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Abstract

Objective © CME Course
To determine if CSF and plasma levels of soluble vascular endothelial (sVE)-cadherin are NPub.org/cmelist
associated with functional outcome after subarachnoid hemorrhage (SAH) and to investigate

sVE-cadherin effects on microglia.

Methods

Serial CSF and plasma were collected from prospectively enrolled patients with nontraumatic
SAH from a ruptured aneurysm in the anterior circulation and who required an external
ventricular drain for clinical indications. Patients with normal-pressure hydrocephalus without
SAH served as controls. For prospective assessment of long-term outcomes at 3 and 6 months
after SAH, modified Rankin Scale scores (mRS) were obtained and dichotomized into good
(mRS < 2) vs poor (mRS > 2) outcome groups. For SAH severity, Hunt and Hess grade was
assessed. Association of CSF sVE-cadherin levels with long-term outcomes, HH grade, and CSF
tumor necrosis factor (TNF)-a levels were evaluated. sVE-cadherin effects on microglia were
also studied.

Results

sVE-cadherin levels in CSF, but not in plasma, were higher in patients with SAH and were
associated with higher clinical severity and higher CSF TNF-a levels. Patients with SAH with
higher CSF sVE-cadherin levels over time were more likely to develop worse functional
outcome at 3 months after SAH. Incubation of cultured microglia with sVE-cadherin resulted in
increased inducible nitric oxide synthase, interleukin-1, reactive oxygen species, cell soma size,
and metabolic activity, consistent with microglia activation. Microinjection of sVE-cadherin
fragments into mouse brain results in an increased number of microglia surrounding the
injection site, compared to injection of denatured vascular endothelial-cadherin fragments.

Conclusions

These results support the existence of a novel pathway by which sVE-cadherin, released from
injured endothelium after SAH, can shift microglia into a more proinflammatory phenotype
and contribute to neuroinflammation and poor outcome in SAH.
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Glossary

ANOVA = analysis of variance; BBB = blood-brain barrier; EVD = external ventricular drain; HBMEC = human brain
microvascular endothelial cells; HH = Hunt and Hess; IACUC = Institutional Animal Care and Use Committee; IL = interleukin;
iNOS = inducible nitric oxide synthase; iINPH = idiopathic normal-pressure hydrocephalus; IP = immunoprecipitation; LDH =
lactate dehydrogenase; mRS = modified Rankin Scale; PBS = phosphate-buffered saline; ROS = reactive oxygen species; SAH =
subarachnoid hemorrhage; sVE = soluble vascular endothelial; TNF = tumor necrosis factor; VE = vascular endothelial.
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Vascular endothelial cadherin is involved in
maintenance of of blood-brain barrier integrity
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a Soluble vascular endothelial (sVE)- cadherin

Are sVE-cadherin levels elevated in cerebral
spinal fluid (CSF) and in blood after aneurysmal
subarachnoid hemorrhage (aSAH)?

If so, what is the mechanism?
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Vascular endothelial (VE)-cadherin is an endothelial adhesion
protein essential in endothelial proliferation, survival, and
6 During inflammatory
states, its extracellular domain is cleaved by proteases into
fragments with functions distinct from full-length VE-
cadherin.>”® These fragments, referred to collectively as solu-
ble VE (sVE)-cadherin, have been detected in human blood
samples in  collagen-vascular  disease, sepsis, and
malignemciess_12 and found to be associated with clinical
outcome.”"'*'* The role of sVE-cadherin in neurologic dis-
eases is not known.

. . . 1-
maintenance of barrier function.

The current study investigates the role of sVE-cadherin frag-
ments in aneurysmal subarachnoid hemorrhage (SAH), a dis-
ease in which inflammation plays a key role."*™'® We
hypothesize that sVE-cadherin may be elevated in CSF after
SAH, and that its CSF levels may be associated with SAH
clinical outcome. Furthermore, since SAH is also associated
with an increased incidence of systemic inflammation,'®™"® we
hypothesize that sVE-cadherin may be increased in the blood of
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\ contribute to neuroinflammation and poor outcome
-

sVE-cadherin, released into the CSF space
Y following aSAH, can affect microglia activity and

)

Néurology”’

patients with SAH, and that blood sVE-cadherin may be as-
sociated with clinical outcome in SAH. In an attempt to identify
a mechanistic pathway that might explain the association be-
tween CSF sVE-cadherin levels and functional outcome, we
performed in vitro studies to determine the effect of sVE-

cadherin on microglia, the major effectors of inflammation
within the CNS."**°

Methods

SAH recruitment and biospecimen collection

Serial plasma and CSF were collected from prospectively en-
rolled patients with nontraumatic SAH if patients had an ex-
ternal ventricular drain (EVD) placed for clinical indications.
Consecutive adult patients with SAH with a ruptured aneurysm
in the anterior circulation were included.*" Patients with sus-
pected idiopathic normal-pressure hydrocephalus (iNPH)
without SAH served as controls.”” CSF was sampled on day 1
and subsequent days in patients with SAH, and sampled once
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Figure 1 Soluble vascular endothelial (sVE)-cadherin is present at higher levels in the CSF of patients with subarachnoid
hemorrhage (SAH) and is associated with functional outcome
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(A.a.) CSF sVE-cadherin level in patients with SAH on day 1 after SAH compared to that of controls (p = 0.0002, Mann-Whitney U test). (A.b.) CSF sVE-cadherin
levels on subsequent days after SAH. No control samples are available on these days. (B.a.) 80 and 55 kD proteins are the predominant forms of sVE-cadherin
fragments generated when recombinant human vascular endothelial (VE)-cadherin is incubated with recombinant human ADAM10 (digest). (B.b.) The major
forms of VE-cadherin in the CSF of control patients and patients with SAH are also 80 and 55 kD. CSF with higher VE-cadherin levels measured by ELISA
contains the same fragments in larger quantities, with minimal amounts of full-length VE-cadherin. (C) A representative Western blot of plasma shows that the
major forms of VE-cadherin in the plasma of control patients and patients with SAH are comprised of 80 and 55 kD fragments with minimal amounts of full-
length VE-cadherin. (D) Patients with SAH who developed poor outcome (modified Rankin Scale [mRS] > 2) at 3 months had higher CSF sVE-cadherin levels
over time compared to those who had good outcome (mRS < 2) at 3 months (p = 0.008 using mixed model analysis with autoregressive covariance structure
and with log-transformation for non-normally distributed data). (E) There is a positive correlation between mRS-3M and CSF sVE-cadherin levels collected on
day 1(E.a,;r=0.29, p=0.053) and day 3-4 (E.b.; r =0.57, p <0.001; Spearman correlation). (F) Initial Hunt and Hess classification and CSF sVE-cadherin level are
positively correlated on day 1 after SAH (Spearman correlation, r =0.40, p =0.004). (G) CSF TNF- a and CSF sVE-cadherin levels are positively correlated on day 1
(r = 0.64, p < 0.001; Spearman correlation). EC = extracellular; IB = immunoblot; r-VE-cadherin = recombinant human vascular endothelial-cadherin.
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in controls. All patients were enrolled after informed consent
and in accordance with institutional review board-approved
protocols. For SAH clinical and radiographic severity grades,
Hunt and Hess (HH) grade and modified Fisher grade were
assessed.””* Long-term outcomes were prospectively assessed
using the modified Rankin Scale (mRS) and dichotomized into
good (mRS < 2) vs poor (mRS > 2) outcome groups. For
statistical analysis, logarithmic transformation of sVE-cadherin
levels was undertaken due to non-normal distribution. Mixed
model repeated measures analysis was performed after loga-
rithmic transformation of sVE-cadherin data.

Quantification of sVE-cadherin in CSF

and plasma

Quantification of VE-cadherin in plasma and CSF were
assessed by ELISA (R&D Systems, Minneapolis, MN). Since
ELISA does not distinguish between full-length VE-cadherin
and fragments,8 immunoblotting was used to differentiate these
proteins by size. CSF ADAMI10 was quantified by ELISA
(MyBioSource, San Diego, CA). CSF tumor necrosis factor
(TNF)-a was measured using Human Cytokine Assay (R&D
Systems). sVE-cadherin in cell-culture media was concentrated
by acetone precipitation as described previously.25

Endothelial and microglial culture

Human brain microvascular endothelial cells (HBMEC) were
obtained from Cell Systems Corporation (Kirkland, WA) and
grown to a confluent monolayer. Microglia were isolated from
Sprague-Dawley rat pups as described previously.%’27

Generation of sVE-cadherin for use in in

vitro experiments

sVE-cadherin was generated as published previously with sev-
eral modifications.® Incubation of recombinant VE-cadherin
(50 pg/mL in the reaction mix) and ADAM10 (58 pg/mL in
the reaction mix) generated sVE-cadherin fragments along with
undigested full-length VE-cadherin. ADAMI0 was then re-
moved from the reaction mix using immunoprecipitation (1P)
with an antibody to ADAMI0. After IP, the supernatant was
confirmed to contain mostly sVE-cadherin, with minimal
amounts of full-length VE-cadherin and minimal amounts of
ADAMI0, and was used in experiments by adding to culture
media. The final concentration of VE-cadherin proteins
(mostly soluble fragments with some residual full length VE-
cadherin) was 500 ng/mL. MyD88 inhibitor—peptide (50 uM)
or phosphate-buffered saline (PBS) was added to culture media
45 minutes prior to adding sVE-cadherin.

Injection of sVE-cadherin fragments into
mouse brain

All experiments were reviewed and approved by the Sub-
committee for Research Animal Care of the Massachusetts
General Hospital Institutional Animal Care and Use Com-
mittee (IACUC). All animal protocols are consistent with
the NTH Guide for the Care and Use of Laboratory Animals.
Male CS7BL/6 mice (12-14 weeks old; The Jackson Lab-
oratory, Bar Harbor, ME) were anesthetized with 2.0%
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isoflurane and maintained on 1.5% isoflurane in 70% N,O
and 30% O,, maintaining the rectal temperature between
36.5°C and 37.5°C with heat-pad feedback system. Animals
were secured in a stereotactic frame (KOPF Instruments,
Tujunga, CA), and a unilateral craniotomy was performed
with a high-speed drill over the left frontoparietal cortex,
leaving the dura mater completely intact. By using a glass
pipette (custom made), 200 nL of 100 pg/mL recombinant
mouse sVE-cadherin fragment (n = 3; Abcam, Cambridge,
MA) was injected into 4 locations in the cortex, as described
previously with slight modification.”® Control mice were
injected with vehicle (artificial CSF, n = 2) or with a heat-
denatured (95°C for 10 minutes) sVE-cadherin fragment (n
= 3). Mice were killed under deep anesthesia 48 hours after
injection. All experiments and measurements were per-
formed in a blinded and randomized fashion.

Immunohistochemistry

Mouse brains were removed 48 hours after injection of
a mouse sVE-cadherin fragment into the cortex. Twenty-
micrometer-thick coronal sections were fixed for 12 minutes
at —20°C with methanol, blocked with 3% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO) in PBS, then in-
cubated for 24 hours at 4°C with rabbit antibody against
Ibal (1:200; Fujifilm Wako Pure Chemicals USA, Rich-
mond, VA). Images were obtained using a fluorescence
microscope (Nikon, Tokyo, Japan). Quantitative analysis
was conducted by counting cells that were positive for Ibal,
a microglial marker. The cell count within 0.09 mm? sur-
rounding the injection site was quantified by a blinded
investigator.

Statistics

Continuous data were compared using 2-tailed Student ¢ test
or Wilcoxon rank-sum test depending on data normality.
sVE-cadherin levels over time were analyzed using mixed-
model repeated measures analysis with autoregressive co-
variance structure and with log-transformation for non-
normally distributed sVE-cadherin data (JMP Pro 14). Ex-
ploratory analyses of CSF sVE-cadherin on individual days
vs Fisher grade or vasospasm status was performed using
1-factor analysis of variance (ANOVA). Model selections
were based on optimal goodness of fit assessed using Akaike
information criterion values and examination of standard-
ized residuals and residual quantile plot. We did not impute
any missing data. Associations between continuous variables
were analyzed using Spearman correlation. Differences were
considered significant at p < 0.05 for each of the 2 primary
hypotheses.

Study approval

Approval for the human study was granted by the local in-
stitutional review board (2007P002168), Partners Healthcare,
Boston, Massachusetts. All clinical investigations were con-
ducted according to Declaration of Helsinki principles. Written
informed consent was received from each patient or health care
proxy prior to study enrollment. Samples were collected after
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Figure 2 Inflammation induced by tumor necrosis factor (TNF)-a increases formation of interendothelial gaps and
secretion of soluble vascular endothelial (sVE)-cadherin
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informed consent was obtained. Approval for isolation of
microglia for primary cultures was granted through an IJACUC
protocol through the Massachusetts General Hospital Sub-
committee on Research Animal care (2011N000064) and in
accordance with the NIH Guide for Care and Use of Laboratory
Animals.

Data availability
Derived data supporting the findings of this study are available
from the corresponding author upon request.

Results

Human participant characteristics

Fifty-two patients with anterior circulation aneurysmal SAH
and 16 controls with suspected iINPH without SAH were
included (table 1).

CSF sVE-cadherin level is increased in SAH and
correlates with functional outcome

sVE-cadherin is present in CSF and plasma in patients with
SAH and in controls (table e-1, doi.org/10.5061/dryad.
0622£k2 and figure 1, A-C). CSF sVE-cadherin is significantly
higher in patients with SAH on post-SAH day 1 compared to
controls (figure 1A; p = 0.0002, Mann-Whitney U test). For
our primary hypothesis analysis, we performed mixed model
repeated measures regression to determine the relationship

Neurology.org/N

between CSF sVE-cadherin levels over time and SAH out-
come. Mixed model repeated measures analysis of CSF sVE-
cadherin data was performed after logarithmic trans-
formation, which was undertaken due to non-normal distri-
bution. Log-transformed CSF sVE-cadherin levels over time
were significantly different between the good outcome group
(mRS < 2) and the poor outcome group (mRS > 2) at 3
months post SAH, with higher mean values in the poor out-
come group (figure 1D; p = 0.008). An association was ob-
served between log CSF sVE-cadherin levels and functional
outcome at 3 months after SAH (figure 1E: [E.a.: day 1]
Spearman p 0.29, p = 0.053; [E.b.: day 3-4] Spearman p 0.57,
p < 0.001). A similar pattern of association was observed
between log CSF sVE-cadherin levels and functional outcome
at 6 months after SAH, but this did not reach statistical sig-
nificance (figure e-1A, doi.org/10.5061/dryad.0622fk2; p =
0.087, mixed model analysis with autoregressive covariance
structure and with log-transformation; figure e-1B, doi.org/
10.5061/dryad.0622£k2; [left: day 1] Spearman p 0.26, p =
0.092; [right: day 3-4] Spearman p 0.49, p = 0.003). Higher
post-SAH day 1 CSF sVE-cadherin levels are positively as-
sociated with a worse SAH severity (higher HH grade) (figure
1F; Spearman p 0.40, p = 0.004).

Exploratory analyses suggest that CSF sVE-cadherin may be
higher in patients with higher modified Fisher grades at the very
early time points following SAH: patients with modified Fisher
grade 4 SAH had higher CSF sVE-cadherin levels compared to
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Figure 3 Procedure for generating soluble vascular endothelial (sVE)-cadherin
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those with grade 3 (ﬁgure e-2A, doi.org/10.5061/dryad.
0622£k2; p = 0.001 on SAH day 1, p = 0.007 on SAH day 3) and
grade 2 (ﬁgure e-2A, doi.org/10.5061/dryad.0622tk2; p =
0.002 on SAH day 1, p = 0.009 on SAH day 3) hemorrhages.
These differences disappear at later time points. Exploratory
analysis showed no association between CSF sVE-cadherin
levels and vasospasm status (figure e-2B, doi.org/10.5061/
dryad.0622fk2). CSF sVE-cadherin levels in patients with SAH
correlated positively with CSF TNF-a levels on post-SAH day
1 (figure 1G; Spearman p 0.64, p < 0.001), indicating that sVE-
cadherin may be involved in central inflammation. Given the
sample size of this study, these exploratory analyses are all
underpowered, and follow-up studies with larger sample sizes
are needed to validate these findings.

Similar to the analysis of CSF sVE-cadherin, we performed
exploratory analysis of plasma sVE-cadherin levels in controls
and patients with SAH. Log blood (plasma) sVE-cadherin
levels are 10 times higher than CSF levels at baseline, and are
not different between controls and patients with SAH (data
not shown). No significant differences in log sVE-cadherin
blood levels over time were detected between the SAH out-
come group at 3 and 6 months (data not shown).

Neurology | Volume 94, Number 12 | March 24, 2020

sVE-cadherin fragments in CSF correspond to
known sources of sVE-cadherin

CSF and plasma sVE-cadherin levels were measured via
ELISA. The ELISA antibody recognizes the extracellular
domain of VE-cadherin, which is present on both full-length
VE-cadherin and some sVE-cadherin fragments. To ensure
that the ELISA data represent the amount of sVE-cadherin
rather than full-length VE-cadherin, CSF and plasma were
run on Western blot next to 2 known sources of sVE-
cadherin: sVE-cadherin generated by incubating recombi-
nant full-length VE-cadherin with ADAM10 (figures 1B and
3, A and B), which digests VE-cadherin; and sVE-cadherin
released from cultured HBMEC during an inflammatory
stimulus (figures 2A, C; 18 hours incubation with TNF-a
[100 ng/mL]). Using the first approach, recombinant full-
length VE-cadherin appears as a major 120 kD band, with
small amounts of fragments appearing as 2 bands at 80 kD
and 1 band at 55 kD (figures 1B.a.). After incubation with
ADAMI10, the amount of the 120 kD protein decreases,
while the amount of the fragments (80 and S5 kD)
increases. Fragments migrating at the same molecular
weights are seen in CSF samples (figure 1B.b., right panel),
with minimal amounts of full-length VE-cadherin. CSF

Neurology.org/N
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Figure 4 Incubation with soluble vascular endothelial (sVE)-cadherin activates microglia in culture
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(A) Scheme of experimental design of cultured microglia incubated with sVE-cadherin. Conditioned culture media was subjected to Western blot to measure
the levels of secreted interleukin (IL)-1B. Immunocytochemistry was performed to assess NFkB translocation, cell soma size, and reactive oxygen species
(ROS) levels. Western blot of cell lysate was performed to measure the intracellular expression of inducible nitric oxide synthase (iNOS) and IL-1P.
(B) Quantification of NFkB translocation to nucleus. Nuclear translocation of NFkB is defined as NFkB signal superimposed on DAPI signal. After 1 hour
incubation with sVE-cadherin, NFkB translocation to the nucleus is seen in a large number of cells (p = 0.063 with 1-way analysis of variance [ANOVA]; *p <0.05
with Dunnett multiple comparison, n = 4). (C.a.) Incubation with sVE-cadherin increases microglial metabolism/viability assessed by WST activity (p = 0.003
with 1-way ANOVA; *p <0.05 with Dunnett multiple comparison, n=3).(C.b.) There is a trend towards increased intracellular lactate dehydrogenase (p = 0.052
with 1-way ANOVA; *p < 0.05 with Dunnett multiple comparison, n =5). (D) IbaTl immunofluorescence shows increased microglia cell size after incubation with
sVE-cadherin (bar = 10 pm). (E) Immunostaining shows that incubation with sVE-cadherin increases ROS in culturedmicroglia (n = 2). (F, G) Forty-eight hours
incubation with sVE-cadherin increases iNOS (F, immunostaining; G, Western blot) and IL-13 (G) in microglia. iNOS: p <0.001 (**p < 0.01 with Dunnett multiple
comparison); full-length IL-1B: p = 0.007; mature IL-1B: p = 0.037 with 1-way ANOVA (*p < 0.05 with Dunnett multiple comparison, n = 5). (H) Western blot
indicates that IL-13 is secreted into cell culture media after microglia are incubated with sVEcadherin (n = 2). CM = conditioned culture media; VE-cadherin =
vascular endothelial-cadherin.

samples with higher VE-cadherin levels measured by ELISA  Using the second approach, HBMEC were incubated for 18
contain larger quantities of these sVE-cadherin fragments  hours with TNF-a (100 ng/mL), resulting in increased dis-
(figure 1B.a.), but not higher quantities of full-length VE-  ruptions in VE-cadherin seen by immunocytochemistry (figure
cadherin. 2, A and B, white arrows). The number of gaps in the VE-
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Table 1 Patient characteristics and clinical features

Controls 3-month outcome 6-month outcome
(iNPH) All SAH Good (<2) Poor (>2) Null Good (<2) Poor (>2) Null
(n=16) (n=52) (n=25) (n=21) (n=6) (n=30) (n=14) (n=8)
Age,y 74.8(51-88)  52.5(18-89) 48.3 (18-77) 59.0 (26-89) 47.2 (23-59) 49.1 (18-77) 61.6 (26-89) 49.1 (23-60)
Sex
Male 15(94) 18(35) 10 (40) 5 (24) 3(50) 137) 4(29) 5 38)
Female 1(6) 34 (65) 15 (60) 16 (76) 3(50) 19 (63) 10 (71) 5(62)
Aneurysm location
Acom 31 (60) 14 (56) 13(62) 4(67) 16 (53) 9(64) 6(75)
Ic-PC 9(17) 4(16) 3(14) 2(33) 6(20) 1) 225
MCA 8 (15) 3(12) 5 (24) 0(0) 4(13) 4(29) 00)
pistalIcA 2@ 2(®) 0(0) 0(0) 2(7) 0(0) 0(0)
Other ICA 2(4) 2(8) 0(0) 0(0) 2(7) 0(0) 0(0)
HH grade
1 6(12) 6 (24) 0(0) 0(0) 5(17) 0(0) 1013)
2 12(23) 8(32) 4(19) 0(0) 1137) 10 00)
3 17 (33) 7 (28) 7 (33) 3(50) 8(27) 5 (36) 4(50)
4 13 (44) 3(12) 7(33) 3(50) 5(17) 5 (36) 3(38)
5 4(8) 1(4) 3(14) 0(0) 1(3) 321) 0(0)
Modified Fisher
grade
2 4(8) 2(8) 2(10) 0(0) 4(13) 0(0) 0(0)
3 38 (76) 21 (84) 13(62) 4(67) 24 (80) 8(57) 6(75)
4 10 (19) 2(8) 6 (28) 2(33) 2(7) 6 (43) 225
Treatment
Clip 38 (73) 18(72) 16 (76) 4(67) 22 (73) 10(71) 605
Coil 14 (27) 7 (28) 5(24) 2(33) 8(27) 4(29) 225)
Angiographic
vasospasm
Positive 30(58) 15 (60) 10 (44) 5 (83) 16 (53) 7(50) 7(88)
Negative 22 (42) 10 (40) 11 (56) 1(017) 14 (47) 7(50) 1013)
Delayed cerebral
infarction
Positive 5(10) 3(12) 2(10) 0(0) 2(7) 2(14) 1013)
Negative 29 (56) 19 (76) 9(43) 1(17) 21 (70) 750) 03
Unknown 18 (35) 3(12) 10 (44) 5(83) 723) 5 (36) 6(75)

Acom = anterior communicating artery; HH = Hunt and Hess; IC-PC = internal carotid-posterior communicating artery; ICA = internal carotid artery; iNPH =
idiopathic normal-pressure hydrocephalus; MCA = middle cerebral artery; SAH = subarachnoid hemorrhage.
Values are mean (range) or n (%).

cadherin border was increased after 18 hours incubation with  with Tukey multiple comparison, n = 4). Analysis of the media
TNF-a (100 ng/mL) (p < 0.001 for time or treatment; 2-way  shows that sVE-cadherin is released from these cells as an 80
ANOVA, *p < 0.01, **p < 0.001, ##p < 0.01, ###p < 0.001; kD fragment (figure 2C), which migrates at the same molecular
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Figure 5 Soluble vascular endothelial (sVE)-cadherin-induced activation of microglia is mediated by a MyD88 signaling

pathway
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(A) Scheme of experimental design of in vitro cultured microglia cotreated with sVE-cadherin and MyD88-inhibitor peptide. Immunofluorescence was
performed to evaluate NFkB translocation, cell soma size, and reactive oxygen species (ROS). Western blots were performed to measure the expression of
inducible nitric oxide synthase (iNOS) and interleukin (IL)-1pB. (B) Nuclear translocation of NFkB (after 1 hour incubation of microglia with sVE-cadherin) is
decreased by cotreatment with an inhibitor to MyD88 (p = 0.022 with Wilcoxon signed-rank test, n = 4). (C) Cotreatment with an inhibitor to MyD88 decreases
sV-cadherin-induced increase inmicroglial metabolism/viability. WST (C.a.): p = 0.029 in Mann-Whitney U test (n = 4); lactate dehydrogenase (LDH) (C.b.): p =
0.008 with Mann-Whitney U test (n = 5). (D) Cotreatment with an inhibitor to MyD88 decreases sVE-cadherin-induced increase in microglia cell size.
(E) Immunostaining shows that cotreatment with an inhibitor to MyD88 decreases sVE-cadherin-induced ROS in cultured microglia (n = 2). (F, G) Cotreatment
with an inhibitor to MyD88 decreases sVE-cadherin-induced microglial iNOS (F,G) andmature IL-18 expression (G): p = 0.029 (iNOS), p = 0.63 (IL-1 full-length),
p =0.029 (IL-1B mature), with Mann-Whitney U test (n = 4). Abbreviation: ROS = reactive oxygen species.

Similar to CSF, immunoblotting showed that VE-cadherin
proteins detected by ELISA in the blood are composed mainly
of sVE-cadherin fragments and not full-length VE-cadherin
(figure 1C).

weight as the 80 kD sVE-cadherin fragment found in CSF of
patients with SAH (figure 1B.b.). Increased sVE-cadherin was
seen in Western blots of concentrated cell culture media (same
conditions as in figure 2B) after 18 hours incubation with
TNF-a (figure 2C, p = 0.043 with 1-way ANOVA [*p < 0.05
with Dunnett multiple comparison; n = 4]). sVE-cadherin has downstream effects on
microglia function

To identify a mechanistic pathway, which may explain the as-

Together, these data support our conclusion that VE-
sociation between CSF sVE-cadherin levels over time and SAH

cadherin proteins in CSF are composed mainly of sVE-

cadherin fragments rather than full-length VE-cadherin, and
differences in CSF VE-cadherin levels measured by ELISA
reflect differences in sVE-cadherin fragments and not full-
length VE-cadherin.

Neurology.org/N

clinical outcome, we examined the effect of sVE-cadherin on
cultured microglia sVE-cadherin was generated by incubat-
ing recombinant VE-cadherin with recombinant ADAMIO0.
(figure 3). After 1 hour incubation with sVE-cadherin, microglia
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Figure 6 Injection of soluble vascular endothelial (sVE)-cadherin fragment into mouse brain cortex increases microglial

number near the injection site
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(A) Scheme of experimental design of
injection of sVE-cadherin fragment in
— mice. (B, C) Immunohistochemistry
= with an antibody to Iba1 is used to

evaluate microglia number in the
area surrounding the injection site (p
= 0.035 with 1-way analysis of vari-
ance; *p < 0.05 with Tukey multiple
comparison; bar = 100 pm). Dena-
tured = heat-denatured sVE-cadherin
fragment; ROI = region of interest.

showed increased NFkB translocation to the nucleus (figure 4B;
*p < 0.0S with 1-way ANOVA with Dunnett multiple com-
parison, n = 4). At 48 hours, inducible nitric oxide synthase
(iNOS) and interleukin (IL)-1p (full length and mature) were
increased (figure 4, F and G; *p < 0.01, *p < 0.0S with 1-way
ANOVA with Dunnett multiple comparison, n = 5). There was
increase in the cell soma size (figure 4D) and metabolic activity,
suggested by elevated intracellular lactate dehydrogenase
(LDH) and WST (figure 4C; n = 3 for WST, n = § for LDH, *p
< 0.05 with 1-way ANOVA with Dunnett multiple compari-
son). Increased intracellular reactive oxygen species (ROS)
activation was also observed (figure 4E).”” We added an in-
hibitor to MyD88, an adaptor protein involved in signaling
within immune cells (figure S). Addition of the MyD88 in-
hibitor protein to microglia at baseline conditions did not result
in any changes in WST, LDH, iNOS, full-length IL-1f, or
mature IL-1p (figure e-3, doi.org/10.5061/dryad.0622¢k2). In
experiments in which microglia are incubated with sVE-
cadherin, cotreatment with an inhibitor to MyD88 (figure
SA) ameliorates the following sVE-cadherin-induced elevations:
NF«B translocation to the nucleus (figure SB, p = 0.022, Wil-
coxon signed-rank test, n = 4); microglia metabolic activity and
viability (figure SC: WST: p = 0.029, Mann-Whitney U test, n =
4; LDH: p = 0.008, Mann-Whitney U test, n = S); microglia cell
soma size (figure SD); ROS (figure SE); iNOS expression and
iNOS translocation to the nucleus; and expression of IL-1f
(figure S, F and G, p = 0.029 [iNOS], p = 0.63 [IL-1p full-
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length], p = 0.029 [IL-1p mature], with Mann-Whitney U test
[n = 4]). Collectively, these data suggest that sVE-cadherin
increases microglial iNOS and IL-1p through a MyD88-and
NF«B-mediated pathway (ﬁgure e-4, doi.org/10.5061/dryad.
0622£k2).

To explore the biological relevance of our in vitro data on
sVE-cadherin, we examined the effect of injecting 20 ng of
a sVE-cadherin fragment into the cerebral cortex of mice.
Control mice were similarly injected with vehicle (artificial
CSF) or with a heat-denatured sVE-cadherin fragment. Forty-
eight hours after injection, the number of microglia (Ibal-
positive cells) was found to be significantly increased around
the injected lesion in the sVE-cadherin fragment group (figure
6, p =0.035, 1-way ANOVA, *p < 0.05 with Dunnett multiple
comparison) compared to the vehicle group or the heat-
denatured sVE-cadherin fragment group. These results pro-
vide further evidence that sVE-cadherin fragments participate
in signaling pathways that affect microglia activities.

Discussion

In this reverse-translation study, a biological process was
identified: that CSF sVE-cadherin levels are elevated in CSF
of patients with SAH (table e-1, doi.org/10.5061/dryad.
0622£k2; and figure 1, A and B) and associated with clinical
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outcome after SAH (figure 1, D and E). This observation then
generated the hypothesis that during brain inflammation,
sVE-cadherin is released from injured brain microvascular
endothelium with possible deleterious consequences (figure
2). In vitro (figures 4 and S) and in vivo (figure 6) experi-
ments were then utilized to find a possible mechanism. Ex-
posure to sVE-cadherin activated microglia (figures 4 and S)
and increased their proinflammatory output (figure 4),or
presence (figure 6). Altogether, these clinical and experi-
mental findings may be consistent with the idea that sVE-
cadherin contributes to SAH pathophysiology during the
early brain injury phase, during which neuroinflammation is
a key process (figure e-4, doi.org/10.5061/dryad.0622k2).
9732 Our data offer one possible mechanistic pathway by
which CSF sVE-cadherin amplifies the inflammatory process:
in the setting of brain injury, inflammatory cytokines increase
the expression or activity state of proteolytic enzymes, which
act on the extracellular domain of VE-cadherin and generate
sVE-cadherin fragments. These fragments then enter the CSF
space either through breaks in the blood-brain barrier (BBB)
or through the path of blood flow from the aneurysm site.
sVE-cadherin fragments may interact with microglia through
an MyD88/NF«B pathway and shift microglia towards a more
proinflammatory state, thereby further propagating the in-
flammatory cycle (ﬁgure 5 and figure e-4, doi.org/10.5061/
dryad.0622fk2).

To our knowledge, this is the first report of sVE-cadherin
involvement in brain injury after SAH. The data here support
the existence of a novel role of VE-cadherin: that its pro-
teolytic fragments may shift microglia towards a proin-
flammatory  phenotype,  thereby  contributing  to
neuroinflammation. This dual role of providing structural and
signaling functions has also been reported for occludin, an-
other tight junction protein,> and other cell adhesion
proteins.** ¢ The involvement of a MyD88/NFxB pathway
in microglia activation is consistent with previously reported
pathways of microglia response to inflammation.>’~>* The net
effect of sVE-cadherin on neuroinflammation has yet to be
determined; although microglia activation may amplify in-
flammation and injury, activated microglia promote clearance
of extravasated red blood cells, a process that would ultimately
decrease inflammation.*® Our data suggest that sVE-cadherin
levels in the CSF compartment may not only serve as an
indirect measure of BBB compromise; sVE-cadherin itself
may activate microglia and shift them into a proinflammatory
state and potentially contribute to SAH-associated brain in-
jury (figure e-4, doi.org/10.5061/dryad.0622fk2).

We hypothesized that both blood (plasma) and CSF sVE-
cadherin levels would be clinically relevant in SAH. How-
ever, our data did not detect a difference in blood, only in
CSF. The fact that we did not detect significant between-
group differences in sVE-cadherin levels in blood may be due
to limited power. The presence of numerous other systemic
conditions in this critically ill SAH cohort may confound
their blood sVE-cadherin levels, since higher sVE-cadherin

Neurology.org/N

blood

inflammation.

have been associated with

8,10,11

levels systemic
Another possible reason for this lack of
difference is that baseline sVE-cadherin levels are 10 times
higher in blood than in CSF, making it difficult to detect

a small difference between groups.

It is also important to explore the reasons why the data
detected an association between CSF sVE-cadherin levels and
outcome at 3 months (figure 1, D and E) but not at 6 months
(figure e-1, doi.org/10.5061/dryad.0622fk2). Again, this is
likely due to inadequate statistical power. Between 3- and
6-month follow-up, the functional status of several patients
changed from poor to favorable outcome, and these changes
may result from circumstances that are unrelated to the un-
derlying biological processes—for instance, differences in
home environment between patients. Two patients were lost
to follow-up. This resulted in a decrease in the size of the poor
outcome group from 21 patients at 3 months to 14 patients at
6 months (table 1), which limited the statistical power of our
analysis for the 6-month outcome endpoint.

There are a few caveats that may suggest future directions to
explore. First, our SAH cohort was restricted to higher clinical
severity patients with anterior circulation aneurysms who
have a clinical indication for EVD placement and did not
develop infections (table 1). As patients with SAH with lower
clinical severity grades (HH grades 1-2) often do not require
an EVD, we do not have access to their CSF samples. This
limitation selected for a more severe SAH cohort. The large
majority of this study cohort had high modified Fisher grade 3
or 4 (76% of the total cohort had modified Fisher grade 3 and
19% of the total cohort had modified Fisher grade 4 SAH).
Due to the limitations listed here, results from this study may
not be generalizable to patients with SAH with lower severity
or with posterior circulation aneurysms with or without
concomitant infections. Given the sample size of this study,
the exploratory analyses performed here are all un-
derpowered. Follow-up large sample size studies are needed
to determine the association between CSF sVE-cadherin
levels and relevant outcomes after SAH.

Another limitation of the study is that the control cohort,
consisting of patients with suspected iNPH, were generally
older compared to the SAH cohort (table 1) and may have
not only underlying neurodegenerative disorders*' but ad-
ditional systemic pathologies that might distort the results.
Moreover, iNPH involves a different underlying patho-
physiology that might affect the results in another direction.
In addition, it was not possible to determine the precise
origin of sVE-cadherin in our CSF samples in this SAH
cohort: whether from extravasated blood during aneurysmal
rupture,42 from brain endothelium through BBB breakdown,
or a combination of both. Finally, we only assessed microglia
because these are the key cells for neuroinflammation.'”*°
Future studies including the use of in vivo rodent models are
warranted to study the role of sVE-cadherin in all cells of
the neurovascular unit and determine the network of
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upstream proteases and downstream effectors in SAH

pathophysiology.

This reverse-translation study provides proof-of-concept of
a novel pathway whereby sVE-cadherin is released from en-
dothelium after SAH and shifts microglia towards a more
proinflammatory phenotype. This finding adds to the
expanding knowledge of endothelial signaling that affects
brain function*® and should provide insight and opportunities
for developing new therapeutic approaches for this devastat-
ing CNS disorder.
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