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Abstract

Stroke is among the top ten causes of death in children but has received disproportionally little attention. Cerebral
arteriopathies account for up to 80% of childhood arterial ischemic stroke (CAIS) cases and are strongly predictive of
CAIS recurrence and poorer outcomes. The underlying mechanisms of sensitization of neurovasculature by viral infec-
tion are undefined. In the first age-appropriate model for childhood arteriopathy—by administration of viral mimetic
TLR3-agonist Polyinosinic:polycytidylic acid (Poly-IC) in juvenile mice—we identified a key role of the TLR3-neutrophil
axis in disrupting the structural-functional integrity of the blood-brain barrier (BBB) and distorting the developing
neurovascular architecture and vascular networks. First, using an array of in-vivo/post-vivo vascular imaging, genetic,
enzymatic and pharmacological approaches, we report marked Poly-IC-mediated extravascular leakage of albumin
(66kDa) and of a small molecule Dil (~934Da) and disrupted tight junctions. Poly-IC also enhanced the neuroinflam-
matory milieu, promoted neutrophil recruitment, profoundly upregulated neutrophil elastase (NE), and induced
neutrophil extracellular trap formation (NETosis). Finally, we show that functional BBB disturbances, NETosis and
neuroinflammation are markedly attenuated by pharmacological inhibition of NE (Sivelestat). Altogether, these data
reveal NE/NETosis as a novel therapeutic target for viral-induced cerebral arteriopathies in children.
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Introduction . . .6
leakage in juvenile compared to neonatal mice,” under-

Cerebral arteriopathies are a major risk factor for
childhood arterial ischemic stroke (CAIS) and are
strongly predictive of CAIS recurrence and poorer out-
comes in children.' Up to 80% of CAIS cases are
attributed to arteriopathies,” yet the mechanistic under-
standing for how these vascular abnormalities develop
in children is sparse in part due to the lack of appro-
priate models. Concepts have emerged relating to how
the developmental stage of the brain plays a role in the
pathophysiology of stroke in neonates, children and
adults* and how immune cells contribute to
maturation-dependent vascular damage and brain
injury.”’ Findings in transient middle cerebral artery
occlusion (tMCAO) models in neonatal and juvenile
mice have demonstrated higher levels of albumin

scoring the importance of age-appropriate models to
mimic childhood disease and enhance the probability
of translational success.
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While the mechanisms of childhood arteriopathy
onset and progression remain largely unknown, viral
infections in children sensitize the cerebral vasculature,
in part via immune mechanisms.®’ Infections activate
different subsets of leukocytes to inflame vessels, con-
tribute to vessel fragility and increase susceptibility of
children to stroke. Identifying which immune cells and
which mechanisms contribute to viral infection-
induced vascular disturbances will provide clues to
develop therapies for arteriopathies and CAIS.
Polyinosinic:polycytidylic acid (Poly-IC) is a viral
mimetic and TLR3 agonist, which can both directly
induce an inflammatory response in endothelial cells'®
and indirectly disrupt endothelial properties by neutro-
phil signaling in sites of inflammation within vascular
networks.!"!'> Furthermore, Poly-IC can impair learn-
ing and memory in the developing brain'® and increase
vulnerability to ischemic brain injury,'* suggesting that
Poly-IC administration in juvenile rodents is appropri-
ate to mimic vascular distortions, simulate childhood
arteriopathies, and assess the impact of these vascular
pathologies in relation to CAIS.

In adult stroke models, there is ample evidence of
the damaging role of neutrophils early after injury.'> "
In humans, neutrophil accumulation is rapid and neu-
rological outcomes are worse in patients with more
severe neutrophil accumulation,”®?' but therapies tar-
geting classic mechanisms of neutrophil activation have
been largely ineffective for treating stroke.’>** More
recent adult stroke studies have identified dispropor-
tional activation of neutrophil extracellular traps
(NETosis) as a potential major contributing factor
affecting the magnitude of ischemic brain damage.>**

In a novel model of TLR3-induced viral infection
that we developed in postnatal day 18 (P18) mice, we
demonstrate robust vascular leakage, accumulation of
peripheral leukocytes, activation of neutrophil elastase
(NE) and triggered NETosis, which cumulatively lead
to vasculopathy and sustained disruption of neurovas-
cular networks in the maturing brain. Furthermore, we
demonstrate that inhibition of NE proteolytic
activity significantly limits neuroinflammation, Poly-
IC-induced neurovascular leakages and longer-term
neurovascular distortions. These findings reveal a
novel potential therapeutic approach to prevent child-
hood arteriopathies and mitigate the susceptibility of
the juvenile brain to CAIS.

Methods

Animals. All research conducted on animals was
approved by the University of California San
Francisco and University of California Irvine
Institutional Animal Care and Use Committees and
the Gothenburg Animal Ethics Committee (663/2018)

and in accordance to Guide for the Care and Use of
Laboratory Animals (U.S. Department of Health and
Human Services). Animals were given ad libitum access
to food and water, housed with nesting material and
shelters, and kept in rooms with temperature control
and light/dark cycles. The data are in compliance with
the ARRIVE 2.0 (Animal Research: Reporting in vivo
experiments).”® Wild type (WT) C57Bl/6 mice were
bred internally. Heterozygous LysM-EGFP-ki mice
on C57Bl/6 background were obtained from
University of Missouri Mutant Mouse Regional
Resource Center and bred at University of
Gothenburg.

Polyinosinic:polycytidylic acid (Poly-IC) (5mg/kg,
2.5ul/gram body weight; Invivogen, San Diego, CA)
or PBS was administered intraperitoneally (i.p.) to P18
C57BL/6 mice or LysM-EGFP-ki mice of both sexes.
The timeline of outcomes is shown in Figure 1(a).

Albumin-647 conjugated bovine serum albumin
(albumin™****7 " Invitrogen) was injected retro-
orbitally (Smg/kg, lh before sacrifice, followed by
transcardial PBS and ice-cold 4% PFA/PBS
perfusion).>¢

Nissl and immunofluorescence were accomplished in
six sections from PBS-perfused or non-perfused, fixed,
cryoprotected and flash frozen WT brains coronally
sectioned on a cryostat (12um thick serial sections,
360um apart) as described.®?’ Slides were co-
immunolabeled with rabbit anti-mouse Glutl (1:500,
Abcam), rat anti-mouse Ly6G (RB6-8C5; 1:200,
Abcam), NE (1:500, Abcam) and H3cit (1:500
Abcam) and Z-stacks of images were captured (10-12
images, lum step, 25x oil objective, Zeiss Axiovert 100
equipped with Volocity Software, Improvision/Perkin
Elmer).%*’ Details for conditions and antibodies used
are provided in the Supplemental Table 1. For non-
perfused mice, antigen retrieval was performed. Glut-
1+/albumin®**%%" vessel coverage and extravascular
albumin™®**47 were analyzed in 4-5 fields of view
(FOV)/hemisphere/region in the cortex using automat-
ed protocols for signal intensity (SI) in a 1 x 10%pum?
voxel and masks created using ~2SD SI threshold from
the Mean Fluorescence Intensity (MFI) of
albumin®'****7 ST in the vessels. Background SI
(lowest SI within the same FOV in each individual
image) was subtracted.

GFP+Ly6G+ cells were quantified in Z-stacks
(1.0 um step size, 63x oil objective, or 2.0 um step
size, 20x air objective; Zeiss LSM800 Airyscan micro-
scope) captured in multiple regions in two sections per
LysM-EGFP-ki mouse (Olympus BX60, 40x air objec-
tive) co-stained with goat anti-CD31 (1:250, R&D sys-
tems), rat anti-mouse Ly6G (RB6-8C5; 1:200, Abcam)
and rabbit anti-GFP (A-21311, 1:100, Invitrogen)
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Figure |. Viral mimetic Poly-IC triggers albumin leakage, adversely affects tight junction (T]) proteins and increases vessel rigidity. (A)
Experimental design to test Poly-IC effects in juvenile P18 mice. (B) Representative images of Albumin™®®¢*” (Alb-647) leakage (cyan)
from vessels (Glut-1, red) into the cortical parenchyma after PBS injection (top), 24h (middle) and 72h (bottom) after Poly-IC
injection. Scale bar =80 um. Red rectangle in brain diagram depicts area where image was taken. Leakage was quantified in each group
as Mean Fluorescence Intensity (MFI) outside of vessels and MFI outside vessels plotted versus average vessel size following PBS (C
and D; R?=0.2455, slope = —0.01087 to —0.001510, RMSE = 3.354), 24h (C and E; R* = 0.04772, slope = 0.02327, RMSE =21.70)
and 72h (C and F; R>=0.03129, slope = 0.007934, RMSE = | 1.57) after Poly-IC administration. Representative Western blots (G) and
quantification of ZO-1 (H) and occludin (I) 6h and 24h after Poly-IC/PBS administration. The data were normalized to f-actin
expression. Representative images of Alb-647 with Collagen IV (red) in the cortex 72h after PBS (left) or Poly-IC injection (right) (J).
Scale bar =80 um. Quantification of %ROI+ for Collagen IV in the cortex 72h after PBS and Poly-IC (K). One-way ANOVA with post-
hoc Bonferroni (normal distribution) or Kruskal-Wallis test (non-normal distribution) was performed to compare the variance in
groups with one independent variable followed by Dunn post-hoc test (C, H, and I). Pearson’s r correlation was utilized for (D-F).
Student’s t test with Mann-Whitney U test was performed for K. Individual p values are listed within figures for data that are

significant.
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antibodies. Images were processed using ImageJ soft-
ware (version 1.53a).

Imaging and analysis of vascular painting (VP) was
performed as previously described.® Mice were i.p.
injected with sodium nitroprusside (75 mg/kg) and hep-
arin (20 mg/kg) S5 min before an i.p. injection of keta-
mine/xylazine (90/10 mg/kg). Cardiac injection of dye
1,1’-dioctadecyl-3,3,3’3’-tetramethylindo-carbocyanine
perchlorate (Dil), 250 pl pup <10g; 375ul pup>10g,
0.3mg/ml of Dil in PBS 4% dextrose, was followed by
perfusion fixation. Well-labeled brains were imaged
axially using a fluorescent microscope (Keyence BZ-
X810, Keyence). The right MCA vessels were imaged
using a confocal microscope (10x, Olympus FV3000,
Olympus Scientific). Images were analyzed for vessel
density and length, number of junctions and lacunarity
using the Angiotool software. Outliers using Grubbs’
test were removed from final analysis.?®

Myeloid cell isolation and flow cytometry were per-
formed on single cells from transcardially perfused
mice following red blood cells lysis (ACK lysis
buffer), centrifugation in 70%/30% Percoll gradient
(1,220 g x 30 min at 4°C without brake), and incubated
with blocking buffer containing CD16/32 (1:100,
Biolegend) in FACS staining buffer containing 2%
FBS. Cells stained with anti-CD45-Pacific Blue, anti-
CD11b-APC-Cy7, Ly6g (IA8)-AF700, Ly6ec (Hk1.4)-
APC, CXCR2-PE-Cy7, CCR2-PE (1:200; all from
Biolegend) were measured on BD LSRII flow cytome-
ter (BD Biosciences). Compensation beads and
Fluorescence Minus One (FMO) samples, a commonly
used strategy to prevent false positive results through
overlap of fluorophores,? were applied. Gating and
data analysis were performed using FlowJo software
(Tree Star).

Western blot analysis was performed in cortical
lysates using anti-occludin (1:500 AbCAM), ZO-1
(1:1000 AbCAM), NE (1:500 AbCAM), H3cit (1:500
AbCAM) and f-actin (1:5000 Sigma Aldrich), antibod-
ies diluted in 5% milk in 0.2% Tween 20/TBS, 4°C,
overnight.”

Multiplex cytokine assay was performed in cortex,
plasma and CSF of transcardially saline-perfused mice
using 23-plex cytokine kit (#M60009RDPD, Biorad),
principally as we previously reported.®?’

Neutrophil Elastase (NE) activity was determined by
a kinetic assay in lysates from snap-frozen saline-per-
fused brains using a fluorogenic substrate (AbCAM
ab204730) based on manufacturer’s protocol. The fluo-
rescent arbitrary units were read every 2min for lh
(380 nmex/460 nmem), data acquired as relative fluo-
rescent units (RFU)/min and normalized to protein
concentration.

NE inhibitor sivelestat (SIV; 30 mg/kg, 20% DMSO
in PBS, 2.5ul/g body weight; Tocris (Minneapolis, MS)

or vehicle (VEH; 20% DMSO in PBS) was adminis-
tered i.p. into C57Bl/6 WT mice of both sexes twice
daily starting at the time of Poly-IC injection.

Statistical analysis. Block litter design was used,
mice of both sexes were randomized and analysis per-
formed in blinded manner. Data distribution was tested
for normality with Shapiro-Wilk test. Equality of var-
iances was tested with Levine test. Two-way ANOVA
with post-hoc Tukey’s Multiple Comparison test was
performed to compare groups with multiple indepen-
dent variables. One-way ANOVA with post-hoc
Bonferroni (normal distribution) or Kruskal-Wallis
test (non-normal distribution) was performed to com-
pare the variance in groups with one independent var-
iable followed by Dunn post-hoc test. Student’s t test
with Mann-Whitney U test was performed to compare
groups non-normal distribution. Pearson’s r correla-
tion was utilized for Figure 1. Two-way ANOVA
with Sidak post-hoc analysis was performed to com-
pare treatment versus time and treatment versus sex.
GraphPad Prism 8 software (GraphPad) was utilized
for statistical analysis and Grubbs’ was used for out-
liers. Each dot on all graphs represents individual
mouse. Individual p values are listed within figures
for data that are significant. Results are shown as
mean £ SD.

Results

Viral mimetic Poly-IC triggers albumin leakage,
adversely dffects the tight junction (T]) proteins
and increases vessel rigidity

We first examined whether viral TLR3-mediated infec-
tion adversely affects growth of both male and female
juvenile mice. By 72h, while Poly-IC injected mice
gained weight, the gain was significantly lower than
in PBS treated mice and, further, was significantly
lower in males compared to females administered
with Poly-IC (Supplementary Figure 1). Next, we eval-
uated the magnitude of extravascular albumin leakage
in the cortex of PBS and Poly-IC-treated mice using
previously  validated  experimental  protocol.>®
Experimental design is shown in Figure 1A. In PBS-
treated mice, albumin®'**-%" injected 1h before sacri-
fice was retained intravascular, within Glut-1+vessels
(Figure 1B and C). In contrast, extravascular
albumin™**%47 Jeakage into brain parenchyma was
significantly increased in Poly-IC treated mice at both
24 and 72h (Figure 1B and C). To obtain insight of
relationship between the magnitude of leakage and
vessel size, we plotted MFI outside vessels against aver-
age size of vessels in the same regions and performed
regression analysis (Figure 1D to F). Assessment of the
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strength of the correlations between leakage and vessel
size demonstrated lack of a relationship between leak-
age and vessel size in Poly-IC-treated mice at 24h and
at 72h (Figure 1E and F).

Examination of whether albumin leakage through
the blood-brain barrier (BBB) is associated with
changes in expression of occludin and zonula
occludens-1 (ZO-1), proteins localized at the TJ that
reinforce and stabilize the BBB, showed that compared
to PBS-treated mice, expression levels of ZO-1 (Figure
1G and H) and Occludin (Figure 1G and I) were sig-
nificantly decreased as early as 6h after Poly-IC and
remained low at 24h. Poly-IC also significantly
increased vascular rigidity as was evident from
increased collagen IV (Col IV) coverage of vessels
72h after treatment (Figure 1J and K). Thickening of
Col IV coverage occurred regardless of vessel
leakiness. Cumulatively, these results signify rapid
Poly-IC-induced leakage through the paracellular
route and functional-structural derangement at the
neurovascular interface.

Poly-IC alters vessel architecture and adversely
affects development of cortical vascular networks
in juvenile mice

Considering multiple known mechanisms of vascular
leakage in acutely injured brain, we then examined
effects of viral mimetic on BBB leakage of a small mol-
ecule and vessel architecture using vessel painting (VP)
that utilizes perfusion of a small fluorescent lipophilic
molecule Dil (~934 Da).?® Confocal microscopy of the
MCA territory at 24h revealed prominent extravasa-
tion of Dil in secondary and tertiary branches
(Figure 2A), ranging from miniscule deposits to
larger Dil “blooms”, some of which encompassed the
vessel (Figure 2A, white arrows). Large Dil leakages
were observed only in Poly-IC-treated mice, whereas
foremost contributor to BBB leakages were vessels
<100mm® (Figure 2B to D). Permutations of the
small size vessels were most prominent at 24h and
72h after Poly-IC (white arrows), with a progressive
temporal increase in small BBB leakages resulting in
a ~3-fold increase at 10d. Poly-IC also triggered signif-
icantly increased lacunarity 10d after administration,
particularly in males (Figure 2E and F). Altogether,
these results suggest increased temporal structural
and functional vulnerability of the vascular architec-
ture after Poly-IC.

Poly-IC administration resulted in a global cortical
decrease in vessel density over time (Figure 3A, B, and
D), including a significant reduction at 24h with a
trending decrease at 10d (Figure 3B). Vessel junction
density was also significantly reduced by Poly-IC at
24h and 10d (Figure 3C). When mice were grouped

by sex, a significant reduction in vessel density was
observed at 24h in males (Figure 3E). We also analyzed
total vessel length and junction density in both males
and females 24h, 72h, and 10 days after Poly-IC and
PBS in both males and females. These results revealed
that Poly-IC induced a significant decrease in junction
density at 24h in males and at 10 days in female mice
(Supplementary Figure 2A-B).

Confocal microscopy of the axial right MCA vascu-
lar territory (Figure 3F) revealed a significant decrease
in vessel density 24h after Poly-1C (Figure 3G and H),
where female mice contributed to the significant
decrease in MCA vascular density at 24h (Figure
3H). Junction density in the MCAO vascular territory
was not significantly altered in contrast to the whole
right cortical hemisphere (Figure 3I). These findings
demonstrate potential region-dependent effects of
Poly-IC on the MCA vascular architecture and selected
sex-dependence.

Poly-IC triggers sustained leukocyte recruitment to
the cortex including early neutrophil infiltration
and inflammatory cytokine response

Considering that Poly-IC could disrupt BBB integrity
via several mechanisms, including modulating the
immune response, we tested whether Poly-IC activates
leukocytes and promotes their accumulation in brain
parenchyma. Using flow cytometry (gating strategy in
Figure 4A), we examined CD45"&"CD11b" myeloid
cells (Figure 4B), CD45"&"CD11b"Ly6c"e" inflamma-
tory monocytes (Figure 4C), CD45Me"CD11b+
Ly6c™Ly6g"  neutrophils  (Figure 4D) and
CD45"e"CD11b*Ly6c™Ly6g ™ patrolling monocytes
(Figure 4E). Poly-IC significantly increased the levels
of CD45"¢"CD11b* myeloid cells in the cortex at 6h
and the overall number remained similarly increased
until 72h. Particularly, immune response was
neutrophil-skewed early on.

Cytokine/chemokine profiling 3h after Poly-IC
injection showed significantly increased levels of prin-
ciple neutrophil chemoattractant, KC, and of mono-
cyte/microglial chemoattractants MCP-1 and MIP-1a,
of IL-6, along with Eotaxin and G-CSF, which are
involved in neutrophil maturation and signaling
(Figure 4F), but essentially unchanged brain levels of
TNFo and IL-1f (Figure 4F).

To evaluate the involvement of the peripheral
inflammatory component of Poly-IC administration
and its impact on the blood-CSF barrier, we deter-
mined levels of same cytokines and chemokines in
plasma and in the CSF. In plasma, the pattern of
changes was similar to the one observed in the brain
(Figure 4G), i.e., robust and significant increase of IL-
6, Eotaxin and G-CSF and neutrophil and monocyte



3176 Journal of Cerebral Blood Flow & Metabolism 41(12)

A PBS Poly-IC
24h 24h 72h 10d
B BBB Leak Size Frequency C 40001 BBB Leak Size D E Binned BBB Leak Size
100 <100 100-500 >500
_ 30+
ey L 30004 ® @
< E o g
g K =
L 50 -5 2000 ] L 5
g 2 p=0.016 ) 2
= — 1 1 £ 1000 8 ° 5"
4 ==+ 3d (|-~ ad 3 b < .
e 10d|| - iod - . ” ﬂ II
. , , n ; o=l onnifle
0 500 1000 Days1 3 10 1 3 10 Days 1 3101 310 1 3101 310 13101 310
BEB Area (mr?) & ' — _—  —
PBS Paly-IC PBS Poly-IC PBS Poly-IC  PBS Poly-IC
Lacunarity
- - bsn P=0.0303
E - I ) L]
0.6+ 0.6+ 0.6
£ .« £ g i
] ] L] 2] =
E04 » € 0.4 S 0.4+ s
] s ™ 32 - ()
o Q Q . -,
- ;; L o 3 .2t
0.24 s H ] 0.24 ] 0.2+ 3 10;_::
0 n-—.ﬂ.— u.o——.—.—nh 0.0 ——T7—
PBS Poly-C PBS Poly-IC PBS Poly-IC
p=0.0320
F o 0.8 0.8
0.6+ 0.6+ 0.6+
oy 2 2
& 5 s
S 0.4+ S 0.4 5 0.4+
Q [ Q
(-] o @
- | |
0.2 0.2 0.2
10d
oo o
F M F M F M F ] F M F M
PBS PBS Poly-IC Poly-IC PBS PBS Poly-IC Poly-IC PBS PBS Poly-C Poly-IC

Figure 2. Poly-IC increases vascular leakage of a small molecular weight lipophilic molecule. (A) Confocal microscopy images of the
VP using Dil within the MCA vascular territory in P18 mice treated with PBS or Poly-IC at 24h, 72h and 10d. White arrows denote
BBB leakages. (B) A relative frequency histogram plot illustrates both the variation in size and frequency (at a particular size) of
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values are listed within figures for data that are significant.
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chemoattractants KC, MCP-1, and MIP-1« levels 3h
after Poly-IC as compared to PBS (Figure 4G).
Increased levels of inflammatory mediators in the
blood neither triggered neutrophil accumulation in
peripheral organs, liver and spleen, nor induced BSA
leakage in these organs at 24h after Poly-IC (not
shown). In the CSF, accumulation was also robust
but was limited to increased levels of KC, MCP-I,
and MIP-1o (Figure 4H), consistent with rapid increase
in neutrophil and monocyte number in the brains of
Poly-IC treated mice (Figure 4B and C).

Cumulatively these data demonstrate the presence of
both neuroinflammation and systemic inflammation
and suggest a potential role for neutrophils in Poly-
IC-triggered BBB disruption and may have roles in
CSF-Brain interfaces as well.

Poly-IC promotes brain vascular associated
neutrophils

To identify whether Poly-IC induces neutrophil vascu-
lar extravasation, we utilized immunofluorescence in
WT and LysM-EGFP-ki mice. Occasional neutrophils
were seen within the parenchyma of WT mice after
Poly-IC injection, whereas the vast majority of
Ly6G+ neutrophils were in close proximity and/or
association with Glut-14 vessels (Figure 5A and B).
Co-labeling with Ibal to differentiate neutrophils
(Ibal-) and monocytes/macrophages (Ibal+) showed
both cell types in the same vessel (Figure S5B).
Neutrophils were also present in the choroid plexus
(CP) 6h and 24h after Poly-IC (Supplementary Figure
3). Further, compared to PBS-treated LysM-EGFP-ki
mice, 6h after Poly-IC the number of Ly6G+/GFP+
cells in CD31+4 cerebral vasculature was increased in
the cortex and striatum (Figure 5C to F), but remained
low in the hippocampus (Figure 5F), meninges, CP and
the ventricles.

Poly-IC rapidly induces neutrophil elastase (NE)
and NETosis

Considering that neutrophils can induce vascular per-
meability via multiple mechanisms, we examined
whether NE mediates Poly-1C-induced vascular distor-
tions. Measurements of NE enzymatic activity in
saline-perfused brains showed that compared to PBS,
Poly-IC triggered a ~5-fold increase in NE activity
within 6h in the cortex (Figure 5G), similarly in male
and female mice (Supplementary Figure 4). NE activity
gradually declined between 6h and 72h after Poly-IC
but remained significantly elevated compared to PBS-
treated mice (Figure 5G). Protein expression of NE and
of citrullinated histone H3 (H3cit), a marker for

neutrophil extracellular trap formation (NETosis) and
NE, were increased at 6h by Poly-IC (Figure SH to J).

Double-immunofluorescence showed that Poly-IC
upregulated NE in a subpopulation of Ly6G+ cells in
saline perfused mice (Figure 5K to N) and that
Ly6G+NE+ cells were predominantly seen within the
vessels. Considering that macrophages can also pro-
duce NETs, we quantified percentage of NE double-
labeled with Ly6G+ and Ly6G— cells. Over ~80% of
NE+ cells were Ly6G+ (Figure 50) and many of these
NE+Ly6G+ cells were present in the brain 6 hours
after Poly-IC as compared to PBS treatment (Figure
5P). Considering that both infiltrated neutrophils and
neutrophils loosely adherent to the vessels can affect
vascular permeability in stroke and brain trauma in
the adult and hypoxia-ischemia in neonates, we further
characterized spatial pattern of NETosis in neutrophils
loosely attached to vessels by examining NETosis in
non-perfused brains at the same time points. H3cit
staining, indicative of NETosis, was evident in
Ly6G+ neutrophils loosely adherent to the vessels at
both 6h and 24h after Poly-IC administration (Figure
5Q). We also observed Ly6G+H?3cit+ cells in the cho-
roid plexus 6h and 24h after Poly-IC (Supplementary
Figure 3A-B). Quantification of Ly6G+/GFP+ cells in
LysM-EGFP-ki mice following PBS and Poly-1C injec-
tion in the meninges, CP and corpus callosum showed
no statistically significant changes between groups in
these regions (Supplementary Figure 3C). These data
suggest that early NE activation and NETosis triggered
in neutrophils infiltrated into the parenchyma and in
loosely adherent cells promote vascular defects appar-
ent at later time points (Figures 1 and 2).

Sivelestat attenuates vascular leakage in the cortex
of Poly-IC-treated mice by reducing NE activity and
changing the neuroinflammatory microenvironment

To establish causality for neutrophil-induced vascular
disturbances, we used a potent NE inhibitor sivelestat
(SIV; also known as ONO 5046; IC50:44nM30), an
agent that showed promise in preclinical models of
adult stroke®'*> and spinal cord injury.>'** Dosing
regimen protocol was optimized in preliminary experi-
ments to generate experimental design for SIV and
vehicle (VEH) administration (Figure 6A). SIV signif-
icantly inhibited NE activation at 6h (Figure 6B) and
24h after Poly-IC compared to VEH treated mice.
Effects of SIV were similar in males and females
(Supplementary Figure 4).

SIV administration did not affect albumin
leakage in PBS-treated mice while it significantly atten-
uated leakage at 72h in VEH-treated compared to
Poly-IC treated mice (Figure 6C and D). Moreover,
SIV attenuated Poly-IC-induced upregulation of

Alexa-647



3180

Journal of Cerebral Blood Flow & Metabolism

41(12)

A Poly-IC 24 hours G NE Activity PES 6h Poly-C 6h
- P <0.0008 H3cit S 1THKDA
5000 p < 00001
o= b00sd NE == = =— 26kDA
Emu— W:‘:‘;m T o e g 171115
B B < 0.0001
5
@ 3000
5 H3cit
& f
3 i
% m | —
3 ﬁ { | ﬁ
w 1000 !
)
Pas m,ue nw: m,u: ram: PBS Pu

Poly-IC 24 hours PBS 24 hours

B A - (o]
;
S
g
&
P

c

% of Ly6G+ colls NE+

PBS  PolyiC

D Merged
[

GFP*Ly6G* Neutrophils

F 30— p=0.0084
Theoss == PBS
: == Poly-IC 6h
ad T == PolyiC 2¢h

#=00109

Number of cells

Cortex Striatum Hippocampus

Figure 5. Poly-IC promotes brain vascular associated neutrophils and NET activity. (A-E) Spatial distribution of neutrophils in the brain
following PBS and Poly-IC administration. (A and B) Ly6G+ neutrophils are present within vessels in the cortex of wild-type mice 24h
after Poly-IC (A,B on the left) but not after PBS administration (B, on the right). Ly6G+ neutrophils associated with a vessel are shown in
white box (B, left). Images in the bottom: higher magnification images of Ly6G+ neutrophils (green), vessel perfused with albumin™®®¢47
(cyan) and Ibal+ microglial/macrophages (red) from white box in b. (C-E) Representative images of EGFP+ EGFP+-/Ly6G+ neutrophils
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Quantification of % Ly6G+- cells that are NE+ 6h following PBS and Poly-IC administration. (Q) Higher magnification images of Ly6G+/
NE+ cells demarcated in white boxes. Representative images of albumin™'®®%*” where high magnifications of Ly6G+/H3cit+ neutrophils
in white box in non-perfused tissue taken 6h and 24h after Poly-IC in the cortex. Examples of Ly6G+/H3cit+ neutrophil identified with
white arrows. Scale bars = |5 um. One-way ANOVA with post-hoc Bonferroni (normal distribution) or Kruskal-Wallis test (non-normal
distribution) was performed to compare the variance in groups with one independent variable followed by Dunn post-hoc test (F and G).
Student’s t test with Mann-Whitney U test was performed to compare non-normally distributed data (I, ,J, O and P). Individual p values
are listed in individual panels for data that are significant.
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NETosis-related proteins H3cit and NE (Figure 6E to
QG), but did not significantly affect occludin downregu-
lation at 6h (Figure 6H and I).

Cytokine profiling at 6h revealed significant Poly-
IC-induced accumulation of IL-1o and IL-1f, effects
that were significantly diminished by SIV (Figure
7A). Interestingly, levels of IL-6, KC and MCP-I,
which were elevated at 3h after Poly-IC (Figure 4F),
remained unchanged at 6h, along with the levels of
TNFo and G-CSF (Figure 7A). These data establish
that NE activation and resultant NETosis mediate
Poly-IC-induced vascular leakages in the brain of juve-
nile mice and that SIV administration can minimize the
vascular effects through inhibition of NETosis and
neuroinflammatory signaling.

Given that neutrophils were predominantly seen in
association with vessels rather than infiltrated into the
parenchyma, we examined expression of a main

receptor needed for neutrophil infiltration into the
brain, CXCR2. Poly-IC significantly diminished the
number of neutrophils expressing CXCR2 in the
blood (Figure 7B) and CXCR2 expression remained
unchanged in the cortex (Figure 7C), demonstrating
that while neutrophils adhered to the cerebral vascula-
ture in Poly-IC-treated mice, insufficient interaction
between CXCR2 on peripheral neutrophils and KC in
the brain, limited neutrophil abilities to infiltrate into the
brain.

Discussion

In the first mouse model of viral infection-induced cere-
bral arteriopathy of childhood, we report a key role of
the TLR3-neutrophil axis in disrupting the structure-
functional integrity of neural vasculature and the devel-
oping vascular network, including Poly-IC triggered
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marked sustained extravascular albumin leakage, mul-
tiple changes at the BBB, rapid neutrophil-skewed
immune response in the cerebral cortex and long-
lasting disruption of the vascular architecture.
Utilizing immunofluorescence, genetic, enzymatic and
pharmacological approaches, we then demonstrate NE
activation/NETosis as the novel underlying mechanism
of vascular disturbances in juvenile mice induced by
viral mimetic. Altogether, these data reveal a novel
mechanism for viral-induced disruption of vascular
integrity and vascular networks providing a potential
therapeutic approach for preventing childhood arterio-
pathies and reducing susceptibility of the juvenile brain
to consequences of CAIS.

International Pediatric Stroke Study demonstrated
that cerebral arteriopathies are present in up to 80%
of children with CAIS,? including focal cerebral arte-
riopathy of childhood,** and are strongly predictive of
stroke recurrence '*%° The Vascular Effects of
Infection in Pediatric Stroke study further identified
the presence of arteriopathy as the sole predictor of
stroke recurrence.” Imaging showed thickened neuro-
vascular walls, inflammation and increased tortuosity
of cerebral arteries, resulting in arterial stenosis and
vascular irregularities.*® Identification of inflammatory
biomarkers in serum from children with arteriopathy
further point to immune-mediated mechanisms of arte-
riopathies.”” Viral infections, including varicella zoster
virus (VZV), are major predictors of cerebral arterio-
pathy in children,' but infection-induced cerebral arte-
riopathy and the underlying mechanisms are unknown.
We filled this knowledge gap using a novel age-
appropriate mouse viral infection model showing how
the neutrophil-neurovascular axis modulates cerebro-
vascular disturbances.

Poly-IC is a synthetic ligand for the innate immune
receptor TLR3, receptor that recognizes double-
stranded RNA (dsRNA) produced by viruses during
replication®® with varying context- and age-dependent
effects in vivo. In the adult, TLR3 activation induces
multiple inflammatory pathways® whereas TLR3 defi-
ciency greatly reduces the inflammatory response to
Poly-IC.** When administered just before or after cere-
bral ischemia, Poly-IC was shown to reduce injury via
effects on astrocytes,*® Fas/FADD interaction*' and
stress response proteins Hsp27, Hsp70, and Bcl2.*? In
contrast, in neonatal mice, Poly-IC sensitizes the brain
to hypoxic-ischemic damage in a TLR3-mediated
manner by initiating the inflammatory response.'*
Here, leakage of albumin, small molecule Dil, and
diminished expression of TJ proteins occludin and
Z0O-1 show a key role of Poly-IC/TLR3 signaling in
functional BBB disturbances (i.e., leakage) in juvenile
mice, including both transcellular and paracellular
routes. Furthermore, effects of Poly-IC are not limited

to BBB leakage but induce vessel rigidity, as evident
from thickened Col IV coverage, and rapid morpho-
logical distortions of the developing vascular architec-
ture and vessel density, which remain prominent over
days. While CBF was not tested in the Poly:IC group,
the reduction in vessel density could implicate reduced
ability of the vasculature to respond to adverse stimuli.

A dearth of literature exists concerning age-
dependent vascular responses to inflammation.
Neutrophils disrupt elastic lamina, leading to vasculop-
athy in both large and small vessels** but neonatal and
adult neutrophils may behave differently in part
because of variances in concentrations of microbicidal
proteins, enzymes and cell surface receptors.** We
reported preserved BBB integrity in acute neonatal
stroke relative to that in adult stroke in part due to
undeveloped smaller vessel/capillary network and dis-
coordinated neutrophil ligand-CXCR2 receptor
expression in neonates.?’ Increasing neutrophil chemo-
attractant gradient between the blood and the brain
induced BBB leakage, led to neutrophil infiltration
and amplified injury.’’ Injection of IL-18* or
rCINC-1 (KC in the mouse) into juvenile brain trig-
gered profoundly higher neutrophil responses and
vessel permeability in the brain, meninges, and CP
compared to that in newborn or adult rats.**¢
Echoing preferential susceptibility of juvenile brain,
we observed an enhanced neutrophil response in
CAIS model ¢ compared to neonatal stroke model.’
In this study, we observed a peculiar systemic and cere-
bral cytokine/chemokine response to Poly-IC—an
essential lack of early changes in IL-1f and TNFu
levels and transiently increased levels of neutrophil
and monocyte chemoattractants (3h vs. ©6h).
Interestingly, we did demonstrate elevation of neutro-
phil and monocyte related chemoattractants Eotaxin,
KC, MCP-1, and MIP-1« in the CSF despite low levels
of neutrophils in the CP, meninges and ventricles.
Taken together, these results highlight profound age-
specific effects of TLR3-mediated viral infection on the
cerebral vessel architecture that may confer increased
vascular vulnerability to CAIS.

In juvenile brains, Poly-IC rapidly induced signifi-
cant accumulation of CD45"&"/CDI11b"/Ly6G™.
Morphological analysis demonstrated increased
number of neutrophils in vessels, but surprisingly,
only modest infiltration of Ly6G™ cells in the brain
parenchyma. Significantly diminished expression of
KC’s cognate receptor CXCR2 on peripheral neutro-
phils, in conjunction with only small and transient
increases in brain KC levels early after Poly-IC, con-
tributed to limiting infiltration of adherent neutrophils.
Spatio-temporally, GFP+/Ly6G+ neutrophils and
GFP+/Ly6G- or Ibal+/Ly6G- activated microglia/
macrophages were often observed in proximity to the
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same vessel, but there were no signs of morphological
transformation of GFP+/Ly6G- or Ibal+/Ly6G- cells.

Neutrophils contribute to stroke via multiple mech-
anisms,***’ but in the adult classic therapies targeting
neutrophils have been largely ineffective.”*** A grow-
ing number of studies are focusing on activation of NE,
a serine protease that degrades the basal lamina and
extracellular matrix.*® NE is critical in host defense
against microbial infection by mediating NETs released
from activated neutrophils but disproportional activa-
tion of NE/NETosis contributes to both acute and
chronic brain inflammation in models of adult stroke,
spinal cord injury, and juvenile traumatic brain injury
242549 impairing revascularization and remodeling
after brain damage.”® NE elevation in patients infected
with VZV, along with disrupted elastic lamina, suggest
a role for NE in viral pathology.®! Interestingly, studies
of NETosis have focused on LPS/TLR4 in the brain
while TLR3-mediated effects are typically described for
peripheral organs.>>*>% In our study, NE inhibitor
sivelestat significantly attenuated albumin leakage
induced by Poly-IC, linking NE activation and
NETosis to BBB leakage.

Our findings provide conceptual framework for fur-
ther studies to understand the overall significance of
infection-induced vascular disturbances in juvenile
brain for long-term health, yet many questions are to
be answered. NETs architecture is complex and
dynamic and NETs discharge and degradation are mul-
tifactorial,> but the extent of dependence of these pro-
cesses on age/maturation and the type of brain injury is
unknown. Our data clearly demonstrate that effects of
viral mimetic are not limited to changes in the neuro-
vasculature, as evident from the presence of both neu-
roinflammation and accumulation of inflammatory
cytokines in the circulation, but neurovascular and
parenchymal changes may also depend on particular
viral stimuli. The role of sex in infection-induced vas-
cular distortions in children is another insufficiently
understood aspect, which can be critically important
knowing that boys are substantially more prone to
CAIS than girls are. The mechanisms for why boys
are more susceptible are still largely undefined. Based
on studies in neonatal mice Poly-IC induces neuroin-
flammation, which was evident from higher NFkB
levels and delayed IRF3 nuclear translocation in
males relative to females.> Staphylococcus epidermidis,
in turn, sensitized neonatal males to hypoxia-
ischemia-mediated brain injury but not females despite
similar accumulation of brain cytokine/chemokine
levels.® To that end, we identified that Poly-IC
induced changes in cerebral vessels (lacunarity
10 days after administration) in males yet we did not
observe sex differences with regards to NE activity or
albumin leakage. Further studies on sex differences in

both neonatal and juvenile models are crucial to iden-
tify whether sex-specific therapies are necessary.

In conclusion, in the first model for childhood arterio-
pathies in juvenile mice induced by viral infection, we
established a key role of TLR3-neutrophil axis in dis-
rupting structure-function of vascular networks and
identified NE activation and NETosis as major underly-
ing mechanisms. We propose that inhibition of NE and
disruption of associated NETosis may become a vital
target to overcome consequences of cerebral arteriopathy
in children by preserving the viral-sensitized vasculature,
minimizing brain vulnerability to future waves of inflam-
mation, and potentially reducing the risk and severity of
CAIS and its recurrence observed in children.’’
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