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RESEARCH ARTICLE OPEN ACCESS

Endoluminal Biopsy for Molecular Profiling of Human
Brain Vascular Malformations
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Zhengda Sun, PhD, Kerstin Mueller, PhD, Jayden Ross, BA, Helen Kim, PhD, Shantel Weinsheimer, PhD, Dr. Cooke
Mitchel Berger, MD, Tomasz Nowakowski, PhD, Daniel Lim, MD, PhD, Adib Abla, MD,* and Daniel Cooke, MD* daniel.cooke@

ucsf.edu, or Dr. Abla
adib.abla@ucsf.edu

Abstract

Background and Objectives © videos
Ras-mitogen-activated protein kinase (MAPK) signaling abnormalities occur in most brain

arteriovenous malformations (bAVMs). No means exist to molecularly profile bAVMs without

open surgery, limiting precision medicine approaches to treatment. Here, we report use of

endoluminal biopsy of the vessel lumen of bAVMs to characterize gene expression and blood

flow-mediated transcriptional changes in living patients.

Neurology® 2022;98:¢1637-¢1647. doi:10.1212/WNL.0000000000200109

Methods

Endoluminal biopsy and computational fluid dynamic modeling (CFD) were performed in
adults with unruptured AVMs with cerebral angiography. Each patient underwent surgical
resection and cell sampling from a contiguous arterial segment. Fluorescence-assisted cell
sorting enriched endothelial cells, which were sequenced on an Illumina HiSeq 4000 sequencer.
Gene expression was quantified with RNA sequencing (RNAseq). Differential gene expression,
ontology, and correlative analyses were performed. Results were validated with quantitative
reverse transcription PCR (RT-gPCR).

Results

Endoluminal biopsy was successful in 4 patients without complication. Endoluminal biopsy
yielded 269.0 + 79.9 cells per biopsy (control 309.2 + 86.6 cells, PAVM 228.8 + 133.4 cells).
RNAseq identified 106 differentially expressed genes (DEGs) in bAVMs (false discovery rate
<0.05). DEGs were enriched for bAVM pathogenic cascades, including Ras-MAPK signaling
(p <0.05), and confirmed with RT-qPCR and a panel predictive of MAPK/extracellular signal-
regulated kinase inhibitor response. Compared to patient-matched surgically excised tissues,
endoluminal biopsy detected 83.3% of genes, and genome-wide expression strongly correlated
(Pearson r = 0.77). Wall shear stress measured by CFD correlated with inflammatory pathway
upregulation. Comparison of pre-embolization and postembolization samples confirmed flow-
mediated gene expression changes.

Discussion

Endoluminal biopsy allows molecular profiling of bAVMs in living patients. Gene expression
profiles are similar to those of tissues acquired with open surgery and identify potentially
targetable Ras-MAPK signaling abnormalities in bAVMs. Integration with CFD allows de-
termination of flow-mediated transcriptomic alterations. Endoluminal biopsy may help facili-
tate trials of precision medicine approaches to bAVMs in humans.
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Glossary

AVM = arteriovenous malformation; bAVM = brain AVM; CBF = cerebral blood flow; CFD = computational fluid dynamic;
DEG = differentially expressed gene; DSA = digital subtraction angiography; FACS = fluorescence-activated cell sorting; FDR =
false discovery rate; MAPK = mitogen-activated protein kinase; MEK = MAPK/extracellular signal-regulated kinase; qPCR =
quantitative PCR; RNAseq = RNA sequencing; scRNAseq = single-cell RNAseq; TAWSS = time-averaged wall shear stress;

3D = 3-dimensional.

One type of brain vascular malformation known as arterio-
venous malformation (AVM) is a tangle of blood vessels that
form direct connections between arteries and veins." A
subset of brain AVMs (bAVMs) result in intracerebral
hemorrhage and are a leading cause of brain hemorrhage in
young people.2 However, the majority of bAVMs do not
hemorrhage. Randomized controlled trials have suggested
that interventional therapy such as endovascular emboliza-
tion, stereotactic radiosurgery, or surgical resection is asso-
ciated with higher rates of death and stroke than observation,
and treatment remains controversial.>

Precision medicine approaches have revolutionized clinical
care, most notably in oncology. Most AVMs (>95%) were
thought to arise without clear genetic cause,” but renewed
sequencing efforts have recently identified somatic activat-
ing variants within the Ras—mitogen-activated protein ki-
nase (MAPK) signaling pathway such as the proto-
oncogenes KRAS and BRAF in a majority of sporadic
bAVMs.>® Targeted inhibition of Ras-MAPK pathways re-
verses bAVM pathology in experimental models and is be-
ing trialed in extracranial vascular malformations.®” Despite
the ability to identify therapeutic targets, stereotactic brain
biopsy techniques are not safe for many cerebrovascular
pathologies due to risk of brain hemorrhage. Therefore,
molecular profiling is performed only on vascular malfor-
mations removed with open surgery. This has several con-
sequences: (1) the information obtained has little influence
on clinical decision-making; (2) precision medicine treat-
ment guided by the molecular profile of bAMVs is not
possible; and (3) no molecular information is available from
vascular malformations that are not surgically resected. As a
result, there is presently no means to extract molecular in-
formation from human cerebrovascular pathologies in living
patients.

To address this barrier to translation of cerebrovascular
precision medicine in humans, we sought to use cerebral
angiography, the diagnostic gold standard, to sample cells
of the vessel lumen from within the cerebrovasculature.
Here, we report our case series demonstrating feasibility
and accuracy of cerebral angiography-guided endoluminal
biopsy to molecularly profile bAVMs with next-generation
RNA sequencing (RNAseq), to identify therapeutically
targetable pathways, and to deduce flow-mediated tran-
scriptomic alterations from unruptured bAVMs in living
patients.
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Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

Human bAVM samples and clinical data were obtained from
the University of California San Francisco with protocols
approved for human experimentation from the institutional
review board and ethics committee (Institutional Review
Board No. 15-16403). In addition to the standard surgical
consent, written informed consent was obtained, permitting
collection of an additional coil during treatment for the spe-
cific purpose of research. As part of the institutional review
board, formal stopping rules were in place such as a single
procedural hemorrhagic or ischemic stroke.

Patients were screened from outpatient clinics and in-hospital
census lists. For this initial experience, only adults (>18 years
of age) with unruptured AVMs undergoing flow-reductive
embolization for subsequent microsurgical resection of the
AVM were included. Exclusion criteria included AVMs that
had previously or currently ruptured; the presence of high-risk
features, e.g., flow-related aneurysms, or cerebrovascular
anatomy not conducive to catheterization, e.g., vascular tor-
tuosity or unfavorable aortic arch anatomy; or AVMs that
were not to be treated with surgical resection. Clinical data are
summarized in Table 1.

Endovascular Biopsy

Digital subtraction angiography (DSA) was performed in
standard fashion on either an Artis Q or Artis Zee biplane
angiographic system (Siemens Healthineers AG, Forchheim,
Germany). Endovascular biopsy was performed as we have
previously described.*” All patients were administered gen-
eral anesthesia, and transfemoral access was obtained under
ultrasound guidance. After control femoral angiogram, a
0.035-in Benson or J-curved guide wire was placed through
the sheath to contact with the endothelial lining of the iliac
artery and kept in this location for =1 minute. The wire was
removed, and the distal 3 cm was cut and placed in a 3-mL
LoBind Eppendorf microcentrifuge tube containing chilled
cell dissociation buffer (Thermo Fischer Scientific, Waltham,
MA). A postsampling femoral angiogram was then performed
to exclude any procedure-associated arterial dissection. This
sample served as a patient-matched control from an un-
involved, systemic artery.

All patients then received an IV bolus of heparin to ensure an
activated clotting time that was 2 times baseline or >250

Neurology.org/N
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Table 1 Patient Demographics and Cellular Yield With Endoluminal Sampling of Brain AVMs

Endoluminal cell yield, n cells

Surgical cell yield, n cells

Age,y Sex Location SM grade lliac artery AVM AVM artery AVM nidus
31 F Parieto-occipital 1 140 14 1,052 9,726
49 M Parieto-occipital 1 528 57 828 2,782
48 M Temporal 4 206 244 157 282
23 F Occipital 2 363 600 NC NC
Mean 309.2 + 86.6 228.8+133.4 679.0 + 268.9 4,263.3 +2,825.1

Abbreviations: AVM = arteriovenous malformation; NC = not collected; SM = Spetzler-Martin.

seconds; this is standard practice to reduce thromboembolic
complications with cerebral angiography. A diagnostic cere-
bral angiogram was then performed with telescoping guide
and microcatheters tailored to each patient’s cerebrovascular
anatomy. Three-dimensional (3D) rotation angiography was
performed with a Mark7 power injector (MedRad, Beek, the
Netherlands) to inject the primary arterial supply of the AVM
and to completely characterize the 3D anatomy of the AVM.
A short arterial segment of 1 of the feeding arterial pedicles
was identified a priori as the intended site of the endovascular
biopsy. Site selection depended on several selection criteria:
(1) the artery was intended to be subsequently embolized for
the purposes of reducing flow for surgery the following day;
(2) the artery could be safely accessed with a microcatheter;
and (3) the arterial segment was juxtaposed to the AVM nidus
(a distance <=1 cm). The nidus was not sampled endovasc-
ularly due to heightened procedural risk.

After identification of the biopsy site, superselective micro-
catheterization of the desired arterial segment was performed
under fluoroscopic guidance. Microcatheter position was
confirmed with a focused angiogram. A platinum detachable
coil was matched to the size of the parent vessel and deployed
through the microcatheter, contacting the vessel lumen only
at the desired biopsy site. After 1 minute of luminal contact,
the coil was resheathed and removed from the telescoping
catheters that protected it from contacting other vessel seg-
ments. The removed coil was then cut and placed into a 3-mL
LoBind Eppendorf microcentrifuge tube containing chilled
cell dissociation buffer. New coils were selected, and coil
embolization was carried out per routine practice to reduce
blood flow to the AVM for open neurosurgical resection.
Procedural steps of the endovascular biopsy are shown in
Video 1.

Computational Fluid Dynamic Modeling

A computational fluid dynamic (CFD) approach was used to
compute the velocity field through the vasculature of interest
and through the cardiac cycle. CFD simulations require ac-
curate specification of boundary conditions, namely the lu-
minal surface geometry and the inlet flow waveform through
the cardiac cycle. The luminal contours were extracted with a

Neurology.org/N

level-set representation of the complex surface from the 3D
DSA images acquired on either an Artis Q or Artis Zee biplane
angiographic system (Siemens Healthineers AG). Images
were transferred to a clinical postprocessing workstation and
reconstructed on a 512 x 512 matrix with a smooth HU
kernel, resulting in =0.8-mm actual resolution. The resulting
reconstructed 3D DSA volumes were exported and loaded
onto a research workstation with the available CFD modeling
research prototype (Siemens Healthineers AG). Before pro-
cessing, the site of endoluminal biopsy was marked in the 3D
volume in order to perform CFD analysis on the same vessel
segment close to the nidus."

The prototype CFD solver (Siemens Healthineers AG) uses a
GPU-optimized Lattice-Boltzmann method with a multi-
relaxation time approximation.'”'* In this approach, the in-
compressible Navier-Stokes equations are solved according to
the finite volume method, and the pulsatile velocity field
(3D + t, i.e, in space and through the cardiac cycle) is com-
puted on a cartesian grid at 0.2-mm isotropic spatial resolution.
This allows the determination of secondary hemodynamic
descriptors such as the wall shear stress. The velocity waveform
was adapted from the inflow velocity profile as previously de-
scribed, which is based on 2-dimensional phase-contrast MRI
measurements.">"* To ensure convergence, flow computations
were performed over 2 heartbeats with a time step of 5 x 107
seconds, and results were output every 0.05 seconds. At all
outflow boundaries, the pressure was fixed to 0 Pa. The blood
density and viscosity were assumed to be 0.001 g/mm® and
0.004 Pas, respectively.

Open Neurosurgical Sampling

Patients were observed overnight in the intensive care unit
and were taken to the neurosurgical operative suite the fol-
lowing day. All patients were placed under general anesthesia.
A craniotomy was tailored to each patient with neuro-
navigational software in standard fashion, and microsurgical
resection was performed with aide of a Zeiss OPMI Pentero
800 operative microscope (Carl Zeiss AG, Oberkochen,
Germany). Direct microscopic visualization, including intra-
operative indocyanine green angiography,'> and confirmation
with neuronavigational ~software (BrainLab, Munich,
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Germany) identified feeding arteries and the nidus and
draining veins of the AVM. To maintain 3D orientation, an-
eurysm clips and AVM microclips (Aesculap, Inc, Center
Valley, PA) of different sizes were placed under direct visu-
alization onto feeding arteries of interest, including the
endovascular biopsy site, and to mark the AVM nidus. After
AVM removal, the AVM was microdissected into the arterial
segment from the biopsy site and nidus, and tissue samples
from each site were placed in preoxygenated chilled Dulbecco
modified Eagle medium (Thermo Fisher Scientific) and
transported to the laboratory for subsequent dissociation.

Cell Preparation and Fluorescence-Activated
Cell Sorting

For cell samples from endovascular biopsy, samples were vor-
texed for 30 seconds in cell dissociation buffer to liberate cells, and
the cut wire or coil was discarded. Cells were subsequently spun
down, and erythrocytes were lysed with incubation in ACK lysing
buffer (Thermo Fisher Scientific). Cells were washed with
phosphate-buffered saline. All tissues from open surgical resection
were microdissected with a No. 15 scalpel into =1 x 1-mm cubes
and subsequently dissociated with 0.2% collagenase type 2
(Worthington Biochemical corporation, Lakewood, NJ). Eryth-
rocytes were lysed with incubation in ACK lysing buffer, and cell
suspension was filtered through a sterile 40-um filter to remove

debris and washed with phosphate-buffered saline.

Cell suspensions were resuspended in fluorescence-activated cell
sorting (FACS) buffer and stained with a modified protocol as we
described ¢ Cells were stained with Alexa Fluor 647-
conjugated monoclonal anti-human CD31 antibody (BD Biosci-
ences, San Jose, CA) and 4’,6-diamidino-2-phenylindole (DAPI,
Thermo Fisher Scientific). Cells were subsequently fluorescently
sorted on a BD FACSAria II Flow Cytometer (BD Biosciences).
Nonviable cells were excluded on the basis of DAPI positivity, and
endothelial enrichment was performed through positive selection
of CD31 cells. Viable cells enriched for endothelium were therefore
considered to be CD31-positive, DAPI-negative cells.

Library Preparation and Bulk RNAseq

Library preparation and sequencing of samples were performed
by investigators blinded to pathology. cDNA sequencing li-
braries were created directly with application of the SEQuoia
complete RNA library prep kit (Biorad Laboratories, Inc,
Hercules, CA) to whole cells as described by the manufacturer.
rRNA was depleted with proprietary technology postlibrary
generation (Biorad Laboratories, Inc). All of the final libraries
underwent quality control analysis with the Agilent D1000
ScreenTape System (Agilent Technologies, Santa Clara, CA)
and were sequenced on an Illumina HiSeq 4000, single-end 50
base pair reads, multiplexed at 6 samples per lane.

Quantitative PCR

To confirm RNAseq results, quantitative PCR (qPCR) was per-
formed on generated cDNA. A subset of 5 differentially expressed
genes (DEGs) identified with highest score determined by —log;,
p-value x abs(p) and a bioinformatic panel sensitive to activation

Neurology | Volume 98, Number 16 | April 19,2022

of MAPK signaling and predictive of response of MAPK/
extracellular signal-regulated kinase (MEK) inhibitors were used
for this analysis.'” Primers were designed with the use of Fluidigm
D3 assay design software'® (Fluidigm Corp, South San Francisco,
CA), and assay identifications are given in eTable 1, links.ww.
com/WNL/B817. qPCR was performed with SBYR green
(Roche Applied Science, Penzberg, Germany) on a LightCycler
480 II (Roche Applied Science). Relative gene expression was
calculated with the delta-delta Cr method using B-actin (ACTB)
as a housekeeping gene. Data are presented as mean * SD for 4

biological replicates.

Single-Cell RNAseq

To confirm endothelial enrichment via FACS, we sorted in-
dividual CD31-positive, DAPI-negative cells acquired via
endoluminal biopsy and prepared single-cell RNAseq
(scRNAseq) libraries using the Smart-seq2 protocol on 96-
sorted cells as previously described.'® Final libraries underwent
quality control analysis with the Agilent D1000 ScreenTape
System (Agilent Technologies) and were sequenced on an
IMumina HiSeq 4000 with paired-end 100 base pair reads.

Data Analyses

For sequencing data, sequencing quality was confirmed with
FastQC, and adaptors were trimmed with Cutadapt. Reads
were pseudoaligned to ENSEMBL GRCh38 transcriptome
using Kallisto with 100 bootstrap samples.”® For scRNAseq
data, gene count matrices were generated and analyzed with
Seurat.”' Detected genes were defined as those with a transcript
per million. Gene-level differential gene expression analysis was
performed with Sleuth, and B serves as an estimate of the fold
change as previously reported.”” Genes with a false discovery
rate (FDR)-adjusted value of q < 0.05 were considered to be
differentially expressed. Gene ontology analyses were per-
formed on DEGs with an FDR-adjusted value of q < 0.1 with
EnrichR.> For in vivo flow modeling, Pearson correlation
coeflicients were used to deduce the relationship of time-
averaged wall shear stress (TAWSS) with gene expression
(expressed as transcripts per million) for each transcript across
individuals. Genes with a correlation coeflicient >0.6 or <—0.6
were defined to be correlated genes. All data analyses and
visualizations were performed with R version 3.6.3 (R Foun-
dation for Statistical Computing, Vienna, Austria).

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Endoluminal Biopsy Detects Pathogenic and
Targetable Molecular Changes in bAVMs
Endoluminal biopsy was performed in all patients without
complication (Figure 1A). Patient demographic information
is summarized in Table 1. On average, 269.0 = 79.9 CD31-
positive, DAPI-negative viable cells were recovered per site

Neurology.org/N
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(control 309.2 + 86.6 cells, AVM 228.8 + 133.4 cells)
(Table 1). With the FACS gating parameters used, scRNAseq
confirmed enrichment of endothelial cells that make up 71.9%
of cells sampled on the basis of canonical marker expression
(eFigure 1A, linkslww.com/WNL/B817). RNAseq profiling
of endoluminal biopsied cells identified 106 DEGs (FDR
<0.05) (Figure 1B and eTable 2, linksIww.com/WNL/
B817). Pathway analysis showed that DEGs were enriched for
bAVM pathogenic pathways such as MAPK signaling,>®

angiogenesis (Rho-mediated cell motility, serum response
factor activation, thrombin signaling),”*** and inflammation
(antigen processing) (Figure 1C).*° Ontologic molecular
function analysis confirmed enrichment of serine/threonine
and protein kinase activity and binding to the small GTPases
Ras and Rab (Figure 1C).

To confirm these findings, we next performed reverse tran-
scription qPCR analysis to verify DEGs and MAPK activation.

Figure 1 Endoluminal Biopsy Detects Pathologic Gene Expression Changes in Brain AVMs

Endothelial
cells

4]® FDR >0.05 i
® FDR <0.05 ; . "

-4

Rho cell motility

Antigen processing
SRF activation
Thrombin singnaling
Ser/Thr kinase activity
Ras GTPase binding
Protein kinase activity
Purine NTP binding

Rab GTPase binding

Top enriched
[ Signaling pathways
B Molecular function

MAPKinase

-Log, P

(A) Endoluminal biopsy is achieved through image-guided placement of a cerebral angiography microcatheter into the lumen of an arteriovenous malfor-
mation (AVM). A platinum coil is then deployed, contacting and removing the cellular lining of the artery. The coil is removed, and subsequent fluorescence-
activated cell sorting enriches for endothelium. Figure courtesy of Kenneth Xavier Probst. (B) Volcano plot of RNA sequencing gene expression from AVM and
patient-matched uninvolved vessel. Beta is the effect size. (C) Bar graph showing ontologic analysis of differentially expressed genes. Orange indicates
signaling pathways; blue, molecular function. FDR =false discovery rate; ICA = internal carotid artery; MAPkinase = mitogen-activated protein kinase; MCA =
middle cerebral artery; NTP = nucleoside triphosphate; SRF = serum response factor.
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We confirmed the differential expression of S genes (NBPF19,
IFITM1, FBLX18, TNFRSR10C, and MARCHFS) among the
10 most DEGs (Figure 2A). We investigated MAPK activa-
tion with a gene panel independently shown to also
predict response to MEK inhibitors in human cancer."”
This analysis demonstrated statistically significant
upregulation of 7 of 10 genes supporting MAPK activa-
tion (Figure 2B). Thus, endoluminal biopsy recovers
primary cells that reflect molecular events in the mal-
formed vasculature, enables direct molecular profiling,
and identifies potential therapeutic targets without the
need for surgery.

Endoluminal Biopsy Closely Approximates
Gene Expression Profiling From Surgically
Excised AVMs

We next sought to compare gene expression profiles
obtained from endoluminally biopsied cells with surgically
acquired tissues from the same patients, an important
technical validation benchmark. We optimized a micro-
surgical technique to preserve 3D orientation of the
bAVM and to ensure sampling from an arterial segment
contiguous with the biopsy site (Figure 3A). RNAseq
analysis demonstrates that endoluminal biopsy detects the
vast majority (83.3%) of the genes identified in surgical
tissue (Figure 3B). Gene expression profiles from endo-
luminal and surgically acquired cells correlated well
genome-wide (Pearson r = 0.77, Figure 3C), supporting
good concordance between techniques. A strong correla-
tion was also observed in RNAseq gene expression be-
tween feeding arteries and the nidus in surgically acquired
bAVMs (Pearson r = 0.95, Figure 3D). This supports that
endoluminal sampling from more accessible sites such as

juxtanidal feeding arteries is representative of molecular
profiles in the AVM nidus without added procedural risk.

Incorporation of CFD Modeling Allows
Endoluminal Biopsy to Assay Gene Expression
Changes With Alterations in Cerebral

Blood Flow

Hemodynamic alterations from cerebral blood flow (CBF)
such as wall shear stress are associated with vascular wall
remodeling and risk of brain hemorrhage or onset of neuro-
logic symptoms in bAVMs.>” > To investigate how CBF al-
ters the transcriptome, CFD modeling from cerebral
angiograms was used to compute TAWSS at the site and time
of endoluminal biopsy from cerebral angiograms (Figure 4A
and Video 2). Across individuals, good correlation between
TAWSS and RNAseq gene expression was seen in 11.0% of
transcripts (Figure 4B). We identified pathways positively or
negatively correlated with TAWSS. This analysis showed
enrichment of inflammatory and structural pathways that
were negatively correlated with TAWSS (FDR <0.05)
(Figure 4C). Ontologic molecular function analyses showed
enrichment in binding to RNA and protein kinases and to
cytoskeletal elements such as actin and cadherin, consistent
with modulatory changes (Figure 4C).

Embolization is an endovascular procedure in which an oc-
clusive material such as a platinum coil or liquid adhesive
reduces blood flow and wall shear stress to the bBAVM.*>° To
confirm our predictions in living patients, we next evaluated
the influence of flow-reductive embolization on gene ex-
pression in vivo. RNAseq profiling of endoluminal biopsies of
the same bAVM arterial segment before and after emboliza-
tion confirmed differential expression of a minority of

Figure 2 Validation of Endoluminal Biopsy-Detected Brain AVYM Gene Expression Changes

A. Differential expressed genes
124 151

B. MAPK activation
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(A and B) Bar graph showing quantitative reverse transcription PCR expression values of differentially expressed genes (A) and gene panel for mitogen-
activated protein kinase (MAPK) activation (B). Values expressed as log, fold change (Log,FC) in gene expression in arteriovenous malformation (AVM) vs
patient-matched controls. Orange indicates increased expression in AVM; blue, decreased expression in AVM. Data presented as mean + SEM. ND = not

detected.
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Figure 3 Endoluminal Biopsy Gene Expression Profiles Show Good Concordance With Open Surgical Sampling
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(A) Representative intraoperative microscopy showing microsurgical resection of a brain arteriovenous malformation (AVM). Three-dimensional orientation
is preserved with different sizes of aneurysm clips. Arrow shows feeding artery. *Draining vein. (B) Venn diagram comparison of detected genes (transcript
per million [TPM] >1) from endoluminal (orange) and open surgical sampling (blue). (C) Scatterplot showing correlation of gene expression from endovascular
and surgical sampling from contiguous AVM arterial segment. (D) Scatterplot showing correlation of gene expression of AVM feeding artery and nidus from

surgical sampling.

transcripts (7.3%). Consistent with our correlative analyses,
genes negatively correlated with shear stress, e.g., expression
predicted to increase with lower shear stress, were upregu-
lated in response to flow reduction (Figure 4D). In contrast,
genes that correlated positively with shear stress were
downregulated in response to reduced flow (Figure 4D). With
integration of CFD modeling with gene expression profiling,
endoluminal biopsy may facilitate future investigations to
understand how alterations in CBF may influence cerebro-
vascular molecular changes in living patients.

Discussion

Here, we report in-human use of endoluminal biopsy as a
means to molecularly profile bAVMs in living patients. We
demonstrate that gene expression profiles detect pathogenic
and potentially targetable molecular changes in bAVMs with-
out the need for invasive surgery. It is important to note that
there is good concordance in gene expression profiling
obtained through endovascular biopsy compared to surgically

Neurology.org/N

excised tissues (the gold standard). Our results further support
involvement of aberrancies in Ras-MAPK signaling in adult
bAVMs as previously reported.>® Targeted pathway inhibition
such as MEK inhibitors reverses pathologic bAVM endothelial
changes in vitro and in vivo and is being trialed in extracranial
vascular malformations.*” Our results demonstrate that we are
able to detect gene expression alterations that predict response
to MEK inhibition in human cancers.'” Whether this predicts
response of human bAVMs to MEK inhibition remains to be
determined and is worthy of future investigation.

Incorporation of CFD modeling showed an association of
shear stress with gene expression changes and was confirmed
by comparing pre-embolization and postembolization gene
expression—an intervention modulating shear stress—in
human patients in vivo. These analyses support prior in vitro
works supporting a modulatory role of shear stress on en-
dothelial inflammatory or cytoskeletal changes.’®>* Others
have suggested that physiologic shear stress is important for

other structural elements such as the blood-brain barrier.****
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Figure 4 Flow-Related Shear Stress Influences AVM Gene Expression
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(A) Three-dimensional rotational angiography with computational fluid dynamic shear stress modeling of cerebral angiogram at site of biopsy in arterio-
venous malformation (AVM) artery. Injection into vertebral artery. (B) Gene expression. Pie chart showing flow-correlated (orange) and noncorrelated (blue)
gene expression. (C) Top enriched. Ontologic analysis of signaling pathways (orange) and molecular function (blue) of flow-correlated genes. Left, negatively
correlated; right, positively correlated. Negatively correlated pathways are predicted to be activated with lower shear stress. Positively correlated pathways
are predicted to be activated with higher shear stress. (D) Change after embolization. Boxplot of gene expression changes (A) after flow-reductive emboli-
zation. Orange indicates genes negatively correlated with shear stress; blue, genes positively correlated with shear stress. CDK = cyclin-dependent kinase;
IL22 = interleukin-22; NDK = nucleoside-diphosphate kinase; NO = nitric oxide; PI3K = phosphoinositide 3-kinase; TAWSS = time averaged wall shear stress;
TCR = T-cell receptor. *p < 0.05.

However, our observations were limited to focal segments of
feeding arteries at the site of endoluminal biopsy, complicat-
ing the interpretation and generalizability of these findings.
The hemodynamic environment within bAVMs is immensely
complex and currently poorly understood.>*® Emerging
technologies such as 4-dimensional flow MRI and quantitative
magnetic resonance angiography are beginning to shed light
on hemodynamic alterations within bAVMs.*”***” Endolu-
minal biopsies when performed in conjunction with CFD or
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quantitative MRI may serve as an experimental platform to
begin to elucidate the interface between hemodynamic al-
terations and cellular-molecular changes within bAVMs.

The present study represents a first step in describing application
of endoluminal biopsy to molecularly characterize bAVMs in liv-
ing patients and is not without its limitations, most notably its
small sample size and single-center design. All findings should
therefore be considered preliminary until further independent
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confirmation from other centers to confirm generalizability. Our
small sample size demonstrates initial feasibility but is un-
derpowered to determine patient safety. In efforts to validate
endoluminal biopsy, comparisons were made with surgically
sampled cells from the same patient. Despite minimizing the in-
terval between endoluminal sampling and surgical resection (<24
hours), inflammatory and thrombotic pathways may have con-
tributed to some of the observed differences between endoluminal
and surgically sampled cells. Uncertainty surrounding safety with
the endoluminal biopsy technique also prohibited collection from
uninvolved cerebral arteries. Comparisons were performed be-
tween endothelium harvested from bAVM feeding arteries and
patient-matched arteries outside the cerebrovasculature near the
site of access (e.g, the iliac artery). Transcriptional variation be-
tween endothelium between different vascular beds has been
reported®®* and may have contributed to observed differential
gene expression. As safety profiles become better established, fu-
ture endoluminal biopsy studies should be designed without
embolization and should perform comparisons with uninvolved

cerebral vessels to confirm these findings.

A pivotal next step is performing larger, multicenter studies to
characterize procedure-related safety and complication profiles
with endoluminal biopsy. A prevailing safety concern is that
endoluminal biopsy would either promote thrombus formation
or impair vascular structural integrity, resulting in ischemic or
hemorrhagic stroke, respectively. The risk for permanent neu-
rologic complications with diagnostic cerebral angiography due
to either ischemic or hemorrhagic stroke is <19%.***" Preclinical
testing has shown that deployment of a detachable coil to acquire
cells does not lead to angjographic or microscopic damage to the
sampled artery.® We have also adopted a tiered strategy to
mitigate risks of ischemia: (1) systemic heparinization before
biopsy, (2) avoidance of flow limitation with coil deployment,
(3) limitation of endothelial contact time to 1 minute, and
(4) live fluoroscopic monitoring for potential thrombus for-
mation either with coil deployment or immediately after biopsy.
With our growing institutional experience, we have yet to en-
counter a procedural complication associated with endoluminal
biopsy applying these strategies. However, the additive risks of
performing endoluminal biopsy with a diagnostic cerebral an-
giogram currently remain unquantified in human patients.

Diagnostic molecular genomics continues to evolve in clinical
laboratories, especially within neuro-oncology. Except for the PCR
panel predictive of responses to MEK inhibition,"” the present
study uses RNAseq and computational tools that would be difficult
to use in larger clinical settings. Ongoing investigations have begun
to identify molecular diversity in bAVMs and how it relates to
divergent natural histories.>** As candidate gene lists become
better defined, downstream analytics should use more-targeted
gene panels predictive of either therapeutic response or risk for
rupture, and we are currently iterating to produce a more targeted
test that is not reliant on genome-wide or exome-wide sequencing.

Clinical decisions to treat or monitor vascular malformations are
currently informed with imperfect radiologic or clinical surrogates,
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which may result in divergent natural histories.”® With further
development of endoluminal biopsy, however, it may be possible
to directly categorize or serially monitor vascular malformations or
other vascular diseases molecularly, much like a tumor. Medical
therapy has a favorable safety profile in randomized controlled
trials,” and endoluminal biopsy could theoretically help identify
candidates for targeted precision-based approaches that have
shown promise in experimental models.”” Whether endoluminal
biopsy will facilitate trials of precision medical therapies in human
patients or better identify vascular malformations at greatest risk
of bleeding requires further investigation.
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