JCBFM

Journal of Cerebral Blood Flow &
Metabolism

Silencing the IncRNA Maclpil in e T

Original Article

pro-inflammatory macrophages A

° DOI: 10.1177/0271678X19836118

attenuates acute experimental journalssagepub com/homeljcfm
®SAGE

ischemic stroke via LCPI in mice

Yan Wang', Ying Luo', Yang Yao', Yuhua Ji', Liangshu Feng',
Fang Du', Xiaoya Zhengz, Tao Tao', Xuan Zhai', Yaning Li',
Pei Han?, Baohui Xu? and Heng Zhao'

Abstract

Long noncoding RNAs (IncRNA) expression profiles change in the ischemic brain after stroke, but their roles in specific
cell types after stroke have not been studied. We tested the hypothesis that IncRNA modulates brain injury by altering
macrophage functions. Using RNA deep sequencing, we identified 73 IncRNAs that were differentially expressed in
monocyte-derived macrophages (MoDMs) and microglia-derived macrophages (MiDMs) isolated in the ischemic brain
three days after stroke. Among these, the INcRNA, GMI15628, is highly expressed in pro-inflammatory MoDMs but not
in MiDMs, and are functionally related to its neighbor gene, lymphocyte cytosolic protein | (LCP1), which plays a role in
maintaining cell shape and cell migration. We termed this IncRNA as Macrophage contained LCPI related pro-inflam-
matory IncRNA, Maclpil. Using cultured macrophages polarized by LPS, M(LPS), we found that downregulation of Maclpil
in M(LPS) decreased pro-inflammatory gene expression while promoting anti-inflammatory gene expression. Maclpil
inhibition also reduced the migration and phagocytosis ability of MoDMs by inhibiting LCP/. Furthermore, adoptive
transfer of Maclpil silenced M(LPS), reduced ischemic brain infarction, improved behavioral performance and attenuated
penetration of MoDMs in the ischemic hemisphere. We conclude that by blocking macrophage, Maclpil protects against
acute ischemic stroke by inhibiting neuroinflammation.
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to be involved in stroke-induced neuroinflammation.® >

Among these cell types, macrophages vastly outnumber
Stroke is one of the leading causes of human death, all other leukocytes in the ischemic brain. They receive
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leukocytes by releasing inflammatory factors, thus they
are a central player in stroke-induced neuroinflamma-
tion.® Macrophages derive from both brain residential
microglia and peripheral monocytes. Our previous data
showed that monocytes-derived macrophages (MoDMs)
are a double-edged sword; they exacerbate severe brain
injury in the acute phase, but promote functional brain
recovery in the chronic phase.”®* Nevertheless, the most
recent studies suggest that microglia and microglia-
derived macrophages (MiDMs) are beneficial in redu-
cing brain injury.” Considering that MoDMs and
MiDMs differ in their roles in ischemic brain injury
induced by stroke, we aim to leverage their differences
to facilitate the development of effective therapies.'”

Long non-coding RNAs (IncRNAs) are untranslated
regulatory RNAs with more than 200 nt in length. The
IncRNA expression profile was significantly altered
after ischemic stroke, both in animal models and
patients’ blood samples.'""'* IncRNAs were shown as
a key mediator in gene expression and function regula-
tion in ischemic stroke.'*™'® After ischemia, IncRNA
H19 levels increased in the ischemic brain, and were
shown to promote neuroinflammation in ischemic
stroke by driving histone deacetylase 1-dependent M1
microglial polarization in BV2 cells lines.'"* However,
one limitation is that previous studies analyzed the
IncRNA in the whole brain tissue as a bulk assay.
Considering the fact that IncRNAs have a high cell type
specificity, we aimed to identify the specific profiles of
IncRNAs in MoDMs and MiDMs in acute brain injury
after stroke and to manipulate them for stroke therapy.

In our current study, we screened the IncRNA
expression patterns from FACS sorted MoDMs and
MiDMs after ischemia, identified the IncRNA,
Maclpil, that is highly expressed in MoDMs but not
MiDMs. This IncRNA is functionally related to its
neighbor gene, lymphocyte cytosolic protein 1
(LCPI1). We studied Maclpil functions using both in
vitro macrophage cultures and in vivo mouse stroke
models, and demonstrated that inhibition of Maclpil
in MoDMs protects against brain injury induced by
acute stroke in an experimental mouse model.

Materials and methods
Animals

Male C57BL/6 mice (8-10 weeks, stock number
000664) were purchased from Jackson Laboratories
(Maine, USA). Five mice were housed in each cage at
the Stanford animal facility under a 12:12-h light-dark
cycle (lights on at 07:00 a.m.), at a temperature of 65—
75°F and 40-60% humidity, with freely available food
and water. All animal experiments were performed
under the protocols based on the NIH Guidelines for

Care and Use of Laboratory Animals. All experiments
were performed in accordance with the ARRIVE
(Animal Research Reporting In Vivo Experiments)
guidelines,'” and approved by the Stanford Institutional
Animal Care and Use Committee (IACUC). Animals
were randomly assigned to groups; behavior tests and
treatments were conducted in a blinded fashion — the
researcher performing the surgeries was unaware of the
animal groups. A total of 177 male mice were included
with 36 mice excluded in this study. The criteria to
exclude the animals from the study were: (1) had no
neurological deficits after stroke; (2) brains had evidence
of surgical subarachnoid hemorrhage (no more than two
mice were excluded in each group); (3) did not fit the base
line of the behavior test before surgery for that test.

Focal cerebral ischemia

Focal ischemia in male mice (22 to 25 g) was induced by
middle cerebral artery occlusion (MCAO) for 45 min,
which generated infarction in both the cortex and the
striatum, as we previously described.'®!” Anesthesia
was induced by 5% isoflurane, and maintained with
2% isoflurane throughout the surgery. Core body tem-
peratures were monitored with a rectal probe and main-
tained at 37°C.

Infarct size measurement

Three days after surgery, mice brains were collected and
infarct size of the ischemic region was measured as pre-
viously described.?® In brief, four to five blocks of 2mm
thick coronal sections were prepared and stained with
2%  2,3,5-triphenyltetrazolium chloride (TTC) for
10 min and fixed with 4% paraformaldehyde overnight.
Infarct size was measured using the National Institutes of
Health Image J software.’! It was normalized to the
contralateral hemisphere and expressed as a ratio accord-
ing to the following formula: (area of non-ischemic hemi-
sphere — area of non-ischemic tissue in the ischemic
hemisphere)/area of non-ischemic hemisphere.?

RNA deep sequencing in FACS sorted MoDMs and
MiDMs

To conduct RNA deep sequencing, brain leukocytes
were isolated from the ischemic brains. The detailed
procedures are listed below:

1. Brain mononuclear cell isolation and FACS sorting:
Three days after stroke, the brain was dissected after
trans-cardinal perfusion with 50ml cold PBS.
Mononuclear cells were collected as described previ-
ously.**? In brief, ischemic hemispheres were homo-
genized and filtered through a 70 um cell strainer.
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Cell pellets were suspended in 37% Percoll (GE
Healthcare, Pittsburgh, USA), then 2ml of 70%
Percoll was loaded under the cell suspension. After
30min of centrifugation at 2000r/min, the inter-
phase cells were collected. After another wash with
1% BSA in PBS, cells were first stained live/dead
aqua for 10min, then co-stained for 30 min on ice
with anti-mouse CD45 (clone 30-F11, PE-Cy7), anti-
mouse CDI11b (clone M1/70, FITC), anti-mouse
Ly6G (clone 1A8 Alexa Flour 647), anti-mouse
CD19 (clone 1D3/CDI19, PE) and anti-mouse CD3
(clone 17A2, APC) in darkness. All the antibodies
were purchased from BioLegend®, California, USA.
Cells were then washed with 1% BSA in PBS, cen-
trifuged, and resuspended in 200 pl 1% BSA in PBS.
MoDMs and MiDMs were first excluded from T
cells, B cells and neutrophils by using the CD3,
CD19, and Ly6G markers and identified as
CD45"CDI11b" and CD45'°YCD11b™", respectively.
For each RNA sample sequenced, five animals were
pooled together, and the total cell number was one
million cells for MoDMs, and two millions for
microglia or MiDMs.

2. RNA extraction and quantitation: Total RNA was
extracted from sorted microglia/MiDMs and
MoDMs by using TRIzol® (Life Technologies,
California, USA) according to the manufacturer
instructions. After centrifuging and removing etha-
nol, the RNA pellets were dried at room temperature
and re-suspended in 20 ul RNase-free water. RNA
concentration was determined by using a NanoDrop
(NanoDrop Technologies, Wilmington, Delaware,
USA), and RNA integrity was assessed by Agilent
Bioanalyzer 2100 system with a small RNA chip
(Agilent Technologies, California, USA).

3. RNA library construction and deep sequencing:
RNA libraries were created from each sample
using the TruSeq Stranded mRNA HT Sample
Preparation  Kit (Illumina, Inc., Hayward,
California, USA; Catalog: RS-122-2103). The first
step in the workflow involved two cycles of oligo
(dT) magnetic bead purification of poly (A)*
mRNA. (Life Technologies Corporation, Carlsbad,
California, USA). The purified mRNA was then
fragmented into ~200 nucleotides using divalent cat-
ions at an elevated temperature. The cleaved RNA
fragments were subsequently converted into double-
stranded cDNA by using RNase H and Escherichia
coli DNA polymerase. Through an end-repair reac-
tion, non-templated A residues were added to the 3
ends of the double-stranded cDNA and special
Illumina adapters were ligated onto the cDNA.
The products of these reactions were purified and
enriched by PCR to generate the final cDNA library.
Library quality was assessed on the Agilent

Bioanalyzer 2100 system (Agilent, Santa Clara,
California, USA). Finally, the purified cDNA was dir-
ectly used for cluster generation and single-end
sequenced in 50 bp using an Illumina HiSeq 2000 plat-
form (Illumina, Inc., San Diego, California, USA).

RNA-seq data analysis

Reads were formatted into Fastq Format using
Bam2fastx, then mapped to the mouse genome using
Tophat.>® The estimate gene expression was analyzed
using Cufflinks.>* Each RefSeq gene’s expression was
summarized and normalized bioconductor R package.
The identified IncRNA must have transcripts of at least
200 bp and not translate into protein product. The
pipeline of RNA-seq analysis was summarized in
Supplementary Figure 1(b).

Primary monocyte isolation and macrophage culture

Monocytes from C57BL/6J mouse bone marrow were
first treated with RBC lysis buffer (eBioscience, Inc.,
San Diego, California, USA; Catalog: 00-4300-54).
To culture monocyte-derived macrophages, the cells
were planted into 24-well plates at 37°C in a 5% CO,
incubator. After 12-24 h, cell media was exchanged to
10-20ng/ml M-CSF recombinant mouse protein
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA, Catalog: PMC2044) for six days to differentiate
peripheral monocytes from the neutral state macro-
phage, M(M-CSF). M(M-CSF) can be further polar-
ized after 24 h to the pro-inflammatory M(LPS) using
1 ug/ml Lipopolysaccharides (LPS; Sigma-Aldrich, St.
Luis, Missouri, USA, Catalog: L.2880), and anti-inflam-
matory M(IL-4) using 2pg/ml Recombinant Murine
IL-4 (PeproTech Sciences, Inc., Ontario, Canada;
Catalog: 214-14).

Maclpil and LCPI| knockdown

SiRNA for LCP1 knockdown were purchased from
Ambion by Life Technologies (ThermoFisher Scientific,
Waltham, Massachusetts, USA; siRNA ID150197), and
the control scramble siRNA was purchased from
QIAGEN (Qiagen Inc., Germantown, Maryland, USA;
Catalog: 1027292). This siRNA negative control was
conjugated with AlexaFlor 488, thus the transfection effi-
ciency can be detected using AlexaFlor 488 signal using
FACS, which was around 80%. Three siRNAs were ini-
tially designed to target Maclpil by using ThermoFisher

Scientific’s  online tool (ThermoFisher Scientific,
Waltham, Massachusetts, USA). After comparing the
outcomes, siRNA(sequence: AAUGCACAGAGAC

AUUAGCATdT) was chosen to perform the experiment.
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The siRNA was synthesized at the Stanford University
Protein and Nucleic Acid (PAN) Facility. The siRNAs
were transfected into M(LPS) using the HiperFect
Transfection Reagent (Qiagen Inc., Germantown,
Maryland, USA, Catalog: 301704) to produce Maclpil-
silenced M(LPS) (MSM). In brief, 4 x 10* cells were
planted in each well of a 24-well plate; 10nM siRNA
was then mixed with 4.5ul HiPerFect Reagent for
15min at room temperature and added into the cell cul-
ture following the instructions.

Adoptive transfer of macrophages

The primary monocytes were obtained from bone
marrow and then polarized into macrophages, and
transfected with siRNA. The cells (6 x 10° cells) as pre-
pared above and control macrophages, were collected
and adoptively transferred (I'V injection) into mice after
MCAO. To track whether the siRNA transferred cells
infiltrate into the ischemic brain, donor monocytes were
isolated from B6.SJL-Ptprca Pepcb/ BoylJ (CD45.1")
mice, cultured into macrophages and transfected with
siRNA, then IV injected into the recipient mice
(CD45.2%) after stroke. Immune cells were isolated
from the ischemic brain, spleen, blood, bone marrow
and lymph nodes 18 and 50h after transfer, and the
CD45.1" cells were analyzed by FACS.

In vitro cell migration and phagocytosis assay

The cultured MoDM was collected and plated in a
24-well transwell plate (Transwell® Inserts, Sterile,
Corning®, Massachusetts, USA, Catalog: 3492).
Chemokines CCL2 (MCPI, BioLegend®, California,
USA, Catalog: 578402) were added into the lower
chamber at 2ng/ml.*> After 4h of incubation at 5%
CO,, 37°C, cell numbers from the upper and lower
chambers were collected and counted using trypan
blue for live/dead staining. To test the phagocytosis
assay, the cultured macrophages were plated in a
6-well plate at 80% density. Latex beads — rabbit
IgG-FITC complex — were added directly to the cell
culture to a final dilution of 1:250 (phagocytosis assay
Kit, IgG FITC, Cayman Chemical Co., Michigan,
USA, Catalog: 500290) and cultured cells at 5% CO,,
37°C. The cells, which engulf the beads, were detected
as FITC™ cells using FACS.

Immunofluorescence staining

Brains were collected after PBS perfusion and immedi-
ately frozen, then cut into 20 um thick coronal sections
on a cryostat (Leica, Wetzlar, Germany), collected on
premium charged microscope slides, and stored at
—80°C. Sections were first treated with 4% PFA for

30min at 37°C, then washed with PBS twice, each for
10 min; then treated with 0.3% triton-100 in PBS for
30 min, and blocked by 10% BSA for 1 h at room tem-
perature. Primary antibodies including Rat anti-mouse
CDI11b antibody (BD biosciences, USA, Catalog:
553309), mouse anti-mouse CD68 antibody (Catalog:
ab955, Abcam, USA), and rabbit anti-mouse iNOS
(Catalog: ab15323, Abcam, USA) were added on each
slide in a 1:100 dilution at 4 °C and incubated overnight.
After three washes, the sections were incubated with
the secondary antibody, Alexa 488-conjugated goat
anti-mouse antibody (1:200; Invitrogen, Carlsbad, CA,
USA, Catalog: A-11001) and Alexa 594-for 60 min at
room temperature. After washing with PBS, stained sec-
tions were mounted with DAPI.

Real-time PCR

RNA was purified using RNeasy Mini Kit (Qiagen Inc.,
Germantown, Maryland, USA; Catalog: 74104) and
reverse transcripted to cDNA using the RT? Easy
First Strand Kit (Qiagen Inc., Germantown,
Maryland, USA; Catalog: 330421). Real-time PCR
(RT-PCR) was conducted using Power SYBR® Green
PCR Master Mix (Thermo Fisher Scientific, Waltham,
Massachusetts, USA, Catalog: 4367659) and Rox
Reference Dye (Thermo Fisher Scientific, Waltham,
Massachusetts, USA, Catalog: 1223-012) on the
Stratagene Mx3000P QPCR System. GAPDH and
18S RNA were used as reference genes. All primers
were synthesized at the Protein and Nucleic Acid
(PAN) facility at Stanford University (primer sequences
are listed in Supplementary Table 1).

Neurobehavioral examination

Neurobehavioral tests were carried out by an investiga-
tor who was blinded to the surgery. This assay is based
on a modified neurological severity score (mINSS) system
to present a comprehensive assessment of neurological
functions including motor, sensory, balance, and reflex
tests.”® The higher the scores, the more severe the injury.
More specifically, the mNSS ranges from 0 to 14, in
which 0 represents normal and 14 represents the highest
degree of neurological deficiency. For the motor assay,
after holding up the tail of the mouse, the bend and limb
torsion was observed (score 0-3). The posture of walking
on the floor was also checked (score 0-3). For the bal-
ance test, the mice were placed on a beam to test whether
the mouse could keep its balance on the beam, if its
limbs fell off the beam, and its ability to walk across
the beam (score 0-6). For the sensory and reflex tests,
pinna and corneal reflexes were examined, respectively
(score 0-2). For the behavior assays of the pole tests,
mice were trained three times, from five days before
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surgery. After the MCAO surgery, a test was performed
on day 3, day 5, day 7 based on previously described
methods.?’

Statistical analysis

All results are presented as mean =+ SD. Statistical sig-
nificance of differences among groups was determined by
two-tailed unpaired and paired Student’s z-test. For
experiments with one treatment and more than three
groups, one-way ANOVA was applied. For experiments
with more than one treatment or variants, two-way
ANOVA was performed followed by Tukey’s multiple
comparisons test using PRISM 7.0 (GraphPad Software,
La Jolla, California, USA, www.graphpad.com).

Results

RNA sequencing showed distinct IncRNA expression
patterns in MoDMs vs. MiDMs in the ischemic brain
dfter stroke

Previous studies have shown that CD11b and CD45 are
well defined cell surface markers used to identify
MoDMs and MiDMs.”?%% In this study, MoDMs
and MiDMs were sorted by FACS as CD45"CD11b"
and CD45"°"CDI11b", respectively, after excluding T
cells, B cells and neutrophils by using the CD3,
CD19, and Ly6G markers (Figure 1(a)). Because our
purpose in this study is to compare relative IncRNA
expression levels in MoDMs and MiDMs, and thus
only microglia (without monocytes) from sham animals
was used as a control, which sets a baseline to compare
IncRNA expression in MoDMs and MiDMs. As a
result, the deep sequencing identified 73 IncRNAs
that are differentially expressed in MiDMs and
MoDMs three days after stroke. (Figure 1(b),
Supplementary Figure 1(a) and (b)). Among those,
21% of IncRNA expression levels were higher in
MoDMs, while 34% were higher in MiDMs. In add-
ition, 15% of IncRNAs were specifically expressed in
MoDMs but not in MiDMs, while 30% were expressed
in MiDMs but not in MoDMs (Figure 1(c)).

Our hypothesis is that IncRNAs modulate brain
injuries by altering MoDMs functions, as we recently
reported that MoDMs play critical roles in brain
injury.” Therefore, six IncRNAs that match the follow-
ing criteria were selected for further studies. First, they
are highly or only expressed in MoDMs; second, the
IncRNAs may affect macrophage functions by affecting
their neighbor genes that were analyzed using NIH gen-
etic sequence database GenBank® to check the location
and function of their neighbor genes,*® (Supplementary
Figure 2(a), Pipeline for candidate IncRNA selection).
Based on the screen result, only two IncRNAs

expressed in MoDMs and four IncRNAs had higher
expression levels in MoDMs compared to MiDMs
were selected as candidates. During the acute stroke
phase, the pro-inflammatory macrophages are the
major components. Thus, we further screened the six
candidate IncRNAs to select only one that is anti-
inflammatory for final study. The candidate IncRNAs
and their target genes are listed (Figure 1(d),
Supplementary Table 2).

Maclpil expression is closely related to
pro-inflammatory macrophage polarization

Macrophage polarization is controlled by the tissue
microenvironment and extrinsic factors.*! The polariza-
tion status of macrophages is relatively plastic; they can
be converted from pro-inflammatory to anti-inflamma-
tory depending on the stimuli and signals.®’ Our previ-
ous study showed that pro-inflammatory macrophages
are the dominant type during the acute phase of ische-
mia.” Therefore, we polarized the monocytes in vitro,
and screened the six candidate IncRNA expression
levels in the pro- and anti-inflammatory macrophages
(Supplementary Figure 2(b)). The results showed that
only the IncRNA Maclpil (Gm15628) expression was
significantly higher in M(LPS) compared to M(IL-4)
(Supplementary Figure 2(c)). Then, we quantified the
Maclpil expressions at different time points after adding
LPS, and found that its expression was gradually
increased, which was similar to the changes in
M(LPS) marker genes iNOS (Figure 2(a)), suggesting
that Maclpil is functionally related to pro-inflammatory
macrophage polarization.

Next, we designed siRNA to knockdown Maclpil
expression (Figure 2(b)). Downregulation of Maclpil
by siRNA resulted in reductions in the pro-inflamma-
tory genes iNOS and IL-1f3 (Figure 2(b), (b) and (c) ),
but increased the anti-inflammatory M(IL-4) marker
gene expressions Arginasel and Fizzl (Figure 2(b), (d)
and (e)). ELISA analyses further confirmed that
Maclpil knockdown resulted in reduced IL-1f protein
expressions (Figure 2(c)).

Maclpil modulates macrophage migration and
phagocytosis by regulating its actin-relevant
neighbor gene LCPI

Migration and phagocytosis are highly related to cell
cytoskeleton structures.**** LCPI is a key protein
involved in both phagocytosis and migration function
via actin filaments and actin-based structures.’** Maclpil
is located intragenically with LCPI (Supplementary
Figure 3(a)), and thus we hypothesized that LCP1
might be involved in the decline of phagocytosis and
migration induced by the downregulation of Maclpil.
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To confirm the hypothesis, we first checked
STRING (http://string-db.org/), an online database
to summarize the network of predicted associations
for a protein.”> LCP1 was shown to have strong links
to cell skeleton proteins such as Actgl and myosin
(Supplementary Figure 3(b)). RT-PCR results showed
that when Maclpil was knocked down by siRNA in
cultured M(LPS), both Maclpil and LCPI expressions
were inhibited (Figure 3(a)). In vitro cell migration test

showed that when Maclpil or LCPI (Figure 3(a),
Supplementary Figure 3(c) for LCPI) was knocked
down, fewer MoDMs migrated into the lower cham-
bers, while more MoDMs stayed in the upper chambers
(Figure 3(b)). To test the phagocytosis ability, FITC*-
labeled latex—rabbit IgG beads were added into the in
vitro cultured MoDMs. When LCPI or Maclpil expres-
sion was blocked, fewer FITC" beads were engulfed by
M(LPS) (Figure 3(c)).
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Figure 2. The IncRNA Maclpil (GM15628) expression is linked to the pro-inflammatory macrophage M(LPS) polarization in vitro.
Bone marrow-derived monocytes (BMDM) were cultured and differentiated into macrophages, then polarized to pro-inflammatory
macrophages by adding LPS in vitro. (a) Real-time qPCR shows the Maclpil and iNOS expression time courses at the transcriptional
level in BMDM at Oh, | h, 24 h, and 48 h after LPS addition to the cultured macrophages. The values represent Mean £SD, one-way
ANOVA, *, ¥ #k 5 < 0.05, p < 0.01, p <0.0001, respectively. (b) The effects of Maclpil knockdown by siRNA on inflammatory gene
expressions in M(LPS) at 48 h after LPS addition. (a) The RT-qPCR results show that transfecting a Maclpil-specific siRNA in M(LPS)
resulted in reductions of Maclpil RNA expressions. Maclpil reduction resulted in the decrease of the pro-inflammatory genes, iNOS and
IL-1B (b—c), but increases in the anti-inflammatory genes, Argnasel and Fizz| (e—f). (c) ELISA results show that Maclpil knockdown
resulted in the reduction in IL- 13 proteins in cell supernatant of cultured M(LPS) measured at 48 h after LPS addition. The experiments
were repeated three times. n=3 in each group, one-way ANOVA, *#* *F p < 0.05, p <0.01, p <0.001.

Silencing Maclpil in M(LPS) protects against ischemic
stroke in vivo

macrophages (MSM), were IV injected into mice
after stroke onset (Figure 4(a)). Infarct sizes were
measured by 2,3,5-TTC staining three days after

To test whether blocking Maclpil in MoDMs protected — stroke. The results showed that mice adoptively trans-
against stroke in vivo, macrophages transfected with ferred with MSM had significantly reduced infarct sizes
Maclpil siRNA (6 x 10° cells), i.e. Maclpil-silenced (Figure 4(b)), and a higher survival ratio (Figure 4(c)).
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actin-relevant neighbor gene LCP/. (a) RT-PCR results show that
when Maclpil was knocked down by siRNA in cultured M(LPS),
both Maclpil and LCP| expressions were inhibited for 48 h after
LPS addition. *¥ p < 0.0001, one-way ANONVA, n=3. (b) In
vitro transwell cell migration assay. The knockdown of LCP/ or
Maclpil decreased the cell migration from the upper chamber to
the lower chamber. Mock control (cells with transfection reagent
only, without adding siRNA). (c) In vitro cell phagocytosis assay.
FACS results showed that when LCP| or Maclpil was knocked
down by siRNA, the numbers of cells phagocytosed FITC™ latex
beads were significantly reduced. Mock control (cells with
transfection reagent only, without adding FITC* beads).

*, ¥ b < 0.05, p <0.001, one-way ANOVA.

The MSM group had significantly higher neurological
scores on day 3 and day 5 (Figure 4(d)) and better
behavior performances compared to mice receiving
pro-inflammatory macrophages transfected with con-
trol siRNA, using the pole test®’ (Figure 4(e)).

Maclpil sliced macrophages inhibited
neuroinflammation and relieved the
peripheral immunosuppression

To understand how this modified macrophage functions
after stroke, we tracked whether the Maclpil-silenced
CD45.1 macrophages that were adoptively transferred
into CD45.2 mice infiltrated into the ischemic brain
(Supplementary Figure 5). CD45.1% cell numbers were
analyzed by FACS in the ischemic brain, spleen, blood,
bone marrow, and lymph nodes. The results showed that
Maclpil-silenced CD45.17 macrophages were increased
in the ischemic brain at 18 h post-transfer, but few were
identified at 50 h. While these modified macrophages had
largely accumulated in the spleen at both 18 h and 50h,
few were detected in the blood, bone marrow, and lymph
nodes (Supplementary Figure 5).

We then analyzed the effects of MSM on neuroin-
flammatory response in the ischemic brain. The
immune-fluorescence staining showed that stroke
resulted in strong expressions of CD68" and iNOS in
control mice, but MSM significantly attenuated CD68™
and iNOS™ cell numbers and their percentages in total
microglia/macrophages (Figure 5(a)). The FACS results
confirmed that MSM blocked MoDMs infiltration into
the ischemic brain three days after stroke (Figure 5(b),
Supplementary Figure 5(a)), but it did not significantly
affect microglia, B cells and T cells. When we checked
the immune cells in the peripheral organs, MSM signifi-
cantly attenuated reductions in the total cell numbers
and most leukocyte subtypes in the spleen. A similar
trend is also observed in the peripheral blood, although
significant differences were not observed in the total
numbers and some leukocyte subsets (Supplementary
Figure 4, Supplementary Figure 5). Previous studies
showed that stroke could induce profound immunosup-
pression.*® In this study, we showed that injections of
MSM could relieve this immunosuppression.

Discussion

In the current study, we showed that MoDMs and
MiDMs had distinctive IncRNA expression profiles
after ischemic stroke. LncRNA Maclpil was specifically
expressed in MoDMs three days after ischemia.
Downregulation of Maclpil converted macrophages
from pro-inflammatory to anti-inflammatory pheno-
types, decreased their migration and phagocytosis ability
by inhibiting its neighbor gene LCP1. Adoptive transfer
of MSM reduced brain infarction by inhibiting
neuroinflammation.

LncRNA expression profiles had significantly altered
after ischemic stroke in the mouse model.'>'*¥” Some
IncRNAs were reported to play direct roles on ischemic
outcomes. For instance, IncRNA MEG3 regulated
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Figure 4. IV injection of Maclpil-silenced M(LPS) (MSM) protected against acute ischemic stroke. (a) Schematic diagram of experi-

mental design. Behavioral training started five days before surgery.

Cells were injected immediately after MCAO surgery (Day 0). Mice

were euthanized for TTC staining on day 3 after stroke onset. Behavior test and neurological scores were tested from day 3 to day 7.
(b) Representative TTC staining and the bar graph show the statistical results of infarct sizes as percentages measured at three days
after ischemic stroke. n=6-8 mice/group. (c) Survival curve from day 0 to day |5 after MCAQ. n= 10—12 mice/group. (d)
Neurological score from day 3 to day 7, n= 10—12 mice/group. One-way ANOVA, *** p < 0.05, p <0.01. (e) The behavioral
assessment was conducted by using the pole test, showing the average walking time from the top to the bottom of the vertical pole.
n=10-12 mice/group. *, *¥ ** p < 0.05, p <0.01, p <0.0001. Two-way ANOVA followed by Tukey’s multiple comparisons test

(within each column).

ischemic neuronal death®®; silencing RMST had a pro-
tective function against ischemic stroke induced by
MCAO.¥ In stroke patients, a total of 299 IncRNAs
expressed differently in 266 whole-blood RNA sam-
ples.'> However, a major limitation of these studies
was using bulk tissue rather than specific cell types,
which lack the information of IncRNA cell specificity.
In our current study, we tested the hypothesis that
IncRNAs have distinct expression profiles in MoDMs
and MiDMs, and specifically regulate cell functions.
This is based on previous IncRNA studies. First,
IncRNA expression had cell type specificity.***! Using
the in situ hybridization data from the Allen Brain Atlas,
the expression signatures of IncRNAs were shown to

have a strong relationship with specific cell types.***

IncRNA expressions were reported to have significant
differences between gray and white matter, as these
two brain components contain different cell popula-
tions.** The highly distinct IncRNAs expression profiles
were reported in the hippocampus and the pre-frontal
cortex in the mouse brain based on the transcriptome
assay data.*> Second, LncRNAs also play critical roles in
gene expression regulation. For instance, IncRNA
rhabdomyosarcoma 2-associated transcript (Rmis?) inter-
acted with its target gene SOX2 to regulate neurogenesis
and blocking Rmst from extending the initiation of
neural differentiation.*® The neural-specific IncRNA
Pinky (Pnky) interacted with a splicing regulator,
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Figure 5. The effects of MSM adoptive transfer on leukocyte accumulations in the ischemic brain. (a) Confocal immunofluorescent
staining for CD | Ib, CDé68, and iNOS, and counter stained with DAPI. The top panel shows a representative brain section stained with

cresol/violet, on which three indicated regions are identified for cell

number quantification. The middle panel shows the representative

staining of CD11b™ (red) and CD68™ (green), and the bottom panel shows the representative staining of CD| 1b™(red) and iNOS™

(green) in vehicle, control siRNA, and MSM groups at 72 h after st
numbers and their percentages in total microglia/macrophage (CD

roke. The bar graphs in the right show CDé8" and iNOS™ cell
I1b* cells). Scale bar: 20 um. n =5-6 mice/group. *, **p < 0.05,

p <0.01. (b) FACS analysis of the ischemic brain immune cells. The upper pictures show the representative gating methodology in the
brain to identify MoDMs, MiDMs, B cells, CD4 and CD8T cells. Bar graphs of the statistical results for each cell types. n=5 mice/

group, two-way ANOVA, * p < 0.05, *p < 0.01.

PTBPI1, to regulate neurogenesis from the embryonic
and postnatal neural stem cell (NSC) populations.*’
Inspired by these findings, our current study provides
novel insights about IncRNA specificity in macrophages
after ischemic stroke.

In this study, using the FACS sorting technique, we
obtained the separated MoDMs and MiDMs, which

enabled us to study the IncRNAs cell type specificity.
Using RNA deep sequencing, 73 IncRNAs were identi-
fied to be differentially expressed in MoDMs and
MiDMs isolated in the ischemic brain three days after
stroke. As we recently reported that MoDMs play crit-
ical roles in neuroinflammation and brain injuries after
stroke,” we aimed to identify IncRNAs that may protect
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against stroke by modulating MoDMs. Therefore, we
selected and screened six IncRNAs that are specifically
expressed in MoDMs, and their neighbor genes that are
involved in inflammation, and found that the IncRNA
Maclpil (GM15628) is critical for MoDMs functions.
We confirmed that Maclpil is mainly expressed in
MoDMs rather than in MiDMs. Inhibiting Maclpil in
M(LPS) decreased pro-inflammatory gene expressions,
while it increased some pro-inflammatory gene expres-
sions, suggesting that Maclpil knockdown can reverse
the functional macrophage phenotypes.

We have recently reported that adoptive transfer of
anti-inflammatory MoDMs significantly improved
recovery in mice during the chronic phase after stroke.”
In our current study, we further demonstrated that the
adoptive transfer of MSM attenuates infarct sizes and
improves behavioral performance. We showed that
MSM was identified in the ischemic brain at 18h but
not at 50h post-transfer. Nevertheless, a large amount
of these modified macrophages were accumulated in the
spleen at the both time points. It is likely that MSM
directly affects brain tissues through their presence in
the ischemic brain, and also indirectly affect brain
injury via the peripheral immune organs. This protective
effect is linked with a reduced inflammatory response
compared to its control group, as we found that
MSM attenuated CD68" and iNOS™ cell numbers, and
their percentages in total microglia/macrophages in the
ischemic hemisphere. It not only inhibited neuroinflam-
mation in the ischemic brain, but also attenuated
lymphopenia in the peripheral circulation, which is con-
sistent with our previous studies that neuroinflammation
is proportional with immunosuppression in the periph-
eral circulation.”*

The underlying mechanism of the IncRNA Maclpil
regulating macrophage functions remains unknown.
Nevertheless, our results showed that Maclpil downre-
gulation decreased LCPI1 expression, which is linked
with the reversal of pro-inflammatory macrophage to
anti-inflammatory phenotypes. In addition, we demon-
strated that Maclpil inhibition induced LCP1 downre-
gulation, which attenuated macrophage phagocytosis
and migration abilities. LCP1 is an actin-related cyto-
skeleton protein needed to maintain cell shape. We
speculate that LCP1 downregulation may result in
altered cell skeletons thus leading to cell shape changes,
and results in macrophage polarization status change
from the pro-inflammatory to anti-inflammatory
phenotypes. This speculation is supported by previous
studies. First, cell shape modulation has been shown to
determine macrophage polarization.*’ For instance, the
anti-inflammatory M(IL-4) phenotype shape is longer,
while the pro-inflammatory M(LPS) shape is more
rounded (Supplementary Figure 2(b)). McWhorter
et al.* showed that only the engineered cell culture

substrates that eclongate macrophages can promote
an anti-proinflammatory phenotype in the absence
of cytokine stimulation.*” In addition, LCP1 is func-
tionally correlated to cell skeleton components, which
affect cell shape and migration.® LCPI is also called
the actin-bundling protein L-plastin (LPL), which
binds to actin filaments to increase the stability of
the actin-based structure, which has been shown to be
closely related to immune cell functions.** Second,
LCPI is functionally related to immune responses.
LCP1 is functionally related to various immune
response related proteins, including leukocyte specific
transcript 1 (LSTI1), and interleukin 2 receptor
(IL2RG).”° LCP1 can activate T cells by phosphorylat-
ing serine together with cytokine stimulation.®!
LCP1 knock down by siRNA in T cells diminished
actin polymerization during synapse formation, and
synapse size.”> LCP17/~ T cells did not sufficiently pro-
duce TCR-mediated cytokines (e.g. IFN-y and IL-17)
and had lower proliferation rates than normal T
cells did.® Neutrophils isolated from LCP1~/~ mice
showed respiratory burst deficiencies.>® Third, LCP1
is also required for leukocyte trafficking, and
working together with Coronin A facilitates chemokine
induced cell trafficking.”’ LCP1 downregulation
decreased the motility towards chemokine CCL20 in
Jurkat T cells.>

In summary, we have demonstrated that MoDMs
and MiDMs have specific IncRNA expression profiles
in the ischemic hemisphere after stroke, and we identified
that the IncRNA Maclpil is only expressed in MoDMs.
Our in vitro studies showed that Maclpil knockdown
alters functional macrophage phenotypes by converting
pro-inflammatory macrophages into anti-inflammatory
phenotypes, and in vivo studies demonstrated that adop-
tive transfer of macrophages with silenced Maclipil
robustly reduced infarction and improved behavioral
performance. In conclusion, Maclpil knockdown in
macrophages protects against brain injuries, which is
linked with the inhibition of its target gene LCP1.
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