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Neurobiology of Disease

CCR2+Ly6Chi Inflammatory Monocyte Recruitment
Exacerbates Acute Disability Following Intracerebral
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Intracerebral hemorrhage (ICH) is a devastating type of stroke that lacks a specific treatment. An intense immune response develops after
ICH, which contributes to neuronal injury, disability, and death. However, the specific mediators of inflammation-induced injury remain
unclear. The objective of the present study was to determine whether blood-derived CCR2 * Ly6C" inflammatory monocytes contribute
to disability. ICH was induced in mice and the resulting inflammatory response was quantified using flow cytometry, confocal micros-
copy, and neurobehavioral testing. Importantly, blood-derived monocytes were distinguished from resident microglia by differential
CD45 staining and by using bone marrow chimeras with fluorescent leukocytes. After ICH, blood-derived CCR2 " Ly6C™ inflammatory
monocytes trafficked into the brain, outnumbered other leukocytes, and produced tumor necrosis factor. Ccr2~’~ mice, which have few
circulating inflammatory monocytes, exhibited better motor function following ICH than control mice. Chimeric mice with wild-type
CNS cells and Ccr2~'~ hematopoietic cells also exhibited early improvement in motor function, as did wild-type mice after inflammatory
monocyte depletion. These findings suggest that blood-derived inflammatory monocytes contribute to acute neurological disability. To
determine the translational relevance of our experimental findings, we examined CCL2, the principle ligand for the CCR2 receptor, in ICH
patients. Serum samples from 85 patients were collected prospectively at two hospitals. In patients, higher CCL2 levels at 24 h were
independently associated with poor functional outcome at day 7 after adjusting for potential confounding variables. Together, these
findings suggest that inflammatory monocytes worsen early disability after murine ICH and may represent a therapeutic target for
patients.
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tures, causing blood to flow into the parenchyma. There is no
specific treatment for ICH and the 7 d mortality rate remains
>30% (Flaherty et al., 2006). Mediators of the coagulation cas-
cade (Lee et al., 1996), combined with complement activation
(Mack et al., 2007), the release of danger signals (Lei et al., 2013),
toll-like receptor 4 activation (Sansing et al., 2011c), and other
mechanisms are thought to initiate an inflammatory response.

Introduction

Intracerebral hemorrhage (ICH) is an especially deadly type of
stroke affecting 2 million people worldwide each year (Qureshi et
al., 2009). ICH occurs when a blood vessel within the brain rup-
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The resulting neuroinflammation is characterized by microglial
activation, leukocyte infiltration, and edema formation. This re-
sponse contributes to functional deficits in rodent models. Im-
portantly, elevated immune responses are also associated with
poor outcomes in patients (Castillo et al., 2002; Dziedzic et al.,
2002; Silva et al., 2005; Zhou et al., 2010; Agnihotri et al., 2011).

In most ICH studies, microglia and monocytes are evaluated
as a single population, despite potentially important functional
differences. Murine monocytes are comprised of two popula-
tions, the CX3CR1 "Ly6C ~ monocytes and the CCR2 " Ly6C"
inflammatory monocytes. Ly6C ~ monocytes have high levels of
the chemokine receptor CX3CRI1, patrol the endothelium of
blood vessels (Geissmann et al., 2003), and may aid in healing



3902 - J. Neurosci., March 12, 2014 - 34(11):3901-3909

after myocardial infarction (Nahrendorf et al., 2007). Inflamma-
tory monocytes require the chemokine receptor CCR2 to migrate
out of bone marrow and toward CCL2 chemokine gradients (Shi
and Pamer, 2011). Thus, Ccr2™/~ mice have few circulating in-
flammatory monocytes (Boring et al., 1997; Kurihara et al,
1997). Microglia express similar cell surface markers as mono-
cytes/macrophages and may also express CCR2 under certain
conditions (Zhang et al., 2007). This leads to difficulty in distin-
guishing monocytes and microglia histologically and identifying
their specific functions. The contributions of the monocyte and
microglia populations to CNS injury are mostly unknown. This
work aims to address this knowledge gap by specifically examin-
ing the roles of inflammatory monocytes after ICH.

CCR2 ™ inflammatory monocytes may be pro-inflammatory
or regulatory depending on local cues (Shi and Pamer, 2011;
Grainger et al., 2013; Riquelme et al., 2013). The present study
discriminates between microglia and blood-derived inflamma-
tory monocytes to determine how inflammatory monocytes in-
fluence neurological disability in the acute phase after ICH. We
show that inflammatory monocytes are the most numerous
blood-derived leukocytes in the brain at day 3 and that they pro-
duce tumor necrosis factor (TNF). Ccr2™’~ mice exhibit only
minor motor deficits following ICH compared with wild-type
mice. Wild-type mice transplanted with Ccr2™/~ bone marrow
and wild-type mice depleted of circulating inflammatory mono-
cytes also showed improved outcomes, localizing the protection
to a reduction in blood-derived inflammatory monocytes. Fi-
nally, we assessed CCL2, the dominant chemokine for monocyte
recruitment, in ICH patients and found that elevated serum
CCL2 at 24 h was independently associated with poor functional
outcome. We conclude that inflammatory monocytes worsen
early motor deficits following ICH. Therapies that antagonize
their recruitment may represent a new treatment strategy for this
devastating type of stroke.

Materials and Methods

Mice. C57BL/6] (WT CD45.2), B6.SJL-Ptprc* Pepc’/Boy] (WT CD45.1),
C57BL/6-Tg(CAG-EGFP)1310sb/LeySop] (GFP), B6.129S4-Ccr2" /]
(Ccr27/7), B6.129P-Cx3cr1™itityy (heterozygous, Cx3crl GFP/H) " and
B6.129(Cg)—Ccr2tm2'Hf“/] (heterozygous, Ccr2RFP/T) mice were pur-
chased from The Jackson Laboratory and then bred in-house. All mice
used in these experiments were males and were age matched with con-
trols. Nonchimeric mice were 8—16 weeks old when subjected to ICH.
Littermate controls (Ccr2"/") were used in experiments with Cer2™/~
mice. Mice were randomized (ICH or sham, MC-21 or control) to treat-
ment groups by coin flip when applicable and data were collected and
processed blinded to genotype.

Bone marrow chimera generation. WT CD45.1 mice (7-9 weeks old)
were lethally irradiated (two doses of 5-6 Gy) in a Gammacell 40 research
irradiator and 10° nucleated donor bone marrow (BM) cells were in-
jected retro-orbitally. Chimeras were maintained on sulfamethoxazole/
trimethoprim antibiotics in their drinking water 1 d before and 2 weeks
following irradiation. Chimeras were used for experiments 8—16 weeks
following transplantation.

Monocyte depletion. CCR2 © monocytes were systemically depleted us-
ing the rat anti-mouse CCR2 antibody MC-21 (Mack et al., 2001; Mild-
ner et al., 2007). Mice were injected intraperitoneally with 20 ug of
MC-21 or rat IgG2b isotype control antibody dissolved in 100 wl PBS.
Injections were performed 24 * 2 h before ICH and again 24 h later. This
protocol ensures effective monocyte depletion from the time of ICH
until being killed.

ICH models. Briefly, mice were anesthetized and maintained under
1-5% isoflurane as blood was injected 2.5 mm right and 3 mm deep to
bregma ata 5° angle toward the midline, as previously described (Sansing
et al., 2011b). For the blood injection ICH model, 20 ul of blood was
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injected, except for those in GFP chimeric mice, which received 25 ul of
blood. Autologous blood was used to create the ICH in experiments
shown in Figure 1. To standardize ICH composition, blood from naive
C57BL/6] WT donor mice was used for ICH surgeries in all other blood
injection ICH experiments. In additional experiments we used the colla-
genase injection ICH model, which results in breakdown of the vascular
basement membrane (Rosenberg et al., 1990). Specifically, 0.05 U type
VII collagenase (from Clostridium histolyticum; Sigma) in 1 ul PBS was
injected at the same coordinates as for the blood injection model. Sham-
treated mice received all experimental interventions (anesthesia and nee-
dle insertion) except for injection.

Flow cytometry. Mice were killed by isoflurane overdose and intracar-
dially perfused with 40 ml ice-cold PBS. The cerebellum and olfactory
bulbs were removed from ipsilateral brain hemispheres, which were me-
chanically and enzymatically (collagenase, dispase, and DNase) digested
to a single-cell suspension. The resulting suspension was suspended in a
30%/70% isotonic Percoll (GE Healthcare) gradient and spun at 500 X g.
The interphase was collected, washed, and stained as previously detailed
(Sansing et al., 2011c¢). Blood samples were lysed with a hypotonic solu-
tion and kept on ice until staining. Spleens were pulverized through 70
pum cell strainers and treated with a hypotonic solution to lyse red blood
cells. For some experiments, intracellular cytokine staining was per-
formed by incubating isolated cells with brefeldin A and monensin (BD
Biosciences; each 1:1000) for 4 h at 37°C, 5% CO, and then permeabiliz-
ing and staining cells as directed by the Cytofix/Cytoperm kit (BD Bio-
sciences). Fluorophore-conjugated antibodies against CD45, CD45.1,
CD11b, CDlIg, Ly6G, Ly6C, and MHCII were obtained from eBiosci-
ence; CD45.2, CD3e, Ly6G (1A8), SIRPa, and TNF from BD Biosciences;
CD19 from Invitrogen; CD36 from BioLegend; and CCR2 from R&D
Systems. Alexa Fluor 350 carboxylic acid succinimidyl ester (Invitrogen)
was used to exclude dead cells. CountBright counting beads (10* beads
per sample; Invitrogen) were used to normalize each tube for the volume
of cells run through an LSR II flow cytometer (BD Biosciences).

Flow cytometry data analysis. Live singlets were analyzed with FlowJo
software (Tree Star). Similar to the gating strategy described previously
(Sansing et al., 2011c), CD45 hi cells isolated from brain samples were
classified as blood-derived leukocytes. Leukocyte populations were gated
as follows: CD45", CD3 * (T-cells); CD45", CD19 * (B-cells); CD45",
CD37, Ly6C™", Ly6G™ (neutrophils); CD45", CD3~, Ly6G~,
CD11b ", Ly6C ~, CD11c ™, MHCII * (dendritic cells); CD45"™, CD3 7,
Ly6G~, CD11b - Ly6C hi (inflammatory monocytes); and CD45 hi.
CD3 7, Ly6G —, CD11b - Ly6C~, CD11c™ (Ly6C~ monocytes). Mi-
croglia were gated as CD45'°%, CD11b ™. Blood leukocyte populations
were gated identically to CD45 ™ brain samples.

ELISAs. The perihematomal region (ipsilateral hemisphere = 3 mm
from needle insertion site) was isolated and homogenized for protein
as described previously (Hammond et al., 2012). Briefly, samples were
vigorously homogenized in radioimmunoprecipitation assay buffer
(Cell Signaling Technology) with a complete protease inhibitor cock-
tail (Roche). Protein levels were quantified using a BCA Protein Assay
Kit in triplicate (Thermo Scientific). CCL7 was quantified by mouse
MCP-3 (CCL7) Instant ELISA (eBioscience) using 100 ug of total
protein per well in duplicate. CCL2 was quantified by Luminex-based
multiplex ELISA (Millipore), also with 100 ug of brain protein per
well in duplicate.

Hemoglobin assay. Mice were intracardially perfused with 40 ml
ice-cold PBS and ipsilateral brain hemispheres were isolated for ho-
mogenization. Each ipsilateral hemisphere, without the cerebellum
and olfactory bulb, was homogenized with 1 mm glass beads and 325
wl ultrapure H,O in a Mini-Beadbeater (BioSpec Products) for 1 min.
Samples were centrifuged for 30 min at 21,000 rcf and the superna-
tant, containing hemoglobin, was isolated for the assay. The assay was
performed as previously described (Choudhri et al., 1997) with some
modification. We added 20 ul of brain homogenate to 80 ul Drab-
kin’s reagent (Sigma), incubated at room temperature for 15 min, and
measured the absorbance at 540 nm. A standard curve was created by
adding 20 ul of blood to a naive brain hemisphere before homogeni-
zation and serially diluting with untreated homogenate from a naive
brain.
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Inflammation following ICH is characterized by a monocyte-rich cellular infiltrate. Mice were subjected to sham or ICH and their brains were analyzed to characterize the cellular and

molecularinflammatory composition. A, Representative flow cytometry plots from day 3 show that inflammatory monocytes (Ly6C ™ CX3CR1'") outnumber Ly6C ~ monocytes (Ly6C ~ CX3CR1™)
in ICH-treated brains from Cx3cr1°™/* mice, whereas both populations are low in numberin sham brains. Numbers in the plots indicate the percentage of cells in the plot located in each respective
gate. Plotsare gated on (D45 ™, (D3 ~, Ly6G . N = 5—10mice per group. B, This pie chart shows the mean of each blood-derived cell population in Cx3cr7°™* ICH brains at day 3. Each population
was calculated as a percentage of total (D45 " cells in the ipsilateral brain hemisphere. N = 9. €, This representative histogram from WT brain and spleen 3 d after ICH shows inflammatory monocyte
TNF staining. Roughly half of the inflammatory monocytes isolated from ICH brains were positive for TNF up to day 7, whereas significantly fewer inflammatory monocytes from spleens stained positive for TNF.
N = 5-9 per group. D, By ELISA, the monocyte chemoattractant CCL2 is increased in WT ICH brains up to 3 d after ICH, whereas CCL7 is increased only at day 1. N = 4—6 per group. Error bars indicate SEM.

Neurobehavioral tests. All tests were performed at the same time each
day by a blinded observer. The cylinder test was performed by placing
mice into a transparent glass cylinder and scoring 20 rears for paw place-
ment on the wall of the cylinder as left, right, or both (Sansing et al.,
2011a). A laterality index was calculated as (right — left) + (right + left
+ both). Thus, a score of +1.0 indicates a severe left hemiparesis and
exclusive use of the right forelimb, whereas a score of 0.0 indicates equal
use of the forelimbs. The beam balance test (Zausinger et al., 2000) was
performed by placing a mouse on a horizontal 1 inch diameter rod ele-
vated 40 cm above the lab bench and scoring the longest distance traveled
before falling in five walking trials. Mice were only tested once on the
beam balance test due to training effects of repeated testing.

Immunohistochemistry. Mice were intracardially perfused with 20 ml
PBS followed by 20 ml 4% paraformaldehyde (PFA)/PBS. Brains were
removed, postfixed in 4% PFA/PBS for 4 h, cryoprotected in 30% su-
crose/PBS, embedded in Tissue-Tek OCT (Andwin Scientific), and cut
into 7 wm sections on charged slides. Sections were blocked in 2% nor-
mal goat serum and 2% normal rat serum/PBS and then sequentially
stained with rat anti-CD11b (1:100; eBioscience) and Cy3 anti-rat (1:100;
Jackson ImmunoResearch) or Alexa Fluor 488 anti-rat (1:100; Invitro-
gen) antibodies. DAPI (1:10,000) was used as a nuclear co-stain. Sections
were mounted in Cytoseal 60 (Thermo Scientific).

Microscopy. An LSM 780 laser scanning microscope (Zeiss) with 405,
488, 561, and 633 nm laser lines was used for image acquisition at 20 *
1°C. Tissue sections were imaged at 1 pwm intervals in the Z-plane under
a 20X objective lens or 0.55 wm under a 40X objective lens blinded to
treatment. Images represent a collapsed Z-stack through each tissue sec-
tion (maximum intensity isotropic orthogonal projection) taken at
bregma. Zen and Zen Lite (Zeiss) software were used during acquisition
and processing, respectively.

Human data collection. Patients were prospectively enrolled from
Hartford Hospital (2010-2013) and the Hospital of the University of
Pennsylvania (2008 —2011). Subjects’ consent was obtained according to
the Declaration of Helsinki. Patients with pre-existing severe disability
(modified Rankin scale (mRS) score =4) were excluded. Blood was col-
lected by peripheral venipuncture at 24 = 6 h after ICH symptom onset
(or last known well) and centrifuged at 2000 X g for 10 min. Serum
supernatant was frozen at —80°C until analysis. Clinical data, including
demographics, ICH size and location, pre-ICH functional status, and

disability at 7 d by mRS score were prospectively collected by reviewers
blinded to CCL2 levels. CCL2 levels were quantified by multiplex ELISA
(Millipore) in a single batch.

Statistical methods in murine studies. Differences were evaluated using
ANOVA with individual ¢ test post hoc analysis if data were normally
distributed or by Kruskal-Wallis testing with individual Mann—Whitney
U test post hoc analysis otherwise. Data in graphs are represented as
mean * SEM unless otherwise noted in the figure legend. Numerical data
presented in the text indicate mean * SDj; p values <0.05 were consid-
ered statistically significant.

Statistical methods in human studies. Univariate analyses were con-
ducted to explore serum CCL2 levels and age, sex, ICH volume, time to
sample collection, intraventricular extension, and other potential con-
founding variables using linear regression or Mann—-Whitney U test, as
appropriate. A multivariable model was created to determine the inde-
pendent association of CCL2 levels with functional disability at 7 d by
ordered logistical regression while adjusting for known predictors of
poor outcome after ICH. All statistical analyses were performed using
Statav 11.

Study approval. All mouse procedures were approved by the University
of Connecticut Health Center Animal Care and Use Committee and were
performed in strict compliance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals. Institutional
review boards at the University of Connecticut Health Center, Hartford
Hospital, and the Hospital of the University of Pennsylvania approved
the clinical study.

Results

Inflammatory monocytes dominate the cellular infiltrate in
the days after ICH

To better understand the innate immune response after ICH, we
subjected Cx3cr1“"" reporter mice to either ICH surgery using
autologous blood or to sham surgery (Sansing et al., 2011b).
These mice facilitate classification of the various monocyte pop-
ulations by CX3CR1 expression (Jung et al., 2000). The cellular
infiltrate in the brain was analyzed using flow cytometry. Ly6C"
Inflammatory monocytes constituted the major blood-derived
cell population in the brain, peaking at 3 d (Fig. 1A). Notably, the
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CX3CR1 " Ly6C ~ monocytes constituted
amuch smaller population. Inflammatory
monocytes, however, comprised 34.9% of
leukocytes that trafficked into the brain at
day 3, making them the most numerous

blood-derived cell type (Fig. 1B). Approx-
imately half of the inflammatory mono-
cytes found in WT brains up to day 7 after

GFP — P>

ICH were found to be producing the
pro-inflammatory cytokine TNF. In com-
parison, fewer inflammatory monocytes
isolated from spleens, a monocyte reser-
voir (Swirski et al., 2009), were TNF ", in-
dicating that these cells do not produce B

(Fig. 1C). In concordance with our find-
ing of intense inflammatory monocyte

infiltration, the two chemokines mainly re-
sponsible for recruitment of these mono-
cytes, CCL2 and CCL7 (Tsou et al., 2007),
were both increased in perihematomal
brain tissue at day 1 and CCL2 remained
elevated at day 3 (Fig. 1D).

Both microglia and blood-derived mac-
rophages express common myeloid cell-
surface markers, including CDI11b and
F4/80 (Saijo and Glass, 2011), making histo-
logic differentiation of these populations
difficult. To further characterize monocyte
recruitment in the brain after ICH, we
generated BM chimeric mice. Nucleated
BM cells from a mouse ubiquitously ex-
pressing GFP under control of the B-actin
promoter (Okabe et al., 1997) were trans-
planted into WT hosts. After 8 weeks,
97.5 = 0.62% of circulating leukocytes originated from the GFP *
donor marrow (Fig. 2A). Most blood-derived leukocytes isolated
from the brains of these mice 3 d after ICH were GFP* (81.2 +
13.7%; Fig. 2B, population I). Radio-resistant microglia were
found to be CD45"% GFP ~ (population II), consistent with our
and others’ previous classification of microglia (Renno et al,
1995; Sansing et al., 2011c) suggesting that microglia do not ap-
preciably upregulate CD45 when activated after ICH. Using im-
munohistochemistry for the myeloid marker CD11b, GFP™*
blood-derived myeloid cells were found within and around the
hematoma (Fig. 2C). While these cells also appear in the needle
track in the brains of sham mice, consistent with focal injury from
needle insertion, they were far more abundant and widespread
after ICH. These findings confirm that ICH causes robust blood-
derived myeloid cell recruitment to the region surrounding the
hematoma.

We next wanted to confirm histologically that the blood-
derived myeloid cells in the perihematomal region were in-
deed inflammatory monocytes. We used Ccr2®*”" mice,
which express red fluorescence protein under control of the
Ccr2 promoter (Saederup et al., 2010). In the brains of these
mice 3 d after ICH, we found numerous CCR2 "CD11b " in-
flammatory monocytes (Fig. 2D). Rarely was a CCR2 " cell
observed that was not CD11b ™. Some inflammatory mono-
cytes were also found in sham brains, but again they were
localized to the needle insertion site. Together these data show
that ICH results in robust inflammatory monocyte recruit-
ment to the site of hemorrhage.

TNF until they traffic to the site of injury |
o
™
(O]

Figure 2.

the needle insertion. D, (cr.

Hammond et al. @ Monocytes Acutely Worsen Intracerebral Hemorrhage

Blood-derived monocytes are abundant in the brain after ICH. A, WT mice transplanted with BM from a mouse
constitutively expressing GFP were used to distinguish between resident microglia and blood-derived leukocytes. At least 8 weeks
after transplantation, the vast majority of leukocytes ((D45 ™ cells) were found to originate from GFP donor cells. B, Three days
following ICH, the majority of (D45 ™ peripheral leukocytes in the brain were GFP ™ (population 1), rather than GFP ~ (population
IlI). Microglia were GFP —, (D45 fow (population I1). C; Staining for CD11b (red), GFP (green), and DAPI (blue) shows that many of
the globoid (D11b * cells within the hematomaare also GFP * (arrows and upper insets), indicating their BM origin. Some GFP ~

microglia can also be seen (arrowheads and lower insets). Dotted lines in sham indicate localized inflammation due to injury from
JRFP/+

mice 3 d following injury have (D11b * (green) and CCR2 ™ (red) inflammatory monocytes

present around the hematoma. DAP! is shown in blue. Scale bars: 50 wm.

Mice lacking inflammatory monocytes are protected from
early motor deficits

Because inflammatory monocytes represent the largest leuko-
cyte population recruited to the brain after ICH, we next de-
termined the contribution of these cells to secondary injury.
Ccr2™/~ mice and littermate controls were subjected to ICH
and the inflammatory responses and functional outcomes
were quantified using flow cytometry and neurobehavioral
testing. Brains from Ccr2™/~ mice contained significantly
fewer inflammatory monocytes following either blood injec-
tion ICH or collagenase ICH (Fig. 3A). Consistent with our
histologic data, the majority of CCR2 ™ leukocytes from con-
trol brains were inflammatory monocytes, whereas few
CCR2 ™" T-cells or B-cells were identified (Fig. 3B). While ap-
proximately one-third of Ly6C ™~ monocytes isolated from
control brains at day 1 stained positive for CCR2, this popu-
lation expressed low levels of the receptor (mean fluorescence
intensity 820 = 313 A.U. inflammatory monocytes vs 369 *
207 A.U. Ly6C ™ monocytes, n = 4, p = 0.043). Functionally,
Ccr2™/~ mice displayed less severe left forelimb weakness at
day 1 (Fig. 3C,D) and could walk farther on the beam balance
testat day 3 (Fig. 3E). To account for other potential leukocyte
abnormalities in Ccr2™/~ mice, we quantified leukocyte levels
in the blood. Ccr2™/~ mice had similar numbers of B-cells,
T-cells, and neutrophils as littermate controls (Fig. 3F). How-
ever, Ccr2~’~ mice had many fewer inflammatory monocytes
in blood and a slight decrease in Ly6C ~ monocytes (Fig. 3G).
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Figure 3. (2™~ mice exhibit decreased inflammatory monocyte recruitment and are protected from early motor deficits. Because Ccr2~”~ mice have few circulating inflammatory
monocytes, they were used to evaluate the functional and inflammatory effects of monocytes following ICH. A, Inflammatory monocytes are significantly less abundant in Ccr2~”~ brains following
either blood injection ICH or collagenase ICH. Plots are representative from day 3 blood injection ICH and are gated on (D45, (D3 ~, Ly6G ~. N = 7-9 blood injection ICH; n = 3—4 collagenase
ICH. B, The majority of CCR2 ™ cells in ipsilateral control brains are inflammatory monocytes. N = 3-9. , One day following blood injection ICH, Ccr2 "~ mice display a decreased left forelimb
deficit. N = 915 per group. D, In the collagenase ICH model, (cr2 "~ mice also display a decreased forelimb deficit at day 1. N = 3-5.E, Three days following blood injection ICH Ccr2 "~ mice
perform better on the beam balance test, indicating that mice with fewer inflammatory monocytes have abrogated secondary injury. Horizontal lines indicate median and bars show interquartile
range. N = 8—14.F, (cr2~”~ mice have similar lymphocyte and neutrophil numbers in blood compared with littermate controls. N = 11-17. G, (cr2 /™ mice have many fewer inflammatory
monocytes and slightly fewer Ly6C — monocytes in blood. N = 13—17. Error bars in A-D, F, and G indicate SEM.

BM-derived inflammatory monocytes promote early
disability following ICH

Microglia (Eltayeb etal., 2007; Zhang et al., 2007) and endothelial
cells (Weber et al., 1999) express CCR2 in certain circumstances
and Ccr2™’~ mice lack CCR2 on these cells as well as monocytes.
We sought to determine what source of CCR2 signaling pro-
moted disability after ICH. Ccr2~/~ BM chimeras were created by
lethally irradiating WT CD45.1 mice and engrafting BM from
either WT or Ccr2™/~ (both CD45.2 ") donors. In the resulting
Ccr2™’~ BM chimeras, microglia were of CD45.1 (WT) origin
and the majority of peripheral CD45 " leukocytes were derived
from donor BM (93.5 = 3.5% WT vs 94.9 + 0.95% Ccr2™' ", n =
6-8,p = 0.61; Fig. 4A). At 12 h after ICH, Ccr2™’~ BM chimeras
showed significantly fewer inflammatory monocytes in the brain
compared with control chimeras (1949 * 1779 cells WT vs 74 =
28 Cer2™/ ", n =4, p = 0.021; Fig. 4B) but no difference in the
numbers of neutrophils (408 = 334 cells WT vs 358 *= 133
Cer2™’",n =4, p = 0.77), indicating that the neutrophilic re-
sponse to ICH is unaltered in mice with Ccr2™/~ leukocytes.
Ccr2™/~ BM chimera brains contained similar amounts of hemo-
globin relative to controls at day 1 (2.73 £ 1.52 ul hemoglobin
WT vs 3.90 = 2.63 ul Ccr2™~, n = 8, p = 0.53), confirming
equivalent initial hemorrhage volumes between strains. More
than half of the monocytes isolated from the brains of WT control
chimeras produced TNF at day 3, whereas few found in blood or
spleen were TNF ™, again confirming the production of TNF by
inflammatory monocytes is localized to the site of injury (Fig.

4C). Behaviorally, Ccr2~/~ BM chimeras displayed a less severe
left hemiparesis compared with controls for the first 3 d after ICH
(Fig. 4D). These data demonstrate that blood-derived inflamma-
tory monocytes traffic to the brain and promote acute neurolog-
ical disability following ICH.

To confirm our findings in a WT mouse with normal he-
matopoietic development, we used the anti-CCR2 antibody
MC-21 to deplete circulating CCR2 ™ cells (Mack et al., 2001;
Mildner et al., 2007). Mice were treated with MC-21 or isotype
control antibody 1 d before ICH and again immediately fol-
lowing ICH to ensure that CCR2 " monocytes were absent for
the duration of the experiment. Significantly fewer inflamma-
tory monocytes were found in blood samples from MC-21
mice (13,179 * 6934 cells/ml blood control vs 2566 + 1778
MC-21, n = 5-7, p = 0.0074), but no differences were seen in
T-cells (5.33 = 2.58 X 107 cells/ml blood control vs 6.15 *
2.84 X 10° cells/ml blood MC-21, n = 5-7, p = 0.68) or
neutrophils (4.13 = 1.02 X 10° cells/ml blood control vs
3.78 = 1.09 X 10° cells/ml blood MC-21, n = 5-7, p = 0.29).
Brains from MC-21-treated mice contained significantly
fewer inflammatory monocytes 1 d after ICH, but no change
was seen in the numbers of neutrophils (Fig. 5A). Importantly,
MC-21-treated mice displayed a significantly reduced left
forelimb deficit as assessed by the cylinder test (Fig. 5B). This
experiment in a WT mouse strongly suggests that inflamma-
tory monocytes facilitate acute neurological disability.
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Figure 4.  Blood-derived inflammatory monocytes contribute to secondary disability after

ICH. WT CD45.1 mice were lethally irradiated, transplanted with Ccr2~/~ BM, and subjected to
ICH at least 8 weeks later. A, The majority of leukocytes in the blood of chimeric mice in both
genotypes were derived from donor BM. B, Mice given (cr2~/~ BM were found to have fewer
inflammatory monocytes in their brains as early as 12 h following ICH. Plots are gated on
(D45™ (D3 ~, Ly6G . €, This representative histogram from a chimeric mouse with WT BM
shows that inflammatory monocytes isolated from brain 3 d after ICH make TNF, but those
found in blood and spleen do not make appreciable levels. N = 5. D, Chimeric mice given
Ccr2~/~ BM display a decreased left forelimb deficit 1and 3 d following ICH, suggesting that
blood-derived inflammatory monocytes are responsible for inflicting secondary injury follow-
ing ICH. Both groups improve from day 1to 3. N = 8 —18. Error bars indicate SEM.

Inflammatory monocytes in the brain change phenotype

over time

The most robust cellular recruitment to the brain occurs during
the first 3 d after ICH (Fig. 1). Cer2™/~ mice showed a decreased
motor deficit compared with WT mice during this time period,
but all mice improved over time (Fig. 3). Thus, we were initially
puzzled by the increase in brain monocytes between days 1 and 3
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and concomitant improvement in functional deficits in the WT
mice. To determine the activities of inflammatory monocytes in
the brain following ICH, we isolated brains from WT mice up to
day 7 and prepared them for flow cytometry. When gating spe-
cifically on the Ly6C"" inflammatory monocytes, we found that
the proportion of cells staining positive for CCR2 decreased with
time after ICH (Fig. 6A). In contrast, the percentage of inflam-
matory monocytes staining positive for the class II scavenger re-
ceptor CD36 increased with time (Fig. 6 A, B). CD36 expression is
induced by peroxisome proliferator-activated receptor-y after
ICH and is involved in the phagocytosis of red blood cells (Zhao
et al., 2007), but has also been implicated in activation of the
inflammasome in various sterile injury models (Sheedy et al.,
2013). The staining intensity of SIRPe, an initiator of phagocy-
tosis (Han et al., 2012), also increased on inflammatory mono-
cytes in the brain from day 1 to 7 (Fig. 6C). Similarly, CD11c
staining intensity increased with time, consistent with the pheno-
type of regulatory macrophages (Riquelme et al., 2013). Thus we
propose that the initial recruitment of the pro-inflammatory
monocytes contributes to early disability after ICH. However,
over several days the population increases expression of mole-
cules that potentially aid in long-term repair.

High serum CCL2 levels are associated with worse early
outcomes in patients with ICH

To determine whether our findings are relevant in human ICH
patients, we measured serum CCL2 levels in a prospective cohort
of ICH patients enrolled from two centers. Functional outcome
was quantified using the mRS, which has been extensively vali-
dated in stroke outcome studies (Rankin, 1957; Banks and Ma-
rotta, 2007). The mRS is a seven point ordinal scale in which 0
indicates full recovery with no residual symptoms and 6 indicates
death. The median age of patients was 67.1 [interquartile range
57.8-76.1] years, 53.5% were male, and median ICH volume was
14.1 [5-38.5] ml. The median CCL2 level 24 h after ICH was 320
[226—478] pg/ml serum. CCL2 levels did not correlate with al-
ready established predictors of outcome after ICH, supporting its
value as an independent biomarker of prognosis. Indeed, we
found no correlation between CCL2 levels and patient age (r* =
0.001, p = 0.78) or volume of ICH (r* = 0.01, p = 0.38). There
was also no association between CCL2 levels and premorbid
functional status (p = 0.19) or extension of the hemorrhage into
the ventricular system (p = 0.45) in univariate analysis. Using a
multivariable model to adjust for known predictors of outcome
after ICH, high CCL2 levels were independently associated with
higher mRS scores at day 7 (Table 1). Thus, patients with higher
levels of the principal chemokine for CCR2 © monocyte recruit-
ment were more likely to die or be severely disabled, suggesting
that activation of the CCL2—CCR?2 axis worsens acute injury in
patients with ICH.

Discussion

The specific cellular mediators of brain injury after ICH are
largely unknown due to traditional grouping of microglia and
blood-derived monocytes as a single cell type. Here, we show for
the first time that blood-derived inflammatory monocytes are
present in highest numbers throughout the initial inflammatory
period, underscoring the importance of understanding their con-
tribution to acute disability. We also show that these monocytes
produce TNF once they have trafficked into the perihematomal
brain. Further, using both genetic knock-outs and BM chimeras
to reduce the circulating inflammatory monocyte pool while
maintaining WT microglia and endothelial cells, we determined
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Table 1. Serum CCL2 levels are independently associated with functional outcome
7 d after ICH in patients

0Odds ratio 95% Cl p
Age, per year 1.0 0.97-1.04 0.903
ICH volume, per 10 ml 1.6 13-20 ***<0.001
Intraventricular extension 24 1.0-5.9 *0.047
(CL2 at 24 h, per 100 pg/ml serum 1.2 1.02-1.4 *0.032

An ordered logistic regression was performed factoring in age, ICH volume, intraventricular extension, and CCL2
level versus day 7 mRS scores. These data show that higher day 1 CCL2 levels are independently associated with
worse mRS scores one week later. N' = 85 patients. (I, confidence interval.

that these monocytes promote neurological disability in the first
days after ICH. Notably, we showed in two distinct models of
ICH that Ccr2™/~ mice have decreased functional deficits and
fewer recruited monocytes. These findings were supported by
studies that used immunodepletion of CCR2 * cells, which con-
firmed the early behavioral benefit of loss of CCR2 ™ circulating
cells in WT mice. Finally, we confirmed the potential therapeutic
relevance of these findings in a human cohort. Higher levels of
CCL2, the principle chemokine for monocyte chemotaxis, at 24 h
after ICH were independently associated with worse functional
disability at day 7.

inflammatory monocytes, while necessary
during infection, may cause additional
damage following sterile injury. However,
this paradigm has not been consistent in
all models. Depletion of inflammatory monocytes during spinal
cord injury results in larger lesion sizes and worsened functional
outcomes (Shechter et al., 2009). Similarly, inflammatory mono-
cytes prevent hemorrhagic transformation and neurological de-
terioration in a model of ischemic stroke (Gliem et al., 2012).
These findings highlight the many possible contributions inflam-
matory monocytes offer in diverse injury models and at various
times following injury. In the present study, inflammatory
monocytes consistently exacerbated early disability after ICH in
two distinct models. The long-term function of these cells re-
quires further study.

Our finding of early protection in Ccr2™/~ mice is attributed
to a reduction in CCR2* inflammatory monocytes. However,
some endothelial cells (Dzenko et al., 2001) and a small popula-
tion of T-cells also express CCR2 (Briihl et al., 2004). Our inter-
pretation that the inflammatory monocytes are responsible for
acute disability is supported by our findings in Ccr2™’~ BM chi-
meras, which have WT microglia and endothelial cells but
demonstrated similar inflammatory and neurobehavioral im-
provements as Ccr2 /~ mice. Many studies have shown that en-
dothelial cells are relatively radio-resistant to the irradiation
doses used to generate BM chimeras (Kapessidou et al., 2006;
Perry et al., 2009; Azcutia et al., 2012; Fukuhara et al., 2012;
Kamei etal., 2012; Flynn et al., 2013; Wood et al., 2013), support-
ing Ccr2™/~ BM chimeras as a useful tool to localize the CCR2
effect to leukocytes. Similarly, acutely depleting circulating
CCR2 " cells in WT mice also confers significant protection from
neurological disability. CCR2 " T-cells make up ~5% of T-cells
in the blood, making it possible that differential T-cell responses
contribute to our findings in Ccr2™/~ mice and Ccr2™/~ BM
chimeras. However, we think this is unlikely since there are on
average <50 CCR2 " T-cells in the brain at day 1 and T-cells
typically take much longer to form an adaptive response. Thus,
while it is possible that a small population of other CCR2 * cells
contributed to our findings, it seems most likely that the CCR2 *
inflammatory monocytes are responsible for instigating neuro-
logical disability following ICH.

The inflammatory monocytes are found in highest numbers at
day 3 in control mice, a time point at which they seem to be
recovering in the cylinder test. This suggests that CCR2 * inflam-
matory monocytes are not consistently injurious over time. In-
deed, we provide evidence of a changing inflammatory monocyte
phenotype from day 1 to 7. In addition to decreasing CCR2 levels,
inflammatory monocytes upregulate CD36 and SIRPa, two mol-
ecules involved in phagocytosis. Thus, it is possible that these
monocytes shift toward an alternative phenotype involved in
clearing hemorrhagic debris, rather than continuing to worsen
injury over time. If inflammatory monocytes are important for
recovery, then perhaps the best therapeutic strategy would be to
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inhibit the early response or acutely modulate these cells such
that they promote recovery. Further studies are needed to fully
understand the long-term influences of inflammatory monocytes
on chronic ICH recovery.

Our work builds on a recent study by another group examin-
ing the CCR2-CCL2 system in a model of collagenase-induced
ICH (Yao and Tsirka, 2012). Their work identified plasmin-
mediated truncation of CCL2 as critical to the chemokine func-
tion. Interestingly, Ccr2™/~ mice exhibited delayed hemorrhage
expansion and delayed hematoma clearance in this model, sug-
gesting a role for CCR2 in vascular integrity and recovery. The
delay in ICH clearance was associated with enhanced inflamma-
tion and neuronal injury 7 d after ICH. Although Ccr2™/~ mice
displayed a behavioral benefit at early time points in that study,
the day 1 hemorrhages were smaller in this cohort hindering the
interpretation of neurobehavioral differences between the geno-
types. The present study primarily used the blood injection
model to standardize hemorrhage sizes. Similar to our findings,
microglia/macrophage numbers were reduced at early time
points after ICH. Our work builds on this study by discriminating
between microglia and monocytes, allowing us to identify the
peripheral monocyte population as trafficking into the brain and
facilitating early neurological disability in a model with consis-
tent hematoma size. Identifying which CCR2 * cell populations
are involved in long-term hematoma clearance and recovery war-
rants further study.

The brain has limited recovery capacity. Preventing additional
injury during the acute phase may provide long-term benefit.
However, many studies on neuroprotection after stroke have
failed to translate into improved patient care. One potential rea-
son is pathophysiologic differences between rodent models of
injury and human disease. To determine whether the CCL2-
CCR2 pathway is relevant in patients, we not only used two dis-
tinct ICH models experimentally, but we also investigated
activation of this pathway in the serum of patients with ICH.
Importantly, we found elevations in CCL2 levels in ICH patients
who had poor functional outcomes at 7 d. CCL2 levels did not
merely correlate with initial measures of ICH severity. Rather,
early elevation in CCL2 was independently associated with poor
outcome 1 week later, after adjusting for relevant potential con-
founding patient variables.

In summary, our work demonstrates that inflammatory
monocytes contribute to acute neurological disability after ICH
in two murine models and that this pathway has importance in
human ICH patients. Our findings suggest that antagonizing or
modulating this early target has the potential to reduce neurolog-
ical disability after ICH.
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