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Abstract

Stroke is a debilitating disease, accounting for almost 20% of all hospital visits, and 8% of all
fatalities in the United States in 2017. Following an ischemic attack, inflammatory processes
originating from endothelial cells within the brain microvasculature can induce many toxic effects
into the impacted area, from both sides of the blood brain barrier (BBB). In addition to increased
BBB permeability, impacted brain microvascular endothelial cells can recruit macrophages and
other immune cells from the periphery and can also trigger the activation of microglia and
astrocytes within the brain. We have identified a key microRNA, let-7g, which levels were
drastically diminished as consequence of transient middle cerebral artery occlusion (tMCAQ) /n
vivo and oxygen-glucose deprivation (OGD) /n vitro ischemia/reperfusion conditions, respectively.
We have observed that let-7g* liposome-based delivery is capable of attenuating inflammation
after stroke, reducing BBB permeability, limiting brain infiltration by CD3*CD4* T-cells and
Ly6G* neutrophils, lessening microglia activation and neuronal death. These effects consequently
improved clinical outcomes, shown by mitigating post-stroke gait asymmetry and extremity motor
function. Due to the role of the endothelium in propagating the effects of stroke and other
inflammation, treatments which can reduce endothelial inflammation and limit ischemic damage
and improving recovery after a stroke are required. Our findings demonstrate a critical link
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between the CNS inflammation and the immune system reaction and lay important groundwork
for future stroke pharmacotherapies.
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Introduction

Stroke is a debilitating disease in the developed and developing world. In the United States
in 2017, stroke was the #3 cause of death, leading to almost 150,000 deaths, over 10 million
hospital visits, and costing an estimated 219 billion dollars (Yang et al., 2017a). Stroke is a
prominent cause of long-term disability in humans. Four out of five stroke survivors have
walking impairments and, despite rehabilitation efforts, 25% of survivors have residual gait
deficiencies which disturb their daily activities and mobility (Li et al., 2018a; Parkkinen et
al., 2013; Wang et al., 2008).

In spite of the prominence as a leading cause of death and disability, few treatments
currently exist for the treatment of stroke. Tissue plasminogen activator (tPA) and
mechanical thrombectomy remain the only clinical approaches. While both are effective at
removing the clot and restoring perfusion (Nour et al., 2013), they offer little to no
protection of the brain from ischemic and reperfusion injury arising from inflammation
(Ahnstedt et al., 2016; Chen et al., 2018; Nour et al., 2013). Further, both treatments have
limited “clinical windows” in which they will be effective at preserving brain tissue (Chen et
al., 2018; Kepplinger et al., 2016; Knecht et al., 2018), and there remains some debate
surrounding the optimal timepoint for tPA treatment.

Brain microvascular endothelial cells (BMVECSs) assure the tightness of blood brain barrier
(BBB) and possess many unique elements which distinguish them from other vascular
endothelial cells, such as specialized tight junction proteins, and a significantly higher
expression of monoamine oxidase A (Meresse et al., 1989; Uwamori et al., 2019). During
the development of stroke, inflammatory cytokines, such as CCL5 and MCP-1 are released
from the brain microvasculature (Conductier et al., 2010; Zhang et al., 2007). These
cytokines travel through the bloodstream to the organs of the immune system, where they
begin to activate immune cells, and trigger neutrophil release (von Vietinghoff and Ley,
2009). Activated neutrophils migrate to the site of injury, reaching a peak within 24 hours
(de Oliveira et al., 2016). Their accumulation worsens the local microvascular environment
(del Zoppo, 2009; del Zoppo et al., 1998) and leads to the production of other cytokines,
which ultimately recruit monocytes, macrophages and cytotoxic T cells from the periphery
(Beurel, 2011). In addition, the changes to the endothelial cells result in activation of
microglia in the CNS (Ju et al., 2018) and induce pericyte detachment (Yang et al., 2017b),
further damaging the BBB. In the initial hours and days following stroke, all these
inflammatory processes converge on the brain endothelial cells, which, having already been
damaged by hypoxia and reperfusion cascade events, begin to weaken and die, promoting
immune cell infiltration and glial activation in the CNS, and further worsening the damage
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from the ischemic attack. BMVECSs have become the target of many proposed stroke
pharmacotherapies, as they represent a major interface between the CNS and peripheral
immune/inflammatory responses (del Zoppo, 2009; Faraco et al., 2017; Minami, 2011,
Posada-Duque et al., 2014). Furthermore, these cells lay at the luminal side of the BBB,
making them more readily accessible to treatments, compared with targets within the CNS.
Combined difficulty and considerable risks associated with use of compounds which cross
the BBB, treatment of neuroinflammation with molecules improving BMVEC functions
remains a highly plausible therapeutic strategy for stroke.

Recently, we have identified a number of microRNAs (miRs), miR-98 and let-7g*,
belonging to the let-7 family, which are significantly downregulated in endothelium
following inflammatory insult. The let-7 gene was originally discovered in the early 2000’s
in C. elegance as lethal-7 (for being crucial during development), hence the name, let-7;
soon after let-7 was found in many other species (Roush and Slack, 2008). The let-7 family
of miRs are present in multiple isoforms and copies across the genome. In mice and humans,
10 of the let-7 miRs (let-7a, b, c, d, e, f, g, i, miR-98 and MiR-202) are present in the
genome (Roush and Slack, 2008). During miRNA biogenesis, one of the strands of the Dicer
reaction’s product is loaded into RISC, as mature miR. The other strand which is named the
“star strand” is usually degraded (Bartel, 2004; Eder et al., 1991). However, for some miRs,
both strands are kept and are loaded into RISC as mature forms. In such a case the mature
miR is called for example with let-7g miR, as let-7g-5p and let-7g-3p, or let-7g and let-7g*,
respectively. Several of the let-7’ miRs in particular (let-7b, let-7g, let-7g*) and miR-98
when underexpressed, appear to be involved in several inflammation processes, including
cardiovascular and endothelial (Bernstein et al., 2019; Liao et al., 2014; Liu et al., 2017,
Rom et al., 2015). let-7g has been showed to contribute to maintaining endothelial and
vascular function in experimental atherosclerosis, one of the stroke-contributing factors
(Liao et al., 2014; Liu et al., 2017). Despite such findings, the role of let-7g in modulating
the vascular response to ischemia remains poorly understood. Currently, emerging evidence
points to a reduction of let-7g miRNA expression following hypoxic conditions (Li et al.,
2019; Zhang et al., 2016). Because let-7g’s expression is regulated by a number of cellular
elements which are associated with inflammatory states (Brennan et al., 2017) and
chemokine release (Quinn and O’Neill, 2014), it is possible that the relative paucity of let-7g
during inflammatory conditions, such as stroke, may represent an area in which prompt
pharmacological intervention could ameliorate the effects of stroke. Both miRNAs, let-7g
and its complimentary sequence let-7g* are originated from the same gene, and potentially
both might have a role in stroke or inflammatory processes. Recently our group has
demonstrated that overexpression of let-7g* has been shown to be highly neuroprotective
and have beneficial effects on vascular tissue, improved endothelial tightness and decreased
leukocyte adhesion to and migration across endothelium (Rom et al., 2015). The anti-
inflammatory and neuroprotective characteristics of let-7g* (Rom et al., 2015) prompted us
to investigate its role in the setting of stroke, since knowledge of the function of let-7g* in
ischemia/reperfusion is very limited.

In the current study, we devised a model utilizing liposome-based delivery for increasing
let-7g* expression, following ischemic events, both /n vitroand in vivo, utilizing transient
middle cerebral artery occlusion (tMCAOQ) and oxygen-glucose deprivation followed by
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reperfusion (OGD/R), respectively. We assessed the impacts on cellular function, BBB
integrity and permeability, immune cell recruitment, microglial activation, and ultimately on
measures of behavior, including improvement in gait after stroke. Taken together, our study
is the first to focus on the impact of let-7g* on the propagation of ischemic damage, and
introduces a novel mechanism for endothelial-immunological interactions through changes
in miIRNA expression with a potential development of therapeutic approaches to mitigate
post-stroke neurological deficits.

Materials and Methods

Oxygen-Glucose Deprivation (OGD) followed by Re-oxygenation (OGD/R)

Animals

Primary BMVECs, isolated from vessels obtained from brain resection tissue (showing no
abnormalities) of patients undergoing surgery for treatment of intractable epilepsy, were
supplied by Michael Bernas and Dr. Marlys Witte (University of Arizona, Tucson, AZ,
USA) and were maintained as described (Rom et al., 2015; Rom et al., 2012; Rom et al.,
2013). Ischemia-reperfusion conditions were simulated using an OGD/R protocol (Bernstein
etal., 2019; Ku et al., 2016). Cell culture media was replaced with no glucose-containing
DMEM (Invitrogen, Life Technologies, Carlsbad, CA, USA) and the plates were positioned
in a gas exchange chamber (MIC-101, Billups-Rothenberg, Inc., Del Mar, CA, USA).
Anaerobic conditions were accomplished with gas (1% O,, 5% CO», balance N5) and the
plates were left in OGD conditions for a further 2—4 h in the incubator (Bernstein et al.,
2019; Ku et al., 2016); medium was then exchanged for re-oxygenation with glucose-
containing DMEM and left for 24-76 hr in the incubator.

All animal experiments were approved by the Temple University Institutional Animal Care
and Use Committee and were conducted in accordance with Temple University guidelines,
which are based on the National Institutes of Health (NIH) guide for care and use of
laboratory animals and with the ARRIVE (Animal Research: Reporting /17 Vivo
Experiments) guidelines (study design, experimental procedures, housing and husbandry,
statistical methods) (www.nc3rs.org.uk/arrive-guidelines). Eight-week old male C57BL/6
mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).

Transient Middle Cerebral Artery Occlusion (tMCAO)

Mice were subjected to 60 min focal cerebral ischemia produced by transient intraluminal
occlusion with a monofilament made of 6-0 nylon with a rounded tip (Doccol Corp.,
Sharon, MA, USA, cat# 602312PK10) into the middle cerebral artery (MCAO) as described
previously (Bernstein et al., 2019; Engel et al., 2011; Jin et al., 2010). To achieve transient
MCAO, the mice were re-anesthetized and the suture was extracted. Body temperature was
monitored throughout surgery with a rectal probe and maintained at 37.0 £ 0.5 °C using a
heating pad (Gaymar Industries Inc., Orchard Park, NY, USA). Sham-operated mice were
subjected to the same surgical procedure, but the filament was not advanced far enough to
occlude the middle cerebral artery. At 96 h after the induction of MCAO, mice were
anesthetized with 5% isoflurane and euthanized by cervical dislocation, decapitated, and the
brain was collected. To ensure rigor in tMCAO experiments, each mouse was monitored for
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regional cerebral blood flow (rCBF) before ischemia, during MCAO, and after reperfusion
using a Laser Speckle PeriCam PSI System (Perimed AB, Jarfélla, Sweden). If rCBF was
not reduced to at least 25% of initial level, the animal was excluded from the study and
euthanized (Bernstein et al., 2019; Zhang et al., 2007).

Neurological assessment

Neurological score assessment was performed 72 h and 168 h (3 and 7 days, respectively)
after the onset of ischemia. Overall neurological improvement was observed in enhanced
locomotor activity (measured by total ambulation counts, utilizing “Photobeam Activity
System: Home Cage” (San Diego Instruments, San Diego, CA, USA) (Bernstein et al., 2019;
Chen et al., 2015; DeVries et al., 2001; Ronca et al., 2015; Winter et al., 2005). The corner
test, which is perceptive to sensorimotor and postural symmetries, was used. Mice suffering
stroke typically turn toward the affected side (right), while non-affected mice have almost
50-50% left to right turn distribution. All mice tested were allowed to enter a corner with an
angle of 30° which required them to turn either to the right or the left to exit the corner. This
test was repeated and documented ten times, with a minimum of 30 seconds between trials,
and the percentage of right turns out of total turns was calculated (Chen et al., 2015;
DeVries et al., 2001; Feng et al., 2017; Ronca et al., 2015; Winter et al., 2005; Zhang et al.,
2002). Finally, the paws of the mice were painted with nontoxic paint, and the mice were
allowed to walk across a sheet of paper to allow for the analysis of gait to be performed. The
resulting footprints allow the determination of static gait parameters (e.g., stride length and
toe spread) (Balkaya et al., 2013; Chen et al., 2019; Hetze et al., 2012; Inserra et al., 1998).

Mouse brain microvessel (MV) isolation

Mouse brain MVs were isolated using a protocol based on previously published studies
(Bernstein et al., 2019; Chun et al., 2011; Rom et al., 2015). For each preparation, mice (771is
described in figure legends) were overdosed with 5% isoflurane and their brains were
harvested and placed in 4°C HBSS. The cerebellum, meninges, choroid plexus, brain stem,
and large superficial blood vessels were removed. The residual tissue was diced in HBSS (4
ml/gram) and then homogenized using a Potter-Thomas homogenizer (0.25 mm clearance)
(Thomas Scientific, Swedesboro, NJ, USA). The homogenate was centrifuged (1000xg for
10 min at 4°C) to remove HBSS, resuspended in 17.5% dextran (Sigma/Aldrich, St. Louis,
MO, USA) and centrifuged again to separate the MVs. The MV pellet was resuspended in
1% BSA in HBSS and the supernatant was centrifuged (4000xg for 10 min at 4°C). The
MVs from each centrifugation were combined. The MV suspension was passed through a
100-zm nylon mesh filter and then through a 40-zm nylon mesh filter (Corning Life
Sciences, Tewksbury, MA, USA). The material retained on the 40-zm nylon mesh filter
contained the MVs.

In vitro and in vivo miRNA transfection, and Quantitative RT-PCR

Recently, in our laboratory, we have developed a successful BMVEC transfection protocol
(Rom et al., 2015). In short, BMVECs were transfected at 2x108 cells/ml with miRNA
oligos at 50 nM with the Neon™ Transfection System (Invitrogen) according to the
manufacturer’s instructions. Cells were collected 24, 48, 72 and 96 h after transfection and
levels of transfected miRNAs were estimated by qPCR as described below.
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Short oligonucleotide sequences, such as miRNA or siRNA, can permeate cell membranes.
Since miRNA can be degraded if injected in a non-encapsulated form, we used a protocol
recently developed in our laboratory (Bernstein et al., 2019; Rom et al., 2015) using a
liposome-based miRNA transport system. To generate miRNA-containing liposomes, 5
nmol synthetic miRNA (GE Healthcare Dharmacon, Inc., Lafayette, CO, USA) were mixed
with Lipofectamine 2000 (Life Technologies) in RNase and DNase-free water (Life
Technologies) per the manufacturer’s directions. Lipid-oligo complexes were incubated at
room temperature for at least 1 hr and, if required, stored at 4°C overnight. The miRNA-
liposome complex was diluted in PBS and 100 pl was injected per mouse. Mice were
injected (i.v.) with miRNA-liposomes (Jiang et al., 2012; Larson et al., 2007) 2 hr after
tMCAO followed by a second injection 24 h later as described (Bernstein et al., 2019; Rom
et al., 2015). To verify efficiency of miRNA delivery into MVs, mouse brains were harvested
at different time points (48, 72 and 96 h) following miRNA administration. MVs were
isolated and the amount of transfected miRNA was estimated by gPCR as described below.
While injection of liposome-miRNA complex resulted in a 3.28-fold increase at 72 hr in
MVs and 2.2-fold increase in the brain inlet-7g* miRNA expression was found even 5 days
after injection.

Real-time RT-PCR was used to detect the differential expression of target genes. RNA was
isolated utilizing the mirVana miRNA extraction kit (Life Technologies). Real-time RT-PCR
was performed using the mirVana qRT-PCR miRNA detection kit (Life Technologies) per
the manufacturer’s protocol as described previously (Rom et al., 2015). PCR primer pairs for
reverse transcription and detection of mature miRs were purchased from Life Technologies
(hsa-let-7g (hsa-let-7g-3p) and control U6). In general, quantitative real-time RT-PCR (qRT-
PCR) on primary BMVEC or isolated MVs was performed on 3 independent experiments
using 25 ng of template using the Quantstudio S3 real-time PCR system (Life
Technologies). For each sample, qRT-PCR was performed in triplicate. Amplification was
analyzed using the AACt method, using a web-based data analysis tool (SABiosciences,
Qiagen Inc., Valencia, CA, USA) by normalization to the corresponding values of
housekeeping gene (U6) and fold-change was calculated from the difference between
experimental condition and untreated control.

Flow cytometry (FACS) for brain infiltrating leukocytes

Brain infiltrating leukocytes (BIL) and microglia were isolated from infarcted and non-
infarcted hemispheres by Percoll/Ficoll centrifugation (Bernstein et al., 2019; Jin and Kim,
2015; Ryg-Cornejo et al., 2013) followed by surface staining with antibodies against mouse
CD45 (clone 30-F11), CD11b (clone M1/70), Ly6g (clone HK1.4), CD4 (clone GK1.5),
CD8 (clone 53-6.7), all purchased from eBiosciences (Thermo Fisher Scientific, Waltham,
MA, USA), and CD3 (clone 17A2) (BioLegend, San Diego, CA, USA) at 4°C for 30 min.
Cells were then fixed using IC fixation buffer (eBiosciences, San Diego, CA, USA).
Cytometric acquisition was performed using a BD FACS Canto Il flow cytometer and
analyzed with FlowJo software (Tree Star, Inc., Ashland, OR, USA).
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In vivo BBB permeability assay

Mice were injected retroorbitally with 100 pl of 10 kda or 40 kDa dextran-fluorescein in
phosphate-buffered saline. At 15 minutes post-injection, mice were perfused with cold PBS.
Following PBS-perfusion, the cortex was dissected, homogenized, and centrifuged at
8,000xg for 10 min at room temperature. The supernatant was then isolated and relative
fluorescence was measured as described (Bernstein et al., 2019) using a Synergy 2 plate
reader (BioTek, Winooski, VT, USA). Fluorescent dye content was calculated using external
standards, including collected blood plasma. All data are expressed as relative fluorescent
units (RFU) normalized per mg of tissue (Bernstein et al., 2019).

Immunohistochemistry (IHC) analysis

Mice were anesthetized with 5% isoflurane and transcardially perfused with 20 ml cold PBS
delivered over a period of 10 minutes, at 3- and 7-days post-stroke. Following perfusion,
brains were removed and fixed in 4% formaldehyde solution for 24 h, then embedded in
paraffin. Brains were then sectioned coronally on a Leica CM1860 cryostat (Leica
Biosystems, Wetzlar, Germany) into 6 um sections, which were then deparaffinized and
washed with PBS, permeabilized with 0.1% Triton X-100 in PBS and blocked for 2 h in 1%
BSA, 5% normal donkey serum in PBS/0.1% Triton X-100. Primary antibodies, anti-IBA-1
(1:500, Wako Chemicals, Richmond, VA, USA; Cat# 019-19741 Lot#WDK?2121
RRID:AB_839504), and monoclonal anti-NeuN (1:500, Abcam, Cambridge, MA, USA,;
Cat# ab177487, clone [EPR12763]) was diluted in blocking solution and incubated
overnight at 4 °C. Samples were then washed four times in PBS/0.1% Triton X-100 and
incubated in secondary antibody diluted in blocking solution for 2 h at room temperature.
Brain sections were captured /77 fofo at 200X magnification by an Aperio AT2 slide scanner
(Leica Biosystems, Wetzlar, Germany) and analyzed via NIS-Elements software (Nikon
Instruments, Melville, NY). Regions of interest (ROI) were manually selected to include all
structures within a single hemisphere. Within NIS-Elements, GA3 module was used to
generate a mask of peroxidase-reactive regions through combination of red-to-blue channel
densitometry ratio and elimination of non-microglial nuclei via circularity exclusion filter. A
nuclei mask was generated through a similar approach, utilizing sum densitometry of all
channels, inclusive circularity filter, and selection of only nuclei which overlapped with only
microglial structures. Intensity thresholds for the generation of both masks were manually
set by blind observer for each image and inspected to ensure that label omission or
extraneous labelling was minimized. Total Ibal-positive area was obtained by dividing
peroxidase mask area by total region of interest area, and total length of skeletonized length
of skeletonized peroxidase mask was divided by ROI area to normalize. Nuclei count was
divided by ROI area to calculate density of microglial cells in each ROI. To examine
microglial morphology, peroxidase mask was again generated using a smooth-sharpen
preprocessed image. This reduced aberrant classification of extra branch points that can
result from process roughness, and bridged small gaps in processes which would otherwise
result in false detection of multiple processes. This mask was subsequently skeletonized and
filtered for contact with nuclei, yielding whole structure of only the microglia which had
nuclei visible in the plane of tissue section. Process length, branch count, process end count,
and territory covered were tabulated for each microglia within the ROI, and distance of
branch and process end point from nucleus was recorded. Territory covered was determined
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to be the area of convex hull function applied to whole microglial structure. Mean values of
microglial length, territory, branching, and end count were calculated for each ROl and
distance distribution of process branch and ending points were compiled for each
experimental group using R statistical software (R Foundation for Statistical Computing,
Vienna, Austria).

Transendothelial Electrical Resistance (TEER)

BMVEC transfected with miRNA (targeting (let-7g mimic) or non-targeting (scramble)
sequences were plated on collagen type | coated 96W20idf electrode arrays (Applied
Biophysics, Troy, NY, USA) and were maintained for 72 h to form a monolayer; basal levels
of TEER were 800-1500Q (Ramirez et al., 2013; Rom et al., 2012). A time “zero” was
assigned for the experiment with or without TNFa treatment. TEER measurements were
performed using the 1600R ECIS System (Applied Biophysics) as described (Rom et al.,
2015; Rom et al., 2012; Rom et al., 2013). The results are presented as an average of the
resistance values (Ohm, Q) as well as the average percent change from baseline TEER
(expressed as average + SD) from at least three independent experiments consisting of four
to six replicates each.

Statistical analysis

Results

Data are expressed as the mean + SD of experiments conducted multiple times. Data were
tested for normality using the Shapiro-Wilk test, and, if data were normally distributed, for
multiple group comparisons. Multiple group comparisons were performed by one-way
ANOVA with Tukey posthoc test with significance at p<0.05 (TEER, FACS, permeability
assays, animal experiments). A paired two-tailed Student’s test was used to compare before
and after effects. Significant differences were considered to be at p < 0.05. Statistical
analyses were performed utilizing Prism v8 software (GraphPad Software Inc., San Diego,
CA, USA).

let-7g* expression is reduced in endothelial cells, in both in vitro and in vivo models of
ischemial/reperfusion (I/R).

Recently, our group has demonstrated that let-7g*, a variant of the let-7 family, was
drastically down-regulated during inflammation (Rom et al., 2015). Furthermore, stroke-like
conditions have been shown to impact the expression of similar miRNAs from the same let-7
family, such as miR-98 (Bernstein et al., 2019). To evaluate whether expression of let-7g* is
particularly affected by ischemia/reperfusion processes, we exposed primary human
BMVECs to oxygen and glucose deprivation followed by reperfusion (OGD/R), and then
assessed let-7g* expression by gPCR. We determined that BMVVECs demonstrated a
profound reaction to stroke-like conditions, with a nearly 3.9-fold reduction in let-7g*
expression levels following OGD/R (p < 0.001) (Fig. 1a). To compare with /in-vivo models
of stroke, we also evaluated let-7g* expression in brain MVs extracted from animals which
had undergone tMCAQ 24 hr previously. MVs from “stroked” animals showed a similarly
lowered by 77% +/- 8%, expression of let-7g* (v <0.0001) (Fig. 1b).
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Overexpression of let-7g* preserves endothelial integrity and limits brain permeability
following I/R.

Leakage of the BBB is a critical feature of many forms of neuroinflammation (Shimizu et
al., 2013). Particularly following stroke, the vascular endothelial cells lining the BBB
become more permeable, allowing the extravasation of toxic blood proteins, cytotoxic
leukocytes and lymphocytes into the brain (Bernstein et al., 2019), and worsening
inflammatory damage. To investigate whether let-7g* overexpression could potentially
produce neuroprotective effects, we utilized /n vitroand in vivo models to measure changes
in endothelial barrier integrity following stroke in the presence or absence of elevated
let-7g*. By measuring TEER, we assessed BBB integrity by subjecting the BMVECs to
OGDI/R conditions (a model of I/R) (Bernstein et al., 2019; Rom et al., 2015). While OGD/R
lowered the endothelial resistance in all cells, let-7g* overexpression significantly attenuated
the degree of decline. In the initial 3 hours following I/R conditions, let-7g*-treated cells
displayed a significantly higher TEER value compared with Scr-1-treated cells (Scr-1 = 410
+/- 15 Q; let-79g =570 +/- 10 Q; p < 0.01) (Fig 2a). By 5 hr post-OGD/R, TEER levels had
returned to baseline levels in the let-7g*-treated cells, a finding which persisted throughout
the remainder of the experiment, while Scr-1-treated cells displayed significantly lower
TEER, and failed to recover for the entire 24 hr (p < 0.05, Fig 2b). This barrier-preserving
effect was also observed /n vivo. We have previously shown that injecting mice with
liposome-miRNA complexes of let-7 miRNAs induces a major (20-60 fold) increase in
tissue expression by 2 hr after injection, and such overexpression persists for several days
(Bernstein et al., 2019; Rom et al., 2015). Mice were subjected to tMCAO and injected with
liposome-miRNA complexes as described (Bernstein et al., 2019). 72h following tMCAO,
animals were injected with fluorescein-conjugated dextrans of different sizes, followed by
intercardiac perfusion with cold PBS. The level of florescence remaining in the brain lysate
was used to assess permeability. Fluorescence was significantly attenuated in let-7g*-treated
animals, compared with scramble-treated mice (3kd: Control = 260 +/- 14 RFU; scramble =
394 +/- 47 RFU; let-7g* = 292 +/- 31 RFU; p < 0.005; Figure 2c) (10kd: Control = 264 +/-
16 RFU; scramble = 474 +/- 61 RFU; let-7g* = 307 +/- 29 RFU; p < 0.01; Figure 2d ).

Overexpression of let-7g* improves neurological outcomes following stroke

After observing an improvement in BBB tightness, we tested whether overexpression/
restoration of let-7g would improve the deficits in neurological function after stroke. In this
study, we induced tMCAO in mice, injected them i.v. with let-7g* or non-coding (scramble)
miRNA liposomal complex at 2 and 24 hr after tMCAQO, following a protocol developed in
our laboratory (Bernstein et al., 2019) and tested for neurological outcomes at 72 hr and 7
days post-tMCAO. First, we utilized the corner test to measure hemiparesis, a common
feature of many strokes involving the middle cerebral artery. “Stroked” mice usually turn
toward the stroke- affected side (right), while non-affected mice have almost a 50-50% left-
to-right distribution (DeVries et al., 2001; Zhang et al., 2002). Consistent with the literature,
we observed that after tMCAO, mice which had received scramble injections showed
9.5+0.5 out of 10 right-to-left turn distribution (a feature of high impairment), whereas sham
animals presented a normal 51 out of 10 right-to-left turn distribution. let-7g*-treated mice
showed significant improvement (7+1 right-to-left, p < 0.01, Fig 3a) in the corner test. At 7
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days, let-7g* treated mice continued to show this improvement, maintaining a 7+1 right-to-
left turn distribution, while scramble miRNA-treated mice had improved to a 8+1 right-to-

left distribution vs. the 3 day timepoint, thereby lessening the distinction in the Corner test

between the let-7g* and scramble-treated groups at 7 days timepoint (data not shown).

Additionally, we observed significant improvements in locomotor activity, another measure
of neurocognitive recovery (Chen et al., 2015; DeVries et al., 2001; Ronca et al., 2015;
Winter et al., 2005). tMCAO caused a ~20-fold reduction in locomotor activity in scramble-
treated animals at 72 hr timepoint, but only a ~ 40% decrease in activity in let-7g*-treated
animals (p < 0.001; Fig 3b).

Despite some spontaneous recovery and intensive physical therapy efforts, a significant
percent of patients are left with permanent disability, noticed in impairments of motor
function, and gait abnormalities, such as decreased velocity, pace, stride length, and
extended swing phase on the affected side, in addition to reduced ambulation and balance
impairments (Parkkinen et al., 2013). With this information in mind, we decided to assess
whether over-expression of let-7g* would improve gait functions after tMCAO. Indeed, we
observed significant improvement in the gait of mice who had received let-7g* after stroke.
Gait, or walking pattern, is a measure of both motor deficits (foot stride length) and of
preservation of overall neurocognitive deficits (stride pattern and footprint) (Chen et al.,
2019; Hetze et al., 2012). Three days post stroke, we observed that treatment with let-7g*
preserved the normal distance between toes in the rear limb (p < 0.0Z; Fig 4a and 4e). In
addition, the average stride length of the front limb (o < 0.05; Fig 4b) and the rear limb (o <
0.005; Fig 4d) of the affected side were significantly improved by let-7g treatment, although
no difference was observed in toe spread of the front paw (p > 0.05; Fig 4c). Further, such
improvements persisted at 7 days post-stroke. let-7g* treated mice continued significant
recovery in front and rear stride length (p < 0.05; Fig 4b and 4d) compared with scramble-
treated mice. Recovery to rear paw spread was also observed, although it was not
statistically significant (0 = 0.0511; Fig 4e). These results suggest that treatments which
increase let-7g* expression may improve outcomes if given promptly after the onset of a
stroke.

let-7g* overexpression mitigates neuroinflammation after stroke.

Endothelial dysfunction, a critical feature of stroke (Bernstein et al., 2019; Zhang, 2008),
can trigger inflammatory processes arising from within the brain (microglia) (Faraco et al.,
2017) as well as from the peripheral immune system (leukocytes, lymphocytes, neutrophils)
(Jimenez et al., 2008). After observing some preservation of BBB integrity, as well as
improved clinical outcomes, we next assessed cellular measures of inflammation arising
from both sides of the BBB. To measure within-brain inflammation, we injected animals i.v.
with let-7g* or scramble following tMCAO, and perfused them 72 hr later. We then
evaluated microglial number and activation within the infarcted hemisphere. We observed
that let-7g* significantly reduced the number of Ibal+ cells within the infarcted hemisphere
(p < 0.05; Fig. 5b) along with their overall distribution (p < 0.0Z; Fig 5¢). Additionally,
overexpression of let-7g* also reduced the activation state of microglia within area, both in
terms of overall size (Fig 5a) and in the number of processes (p < 0.05; Fig 5a and 5e).
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While not statistically significant, there was a strong trend toward a smaller overall area per
Ibal+ cell as well (Fig 5d). At 1-week post-stroke, let-7g* treated animals continued to show
improvement in total IBA+ cell activation, total affected area, and total processes, compared
with scramble-treated animals (data not shown). In addition, inflammatory responses arising
from the peripheral blood were significantly contained by overexpression of let-7g*. At 72
hr after stroke, brain-infiltrating leukocytes (BILs) were isolated from mouse brains and
stained with tagged antibodies in order to count cell types through FACS. With all gating
measures set at the same level (Fig 6a), we observed significant reductions in immune cell
infiltration into the brain following let-7g* treatment. The total number of CD45+ BILs was
reduced by more than 50% (p < 0.05; Fig 6b), as was the number of overall CD3+ T cells (o
< 0.005; Fig 6¢), CD4+ helper T cells (p < 0.05; Fig 6d), and neutrophils (o < 0.05; Fig 6F).
Curiously, the percentage of CD8+ cytotoxic T cells was not significantly increased
following stroke, nor decreased following let-7g* overexpression (Fig 6€). These results
point to the importance of an intact brain endothelium in limiting post-stroke inflammation
from both sides of the BBB, and postulate a significant role for let-7g* in mediating these
processes.

let-7g* overexpression provides neuroprotection after stroke.

After observing that let-7g* overexpression improves neurocognitive improvements,
increases BBB integrity, and reduces brain inflammation, we sought to determine whether
stroke-induced neuron loss was also reduced and whether the effects we observed were truly
neuroprotective. To address this question, we sacrificed animals 72 hr or 7 days after stroke,
and stained brain section regions for NeuN, a neuronal marker for intact nuclei. In the
infarcted brain hemisphere of scramble-treated animals, we observed a loss of nearly 50%
and 64% of all neurons at 72 hr and 7 days post stroke, respectively (p < 0.005, Fig 7a and
7b), a finding which is similar to that published in the literature (Emmrich et al., 2015).
However, this decrease was strongly attenuated by let-7g* overexpression, with treated
animals showing 25%+8% and 20%+4% loss of neurons at 72 hr and 7 days post-stroke,
respectively, representing a preservation of more than half of the cells lost in scramble-
treated animals (p<0.05, Fig 7b), as well as a more preserved cortical structure (Fig 7a).
Taken together, these data show that let-7g* expression is strongly neuroprotective, and
restoring levels to at or near pre-stroke levels can significantly prevent much of the damage
following stroke, and lead to better clinical outcomes.

Discussion

In the current experiments, we have identified a critical regulator of the brain endothelial
response to stroke. To our knowledge, we are the first research group to illustrate the role of
let-7g* in modulating the inflammatory and immune responses following ischemic events.
We have also shown a correlative link between physiological alterations outside of the BBB,
and changes to cellular morphology within. First, we demonstrate that let-7g* miRNA is
significantly downregulated following stroke-like conditions in both /n vitroand in vivo
models of ischemia/reperfusion, a finding which is corroborated by a growing number of
studies describing the potential role of let-7 miRs in modulating neuroinflammation
(Bernstein et al., 2019; Cho et al., 2015; Makino et al., 2013; Rom et al., 2015). Since let-7’s
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miRNAs in general, and let-7g*, particularly, has been shown to bind to many secondary
messengers associated with cytokine release (Bernstein et al., 2019; Pan et al., 2011; Rom et
al., 2015), we sought to determine whether restoring its expression after an ischemic event
could limit inflammatory responses, and ultimately improve neurological recovery. We
determined that when given within hours of a stroke, let-7g* is capable of ameliorating
many of its more destructive features. Such beneficial effects include a preservation of
neural tissue, reduced BBB permeability, an attenuated immune response, and greater
behavioral outcome measures.

Gait, or walking pattern, is critically affected after neurological events such as stroke or TBI,
and is a measure of both motor deficits (foot stride length) and of preservation of overall
neurocognitive deficits (stride pattern and footprint) (Chen et al., 2019; Hetze et al., 2012).
Gait is not only an indicator of lower extremity motor function, but also reflects on cognitive
function, specifically executive function (Wang et al., 2008). In spite of some natural
recovery and thorough physical therapy efforts, one quarter (25%) of stroke survivors are left
with everlasting disability, observed in impairments of motor function, and gait
abnormalities, such as decreased velocity, pace, stride length, and extended swing phase on
the affected side, in addition to reduced ambulation and balance impairment (Parkkinen et
al., 2013). Our results indicate that let-7g* miRNA improves gait in post-stroke mice and
denotes the importance of let-7g* as a critical element of the ischemic cascade as a potential
pharmacological target for future therapies for treating or preventing post-ischemic stroke
disabilities.

let-7 is of particular importance due in part to its influence on brain endothelial cells. These
cells are a main component of the BBB and their injury represents one of the earliest and
most critical measures of neuroinflammation (Ao et al., 2018; Li et al., 2018b); indeed,
many elements of immune cell activation (Lopes Pinheiro et al., 2016), adhesion (Ludewig
et al., 2019), and cytokine production (Verma et al., 2006) can arise from and ultimately
worsen endothelial dysfunction. We have shown that restored expression of let-7g*, in
addition to that of miR-98, another let-7 miR (Bernstein et al., 2019; Rom et al., 2015), can
help preserve the endothelial component of the BBB, and break the toxic cycle of cell
dysfunction and infiltration of cytotoxic cells from across BBB.

Critically, such neuroprotective effects of let-7g* are likely not confined to stroke. miRs
from the let-7 family directly reduce the expression of certain cytokines, such as MCP-1/
CCL2 and CCL5 (Rom et al., 2015), which are involved in the disease process of BBB
inflammation that occurs during traumatic brain injury (Albert et al., 2017; Lumpkins et al.,
2008), diabetes (Lee et al., 2019; Teler et al., 2017; Zhang, 2008) and multiple forms of
encephalitis (Chowdhury and Khan, 2017). While there are many causes of
neuroinflammation, ranging from genetic abnormalities (Krementsov et al., 2018) to
bacterial infection (Singer et al., 2018), many of them involve increased levels of these
particular cytokines, which can cause leukocyte adhesion (Schober, 2008) and
rearrangement of tight junction proteins on endothelial cells (Stamatovic et al., 2005),
leading to BBB compromise. BBB disruption, upregulation of cell adhesion molecules, and
activation of resident microglia develop the post-stroke neuro-immune interactions. Within
24 hr of stroke onset, adaptive immune cells, including T cells, are detected in the brain
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(Herz et al., 2015; Jin et al., 2010). Migration of these cells peaks around 3—4 days post-
stroke, and helper CD4" and cytotoxic CD8* T cells persist in the perilesional tissue for
weeks after injury, implicating this leukocyte subset in long-term recovery (Gelderblom et
al., 2009; Poinsatte et al., 2019; Xie et al., 2018). Neutrophils are the primary cells in the
blood to respond after ischemic stroke, contributing to disruption of the BBB, brain edema
and injury. Neutrophils also are involved in the major processes that cause ischemic stroke,
thrombosis and atherosclerosis (Jin et al., 2010). These disruptive inputs are mediated by
factors released from neutrophils including reactive oxygen species (ROS) (superoxide,
hypochlorous acid), proteases (matrix metalloproteinases, elastase, cathepsin G, proteinase
3), cytokines (IL-1, IL-6, IL-8, tumor necrosis factor alpha (TNF-a)), and chemokines
(CCL2, CCL3, CCLD5) (Jickling et al., 2015). Our results show that let-7g* significantly
reduced the presence of BILs, especially neutrophils and CD4+ T cells. Zhang and
colleagues, have recently shown that inhibition of CD4 T cells reduces stroke-induced
infarction (Zhang et al., 2018). By slowing this process, let-7g* could have significant
potential for ameliorating the effects of many different neuroinflammatory diseases,
including chronic conditions with a much longer “treatment window” than stroke.
Remarkably, let-7g* overexpression impacted neutrophil migration, as well as infiltration of
T cells, but had no significant effect on the infiltration of monocytes, cells which also reach
peak levels at 24-72 hr post-infarct (Shi and Pamer, 2011). As monocytes are precursors to
macrophages, this finding suggests that let-7g* may be ameliorating inflammation by
limiting the activation of T cells, and of endogenous microglia within the CNS. Interestingly,
another let-7 miRNA, miR-98, has been shown the ability to significantly decrease
infiltration of monocytes at a 3 day timepoint (Bernstein et al., 2019). Since these mMiRNASs
are slightly different in their sequence, they might have distinctive targets and therefore
diverse effects, which requires future studies.

Another important attribute of let-7g* is that it is endogenously expressed within endothelial
cells (Rom et al., 2015), which lie on the luminal side of the BBB. Therefore, it is a
clinically accessible target for potential stroke pharmacotherapies. By focusing on cells
comprising the proximal blood vessels, our approach offers the promise of high
bioavailability and ease in reaching the target areas. Without the need to cross the BBB,
molecules such as let-7g* will have high bioavailability to their intended target cells, and
can begin working immediately. Indeed, we observe significant protective effects when
administering let-7g* within 2 hr of ischemic event, making it highly relevant for stroke
therapies.

Although let-7g* overexpression produces effects almost immediately, the neuroprotective
impact extends for many hours after ischemia. As demonstrated in Figure 2a-b, a single
treatment with let-7g* induces stronger barrier integrity after I/R, and continues throughout
the entire experimental period, ultimately restoring barrier tightness (TEER) to baseline
levels. This long duration of effect suggests a continuous role in mediating the cellular
response to hypoxic stress, as well as an extended window in which it may be targeted for
therapeutic effect. By improving BBB tightness and limiting immune cell recruitment,
let-7g* overexpression slows the rate of tissue death and improves functional outcomes after
an ischemic stroke. This is evidenced by the significant improvements in all behavior tests
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and less injury to brain tissue at 72hr, and these improvements persisted through 1 week
after the stroke (Figures 3, 4 and 7).

Finally, the rapid-onset, yet extended-duration period of neuroprotection conferred by
restored let-7g* expression offers promise for preventing future strokes, in addition to
managing the symptoms following an ischemic attack. During most surgical procedures,
there is an increased risk of perioperative stroke, due to bleeding, and due to the possibility
of tissue debris entering the bloodstream and promoting a clot formation. The risk can run to
over 10% for high-risk cardiac surgery procedures (Ko, 2018) and, in susceptible
individuals, can cause mortality rates which approach 60% (Sharifpour et al., 2013; Vlisides
and Mashour, 2016). As most vascular blockages often go undetected until becoming
complete, their management could be conferred through agents which increase let-7g*
expression, thereby leading to improved clinical outcomes for patients undergoing surgery,
and do much to make surgeries safer.

Such enhancements might not be necessarily to be restricted to the brain; let-7 miRs are
present in most tissues and cell types in the body (Bernstein et al., 2019; Chen et al., 2011,
Cho et al., 2015; Gan et al., 2019; Jiang et al., 2017; Liu et al., 2011; Ludwig et al., 2016;
Roush and Slack, 2008; Tolonen et al., 2014; Wang et al., 2012). Hence, it is possible that
some of the let-7 extracted from the MVs could have been formed by mural cells such as
pericytes, in addition to BMVECs. Endothelial to pericyte ratios in normal tissues vary
between 1:1 and 10:1, while pericyte coverage of the endothelial abluminal surface ranges
between 70% and 10%, with the highest ratio in retina vessels (Armulik et al., 2011,
Armulik et al., 2010; Geevarghese and Herman, 2014; Park et al., 2019). Furthermore,
ischemia/reperfusion conditions reproduced by OGD/R resulting in changes to let-7g*
expression (Figure 1a) were attributable only to expression occurring within BMVECs
themselves. Hence, it is possible that mural cells contribute to the overall expression of
let-7g*, but endothelial cells appear to be responsible for a significant proportion of its
expression within the microvasculature. Generally, let-7 miRs are downregulated during
inflammatory insults, and restoration of expression can lead to preservation of cellular
function across a variety of conditions (Bernstein et al., 2019; Liao et al., 2014; Liu et al.,
2017; Rom et al., 2015).

Due to the systemic treatment of the liposomal-let-7g* complex, it is probable that other
organs/tissues were also targeted. We identified that let-7g* expression was vigorous within
the brain microvasculature, to a slighter degree within the brain itself, and some extent in
other organs. Based on our current data and results from our previous work (Bernstein et al.,
2019; Rom et al., 2015), we believe that the beneficial effects of let-7 on cerebral ischemia
are due to direct impact on the microvasculature. Recently, we demonstrated that let-7 miRs,
miR-98 and let-7g*, are directly target expression of proinflammatory cytokines, CCL2 and
CCL5 (Rom et al., 2015). Both above-mentioned cytokines are known to enable acute
inflammatory responses and promote leukocyte adhesion to and migration across the BBB
(Schober, 2008), as well as decreasing BBB tightness by changing small Rho GTPase
activation, triggering actin cytoskeleton rearrangements and provoking redistribution of TJ
proteins, ZO-1, ZO-2, occludin and claudin-5 (Stamatovic et al., 2005). Reasonably, we
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think that most of the stroke protective effects are coming from endothelial cells transfected
with let-7g*.

Taken together, let-7g* overexpression represents a novel opportunity in treating ischemic
stroke, due to its combination of rapid onset and long window of clinical effects. In addition,
let-7g* offers the potential for ameliorating the effects of other forms of neuroinflammation,
due to the ubiquity of the cellular signaling mechanisms which it acts upon. After ischemic
or traumatic events, the cerebral vasculature is often significantly damaged and this damage
can undermine the integrity of the BBB for weeks after injury (Ju et al., 2018; Sulhan et al.,
2020). Hence, molecules directly targeting the BBB (such as let-7g*) may have a therapeutic
window, which extends far beyond the 3—-6 hr timeframe often recommended for tPA. These
attributes offer great promise for future clinical utility.

This study expands upon previous work which identified let-7 miRs as targets of
neuroinflammation (Rom et al., 2015) and quantifies this utility in the context of stroke
(Bernstein et al., 2019). We have since determined several important mechanisms through
which let-7 miRs can promote neuroprotection, through cytokine signaling and immune cell
activation, and characterized the timeline of such effects to a week following the ischemic
insult. While research on let-7 miRs is still growing, studies such as this lay an important
foundation for developing treatments for stroke and other neuroinflammatory diseases, and
provide a greater understanding of the pathophysiology of one of the world’s most
devastating diseases.
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Highlights
. let-7g* preserves BBB integrity both /n vitroand in vivo
. let-7g* attenuates neuroinflammation after stroke by reducing microglia
activation
. brain neutrophil and T-cell infiltration are diminished in let-7-treated mice
. let-7g* decreases neuronal death after tMCAO
. increased locomotion and improved gait were found in mice treated with
let-7g*
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Figure 1. Ischemia/reperfusion conditions cause significant reduction in let-7g* miRNA
expression.

gPCR analysis of let-7g* expression in BMVEC (A) and microvessels (B). BMVEC were
subjected to 3 hr of OGD and 24 h reperfusion. Mice were subjected to 60 min ischemia and
24 h reperfusion performed as described in Materials and Methods. Microvessels from the
ischemic part of the brain were isolated, miRNA extracted and analyzed in triplicate by
gPCR. Results are presented as mean+SD from at least two independent experiments (n=4).
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Figure 2. Overexpression of let-7g* attenuates BBB disruption.
Mimic oligos of let-7g* or non-coding (scramble) were transfected into endothelial cells. A.

Absolute level of TEER (in ohms, Q) after transfection of let-7g* or scramble miRNAs. B.
Quantification of the difference in percent change in TEER at -1, 3, 6, 9, and 16 h of
OGD/R. Results are presented as an average from at least two independent experiments
(*p<0.05 or **p<0.01 vs. scramble control) consisting of at least 3 replicates. Mice were
subjected to tMCAO and injected (i.v.) with liposome/exogenous miRNA complexes of
mimic oligos of let-7g*, non-coding (NC=scramble), or vehicle only, with sham serving as
the control. Quantification of FITC-labeled dextran 3kDA (C) or 10kDa (D) accumulation
and representative images of each section of the brain are shown for each treatment group
(sham control, scramble, let-7g*). Experiments were performed in triplicate with 4-7 mice
in each group. Permeability is represented as mean fluorescence + SD.
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Figure 3. let-7g* expression improves neurological scores in tMCAO.
let-7g* was injected at specified times (2 and 24 h) following tMCAQ as described

(Bernstein et al., 2019). Sham vehicle only or scramble (NC) were injected as negative
controls. Total ambulation activity test (A) and Corner test (B) were acquired prior to
surgery and after reperfusion following ischemia. Results are presented as mean+SD from 4
mice per condition. #p<0.05 vs. non-specific miRNA control.
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Figure 4. let-7g* expression recovers gait impairment after tMCAO.
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Mice were subjected to tMCAQ and injected with let-7g* or scramble (negative control
oligo) or sham (vehicle only). Gait analysis was performed at 3- and 7-days post-stroke as
described in Methods. A. Schematic of gait analysis by foot print. Quantification evaluation
of front (B) and rear (D) foot stride, or front (C) and rear (E) foot spread was performed on

mice, and presented as mean+SD from 7-14 mice per condition.
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Figure 5. let-7g* overexpression lessens microglia activation after tMCAO.
Mice were subjected to tMCAQ and treated with liposome/exogenous miRNA complexes of

mimic oligos of let-7g*, non-coding (NC=scramble), or vehicle only. Microglial activation
was measured by IBA staining by immunohistochemistry. A. Representative images of
immunohistochemistry of IBA in brain sections, shown at 20X. Quantitative analysis of
IBA-1 positive cells per field (B) or region of interest (ROI)(C), area per each IBA-1+ cell
(D) and percent of processes per ROI (E) are presented. Data are shown as mean +SD.
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Figure 6. let-7g* expression reduces CNS infiltration of neutrophils and T cells after tMCAO.
Mice were subjected to tMCAQ and treated with liposome/exogenous miRNA complexes of

mimic oligos of let-7g*, non-coding (NC=scramble), or vehicle only. Flow cytometry
analysis of BILs isolated from infarcted hemisphere (n=4). BILs were stained for CD45,

CD3, CD4, CD8 and Ly6G markers. 10,000 events were recorded per tube. A.

Representative FACS plots for above mentioned markers. Data are presented as mean +SD
for CD45M cells (B), CD45MNCD3* T cells (C), CD45"MCD3*CD4* (D) and
CD45MNCD3*CD8* T cells (E), and CD45NLy6G* neutrophils (F).
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Figure 7. let-7g* overexpression prevents neuronal death after tMCAO.
Mice were subjected to tMCAQ and treated with liposome/exogenous miRNA complexes of

mimic oligos of let-7g*, non-coding (NC=scramble), or vehicle only. A. Representative
images of immunohistochemistry of NeuN in brain sections, shown at 20X. B. Data are

presented as mean £SD.
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