bars =50 um. (b) and (c) Quantifications of vessel densities (b) and dysplasia index (number of vessels
with lumen diameter >15mm/mm?) (c) for mice treated with PLX5622 starting at | week after model induction. (e) and (f)
Quantifications of vessel densities (e) and dysplasia index (f) for mice treated with PLX5622 starting at 8 week after model induction.
AVM +V: AVM mice treated with vehicle; AVM + P: AVM mice treated with PLX5622; Ang + P: mice with brain angiogenesis and
PLX5622 treatment; WT + P: WT mice treated with PLX5622 treatment. | W and 8 W: treatment started at | and 8 weeks after

model induction. N=6 or 7.
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region of PLX5622 treated control group (9.6+
3.6 vessels/mm?, P <0.001, Figure 3). Administration
of PLX5622 starting at 8 weeks after the model induc-
tion when bAVMs have already established® also
reduced the number of abnormal vessels (treated:
13.3 + 2.4 vessels/mm? vs. control: 21.8+ 3.9 vessels/
mm?, P=0.001) (Figure 3). Again, the PLX5662
treated bAVMs still have more dysplasia than
PLX5662 treated angiogenic controls (7.3+3.2,
p=0.03). Notably, the number of Cx3crl™ CNS resi-
dent macrophages was positively correlated with the
number of abnormal vessels in the bAVMs (1> =0.63,
P <0.01, Figure 4). Taken together, these data show
that transient depletion of CNS resident macrophages
not only reduced bAVM development, but also allevi-
ated the severity of established bAVM:s.

Transient depletion of CNS resident macrophages
increased blood brain barrier (BBB) tight junction
protein expression and attenuated severe
hemorrhage in bAVMs

Our previous study revealed impairment of vascular
integrity in bAVMs.” To explore the impact of CNS
resident macrophages on BBB integrity of established
bAVM, the expression of tight junction protein, clau-
din 5, was quantified. Alk1"" mice received intra-brain
injections of Ad-Cre and AAV-VEGF were randomly
assigned to PLX5622 and vehicle groups. The treat-
ments started at 8 weeks after model induction and
the brains were collected 9 weeks after model induction
(Supplementary Fig. 1). We found PLX5622 treatment
increased the expression of claudin 5 in established
bAVMs (Figure 5), suggesting that transient depletion
of CNS resident macrophages can reduce BBB impair-
ment independently of circulating monocyte
infiltration.

We further tested whether transient depletion of
CNS resident macrophages reduces or prevents
bAVM hemorrhage. Hemorrhage in bAVMs were
detected by analyzing iron deposition using Prussian
blue staining. Although significant differences among

Resident
Macrophages (mm?)

Figure 4. The number of CNS resident macrophages is posi-
tively corrected with the number of dysplasia vessels in bAVM.
DI: dysplasia index.

groups were identified by Kruskal-Wallis test for mice
treated at 1 week (P =0.007) and at 8 weeks (P =0.004)
after model induction, the differences were driven by
more hemorrhage in bAVMs than control brains (CP).
There was no difference between bAVM mice treated
with vehicle (AVM+V) and PLX5622 (AVM +P,
P=0.19 for 1 week group and P=0.22 for 8-week
group). Frequency distribution analyses shown that
large hemorrhagic areas were only present in vehicle
treated bAVM mice. PLX5622 treatment starting at 1
or 8 weeks after model induction prevented severe hem-
orrhage (Figure 6). No mouse in treated groups had
hemorrhage area larger than 1% of total hemisphere,
the average hemorrhage areas were 0.32% for mice that
received the treatment starting at 1 week and 0.29% for
mice that received treatment starting at 8 weeks after
model induction. In contrast, the hemorrhage was
more severe in vehicle treated bAVM mice. Two out
of six mice in I-week vehicle group and two out of
seven mice in 8-week vehicle group had hemorrhage
areas over 1% of the total hemisphere (Figure 6).

Discussion

Our findings demonstrated that the genetic dysfunction
of ENG and ALK in ECs promotes EC inflammation,
immune and inflammatory response, and angiogenic
activity. Transient depletion of CNS resident macro-
phages either at the beginning of bAVM development
or at the time bAVMs have been fully established
reduced the infiltration of both resident and circulating
inflammatory cells and dysplasia vessels in the bAVMs.
In the initial stage of bAVM development, a transient
depletion of CNS resident macrophages reduced the
subsequent recruitment of Cer2™ circulating cells and
mitigated the development of bAVM. The effect
extended 6 weeks after cessation of PLX5622 treat-
ment. These findings suggest that CNS resident
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Figure 5. PLX5622 treatment increased claudin 5 expressions
in bAVM vessels. (a) Representative images of sections stained
with anti-claudin 5 (green) and CD31| (endothelial cells, red)
antibodies. Scale bar =50 um and (b) Quantification of the ratio
of claudin-5 and CD31. AVM + V: AVM mice treated with vehicle;
AVM + P: AVM mice treated with PLX5622. N = 6.
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Figure 6. PLX5622 treatment reduced the incidence of severe hemorrhage in bAVMs. (a) Representative images of Prussian blue
stained sections. Iron depositions (blue) in bAVMs indicates hemorrhage. Nuclei were counterstained with Fast Red. Scale bar = Imm.
(b) and (c) Frequencies and degrees of hemorrhage in bAVMs treated with PLX5622 starting at | week (b) and 8 weeks (c) after bAVM
model induction. | W and 8 W: treatment started at | and 8 weeks after model induction. AVM + V: AVM mice treated with vehicle;
AVM + P: AVM mice treated with PLX5622; Ang -+ P: mice with brain angiogenesis and PLX5622 treatment; WT 4 P: WT mice

treated with PLX5622 treatment. N = 5-6.

macrophages may serve as prerequisites for abnormal
angiogenesis and recruitment of blood-borne mono-
cytes into bAVM foci.

In established bAVMs with abundant dysplastic ves-
sels and inflammatory cells, CNS resident macrophages
continued to play a critical role in inducing vascular
impairment and hemorrhage. Short-term treatment
with PLX5622 in mice with established bAVMs,
which are more approximate to the clinical scenario,
had restored dysplastic vessels to normal phenotype
and improved vascular integrity, which ultimately led
to a reduction of severe hemorrhage.

Ibal expressing myeloid immune cells were identi-
fied as major inflammatory components in human
bAVMs. The increased Ibal™ cells were composed of
two clusters: the P2RY 12" perivascular macrophage
and the P2RY 12" microglia predominantly in brains
adjacent to bAVMs.'? Previous data have demonstrat-
ed a good correlation between the expression of Ibal
and Cx3crl in cells located within the perivascular
space and brain parenchyma,’®?® indicating that
Cx3crl served as an optimal marker for these CNS
resident macrophages. The fate mapping analysis of
brain Cx3crl™ cells confirmed their common prenatal
origin and their continuous residence in the CNS since
embryonic development.'>2° These cells subsequently
differentiate into a range of CNS resident macrophages
in specific niches: microglia, perivascular, meningeal,
and choroid plexus macrophages.'>*® However,
inflammation in bAVM involves more than just

resident immune cells. More CD34" peripheral blood
cells of patient with ALK/ or ENG gene mutation than
those from normal controls differentiated into activat-
ed myeloid immune cells in an in vitro culture system.''
Our previous study revealed that both Cer2™" circulat-
ing monocyte-derived macrophages and Cx3crl™ resi-
dent microglia are present and persistently in
bAVMs.!" The increased levels of monocyte-derived
macrophages were even more prominent than that of
resident microglia. However, it is not clear which cell-
population causes the unresolved inflammation, CNS
resident macrophages or the circulating monocytes. In
the present study, we revealed that the CNS resident
macrophages play a major role in recruiting more res-
ident and monocyte-derived macrophages into bAVMs
and promoting bAVM progression. The Csflr inhibitor
PLX5622 has been shown to be effective in eliminating
Cx3crl™ cells present in both the parenchyma and peri-
vascular space of CNS, which represent microglia and
perivascular resident macrophages respectively, but not
impede the influx of circulating monocytes into the
brain.®® In this study, we showed that transient
PLX5622 treatment reduced the recruitment of Ccr2™
circulating monocytes at early stage bAVM develop-
ment. Transient PLX5622 treatment after bAVM for-
mation could still reduce hemorrhage and vascular
dysplasia, although it did not prevent the influx of
Cer2* cell into the bAVM. Thus, transient depletion
of CNS resident macrophage could be developed into
therapies to reduce bAVM progression and hemorrhage.
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The cause of increased inflammatory cell infiltrates
in bAVMs is not fully understood. We believe that
alterations to the ECs via gene mutations or damage
play a primary role in orchestrating the infiltration of
inflammatory cells in bAVMs. This may include a loss
of the barrier properties of the ECs and an up-
regulation of adhesion molecules and other inflamma-
tory mediators in mutant ECs. Indeed, in this study we
found that knockdown of ALK! in HUVECsS increased
the transcription of genes regulating immune response
and cell migration, including positive regulation of
response to cytokine stimulus (adjusted p=0.015)
and positive regulation of cell migration (adjusted
p=0.03); and knockout of Eng in ECs in mouse also
increased cell adhesion molecules (CAMs, adjusted
p=0.05) expression in bAVMs. In addition, altered
communication between ECs and surrounding perivas-
cular cells may establish an inflammatory microenvi-
ronment that renders vessels susceptible to rupture.
Recent studies show that vascular-associated macro-
phages (VAM) promote highly localized ICAMI
expression in ECs initiating EC-neutrophil adhesive
interactions.?’ Perivascular microglia could also physi-
cally contact with ECs and modulate the expression of
tight junction protein claudin-5.% In this study, we
showed an improvement of claudin-5 expression after
a transient reduction of resident macrophages in
bAVMs, which further indicates that the resident mac-
rophages play roles in maintaining BBB integrity and
priming inflammation in disease conditions. More
studies are needed to determine the exact interaction
of mutant ECs and microglia in future.

Activated resident macrophages can recruit more
microglia and peripheral circulating macrophages and
promote extravasation of peripheral immune cells via
producing a variety of cytokines and chemokines
including CCL2.** Our RNAseq data showed that
knockout of Eng in ECs increased positive regulation
of chemotaxis. Of note, the present findings under-
scored the potential trajectory of communications
among different cell clusters. Transient depletion of
resident macrophages could interrupt the recruitment
of both resident and circulating macrophages, while
may not be able to reverse the recruited circulating
immune cells. Corresponding changes in communicat-
ing mediators could be examined and modulated in
future studies to understand the intercellular action
during this process.

CSFI1R inhibitors have served as effective tools
for investigating the interplay of peripheral and CNS
resident myeloid populations. These orally administrat-
ed small-molecule inhibitors achieve robust but revers-
ible brain-wide resident macrophage elimination,
without reactive inflammatory response or cytokine
storm.’*3! Remarkably, pexidartinib (PLX3397) has

been approved by FDA for the treatment of tenosyno-
vial giant cell tumors in 2019 and is already in clinical
trials for CNS tumors.?? PLX5622 used in this study,
has the same potency as its predecessor in CSFIR inhi-
bition, but is 10-fold more selective in receptor binding
and with better brain penetrance.’' This highly selec-
tive brain penetrant CSFIR inhibitor can consistently
deplete over 90% of microglia after a 7-day treat-
ment.”’ A sustained treatment of PLX5622 for
24 weeks is well-tolerated in rodents.>' Upon cessation
of PLX5622 treatment, the repopulation of microglia
occurred within 24 hours and returned to normal level
in 36 hours.’® The present study suggests a prolonged
impact of PLX5622 in preventing bAVM progression,
which lasts after microglia repopulation. Remarkably,
the efficacy of PLX5622 in elimination of resident mac-
rophages in bAVM was not as effective in normal brain
area, suggesting a consistent infiltration of macro-
phages in bAVMs. Macrophage recruitment is predis-
posed by ALKI or Eng gene dysfunction, indicated by
our RNAseq data. It is important to determine whether
an extended treatment period could further improve
therapeutic effects of PLX5622 in bAVMs, and if the
long-term outcome after treatment persists in further
study.

Notably, our present findings were not based on the
assumption that CSFIR inhibitor has minimal effects
on peripheral immune cells. There are disputes that the
population of peripheral circulating and bone-marrow
derived myeloid cells could also be affected by
PLX5622 treatment.*® The peripheral circulating and
bone-marrow derived myeloid cells rebound at 7 days
after PLX5622 cessation.*> Monocyte-derived macro-
phages in CNS lesions have shown a competitive
increase after resident population elimination with
CSFIR inhibitor."*> However, in a murine model of
severe neuroinflammation induced by West Nile virus
Encephalitis, PLX5622 effectively depleted CNS mac-
rophages and mature Ly6C™ monocytes in the bone
marrow and inhibited their proliferation and recruit-
ment into the infected brain.** In the present study,
infiltration of Ccr2" cells within established bAVM
lesion were not affected by PLX5622 treatment.
Moreover, we did not find a rebound or competitive
increase of Ccr2t cells after cessation of PLX5622
treatment. The mice treated transiently with PLX5622
at the early stage of bAVM development reduced
Cer2" cells in bAVMs analyzed 6 weeks after
PLX5622 treatment stopped. The improvement of vas-
cular phenotypes was comparable between mice with
PLX5622 treatment at the early stage of bAVM devel-
opment and after bAVMs had established. Therefore,
the beneficial effect of CSFI1R inhibition in bAVM
severity appears to be independent of Ccr2™ cell infil-
tration. We also showed that the number of CNS
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Figure 7. Summary of the influences of CNS resident and circulating monocyte derived macrophages in bAVM development and
hemorrhage. Accumulation of CNS resident and circulating macrophages in bAVM cause dysfunctional angiogenesis and persistent
inflammation, which increase the risk of hemorrhage. Transient depletion of CNS resident macrophages through inhibition of CSFR1
reduced dysfunctional angiogenesis, burden of CNS resident macrophages, including perivascular macrophages, microglia, and
circulating monocyte-derived macrophages, as well as incidence of severe hemorrhage.

resident macrophages was positively correlated with
the number of dysplasia vessels in bAVMs. Taken
together, our data showed that CNS resident macro-
phages may assist bAVM progression more than circu-
lating monocytes.

There are several limitations in this study. (1) The
RNAseq study compared differential gene expression
in bAVMs of TM treated and normal brain angiogenic
regions of corn oil treated PdgfbiCreER;Eng"”" mice.
The potential influence of TM was not analyzed. (2)
Csflr inhibitor also alters the lymphoid compartment
of bone marrow by suppressing T cells (CD3*, CD4™,
and CD8") and up-regulating CD19" cells.* (3) The
direct communications among ECs, resident macro-
phages and circulating monocytes and the potential
mediators were not tested. (4) The sample size used in
this study is not large enough to test the potential influ-
ence of sex or age. (5) Only one bAVM model was used
to test PLX effect in this study. (6) Claudin 5 was quan-
tified on immunostaining images, which is less reliable
than western blot. The therapeutic effect of PLX

should be validated in more bAVM models. More stud-
ies are needed to address these limitations.

Conclusions

The present study revealed that genetic dysfunction of
ALKI or Eng predisposed a pro-inflammatory and pro-
angiogenic microenvironment for abnormal vascular
development. The CNS resident macrophages, including
microglia and other non-parenchymal macrophages,
play fundamental roles in orchestrating dysfunctional
angiogenesis and persistent recruitment of both circulat-
ing monocytes and more resident macrophages into
bAVMs, promoting bAVM progression. A modulation
of CNS resident macrophage could reduce the vascular
aberrancy, restore vascular integrity, and prevent severe
hemorrhage of bAVMs (Figure 7).
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