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Abstract

BACKGROUND: Within hours after intracerebral hemorrhage (ICH) onset, masses of
polymorphonuclear neutrophils (PMNS) infiltrate the ICH-affected brain. After degranulation
involving controlled release of many toxic antimicrobial molecules, the PMNs undergo rapid
apoptosis, and then are removed by phagocytic microglia/macrophages (M®) through a process
called efferocytosis. Effective removal of PMNs may limit secondary brain damage and
inflammation; however, the molecular mechanisms governing these cleanup activities are not
well understood. We propose that scavenger receptor CD91 on myeloid phagocytes especially in
presence of CD91 ligand, lactoferrin (LTF, protein abundant in PMNSs), plays important role in
clearance of dead apoptotic PMNs (ANS).

METHODS: Mice/rats were subjected to autologous blood injection model of ICH. Primary
cultured microglia were used to assess phagocytosis of ANs. Immunohistochemistry was
employed to assess CD91 expression and PMNSs infiltration. CD91 knockout mice selectively
in myeloid phagocytes (Mac-CD91-KO) were used to establish the CD91/LTF function in
phagocytosis and in reducing ICH-induced injury, as assessed using behavioral tests, hematoma
resolution and oxidative stress.

RESULTS: Masses of PMNs are found in ICH-affected brain and they contain LTF. M® at
the outer boarder of hematoma are densely packed, expressing CD91 and phagocytosing ANSs.
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Our study indicates that CD91 scavenger receptor on microglia/macrophages uses lactoferrin for more effective removal of neutrophils
from hemorrhage-affected brain to help limit neurological injury.
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Microglia deficient in CD91 demonstrate defective phagocytosis of ANs, and mice deficient in
CD91 (Mac-CD91-KO) subjected to ICH-injury have increased neurological dysfunction that

is associated with impaired hematoma resolution (hemoglobin and iron clearance) and elevated
oxidative stress. LTF that normally ameliorates ICH-injury in CD91-proficient control mice shows
reduced therapeutic effect in Mac-CD91-KO mice.

CONCLUSIONS: Our study suggests that CD91 play a beneficial role in improving ANs
phagocytosis and ultimately post-ICH outcome and that the beneficial effect of LTF in ICH is
in part dependent on presence of CD91 on M®.

Graphical Abstract

Neutrophils secret lactoferrin to assist
microglia/macrophages in removal of dying
neutrophils through CD91 scavenger receptor
after intracerebral hemorrhage.
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INTRODUCTION

Intracerebral hemorrhage (ICH) is a devastating disorder with high mortality and poor
prognosis, for which no drug therapy existsl:2. After ICH, the local microglia sense

the damage and respond with the release of cytokines/chemokines34, which orchestrate
recruitment of PMNs and monocytes to the hematoma area, which may promote secondary
brain injuryl®.

The PMNs are the most abundant leukocytes in humans (~101! are produced daily),
which account for ~50-70% of all leukocytes®. After ICH, masses of PMNs infiltrate the
ICH-affected brain. Shortly after entering the brain parenchyma, the PMNs unleash an
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arsenal of various constituents normally used for host defense, including reactive oxygen
species (ROS) and proteases with potential to inflict tissue damage®°. Normally, after
degranulation, the PMNSs undergo apoptosis /n7 situ due to their inherent short life (half-life
of only a few hours in circulation; and 1~2 days in tissue)1911 and are then removed

by phagocytic microglia/macrophages (M®)12 through a process called efferocytosis. This
leads not only to the removal of the inflammatory cells themselves, but may also generate
anti-inflammatory signal for M® to downregulate the ongoing inflammatory responses13:14,
However, only limited studies explored the implications of clearance of the ANs to ICH
pathogenesis.

M recognize and phagocytose apoptotic but not freshly isolated neutrophils!®, indicating
that efferocytosis is determined in part by signals provided by the ANs’ surface molecules
(“eat-me” signal)16. M® recognize these “eat me” signals via specific scavenger receptors,
which bind to the ANs directly or indirectly via a variety of opsonizing proteins (so-

called bridge molecules) that couple them together in a “ligand-receptor” manner. The
best-characterized “eat-me” signal is the exposure of phosphatidylserine (PS) on the ANs
plasma membranel’-18, Although there are no specific scavenger receptors for ANs, it has
been suggested that CD911° contributes to the removal of ANs. CD91 is a heme scavenger
receptor20:21 involved in clearance of toxic heme (as in complex with hemopexin), dead
cells and cellular debris and by that mean it plays an anti-inflammatory role?2. Recently,
protein lactoferrin (LTF), a highly abundant constituent of the PMNSs’ specific granules,?3
was suggested to represent a CD91 receptor ligand?4, which as such upon binding to CD91
may act as a bridging molecule to modify recognition/efferocytosis of apoptotic cells by
M®.

Structurally, LTF is a single-chain iron binding glycoprotein that tightly binds/sequestrates
ferric irons with uniquely high affinity of KD ~10720M25, Our recent studies suggest

that PMNSs upon infiltration into the ICH-affected brain release LTF, where the LTF by
sequestrating iron can neutralize heme/iron’ pro-oxidative activities?. LTF is a highly
positively charged protein with an isoelectric point 8.726:27, This likely renders LTF to

be capable of coating/opsonizing apoptotic cells, by binding to the negatively charged
surface molecules (e.g. phospholipids)28:2%, Thus, LTF released by ANs may act as a bridge
molecule, coupling the ANs with CD91 scavenger receptor, enhancing the recognition and
efferocytosis of ANs by M®.

Here we explored a novel interaction between LTF and CD91 on M® as mechanism
modulating clearance of AN and recovery after ICH using cell culture system and clinically-
relevant rodent ICH mode.

MATERIAL AND METHODS

The data supporting the findings of this study are available from the corresponding author
upon reasonable request. Methodological details beyond description below are provided in
the Supplemental Material. All animal studies followed the guidelines outlined in Guide for
the Care and Use of Laboratory Animals from the NIH and were approved by the local
Animal Welfare Committee and followed ARRIVE guidelines for rigorous reserach0.
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Mac-CD91-KO Mice.

To study CD91 in myeloid phagocytes, we generated microglia/macrophages-specific
CD91-knockout (Mac-CD91-KO) mice by crossing LyzM-Cre3! and CD91!°%XP32 mice. Al
the experimental groups of mice were age- and sex-matched.

Molecular Signaling and Genotyping.

PCR primers were used to detect CD91 recombination using a primer set (recl, rec2,
nonrecl and nonrec2)(primers are listed in Table-S1).

ICH model.

ICH was induced by intra-striatal injection of autologous blood, as described*33. Briefly,
mice (25-30g) or Sprague-Dawley rats (250-300g) under anesthesia received intra-striatal
blood infusion (5ul/5min for mouse, 35ul/7min for rat) through a 1-mm-diameter skull burr
hole.

LTF administration.

The recombinant mouse LTF (mrLTF; Pharma-Review-Corporation) was injected i.v. at
10mg/kg in 150ul of saline (or saline alone/control), starting 3h after ICH, plus 5 mg/kg, i.p.,
daily on d1-d6 after ICH. For the microglia polarization study /n vitro, the recombinant
human LTF (rhLTF; Pharma-Review-Corporation, 50 pg/ml) was added to rat primary
microglia at 16h or Oh prior to phagocytosis assay.

Animal perfusion and tissue collection.

Animals were intracardially perfused with saline. For histology/biochemical analyses, the
whole brains or the striatum (area directly affected by ICH) were frozen then stored in
—80°C prior to cryosectioning or RNA isolation.

Neurological/functional deficits (NDS).

All behavioral tests were conducted by an experimenter blinded with respect to the treatment
assignment. The grand NDS is a composite score from a battery of behavioral tests
(Footfault, Forelimb Placing, Postural Flexing, Wire, and Corner test), as we reported*-33.

Hematoma size measurement.

Hematoma resolution was measured by residual hemoglobin (Hb) remaining in the
hematoma-affected brain on d7 after ICH, as detailed33.

Nonheme Iron Determination.

To localize iron in the brain sections, we used enhanced Perl’s reaction34.

Oxidative stress measurement.

Oxidative stress was determined by measuring the lipid peroxidation using 4-HNE (4-
hydroxynonenal)3.
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PMN counting in brain after ICH.
Coronal sections representing the center of hematoma from mice at d1 and d7 after ICH

were stained with anti-Neutrophil antibody (Abcam). To avoid sampling bias, we used
MetaMorph 6.2 and image-stitching to count all the PMNs in ICH-affected hemisphere.

RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR).
The RNA samples from brain tissue or cultured microglia were processed as described

previously?. Primers are listed in Table-S1. The results were calculated as percentage change
vs. the control.

Primary brain glia culture and microglia isolation.

The cortices of 1-2d-old postnatal rat and mouse pups were employed as source of
microglia, as we described®.

Blood PMNs isolation.

Peripheral rat blood was drawn through heart puncture from either the mother rat or the
littermates (~20d-old) of the pups otherwise used for microglia cultures. The blood PMNs
were purified with Ficoll-Paque gradient centrifugation3®

Phagocytosis assay for apoptotic ANs in vitro.

The isolated PMNSs were incubated at 45°C for 2h and then in a CO, cell culture incubator
for 16h, followed by a 30min incubation in PKH26 (red fluorescence dye; Sigma-Aldrich)
for visualization of ANs engulfment by the microglia.

Glycine and lysine.

Lysine or glycine was dissolved in DMEM+2% Fetal-Bovine-Serum to generate 0-5000pM
solutions; and 50ug/ml of rhLTF was added into each tube. We added PKH26-labeled ANs

into each of these tube at 2x108 ANs/ml and incubated shortly before applying the mixture

onto the cultured microglia. The phagocytosis index was established 2h later.

Immunofluorescence.

Immunohistochemistry was performed as we described® 733, All antibodies are listed in
Table-S2. The nuclei were visualized with DAPI.

Statistical Analyses.

Data are expressed as mean=SEM. For in vitro experiments, we pooled samples from
three culture wells and repeated the experiments three times. We performed statistical
analyses using the GraphPad, InStat and SAS programs. One-way analysis of variance
(ANOVA) followed by Newman-Keuls post-hoc test was used for multiple comparisons.
Non-paired t-test was used when two groups were compared. PROC GENMOD procedure
with PRAMA=GLM was used for the temporal changes of PMNSs in the brain.
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RESULTS

CD91 positive microglia/macrophage efferocytose ANs in ICH-affected brain.

Our earlier work and studies of others indicate that ICH elicits a quick and robust
recruitment of blood PMNSs into the hematoma-affected brain’. Here, using ICH in rats,

we demonstrate that PMNs (the MPO™ cells; we earlier validated that in the ICH-affected
brain the MPO antibody labels only PMNs?) are found throughout the ICH-affected brain
areas, including under corpus callosum where blood occasionally could be found in this

ICH model (Fig-1). The PMNs in the ICH-affected brain contain high levels of LTF (Fig
2A-C), which could be seen within PMNSs as intracellular puncta depicting specific granules
(Fig-2C).

Along with infiltration of PMNSs, microglia and macrophages (M®) also accumulate in the
ICH-affected brain tissue. Using CD68 (Fig-1) to visualize the M®, a large number of M®
was detected in the ICH-affected brain, primarily at the outer borders of the hematomas at
3 days after ICH. These M® enclosed not only hematoma but also hematoma-associated
PMNs, forming a strategic zone for hematoma clearance and ANs efferocytosis.

Although CD91 is localized on many cell types, it is uniquely abundant on phagocytic

cells such as microglia®”, monocytes and macrophages, where it acts as a multifunctional
scavenger receptor assisting in the cleanup process38:39. Here we established that after ICH
the perinematomal CD11b*-M® express high levels of CD91 (Fig-2D&E). CD91*-M®

are almost exclusively abundant at the outer border of the hematomas, the location that is
strategic for the clearance of hematoma. Using RT-PCR, we measured the temporal changes
in CD91 mRNA in the ICH-affected brain tissues over 2 weeks post-ICH. The CD91 mRNA
expression was modestly reduced within first hours after the ICH, but subsequently robustly
increased starting from d1, peaked by d3—7 with 4-5 folds increase and still remained
elevated by 2 weeks (Fig-2F).

To clarify if these CD91* M® participate in efferocytosis of ANs, we performed a double
immunofluorescence using RP-1 (a specific marker for rat PMN) and CD91 antibodies in
the ICH-affected brain tissue, 7d after ICH (Fig-3). Using this approach, we clearly detected
the presence of RP-1*-PMNs within the CD91*-M®, suggesting that CD91*-M® could
indeed engulf the ANs in the ICH-affected brains.

LTF is important for efferocytosis of ANs by microglia through CD91, in vitro

To further clarify CD91 expression by microglia, we isolated microglia from the rat

brain primary co-cultures. Using immunofluorescence, we established that these microglia
strongly express CD91 (Fig-4A), and that they can effectively phagocytose ANs (Fig-4B). It
is known that CD91 binds LTF40, and LTF is produced by PMNs23. Thus, to explore if LTF
may contribute to the phagocytic function of these CD91* microglia toward ANs, we either
pre-incubated the microglia with rhLTF for 16h prior to exposing them to ANs (pre-LTF),
or just added rhLTF to microglia only during ANs phagocytosis process (no pre-incubation).
We found that under both treatment conditions rhLTF significantly improved the efferocytic
function of microglia, with microglia pre-incubated with rhLTF demonstrating much
stronger phagocytic enhancement (Fig-4B). These results suggest that pre-incubation with
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LTF may modify these microglia’ phenotype. Thus, to understand this process better, we
interrogated the mRNA expression upon exposing the microglia to ANs with or without LTF.
Exposure of microglia to ANs triggered upregulation of pro-inflammatory factors (including
IL-1B, NOX1, TNFa), anti-inflammatory factors (Nrf2, TGF), and scavenger receptors
(CD91 and CD36) (Fig-4D), suggesting a generation of a complex phenotype. Interestingly,
inclusion of rhLTF significantly enhanced the production of anti-inflammatory factors
(TGFB, Arginase-1, but not Nrf2) and scavenger receptors (CD36 and CD91), while reduced
pro-inflammatory responses (IL-1p, NOX1, TNFa) (Fig-4D). The transcriptomic changes
induced by LTF could contribute to a shift of microglia signature toward M2-like phenotype
with increased efferocytic activities. It is interesting to note that rhLTF alone (without ANs)
imposed only subtle gene changes involving modest increased in the expression of CD36
(9.6%), CD91 (21.4%), TGFp (15.1%), and Argl (10.7%), without significantly changing
the expression of proinflammatory cytokines (IL-1p, TNFa).

The negative cell surface charges of ANs, in part driven by phosphatidylserine (PS)
exposure on the outer plasma membrane, are the essential contributors to the efferocytosis
processt”18, LTF by being highly positively charged could bind PS and in this capacity
acts as a bridging molecule coupling ANs and CD91-expressing microglia. Thus, to assess
if electrostatic charges of LTF could indeed contribute to enhanced coupling and thus
efferocytosis, we preincubated the ANs with positive charged lysine (isoelectric point
9.59) to block interaction between opposite electric charges of LTF and ANs. We used
neutrally charged glycine*! (isoelectric point, 5.97) as control. We found that 5-5000 pM of
glycine has no inhibitory effect on LTF-enhanced efferocytosis of ANs by microglia, while
lysine at concentrations =500uM significantly reduced the abilities of LTF in stimulating
efferocytosis (Fig-4C). This data suggests that charges-based attraction between ANs and
LTF may in fact play a role in enhancing ANs efferocytosis by microglia, and that this
mechanism could exist in addition to LTF-mediated efferocytosis enhancement that is
regulated by changes in gene induction in M®.

CD91 deficiency weakens efferocytosis of ANs by microglia, in vitro.

First, to study the role of CD91 in mediating efferocytosis of ANs, we produced myeloid
phagocyte-specific CD91 knockout mice (Mac-CD91-KO). From the postnatal pups of
Mac-CD91-KO mice and CD91-°%" mice (control), we established brain glia cultures from
which we purified microglia. Using RT-PCR, we confirmed the absence of CD91 mRNA
in the microglia from Mac-CD91-KO mice (Fig-5A). Then, we subjected these microglia
to phagocytosis assay and observed that CD91-KO microglia have significantly reduced
(~33%) phagocytosis efficacy toward ANs, as compared to CD91 proficient microglia
(Fig-5B), indicating that CD91 play important role in mediating engulfment of ANs.

Next, to clarify the contribution of LTF to CD91-mediated ANs efferocytosis, we included
LTF in the phagocytosis assay. As anticipated, LTF significantly enhanced ANs efferocytosis
in both CD91 deficient and proficient cells (Fig-5B), however, CD91 proficient microglia
demonstrated 45.3% higher index of phagocytosis as compared to CD91 deficient cells,
suggesting that CD91-LTF interaction is important in the ANs engulfment process.
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The CD91 deficiency in myeloid phagocytes caused deficient cleanup and reduces the
beneficial effect of LTF and lead to worse ICH outcome after ICH.

To better understand the role of CD91 on M® in ICH pathogenesis, we subjected Mac-
CD91-KO and the control/CD91-°%F mice to ICH and measured the neurological deficits
and histological outcome. The Mac-CD91-KO mice appeared to be normal, including body
weight, brain vasculature anatomy, or peripheral blood composition (data not included).
However, in response to ICH, Mac-CD91-KO mice, as compared to control mice, suffered
from more severe neurological deficits (NDS, Fig-6A) that coincided with defective
hematoma clearance, as measured by residual levels of hemoglobin (Fig-6B) and iron
(Fig-6C) in the hematoma-affected brain. Assessment of the brains for oxidative alteration
with immunofluorescence for 4-HNE showed greater increase in lipid oxidation in Mac-
CD91-KO vs. control mice (Fig-6D). Finally, we established that the number of PMNs
remaining in the brain at d7 after ICH was higher in Mac-CD91-KO vs. control mice
(Fig-6E). These overall suggest that CD91 on phagocytes play beneficial role in clearing
hematoma and AN and protecting brain from damage caused by ICH.

Since CD91 on microglia binds LTF24 and the CD91-LTF interaction may assist M®

in recognition/engulfment of ANs, we tested if CD91 deficiency in M® could reduce

the ability of LTF to benefit ICH-induced injury. Indeed, in contrast to CD91-%P mice

that significantly benefited from rmLTF treatment, Mac-CD91-KO mice receiving rmLTF
showed only a trend (no statistical difference) toward benefiting from LTF regarding
neurological improvement (NDS), hematoma resolution (Hb residue), iron clearance, and
oxidative stress (4-HNE) (Fig-6A-D). Also, whereas PMNs presence in the ICH-injured
brain was initially modestly reduced by rmLTF, equally in CD91-9%P and Mac-CD91-KO
mice (likely due to LTF’s anti-inflammatory effect) the number of brain PMNSs on d7 after
ICH was much lower in control mice than in Mac-CD91-KO (15% vs. 54% of d1’ PMNs)
(Fig-6E). These suggest that CD91 on M is important in mitigating ICH-mediated damage,
and that LTF could facilitate CD91-mediated cleanup, including efferocytosis of ANSs that is
beneficial for post-1CH recovery.

DISCUSSION

Following ICH, masses of PMNs infiltrate into the brain where it accumulates around

the hematoma-affected tissue. This infiltration initiates within hours, peaks around 1-2d
and then gradually resolves within 1-2 weeks’. PMNs are extremely short-lived and upon
infiltration to the inflamed tissue, they shortly (hours to days) die through apoptosis and
need to be fast removed by phagocytes to avoid secondary necrosis, lysis, spillage of a toxic
moieties that further propagate pro-inflammatory responses and cause direct toxicity to the
surrounding tissue*2.

Here, we demonstrate that M® after ICH can phagocytose dead PMNSs, both in ICH-affected
rodent brain and in cell culture system, and that scavenger receptor CD91 normally
expressed on M® contributes to this engulfment process. Furthermore, we demonstrate

that CD91 ligand lactoferrin (LTF)2443, a secretory protein highly abundant in the PMNs’
specific granules* and delivered to the inflamed brain by these cells*4, acts as facilitator
of the ANs engulfment. Ultimately, by using knockout animals that are selectively deficient
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in CD91 in myeloid phagocytes, we showed that presence of CD91 on M® and availability
of LTF together play beneficial roles in reducing neurological damage in a mouse model of
ICH. These functional benefits were positively associated with improved brain hematoma
resolution, iron removal from the ICH-affected brain, and reduced peri-hematoma oxidative
insult.

M recognize and phagocytose apoptotic, but not freshly isolated PMNs1%, suggesting

that phagocytosis of PMNSs is regulated by signaling molecules displayed on the ANs
surface (“eat-me” signal)16. Apoptotic cells are normally negatively charged, in part due to
externalized phosphatidylserine (PS) on their surface?®. In contrast, LTF is highly positively
charged (isoelectric point 8.726:27) and therefore it demonstrates high attraction toward
negatively charged molecules*. Since CD91 on M® acts as LTF receptor to which LTF can
bind24, we propose that LTF may function as a bridge between ANs and M® to facilitate
more effective efferocytosis. In support of this model, we are showing here that LTF losses
some of its efficacy to promote phagocytosis of ANs in presence of amino acid lysine, which
is similar to LTF regarding carrying positive charges that can electrostatically outcompete
charges-based interaction between LTF to AN. The equimolar to lysine concentration of
glycine, a neutrally charged molecule*?, does not interfere with the ability of LTF to
stimulate phagocytosis of ANs.

Applied acutely (only during the engulfment assay), LTF may indeed help in engulfment of
ANs through charge-related modification (as suggested directly above). However, exposing
microglia to LTF for hours prior to phagocytosis assay leads to further improvement in
phagocytosis efficacy, suggesting that prolonged exposure to LTF may modify phagocytosis
through distinct mechanisms. To understand this mechanism(s), we compared microglia
gene expression changes triggered during engulfment of ANs with and without LTF
treatment. Upon engulfment of ANs microglia underwent the complex transcriptional
changes that involved induction of proinflammatory and anti-inflammatory responses,
increased expression of scavenger receptor, and upregulation of anti-oxidative pathway,
signified by the increased expression of Nrf2, a transcription factor and master regulator for
anti-oxidative cell defense responses. Interestingly, this ANs-induced transcriptional changes
were significantly modified in microglia that were pre-incubated with LTF, and resulted

in a reversal of ANs-induced pro-inflammatory gene expression, further increased anti-
inflammatory gene transcription, and further increase in scavenger receptor gene expression.
These LTF-induced responses coinciding with the enhanced phagocytic responses suggest
that LTF may change microglia phenotype to a more “healing” type - resembling M2 form.

While our findings here are important in implicating potential role of recombinant

LTF as therapy for ICH as we suggested earlier 44548  present work have additional
pathophysiological relevance of the LTF delivered by inflammatory PMNs in the ICH-
affected brain. Infiltration of PMNSs to the hematoma site results in delivery of LTF to the
site of ICH injury, mediating not only iron sequestration®4> but also promoting efficient
removal of dead PMNSs that entered brain after ICH, a sort of self-control for elimination.
Normally, PMNs’ primary function is to protect host organism from microbial invasion;
therefore, their granules contain abundance of armories that upon uncontrolled PMNs lysis
could produce direct injury to the hematoma surrounding viable brain and further augment
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ICH-induced inflammation. Thus, we propose that LTF delivered by PMNs has dual
beneficial function in ICH. One is to help sequestrate toxic iron derived from hemoglobin/
heme and two is to help in removal of ANs by amplifying efficacy of CD91 scavenger
receptor toward removal of ANs. Also, our ongoing studies suggest that in addition to
removal of ANs the LTF can enhance removal of apoptotic neurons and the senescent RBCs,
process that could be beneficial for post-ICH recovery.

Beside the “eat-me” signals on ANSs such as phosphatidylserine, efferocytosis of ANs
depends on presence of various factors in the microenvironment and the status of M®
programming, which determines their readiness to engulf4%:50. Mds that are programmed
toward so-called “alternative/healing” activation are usually more efficient at efferocytosis.
Although, there are no specific set of the scavenger receptors for ANs, it has been

suggested that CD3651 and CD911° may play important role in the removal of ANS.

In our ongoing studies, we indeed observed that CD36 neutralizing antibody /7n vitro,
significantly reduced ANs efferocytosis by microglia by 16.8%, suggesting that CD36 plays
some role in mediating efferocytosis of ANs (data not included). Here, we focused on
CD91 (also referred to low density lipoprotein-related protein 1; LRP1), a well characterize
heme scavenger receptor29:21, which is expressed on macrophages where it assist in heme-
hemopexin complex engulfment and RBC phagocytosis®2. Now, we are showing that CD91
is abundantly expressed by cultured microglia and by phagocytes located by the site of
hematoma after ICH. In fact, all the CD91-expressing CD11b*-M® are selectively found in
proximity to the hematoma and all of them displayed amoeba-like morphology, suggesting
their pro-phagocytic phenotype®3. In contrast, all the CD11b* M® located several cell layers
away from the hematoma displaying ramified morphology and were CD91~, suggesting that
only CD91* M® for some reason have direct access to the hematoma site to engage in brain
cleanup. This is likely functionally beneficial, as based on our finding CD91* microglia
have enhanced phagocytic activity. It is also important to indicate that infiltration of PMNs
to the ICH-affected brain starts within hours after ICH onset, resulting in masses of PMNs
entering the hematoma’. Their location in the affected brain appears to be similar to the
sites where activation of microglia and monocyte infiltration occurs. Thus, PMNs through
degranulation-mediated LTF release, which occurs in response to ICH environment*?, could
modify the adjacent CD91* M® by improving their phagocytic/cleanup functions.

LTF is an iron-binding glycoprotein that is synthetized during PMNs maturation in bone
marrow, and is packed to so called specific granules of mature PMNSs. It appears that

among blood cells PMNs are the only cells synthetizing and carrying LTF. We have earlier
demonstrated that LTF is neuroprotective against lysed RBC and iron induced cytotoxicity in
primary rat neuron and also effective in reducing injury in rodents (mice and rats) models of
ICH445, Thus, PMNs may work as a vehicle to carry and deliver LTF into the ICH-affected
brain and provide therapeutic protection by sequestration of iron, modulation of M® gene
expression and assisting in removal of apoptotic cells including ANs.

In conclusion our study suggests an important role of CD91 and LTF in promoting ANs
clearance from the brain after ICH and implies that approaches targeting CD91 including
through LTF may represent potential therapeutic value.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms:

PMNs polymorphonuclear neutrophils

ANs apoptotic PMNs

M® microglia/macrophages

PS phosphatidylserine

LTF lactoferrin

LyzM lysozyme M

rhLTF recombinant human LTF

rmLTF recombinant mouse LTF
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Fig 1.

Rgpresentative immunofluorescence to label PMNs (MPO*/Green) and M® (CD68/red)
showing distinct spatial distribution of PMNs and M® in the ICH-affected rat brain at 3d
after ICH. The nuclei are labeled with DAPI/blue. A combination of MPO*+CD68*/Comb
staining is used to visualize co-distribution of PMNs and M®.
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Fig 2.

(A%Immunofluorescence to localize PMNs (RP-1/green) showing distribution of PMNs

in the ICH-affected rat brain at d3 after ICH. Scale bar=10um. (B&C)Representative
immunofluorescence of LTF/green in the ICH-affected brain. The LTF is localized
intracellularly in PMNs (multi-lobular nuclei/red) found around the hematoma (dashed line)
at d3 after ICH. (D)Immunofluorescence of CD91 in the ICH-affected brains at 3d and 7d
after ICH. The arrowheads indicate the CD91*-cells/green at the border of hematoma (doted
lines). Scale bar=50um. (E)Double immunofiuorescence of CD11b*/green and CD91*/red
to demonstrate the peri-hematoma localization of CD91 on M® at d3 after ICH. Note that
all the CD11b*-M® with the amoeba-like morphology are CD91" and are confined to the
outer margin of hematoma. Scale bar=100um. (F)Bar graph and RT-PCR gel image of
CD91 mRNA expression levels in the ICH-affected subcortical striatum of Naive animals
and animals at 1h-14d after ICH. GAPDH acts as control. The data are mean+SEM (n=5).
*P<0.05, vs. Naive group. Analyzed with One-Way ANOVA, followed by Newman-Keuls
post-hoc test.
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Fig 3.

Double immunofluorescence of RP-1/green and CD91/red in the ICH-affected rat brain at
d3 after ICH. The nuclei are labeled with DAPI/blue. A highlighted window is showing the
efferocytosed PMNs within the CD91*-M® at the hematoma border zone. Scale bar=100pm.

Stroke. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

B C §
Phagocytosis of AN 0.5- Phagoc:ir't:?::‘ss of AN

x 1
3 08 P<0.01 2 = =
8 = P<0.01 £
£ Eos6 —— @
28 8
ge S
> 20. @
® O <
& o
Lysine Glycine
D soo;
mcontrol mmANs mELTF+ANs *
a 600 *p<0.05, vs. Control
[e) *p<0.05, vs. Control and ANs
% 4001
g
[
X 2001
. N & K & & O
N & o &
SIS ITE S &
)
Fig 4.

(A)Double immunofluorescence of CD91 and CD11b in rat primary microglia showing
that CD11b-labeled microglia express CD91. Scale bar=50um. (B)Representative
immunofluorescence of Iba-1*-rat microglia/green at 2h after adding PKH26-labeled
ANs/red (target of phagocytosis). The nuclei are labeled with DAPI/blue. Scale bar=50um.
(B’&B™), a highlighted M® containing engulfed ANs. A quantifying bar-graph showing that
microglia treated with rhLTF at the time of adding ANs (LTF) or with 16h pre-treatment
(Pre-LTF) promote ANs efferocytosis. The data are mean+SEM (n=3). (C)Phagocytosis
Index upon exposing rat microglia to ANs with or without LTF in presence of 5-5000uM
of lysine or glycine. The data are mean£SEM (n=3). *p<0.05, vs. LTF alone. (D)Bargraph
of RT-PCR quantitation showing mRNA changes upon exposing microglia to ANs with or
without rhLTF. The rat microglia were incubated in saline or 50ug/ml rhLTF in presence
of ANs for 16h. The mRNA changes were quantified by RT-PCR (n=3). The red asterisks
indicate p<0.05, vs. vehicle control and black asterisk indicates p<0.05, vs. ANs alone and
control. Analyzed with One-Way ANOVA, followed by Newman-Keuls post-hoc test.
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Phagocytosis of AN
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CD91-KO

Saline
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CD91-loxP

LTF

(A)Microglia in culture were produced from CD91-9%" (left 2 lanes) or Mac-CD91-KO
(right 2 lines) mice. RT-PCR gels confirm Cre expression in microglia from the Mac-CD91-
KO that coincides with loss of CD91 mRNA. GAPDH-=internal control. (B)Phagocytosis
Index of ANs engulfment by microglia from Mac-CD91-KO and CD91-°%" mice with/
without 50pg/ml of mrLTF. Data are mean+SEM (n=3). In CD91-KO microglia, the effects
of LTF in promoting phagocytosis is significantly weaker than in the control microglia.
Analyzed with One-Way ANOVA, followed by Newman-Keuls post-hoc test.
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Fig 6. Outcome measurement of Mac-CD91-KO and the CD91-9%P control mice after ICH.
(A)Neurological deficit score (NDS)(n=16) on d7, (B)Hematoma clearance (n=7) on day

7, (C)Oxidative stress measured on d3 (by immunofluorescence of 4-HNE)(n=5), (D)lron
clearance (n=7) on d7, and (E)PMNSs count (n=5/group/timepoint) in the ICH-affected brain
on d1 and d7 after ICH in Mac-CD91-KO and CD91-°%P mice with/without mrLTF. The
mrLTF was injected i.v. 3h after ICH at 10mg/kg in 150p1 of saline (vs. saline control),

plus 5mg/kg, i.p., daily on d1-d6 after ICH. The data are mean+SEM. *p<0.05. Analysis
with One-Way ANOVA, followed by Newman-Keuls post-hoc test in A-D, and with PROC
GENMOD procedure with PRAMA=GLM in E for the timely change of PMNSs in the brain.
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