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ARTICLE INFO ABSTRACT

Keywords: Intracerebral hemorrhage (ICH) remains the most lethal type of stroke, and effective clinical therapies that can

Ir}traCEYEbral hemorrhage (ICH) speed up hematoma resolution after ICH are still lacking. While the beneficial effects of IL-10 on ICH recovery

Liposomes o have been demonstrated, the clinical translation of IL-10 requires effective delivery methods by which sufficient

Etc;i)phandylserme—hposomes (PSL) IL-10 can be delivered to ICH-affected regions in the brain. Here we report the use of a phosphatidylserine (PS)
. . liposome (PSL)-based nanoparticle system for microglia/macrophage-targeted delivery of IL-10 in ICH. We first

Microglia and macrophage-targeted drug ) X e N s

delivery prepared IL-10-conjugated PSL (PSL-IL10) and characterized their immunomodulating effects in vitro. Then we

evaluated the therapeutic effects, including hematoma absorption, short-term outcomes, and neuroinflammation,
of intranasally administered PSL-IL10 (3 pg IL-10 per mouse, 2 h post-ICH) in a collagenase-induced ICH mouse
model. We also isolated microglia/macrophages from the mouse brains with ICH to analyze their morphology,
phagocytosis ability, and polarization. Our study reveals that, 1) PSL-IL10 treatment resulted in significantly
improved outcomes and accelerated hematoma resolution in the acute phase of ICH; 2) PSL-IL10 inhibited glial
activation and down-regulated pro-inflammatory cytokine production; 3) PSL-IL10 induced Ibal™ cells with a
stronger phagocytosis ability; 4) PSL-IL10 activated STAT3 and upregulated CD36 expression in microglia/
macrophage. These findings collectively show that PSL-IL10 is a promising nanotherapeutic for effectively
ameliorating ICH.

long-term deficits [2,3]. ICH causes brain injury first by hematoma
formation, and expansion ensues from initial bleeding, causing me-

1. Introduction

Intracerebral hemorrhage (ICH) is the second most common cause of
stroke following ischemic stroke, accounting for 27.9% of all new
strokes in 2019 globally [1]. Among all strokes, ICH has the highest
mortality rate, with early-term mortality of about 30%-40%, and the
highest disability rate, with approximately 70% of patients experiencing

chanical damage (mass effect) to surrounding brain tissue. After the
primary injury, secondary injury follows due to perihemorrhagic
inflammation, toxic products of blood breakdown, and perihematomal
edema, continuing to cause brain injury and neuronal death [4,5].
Despite tremendous effort devoted to developing treatments aiming to
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reduce hematoma volume and thereby limit both primary and secondary
brain injury after ICH, there is no effective clinically available treatment
yet [6]. Surgical treatments, including hematoma evacuation [7-9] and
thrombolytic irrigation [10] have failed in clinical trials thus far. New
medicinal treatments that can effectively limit hematoma expansion and
accelerate hematoma resolution are desperately needed.

The endogenous hematoma clearance system is activated after ICH,
mainly through the phagocytosis by microglia/macrophages (M/M®s).
Within 1 h after ICH, microglia are activated in response to hematoma
[11]. Monocytes in circulation are recruited and mature into macro-
phages in the brain several hours after ICH [12,13]. While the exact role
of the pro-inflammatory phenotype of M/M®s is still debated [14], it is
believed that the adaptive regulatory phenotypes of M/M®s are bene-
ficial to hematoma resolution and neuroprotection, prominently
attributed to their effects to clear erythrocytes and phagocytose cell
debris [3,15,16]. Hence, identifying and optimizing therapeutics that
can convert the phenotype of M/M®s from pro-inflammatory to regu-
latory phenotype has been of great interest. For example, Xu et al.
recently confirmed the effectiveness of interleukin-4 in facilitating he-
matoma resolution and functional recovery after ICH [17]. We and
others revealed that another classic anti-inflammatory cytokine,
interleukin-10 (IL-10), can exert substantial neuroprotection in ICH by
eliciting M/M® phagocytosis function and anti-inflammatory polariza-
tion [13,18-21]. In the central nervous system (CNS), IL-10 is primarily
produced by microglia [22,23]. Our previous study confirmed that
microglia-derived IL-10 accelerated post-ICH hematoma clearance
through the signal transducer and activator of transcription 3
(STAT3)-dependent pathway [18,24]. However, the use of IL-10 as an
effective therapy requires suitable drug delivery methods by which
sufficient IL-10 can be delivered to the perihematomal regions because
directly administering IL-10 for treating CNS disorders has limited
translation potential [25]. Based on the past failures in the clinical trials
of using recombinant human IL-10 (rhIL-10) to treat inflammatory
bowel disease [26,27], pancreatitis [28], endotoxemia [29], and rheu-
matoid arthritis [30], systemic administration of free IL-10 faces many
challenges including low efficiency of targeted delivery due to short
half-life [31,32] and unwanted effects on other immune cells, including
T and B cells, dendritic cells, mast cells, and neutrophils [33]. Therefore,
new effective M/M®s-targeted delivery methods are needed to translate
IL-10-based ICH treatment to clinical use.

This study aimed to develop a new nanoparticle-based approach to
accomplish efficient, targeted delivery of IL-10 to M/M®s in the brain
after ICH. We chose phosphatidylserine (PS)-presenting liposomes
(PSLs) as the drug carrier because of its well-documented M/M®s tar-
geting ability. PS is a type of negatively charged membrane phospho-
lipid mainly distributed in the inner leaflet of the plasma membrane and
endocytic membranes of normal cells. The externalization of PS is a
hallmark of cell apoptosis and necroptosis [34], and PS presentation is
one of the most prominent “eat-me” signals to make apoptotic cells
recognized by phagocytes [35,36]. Mounting studies have exploited the
“eat-me” feature of PS to construct PS-presenting liposomes (PSLs) to
target macrophages specifically [37-40]. While PSLs can promote the
transformation of macrophages from pro-inflammatory to regulatory
phenotype [41-44], the effect is only moderate, and many studies just
used PSLs as macrophage-targeted drug carriers to deliver
anti-inflammatory therapeutics [42,45]. For instance, Toita et al.
recently reported the substantially enhanced anti-inflammatory and
anti-obesity effects of IL-10 conjugated PSLs compared to direct
administration of IL-10 [46]. They attributed the enhancement of
anti-inflammatory effects to the synergized stimulation of both PS and
IL-10 receptor-mediated signaling pathways by PSL-IL10. Inspired by
these previous studies, we rationalized that PSLs can be used as an
effective M/M®s-targeted delivery vehicle to improve the delivery and
treatment efficacy of IL-10 against brain injury after ICH. In this study,
we focused on evaluating the feasibility of intranasally administered
PSL-IL-10 for treating ICH in an experimental animal model and
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illustrating the mechanism. To the best of our knowledge, this is the first
report on the M/M®s-targeted, nanoparticle-mediated IL-10 ICH treat-
ment. The results of this study will provide insights into future trans-
lational research of cytokine-based immunotherapy for effectively
combatting ICH.

2. Methods and material
2.1. Preparation and characterization of PSL-IL10

Unless otherwise noted, all chemicals were purchased from Sigma
Aldrich (Saint Louis, MO, USA). Brain phosphatidylserine (PS), egg
phosphatidylcholine (PC), and rhodamine-B- phosphatidylethanolamine
(PE) were purchased from Avanti Polar Lipids, Inc.

The synthesis of PSL-IL10 is illustrated in Fig. 1. In brief, 150 pL
recombinant murine IL-10 (PeproTech, Cat# 210-10, 60 pg/mL) was
incubated with 10 pL palmitic acid-NHS (Sigma-Aldrich Cat# P1162, 20
mg/mL in ethanol) at 37 °C overnight under magnetic stirring according
to a previously published procedure [46]. The product was purified by
G50 sepharodex beads to remove unconjugated IL-10 and concentrated
using an Amicon Ultra-0.5 centrifugal filter (3000 kDa MWCO) for 4 min
at 3000 rpm.

Phosphatidylserine-Liposomes (PSLs) were prepared using the lipid
film hydration method as described previously [47-49]. In brief, brain
PS (0.32 mL, 25 mg/mL) and egg PC (0.275 mL, 25 mg/mL) at a molar
ratio of 5.4:4.6, were dissolved in chloroform, with 0.5%
rhodamine-B-PE being added to enable fluorescence imaging of PSLs. A
54% of PS was chosen to obtain a strong binding affinity to the cell
surface PS-receptor, T-cell immunoglobulin mucin protein 4 (Tim4) as
shown in the study by Hirose et al. [50]. The lipid mixture was dried in a
glass tube for 20 min under a gentle stream of air, followed by
freeze-drying for 30 min, and resuspended in 0.5 mL phosphate-buffered
saline (PBS). The solution was homogenized at 60 °C for 1.5 h, being
shaken every 30 min, and then passed sequential extrusion through 0.4,
0.2, and 0.1 pm polycarbonate membranes using an Avanti
Mini-Extruder, with at least 20 passages performed.

To 200 pL PSL solution, 150 pL of the synthesized IL10-palmitic acid
(~60 pg/mL) was added, and the mixture was incubated for 30 min at
room temperature. The size of the resulting PSL-IL10 was characterized
by dynamic light scattering (DLS) using a Nanosizer ZS90 (Malvern In-
struments, Southborough, MA) and transmission electron microscopy
using a Zeiss Libra 120 TEM operated at 120 KV and equipped with an
Olympus Veleta camera (Olympus Soft Imaging Solutions GmbH,
Miinster, Germany). The amount of IL10-palmitic acid incorporated into
PSLs was assessed using a Micro BCA™ Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. After the
absorbance of each sample at 562 nm (ODsg2) was measured using a
NanoDrop™ spectrophotometer (Thermo Fisher Scientific), the loading
efficiency of IL10 was calculated as: Loading rate (%) = (ODse2, psi.-1.10 -
ODsg2, psL)/ODsg2, 1L10-palmitic acid X 100%.

2.2. Invitro effects of PSL-IL10 on microglia

2.2.1. Primary microglia cell culture

The mouse pups at postnatal day 0-1 from Cx3crl1®™/* mice
(Jackson Lab) were decapitated rapidly. The brain was removed and
dissociated into single cells with papain as described previously [51].
The primary glial cells were cultured with DMEM/F12 (#11330057,
Thermo Fisher Scientific) with 10% fetal bovine serum (FBS)
(#10438026, Thermo Fisher Scientific). At 14 days of culture in vitro,
the primary glial cells were shaken at 200 rpm at 37 °C for 4 h and the
primary microglia were collected from the supernatant. To address
whether microglia engulf PSL-IL10, the primary cultured microglia were
cultured in cell culture slide chamber (Thermo Scientific) at 10* cells per
well for 3 days and incubated with rhodamine B-labeled PSL-IL10 (3.2
x 108 particles/mL) for 24 h. The primary microglia were washed with
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Fig. 1. Schematic illustration of the synthesis of PSL-IL10. A) Synthesis of IL10-palmitic acid. B) Synthesis of PSL, and C) Synthesis of PSL-IL10, with the right panel
showing their size characteristics studied by dynamic light scattering (DLS) and transmission electron microscopy (TEM).

phosphate-buffered saline (PBS), then fixed with 4% paraformaldehyde
(PFA). The images were taken with Nikon E90i microscope.

2.2.2. Phagocytosis assay

Primary cultured microglia were incubated with PSL-IL10 for 24 h,
then treated with pH-sensitive pHrodo® Red Zymosan Bioparticles
(P35364, Thermo Fisher Scientific) according to the manufacturer’s
instructions. Due to the pH-sensitive nature of the fluorescence dye, the
beads are only fluorescent (ex/em = 560/585 nm) in endosomes
following phagocytosis. Three hours later, cells were washed with PBS
and fixed with 4% PFA. The images were taken with Leica microscope
(DM6 FL, USA). The phagocytosis ability of cells was quantified by
fluorescent intensities.

2.3. Animals

All animal protocols were conducted in compliance with the ARRIVE
and RIGOR guidelines for the use of experimental animals [52], and
approved by the Institutional Animal Care and Use Committee at Johns
Hopkins University School of Medicine. Wild-type C57BL/6J mice
(male, 2-month-old) and and Cx3cr1®™™* mice were purchased from
Jackson Laboratory (Bar Harbor, ME). cD361°%/floX mice and LysMCre *
CD361°%/1X mice were obtained from Dr. Ira J. Goldberg (New York
University, New York, NY).

2.4. ICH model

Under anesthetization using 1%-3% isoflurane inhalation and
ventilation with oxygen-enriched air (20% 0,:80% air) by a nose cone,
mice received an intracranial injection of 0.5 pL of collagenase VII-S
(#C€2399, MilliporeSigma, St. Louis, MO, USA) at 0.15 U/pL (0.1 pL
per minute) in the left striatum (0.6 mm anterior and 2.0 mm lateral to
the bregma, and 3.0 mm in depth). During the operation, body tem-
perature of the mice was maintained at 37.0 £ 0.5 °C. Sham-operated
mice received a saline injection at the same location and injection vol-
ume. All animals were included in the final analysis, except those who
died or had a >23 out of 24 score on the neurologic deficit assessment
within 24 h of surgery. The 24-point neurologic deficit score was
calculated by summing the scores of six neurologic tests: body

symmetry, gait, climbing, circling behavior, front limb symmetry, and
compulsory circling, with a score of severity being graded between 0 and
4 according to the deficit scoring system described by Clark et al. [53].

2.5. Treatment

Animals were randomly assigned to five groups: 1) PSL-IL10, 2) PSL,
3) IL-10, 4) saline control, and 5) sham control. Each mouse received
intranasal treatments of 5 pL solution containing 0.3 pg IL-10 equivalent
of PSL-IL10, equivalent PSL, or 0.3 pg of IL-10, or saline, respectively.
The first treatment was administered within 2 h post-ICH and subse-
quently once daily for 7 days. To test the dose-dependency of PSL-IL10,
two additional groups of mice received PSL-IL10 at 0.03 pg or 0.1 pg IL-
10 equivalent per mouse using the same treatment regimen. MRI and
behavior tests were conducted for up to 28 days. At the desired time
points, selected mice were euthanized and perfused with cold PBS, and
with or without 4% paraformaldehyde, followed by morphological and
immunohistochemical assessments, or protein analysis as detailed
below.

2.6. Lesion volume and hematoma size analysis

Three days after ICH, brain lesion volume was evaluated by staining
25-pm-thick brain sections with Luxol fast blue (FB) and cresyl violet
(CV) as described before [54]. The hematoma size at 1, 3, or 7 days after
ICH was measured by scanning the freshly cut hemorrhagic brain sec-
tions (mouse brain matrix, thickness = 1 mm) according to our previ-
ously published procedures [55].

2.7. Brain water content

As a surrogate biomarker for brain edema, the brain water content
was measured using a wet-dry weight method. At 3 days after ICH, mice
were euthanized by deep anesthesia. The brains were removed and
divided into ipsilateral or contralateral cortex, striatum, and cerebellum
to obtain the wet weight. Then, the dry weight was collected after drying
tissues at 100 °C for 24 h. The brain water content was calculated as
[(wet weight-dry weight)/wet weight] x 100%.
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2.8. Magnetic resonance imaging (MRI)

A horizontal 11.7 T MR scanner (Bruker Biospin, Billerica, MA, USA)
equipped with triple-axis gradient (maximum gradient strength =
74 Gauss/cm) using a volume excitation coil and a 4-channel phased
array mouse head receive-only coil was applied to perform in vivo MRI
experiments according to previously reported procedures [56]. Briefly,
multi-slice T2-weighted (T2w) images were achieved by using a rapid
acquisition with relaxation enhancement (RARE) sequence with the
following parameters: TR (repetition time)/TE (echo time) = 3800/60
ms, RARE-factor = 8, number of averages = 4, field of view = 15mm x
15 mm, 28 slices with 0.5 mm slice thickness, in-plane resolution of 0.08
x 0.08 mm?, and the total acquisition time = 12 min. We manually
defined the hematoma volume on days 3, 7, and 14, residual lesion
volume on days 3, 7, 14 and 28, and volume of the contralateral
hemisphere in the T2w images using Amira 5.4.0.

2.9. Neurologic deficit behavior tests

At each time point, mice were graded using a 24-point neurologic
deficit scoring system and wire hanging test as described before [57].

2.10. Immunostaining

Brain tissues in 25-pm-thick coronal sections were processed and
stained according to our previously published protocols [58]. Different
antibodies were applied, including anti-glial fibrillary acidic protein
(GFAP, 1:500, #13-0300, Life Technologies), anti-CD36 (1:100, #
MAS5-14112, Invitrogen), anti-CD68 (1:200, #MCA1957, Bio-Rad Lab-
oratories, Hercules, CA, USA) and anti-ionized calcium binding adaptor
molecule 1 (Ibal) antibody (1:500, #019-19741, Wako, Osaka, Japan)
and incubated overnight at 4 °C. After appropriate secondary antibody
incubation, the nuclei were labeled by DAPI (H-1200, Vector Labora-
tories, Burlingame, CA, USA). Sections were examined with fluorescence
microscopes (Leica DM6, FL, USA or EVOS FL auto imaging, Thermo
Fisher Scientific, Frederick, MD) or a confocal microscope (Leica SP8).

2.11. ELISA

Pro-inflammatory cytokine concentrations in brain tissues were
detected with IL-1p and IL-6 ELISA kits (R&D System, Minneapolis, MN,
USA). The concentration was determined by comparing its absorbance
at 450 nm with that of a known standard curve. The cytokine expression
levels were expressed as fold change to the sham group.

2.12. Microglia/macrophage morphology analysis

The morphology of perihematomal Ibal-positive cells at 3 days post-
ICH was analyzed with Neurolucida software (MBF Bioscience, Willi-
ston, VT, USA) as previously described [59]. Three fields per section
with a magnification of 200 x (~120 cells with intact processes) in each
image were included for analysis. Cell soma size, dendrite number, and
length, number of nodes and ends of Ibal™ cells, and the complexity of
the cells were quantified.

2.13. Magnetic-activated cell sorting (MACS)

On day 1 after ICH, we collected a 4 mm-thick section of the ipsi-
lateral brain hemisphere from each randomly selected mouse in cold
Hanks’ buffered salt solution (HBSS; without Ca%*/Mg?"). Tissue
dissociation was conducted using the GentleMACS™ Dissociator and
Neural Tissue Dissociation kit (P) (#130-092-628, Miltenyi Biotec,
Bergisch Gladbach, Germany) [60]. The single cell suspension was
harvested after the myelin was removed using myelin removal beads
(#130-096-731, Miltenyi Biotec), and M/M®s were magnetically sepa-
rated with CD11b MicroBeads (#130-049-601, Miltenyi Biotec) and LS
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columns according to the manufacturer’s protocol. The sorted cells were
then applied for ex vivo phagocytosis assay or mRNA extraction.

2.14. Real-time polymerase chain reaction (PCR)

We extracted total mRNA from the sorted CD11b™ cell pellets and
measured the mRNA concentration on a NanoDrop 2000 spectropho-
tometer. Then, the reverse transcription reaction was carried out with a
cDNA synthesis kit (#11754250, Thermo Fisher Scientific). Real-time
PCR was carried out with the TagMan Universal Master Mix
(#4440038, Thermo Fisher Scientific) and the following primers: IL1p
(MmO00434228_m1), IL6 (Mm00446190_m1), IL4 (MmO00445259_m1),
Argl (MmO00475988_m1), and GPADH (Mm99999915 g1). The relative
gene expression was expressed as folds of change (A/\Ct) and
normalized to that of the sham group [57].

2.15. Ex vivo M/M® phagocytosis assay

The sorted CD11b" cells were seeded on a poly-I-lysine-coated 96-
well plate at 10* cells per well and cultured in DMEM/F-12
(#11330057, Thermo Fisher Scientific) with 10% FBS (#10438026,
Thermo Fisher Scientific), 20 ng/pL M-CSF (#315-02, PeproTech, Rocky
Hill, NJ) and 100 U/mL penicillin-streptomycin for 16 h. The cells were
incubated with pH-sensitive pHrodo® Red Zymosan Bioparticles
(P35364, Thermo Fisher Scientific) for 3 h. Then, the cells were washed
with PBS and fixed with 4% paraformaldehyde, followed by immuno-
staining with Ibal primary antibody and Alexa Fluor 488 conjugated
secondary antibody. The images were taken with EVOS FL auto imaging
(Thermo Fisher Scientific, Frederick, MD).

2.16. Western blot

Samples with an equal amount of total protein were loaded into and
separated by 4-20% SDS-PAGE gel electrophoresis and transferred onto
PVDF membrane. After blocking, the antibodies to the following pro-
teins were applied for membrane incubation overnight: IL-10 (1:1000,
ab9969, Abcam, Cambridge, UK), STAT3 (1:1000, #4904, Cell Signaling
Technology, Danvers, MA, USA), phosphor-STAT3 (1:1000, #9145, Cell
Signaling Technology), CD36 (1:1000, # MA5-14112, Invitrogen,
Carlsbad, CA, USA), p-actin (1:2000, sc-47778, Santa Cruz Biotech-
nology, Dallas, TX, USA). Then after incubation with appropriate
horseradish peroxidase-conjugated secondary antibodies, the mem-
branes were immersed in enhanced chemiluminescence solution to
detect bands under an ImageQuant ECL imager (GE Healthcare, Chi-
cago, IL, USA) or iBright™ CL1000 imaging system (Themofisher Sci-
entific). Bands were further analyzed by ImageJ software. All data were
normalized to the corresponding loading control and expressed as fold
change to the sham group.

2.17. Statistics

Data are presented as means + SD. Differences among multiple
groups were analyzed by one-way ANOVA with an appropriate post hoc
test. A two-way ANOVA or mixed-effects model with an appropriate post
hoc test was applied to analyze the effects of multiple factors. Differ-
ences between two groups were analyzed using the Student’s t-test or
Mann-Whitney U test. All analysis was carried out with GraphPad prism
8 software. Differences with p values < 0.05 were considered to be
significant.

3. Results
3.1. Characterization of PSL-IL10

We synthesized PSL-IL10 according to the protocol illustrated in
Fig. 1. The average size of PSL-IL10 was measured to be 153.1 £+ 50.21
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nm (diameter) by DLS (Fig. 1C and Supplementary Figs. SIA-B) and
139.8 + 42.4 nm by TEM (Fig. 1C and Supplementary Fig. 52), which
was significantly larger than PSL (116.7 nm + 5.8 by DLS). Moreover,
the polydispersity index (PDI) of PSL-IL10 (PDI = 0.203) was almost
twice the value of PSL (0.112), indicating a much larger size distribution
after the IL-10-palmitic acid insertion (Supplementary Fig. S1C). The
zeta potentials for PSL and PSL-I1110 were —25.4 + 0.13 mv and —22.7
+ 0.20 mv, respectively (Supplementary Fig. S1D). The loading rate of
IL-10 in the final PSL-IL10 particles was determined to be 88% by the
pBCA method.

As shown in Supplementary Fig. S3, PSL-IL10 resulted in signifi-
cantly decreased expression levels of proinflammatory markers (IL-1f,
TNF-a, and iNOS) and increased expression levels of anti-inflammatory
markers (Arg-1, IL-10, and TGF-B) in LPS/IFN-y treated murine
RAW264.7 macrophage cells. The anti-inflammatory effects of PSL-IL10
were similar to that of IL-10 but much stronger than PSL alone, indi-
cating the effects are largely attributed to the intracellular delivery of IL-
10. Importantly, treating cultured primary microglia with PSL-IL10
could significantly increase phagocytosis activity (Fig. 2).

3.2. Selective uptake of intranasally administered PSL-IL10 by M/M®s
after ICH

We then evaluated the uptake and selectivity of PSL-IL10 in M/M®s
both in vitro and ex vivo. The results show that PSL-IL10 was substan-
tially engulfed by not only the cultured primary microglia (Supple-
mentary Fig. S4A) but also the microglia in organotypic hippocampal
slice culture (OHSC) from Cx3cr1 P+ transgenic mice (Supplementary
Fig. S4B). After confirming the desired immunomodulation effects and
specific uptake in M/M®s in vitro experiments, we used PSL-IL10 to
treat ICH mice via intranasal administration. Immunofluorescence im-
aging (Fig. 3A and Supplementary Fig. S5A) shows that there was a
markedly increased number of activated M/M®s (Ibal * green) in the
peri-hematoma regions over time. More PSL-IL10 (labeled with rhoda-
mine B, red) become visible in these regions after 24 h, with a noticeable
amount of PSL-IL10 being engulfed by M/M®s (yellow dots pointed by
white arrows). Interestingly, activated M/M®, along with engulfed
PSLs, were observed in the contralateral hemisphere while being much
less than in both peri-hematoma and hematoma core regions at 72 h
after ICH. Notably, fewer PSLs were colocalized with neurons, astrocytes
and vascular endothelial cells than those with Ibal™ M/M®s (Supple-
mentary Fig. S5). Furthermore, Western blot results showed that PSL-
IL10 administration led to a significantly upregulated IL-10 brain tis-
sue level, i.e., 3 and 1.5 folds higher - than in vehicle control tissue at
days 1 and 3 after ICH, respectively (Fig. 3B).

3.3. PSL-IL10 ameliorated short-term outcomes after ICH

The short-term effects of PSL-IL10 on the ICH outcomes were eval-
uated by the lesion volumes measured by Luxol fast blue (FB)/cresyl
violet (CV) staining at day 3 and T2-weighted (T2wt) MRI at 3, 7, 14 and
28 days after ICH. The staining results showed that PSL-containing 0.03,

Y coniro PSL-IL10 B

Intensity/cell

Biomaterials 301 (2023) 122277

0.1 and 0.3 pg IL-10 produced a dose-dependent decrease in ICH lesion
volume at day 3 post-ICH (Fig. 4A). The substantially reduced lesion
volume at day 3 in the mice administered with PSL-IL10 (0.3 pg) was
further confirmed by T2wt MRI (Fig. 4B). The longitudinal T2wt MRI
also showed that PSL-IL10 (0.3 pg) resulted in an accelerated reduction
in hematoma volume (hypointense region) after ICH compared with the
vehicle group (Fig. 4B). Moreover, at the dose of 0.3 pg, the injury
volume of mice treated solely with native IL-10 was greater compared
with PSL-IL10-treated mice (Supplementary Fig. S6), indicating a
stronger protection exerted by PSL-IL10.

Consequently, we assessed the effects of PSL-IL10 on reducing brain
edema by measuring brain water content and diffusion-weighted im-
aging (DWI) at 3 days after ICH. As shown in Fig. 4C, PSL-IL10 (0.3 pg)
treatment significantly suppressed the water content in the ipsilateral
cortex and striatum more than that by saline and PSL. Likewise, DWI
results also revealed significantly reduced edema volume in the peri-
hematoma regions, where edema was shown as hyperintensity (ar-
rows) around hemorrhagic regions (dark hole) on the ADC maps shown
in Fig. 4D.

Based on the results of the above dose-dependent studies, we chose
0.3 pg IL-10 as an effective dose which was then used in our later
behavior study. We performed both the 24-point neurologic deficit score
assessment and wire hanging test to evaluate the mouse motor function
on days 1, 3, and 7 after ICH. Treating with PSL-IL10 significantly
decreased neurologic deficit score (Fig. 4E) and prolonged falling la-
tency in wire hanging tests on day 1 and day 3 after ICH (Fig. 4F),
suggesting that PSL-IL10 accelerates the recovery of motor function. In
addition, PSL-IL10 could effectively prevent the loss of body weight in
the early phase after ICH (Fig. 4G). All these data demonstrate that PSL-
IL10 is an effective treatment for mitigating the short-term outcomes of
ICH.

3.4. PSL-IL10 promoted hematoma resolution after ICH

We then examined the hematoma resolution on days 1, 3, and 7 after
ICH by assessing a series of 1-mm depth coronal brain slices. The he-
matoma size in the PSL-IL10 treated mice were significantly smaller
than the vehicle group on days 3 and 7 after ICH (Fig. 5A), which was in
agreement with the hematoma size results achieved by T2w MRI
(Fig. 4B).

3.5. In vivo immunomodulation effects of PSL-IL10

We assessed the effect of PSL-IL10 on the glial activation using im-
munostaining. The activation of astrocytes shows increased expression
of GFAP and reactive M/M®s express upregulation of CD68 (myeloid
cell activation marker) and Ibal (global M/M® marker). The results
showed that PSL-IL10 significantly suppressed the expression of GFAP
(Fig. 6A and C) and decreased the numbers of CD68" M/M®s (Fig. 6B
and D) in the peri-hematoma region at day 3 after ICH. Moreover, the
levels of pro-inflammatory cytokine IL-1p and IL-6 in brain tissues were
significantly lower in the PSL-IL10-treated mice than in other groups, as

Fig. 2. PSL-IL10 enhances phagocytosis in cultured

100 primary microglia. (A) Representative images
80 showing the Bioparticles (Red) are phagocytosed by
the cultured primary microglia. Microglia were

60 incubated first with PSL-IL10 (3.2 x 10% particles/
40 mL) for 24 h and then with pHrodo Zymosan Bio-
20 particles for 3 h. Scale bar = 10 pm. (B) Bar plot
showing the fluorescent intensity of Bioparticles in

cultured microglia were significantly higher in the
PSL-IL10 treated microglia (Mann-Whitney U test,
wx b < 0.001).
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Fig. 3. Microglia/macrophages (M/M®s) activation and PSL-IL10 distribution after ICH. PSL-IL10 labeled with rhodamine B was intranasally administrated to
ICH mice within 2 h after the administration of collagenase. A) The colocalization of M/M® (Ibal™, green) and PSL-IL10 (red) were observed under Leica SP8
confocal at 6, 24 and 72 h after ICH in brain regions of peri-hematoma, core hematoma and contralateral side. B) Western blotting of the IL-10 level at days 1 and 3
after ICH. The representative images are displayed, and the quantification results showed PSL-IL10 administration significantly elevated IL-10 levels both at day 1
and day 3 after ICH. n = 4 per group. Two-way ANOVA followed by Bonferroni post hoc was applied to detect the significant difference among the three groups. *p <
0.05 and **p < 0.01, data were expressed as mean + SD. PSL: phosphatidylserine-containing liposomes. PSL-IL10: PSL-conjugated 0.3 pg IL-10.

revealed by ELISA (Fig. 6E). These results collectively demonstrated
PSL-IL10 exerted strong immunomodulation effects, which are benefi-
cial for the repair of ICH-induced injury.

3.6. PSL-IL10 enhanced M/M® phagocytosis function after ICH

We then investigated the effect of PSL-IL10 on M/M® morphology
and phagocytosis function. The data are shown in Fig. 7A-F. To quan-
titatively assess the morphometric change of M/M®, we used the Neu-
roLucida software to analyze the Ibal™ cells obtained on day 3 post-ICH.
Many M/M®s in all ICH groups exhibited larger cell soma size than
sham microglia (Fig. 7B). Although no significant differences in total
dendrite length (Fig. 7C) and node numbers (Fig. 7F) were observed, M/
M®s collected from PSL-IL10-treated mice exhibited significantly
shorter average dendrite length (Fig. 7D) but an increase in the number
of these short dendrites (Fig. 7E) compared with other groups.

To explore whether the differences in M/M® morphological char-
acteristics were associated with M/M® function alteration, we isolated
M/M®s at dayl post-ICH and cultured them in 6-well plates for 16 h to
perform a phagocytosis assay. The cells had large soma without an
abundant number of long processes (Fig. 7G). The M/M®s collected
from the PSL-IL10 treatment group were capable of engulfing many
more beads as evidenced by the significantly increased red fluorescence
intensity in these cells compared to cells from other groups (Fig. 7G).
This result indicates that PSL-IL10 augments M/M® phagocytosis
function after ICH. To further confirm the increased phagocytic capacity
was associated with an altered cytokine phenotype [61], we also
extracted mRNA from the collected M/M®s and performed real-time
PCR to measure the levels of pro-inflammatory (IL-1$ and IL-6) and
anti-inflammatory (IL-4 and Arg-1) cytokine. The results showed
PSL-IL10 significantly inhibited IL-1f and IL-6 gene expression and
tended to increase IL-4 and Arg-1 levels (Fig. 7H). Collectively, the data
demonstrated that PSL-IL10 strongly enhanced the phagocytosis ability
of M/M® and reduce the pro-inflammatory cytokine expression.

3.7. PSL-IL10 activated STAT3 signaling pathway and upregulated M/
M® CD36 expression

We then conducted studies to investigate the contributions of the
STATS3 signaling pathway to the M/M® modulating effects of PSL-IL10.
Firstly, we detected the expression of total STAT3, STAT3 phosphory-
lation (pSTAT3), and CD36 by Western blot at day 1 and day 3 after ICH.
Our results showed that PSL-IL10 significantly upregulated the expres-
sion level of CD36 (Fig. 8A and B) and pSTAT3 (Fig. 8A and C) on days 1
and 3. Notably, immunostaining results revealed that the higher CD36
were mainly expressed in M/M®s (Ibal™) at day 3 after ICH in the PSL-
IL10-treated group (Fig. 8D and E). Then, we used a conditional M/M®-
targeted CD36 knockout mouse model (Lysm®® * cD361°%/f1°% 1..cD36)
to confirm that the regulation effect of PSL-IL10 highly depends on
CD36. As expected, in the L-CD36 mice, PSL-IL10 administration
resulted in no significant improvement in ICH outcomes, neither the
hematoma size on day 7 (Fig. 8F), nor the neurologic deficit score from
day 1-7 (Fig. 8G). Thus, CD36 and related signaling pathways are cen-
tral to the anti-inflammation effect of PSL-IL10.

4. Discussion

In this study, we developed a M/M®s-targeted, nanoparticulate IL-
10 therapy for effectively treating ICH. The key findings of our study
are: 1) after intranasal administration, the developed nanoparticulate
PSL-IL10 could accelerate hematoma resolution and improve ICH out-
comes in a dose-dependent manner; 2) the efficacy of PSL-IL10 is
attributed to its M/M®s-targeting ability and regulation effects on M/
M®; 3) the activation of STAT3 signaling pathway and upregulation of
M/M® CD36 expression are likely the central mechanisms attributed to
the effects of PSL-IL10. Our study demonstrated the promise and po-
tential of PSL-IL10 as a new, effective therapy for treating ICH.

While administration of IL-10 has been widely tested as an immu-
nomodulating intervention for various diseases, its clinical efficacy has
yet to be established. Formidable challenges in applying IL-10 include
the insufficient delivery efficiency to the disease sites [25] and complex
pharmacological effects, such as reduced hemoglobin and thrombocyte
counts and anemia, following systemic administration [27]. An
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Fig. 4. Evaluation of the therapeutic effects of PSL-IL10 in ICH mice. A) Injury volume measured by Luxol fast blue/crystal violet staining. Top: representative
staining images of mice that received saline, PSLs and PSL-IL10 (0.3 pg IL-10) intranasally. Bottom: Bar plots showing the calculated lesion volume at 3 days after ICH
in different groups (n = 6-11). B) Injury volumes measured by T2-weighted (T2wt) MRI. Left: T2w images of three representative mice at 3, 7, 14 and 28 days after
ICH. As an example, the hematoma region is outlined with a red line and the lesion area is outlined with a yellow dashed for the 7-day vehicle group image. Right:
Ratio (%) of hemorrhagic lesion volume to the contralateral (CL) hemisphere volume in different groups (n = 5-6). C) Brain water content was measured at day 3
after ICH. n = 5-7 per group. D) Perihematomal edema measured using Diffusion MRI. Left: apparent diffusion coefficient (ADC) maps of three representative mice
treated with saline, PSLs, and PSL-IL10, respectively. White arrows indicate the vasogenic edema regions that exhibit high ADC values. Right: Bar plots showing the
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and 7 after ICH measured by wire hanging test (n = 10-47). G) Box-and-whisker plot of the change (%) in body weight on days 1, 3 and7 after ICH with respect to
that before ICH. n = 10-40 per group. Mixed-effects model or one-way ANOVA followed by Bonferroni post hoc was applied to detect a significant difference. *p <
0.05, **p < 0.01 and ***p < 0.001, data were expressed as mean + SD in panel A-F.

additional challenge for use in treating brain disorders is the poor
penetration through the blood-brain barrier [62]. Thus, a more efficient
method to deliver therapeutic IL-10 to M/M®s in the brain after ICH is
anticipated to dramatically improve its therapeutic efficacy.

Toward this goal, we chose to use PSL-IL10 to improve the selective
delivery of IL-10 in ICH. While PSL-IL10 has been used to enhance the
anti-inflammatory effect in obese mice [46], to the best of our knowl-
edge, the present study is the first study that successfully employs PSL
for M/M®s-targeted delivery of IL-10 to treat neurologic disorders with
significantly improved therapeutic outcomes. Such a design synergizes
the M/M®-targeting ability of PSLs and the anti-inflammatory effects of
IL-10 and PSLs [46]. In addition, we employed intranasal administration
to further enhance the delivery efficiency because intranasal adminis-
tration can be more effective for intracranial delivery than systemic
administration routes [63]. As a result, our approach has shown

substantially higher IL-10 delivery in perihematomal regions and even
in the hematoma core. Our observation is in line with other studies using
phosphatidylserine as an “eat-me” signal to target M/M®s [46,64].
Attributed to the delivery of a sufficient amount of exogenous IL-10 to
the regions under ICH-induced injury, we observed immunomodulation
effects on M/M®s, reduced perihematomal edema, accelerated hema-
toma clearance, reduced neurologic deficit behavior scores, and less
body weight loss, which is similar with the previously reported thera-
peutic effects of IL-10 against ICH [65,66]. Moreover, the improved
outcomes after ICH were more consistent with PSL-IL10 than with PSLs
or IL-10 alone, indicative of the effectiveness of combining IL-10 with
PSLs. In a previous study by Xu et al., a liposomes formulation of IL-4
was shown to effectively promote hematoma resolution, reduce brain
injury, and improve long-term functional recovery in mouse models of
ICH [17]. This research also leveraged the intranasal administration of
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Fig. 5. PSL-IL10 promoted hematoma resolution after ICH. A) The representative pictures showed 1-mm depth serial fresh brain coronal slices from each group.
B) Average hematoma size calculated from fresh brain sections in each group, which showed that PSL-IL10 significantly reduced hematoma size at days 3 and 7 after

ICH. n = 5-8 per group.
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post-ICH. B) Representative images of immunostaining of CD68 and Ibal on days 1 and 3 post-ICH. C) Quantification of panel A. PSL-IL10 significantly declined
GFAP" average intensity at day 3 after ICH relative to vehicle and PSL group. n = 5-6 per group. D) Quantification of Ibal and CD68 double-positive cell numbers of
panel B. PSL-IL10 significantly inhibited activated M/M®s at day 3 after ICH relative to vehicle and PSL group. n = 5 per group. E) ELISA assay of proinflammatory
cytokine IL-1p and IL-6 in brain tissue at 3 days after ICH. PSL-IL10 significantly decreased IL1-p and IL-6 levels. n = 4 per group. One-way, two-way ANOVA or
mixed-effects model followed by Bonferroni post hoc was applied to detect a significant difference between multiple groups. *p < 0.05, **p < 0.01 and ***p < 0.001,

data were expressed as mean =+ SD.

IL-4 in liposomal nanoparticulate form, underscoring the potential of
nanoparticles and intranasal delivery in enhancing the efficiency of drug
delivery in ICH, a finding that aligns with our study. A notable obser-
vation is that our PSL-IL10 demonstrates efficacy at a significantly lower
dosage (0.3 pg IL-10 per mouse, or 12 pg/kg) in comparison to IL-4 (50

pg/kg body weight). This increased efficacy could be attributed to the
use of PS-liposomes. Future comparative studies are warranted to sys-
tematically evaluate the relative efficacies of these two nanoparticulate
drugs.

The intranasal administration route has drawn increased interest as a
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Fig. 7. PSL-IL10 altered microglia morphology and enhanced M/M® phagocytosis function after ICH. A-F. The morphology of Ibal™ cells on day 3 post-ICH
was analyzed by NeuroLucida software. A) Representative Ibal™ cell morphology processed by NeuroLucida software in each group; B-F. Quantification of cell soma
size (B), total dendrite length (C), average dendrite length (D), dendrite numbers (E) and node numbers (F) from panel A. One dot stands for one cell collected from 3
to 6 animals per group. G) M/M®s were ex vivo cultured to evaluate their phagocytosis ability. The pH-sensitive pHrodo® Red Zymosan Bioparticles were incubated
with sorted M/M®s. M/M®s isolated from PSL-IL10-treated animals engulfed more Bioparticles compared with other groups. One dot stands for average intensity/
well collected from n = 3-5 animals/group. H) Real-time PCR of sorted M/M®s at day 1 after ICH. PSL-IL10 significantly inhibited the IL1f and IL6 gene expression,
whereas IL4 and Argl levels showed marginal increases. One-way ANOVA followed by Bonferroni post hoc was applied to detect a significant difference. *p < 0.05,
**p < 0.01 and ****p < 0.0001, data were expressed as mean =+ SD.

means to enhance the brain-targeting efficiency in stroke [67-69]. along the olfactory and trigeminal nerves) [70]. The size of liposomes is
Rather than crossing the BBB from the blood circulation (unlike IV typically larger than 100 nm. If injected intravenously, the majority of
injected liposomes), intranasally injected liposomes cross the nasal nanoparticles will be sequestered by reticuloendothelial system (RES),
epithelium via the transcellular pathway (e.g., axonal transport) or ending up in the liver and spleen [71,72]. This imposes a formidable
paracellular pathway (or the “nose - brain barrier” and are transported challenge to deliver a sufficient amount of drug to the damaged area
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following ICH. Thus, intranasal delivery is a simpler and direct way for
brain targeting, which minimizes exposure of peripheral organs to the
drug and substantially reduces the likelihood of circulatory toxicity and
adverse side effects. Additionally, drugs administered via intranasal
delivery reach the CNS considerably faster, often within minutes,
compared to peripheral administration. This rapidity can be a
game-changer for drugs that degrade quickly and may otherwise be
unsuitable. Finally, intranasal drug delivery is being investigated
extensively in clinical trials for a wide array of therapies, including
proteins, peptides, and stem cells. Currently, there are 141 open clinical
trials recruiting patients to study intranasal delivery of therapies for
various brain disorders. For example, promising results have been re-
ported from a clinical trial in which intranasal delivered V2 vasopressin
receptor agonist 1-desamino-8-p-arginine vasopressin (DDAVP)

10

improved speech function in 79% of cases in stroke patients [73].

Our study provided mechanistic evidence by which PSL-IL10 exerts
its therapeutic effects via regulating the function of M/M®s. In vitro
data first showed that PSL-IL10 regulated M/M®s to express less pro-
inflammatory and more anti-inflammatory cytokines, indicative of
anti-inflammatory polarization [61]. In vivo data also confirmed the
effects of PSL-IL10 on inhibiting the presence of reactive astrocytes and
CD68-positive reactive M/M®s. Furthermore, we observed that the
M/M®s isolated from PSL-IL10-treated ICH mice have increased
phagocytic capacity in bead uptake. Interestingly, PSL-IL10 treatment
also altered the morphological appearance of microglia as characterized
by more dendrite numbers with shorter average dendrite length than in
the other ICH groups, although it is appreciated that morphology does
not necessarily have one-to-one correspondence with function [74]. The
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microglia that have taken up IL-10 will have already been exposed to the
phosphatidylserine “eat me” signal, and the combination of this signal
with IL-10 could have produced the distinct morphological appearance.
Overall, these findings are in good agreement with other studies that
reported a correlation between elevated M/M® phagocytosis capacity
and accelerated hematoma resolution and improved ICH outcomes [17,
75,76].

To further illustrate the potential molecular mechanisms attributed
to the therapeutic effects of PSL-IL10, we also investigated the contri-
bution of the STAT3 signaling pathway in the PSL-IL10 treatment. The
STAT3 signaling pathway is stimulated not only by the IL-10/IL-10 re-
ceptor interaction [25,77] but also by PS/PS receptor interaction [78,
791, which is another rationale for using PSL-IL10. Our data show a
strongly elevated level of both STAT3 phosphorylation (pSTAT3) and
CD36 on days 1 and 3 after ICH. When applied to CD36 knockout mouse
model (Lysm®® * cD361°%/1°% 1.CD36), PSL-IL10 exhibited no signifi-
cant effects, thereby indicating that the function of PSL-IL10 highly
depends on CD36. CD36 is a key phagocytosis effector for microglia,
macrophages, and monocytes [80-82], and it has been reported to play a
central role in promoting hematoma clearance both in ICH patients and
animal models [18,82,83]. CD36 mediates the phagocytotic activity of
M/M® [84] by binding to the PS of apoptotic cells [85]. Hence, the use
of PSL as a platform to deliver IL-10 would take advantage of the
PS-CD36 axis and result in more uptake of PSLs (and hence PSL-IL10) in
IL-10-activated, CD36-overexpressed M/M®s, which serves as a
gain-in-function to markedly increase the phagocytosis potency of
M/M®s.

Our study has several limitations. First, although our study showed
that CD36 is one of the essential molecular mechanisms for the protec-
tive effects of PSL-IL10 on the brain following ICH, other molecular
mechanisms, for instance, CD47 [86] and CD163 [87], may also exist.
Furthermore, PSL itself may stimulate other immune cells, such as CD8"
T cells, through binding with TIMS receptor on the CD8™ T cells, leading
to increased release of cytokine IL-13, which will promote M/M®s to
produce more IL-10 [88]. Thus, more comprehensive mechanistic
studies are warranted for a complete understanding of the contribution
of each key molecule and signal pathway in the treatment of ICH. In the
present study, we chose a liposome formulation containing 54% based
on previous report to ensure a strong binding affinity Tim4, and hence
endocytosis [50]. In fact, several studies have confirmed that PSL with
50% PS were effective for inducing M2-type polarization macrophages
and exerting anti-inflammatory effects [89,90]. Nevertheless, further
refinement of the liposome formulation is essential to optimize the de-
livery of IL-10 and boost the therapeutic effects on ICH. In this study, we
administered PSL-IL10 at 2 h following ICH, a time point used in our
previous treatment study [76]. This time point was chosen based on the
temporal resolution of phenotypic change in CD11b-positive microglial
cells post ICH [91-93]. However, future investigation may be needed
sort out the optimal time window for PSL-IL10 administration. In
addition, future investigations of the contributions of sex and age to the
overall ICH outcomes in mice are needed to demonstrate the applica-
bility of PSL-IL10 in different populations.

5. Conclusions

In this study, we developed a new approach for the targeted delivery
of IL-10 to M/M® in the brain following ICH. Our study showed that
PSL-IL10 could effectively ameliorate the outcomes of ICH, i.e., accel-
erating hematoma resolution, reducing lesion sizes, and improving
neurological functions. The anti-inflammatory effects of PSL-IL10 are
exerted through the selective uptake in M/M® and consequentially
regulating M/M® function and enhancing phagocytosis. The study
showed the important mechanistic roles of STAT3 and CD36 in the M/
M® modulating effect of PSL-IL10 on phagocytosis function. Collec-
tively, our study demonstrated that PSL-IL10 is a promising M/M®-
targeted therapy for ICH.
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