SCIENCE ADVANCES | RESEARCH ARTICLE

IMMUNOLOGY

M-CSF, IL-6, and TGF-p promote generation of a new
subset of tissue repair macrophage for traumatic brain

injury recovery

Zhiqi Li"2*, Jun Xiao>*, Xiaoyan Xud4+, Weiyun Li>5*, Ruiyue Zhong3, Linlin Qi®7,
Jiehui Chen3, Guizhong Cui, Shuang Wang3, Yuxiao Zheng3, Ying Qiu?, Sheng Li3,
Xin Zhou®2, Yao Lu3, Jiaying Lyu9, Bin Zhou?, Jiawei Zhou'’, Naihe Jing3, Bin Wei6'7'8*,

Jin Hu”""”, Hongyan Wangz’wr

Copyright © 2021

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Traumatic brain injury (TBI) leads to high mortality rate. We aimed to identify the key cytokines favoring TBI repair
and found that patients with TBI with a better outcome robustly increased concentrations of macrophage colony-
stimulating factor, interleukin-6, and transforming growth factor-f (termed M6T) in cerebrospinal fluid or plasma.
Using TBI mice, we identified that M2-like macrophage, microglia, and endothelial cell were major sources to
produce M6T. Together with the in vivo tracking of mCherry+ macrophages in zebrafish models, we confirmed
that M6T treatment accelerated blood-borne macrophage infiltration and polarization toward a subset of tissue
repair macrophages that expressed similar genes as microglia for neuroprotection, angiogenesis and cell migra-
tion. M6T therapy in TBI mice and zebrafish improved neurological function while blocking M6T-exacerbated
brain injury. Considering low concentrations of M6T in some patients with poor prognostic, M6T treatment might
repair TBI via generating a previously unidentified subset of tissue repair macrophages.

INTRODUCTION

Traumatic brain injury (TBI) is a major cause of morbidity and
mortality in young adults around the world (I). To date, clinical
trials related to TBI treatment have proved discouraging outcome;
it may be a result of a failure to well elucidate the complex multi-
faceted pathogenesis of TBI (2). Mechanical injury to the central
nervous system (CNS) leads to a local inflammatory response and
recruits immune cells following the insult (3). Macrophages exhibit
functional plasticity and heterogeneity under the influence of an in-
flammatory microenvironment. According to their distinct molec-
ular and biological characteristics, macrophages are classified into
proinflammatory and anti-inflammatory macrophages in response
to local different cytokines. Inflammatory macrophages are usually
induced by interferon-y and Toll-like receptor or other pathogen-
associated molecular pattern stimulation, producing proinflammatory
factors such as tumor necrosis factor-o (TNF-a), interleukin-6
(IL-6) and inducible nitric oxide synthase. In contrast, IL-4- and
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IL-13-induced macrophages exhibit anti-inflammatory activities
by up-regulated expression of arginase 1 (Argl), found in inflam-
matory zone 1 (Fizz1), chitinase 3-like-3 (Ym1/CHI313). Tissue re-
pair macrophages produce vascular endothelial growth factor a
(VEGF-0) to facilitate angiogenesis for repair (4, 5), while resolving
macrophages produce IL-10 and transforming growth factor-p1
(TGEF-B1) to limit inflammation. Both tissue repair macrophages
and resolving macrophages have been implicated to favor CNS re-
generation and brain repair after injury (5-8). However, the under-
lying key questions are not fully elucidated, in particular, which key
cytokines and growth factors are induced during brain injury, and
how could they affect macrophage function for the CNS repair? An-
swering these questions might help us to find novel biomarkers for
potential TBI diagnosis or therapy.

Various cytokines or growth factors are released after brain injury,
which can either accelerate or inhibit the repair process. IL-4 and
IL-13 are prototypical cytokines favoring tissue repair macrophages
in various injury models, including myocardial injury and skin in-
jury. However, it is not well determined whether IL-4 and IL-13 are
abundant in the injured brain or any new cytokines play dominant
role for the CNS repair. Second, cytokine combination treatment
has proven to be more effective with lower levels of toxicity, according
to an accumulating amount of practice in cancer immunotherapy.
Therefore, administration of combined cytokines/growth factors
might offer new therapeutic strategies to treat patients with TBI. Al-
though the functions of various individual cytokines were investi-
gated in brain repair (for instance, TGF-B as a neuroprotective
cytokine), treatment of combined cytokines in TBI is not well clari-
fied. Third, previous studies mainly use mouse models to explore
cytokine profiling, which might not be recapitulated in patients
with TBI. To find the key clue for solving the above concerns, this
study examined cytokine/growth factor profiles in plasma and cere-
brospinal fluid (CSF) and traced changes in immune cell popula-
tions during the whole healing process of patients with TBI.
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We have identified that blood circulating monocytes/macrophages
were specifically and quickly increased in patients with TBI, together
with substantially enhanced concentrations of TGF-B, macrophage
colony-stimulating factor (M-CSF), and IL-6 (termed M6T) in both
plasma and CSF, in contrast to the barely changed concentrations of
IL-4/IL-10, granulocyte macrophage colony-stimulating factor (GM-
CSF), and TNF-a. Using CD45.1 or tdTomato* bone marrow (BM)
adoptive transferring model and the in vivo tracking of mCherry”
zebrafish macrophages, we observed blood-borne macrophage mi-
gration to sites of injury, some of which displayed microglia-like
morphology. M2-like macrophages and microglia were the main
cellular source of M6T, which also substantially enhanced produc-
tion of Argl, YM-1, Fizzl, and CCL2 in sites of injury. M6T therapy
improved neurological function in TBI mice, which educated infil-
trating macrophages to display a similar gene expression pattern as
local microglia by RNA sequencing (RNA-seq), including a subset of
genes functionally related to angiogenesis, neuroprotection, and mi-
gration. Consistently, administration of specific antibodies targeting

M6T in vivo exacerbates brain injury in TBI mice. Together, we
propose a feedback between M6T-enriched microenviroment and
macrophage fate changes in sites of injury, which might help us to
design a new strategy for TBI therapy.

RESULTS

The enhanced blood monocyte and macrophage
populations in patients with TBI

Blood-circulating monocytes, macrophages, and lymphocytes are
capable of infiltrating into sites of the injured CNS (3, 9). We asked
which immune cell populations might be functionally associated
with recovery of patients with TBI. Peripheral blood mononuclear
cells (PBMCs) from patients with TBI were isolated by density
gradient centrifugation using Ficoll-Paque and monitored by flow
cytometric analysis at different time points following injury. We
noticed that total numbers (Fig. 1A) and percentages (fig. S1) of
lymphocytes from patients with TBI were decreased compared to

AA B
S 4 P <0.0001 P _ ® Healthy controls
2 . ealthy controls 60
= Hokkk = [ ]
E . “ o TBIgroup P 0;3,050 TBI group
e Py ° _
¥ 2 N 9 o® . P=0.0314
@ H e  P<0.0001 "o 404 S *
S 21 L o ‘e"  P<00001 3 olo P=0.0010
8 © ot o ok
< Q olo o = ° o
g 4] e o %o 20 T
: & 3 4
= 0 4 ° o °®
"_6 0 T T T T 0
Controls 0 dpi 1 dpi 5dpi T T T T
n 35 35 2 2 Controls 0 dpi 1dpi 5 dpi
n 24 19 8 8
C e Healthy controls D
e TBI group 60 P= ?\118258 — :
- °
60 P=01046 P=0.9855 ° ealthy controls
_ Ns  P= %2994 NS g N e TBI group
S o® ° ® ., 40
w 404 eprxe ) °
3 ° ° oo 3 P =0.9996 P =0.9863
o o o ° NS NS
- ° ° (] o|e + °
T 204 o ° 2 20- °
o °
° °
0 T T T T
Controls 0dpi 1dpi 5dpi 0 T T ™ ™
n 24 19 8 8 Controls  0dpi 1dpi 5dpi
n 24 19 8 8
0dpi
E 3 P <0.0001 Healthy control
< ® Healthy controls e
= P =0.0074
g ® TBI group "~
© 2 o
- P=0.0033
X °
b s -
9 .‘ TBI group
1
g 2008
S |l
<
01— S L] s a
Controls 0 dpi 1 dpi 5 dpi © ~
n 35 35 22 22 CD1lb —

Fig. 1. The enhanced blood monocyte and macrophage populations in patients with TBI. The numbers of lymphocytes (A) or percentages of CD8* T (B), CD4™ T cells
(€), CD19* B cells (D), and CD11b*CD14" monocytes (E) in blood collected from healthy volunteers or patients with TBI at the indicated time points were examined by
fluorescence-activated cell sorting (FACS). n represents the number of patients. Each symbol represents an individual patient. Statistical significance was determined
using one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test (A to E) (means + SD). NS, not significant (P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001,

and ****P < 0.0001.
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those of the healthy volunteers (the demographic information of
patients with TBI and their controls were summarized in tables S1
to S4; the baseline clinical characteristics of patients with TBI were
summarized in tables S5 and S6). Although the percentages of CD8"
T cells to total lymphocytes were slightly reduced at days 0 to 5 after
TBI (Fig. 1B), the percentages of CD4" T cells and CD19" B cells to
total lymphocytes were not substantially affected (Fig. 1, C and D).
In contrast, the numbers of CD11b"CD14" monocytes/macrophages
were quickly and substantially increased, even at the day of brain
injury (i.e., day 0) [Fig. 1E, the right panels show representative
fluorescence-activated cell sorting (FACS) profiles].

These data promoted us to further ask whether the elevate num-
bers of circulating monocytes/macrophages migrated into sites of
injury, and skewed toward tissue repair macrophages for the recov-
ery of patients with TBI.

Combination of elevated TGF-p1, IL-6, and M-CSF
concentrations in CSF and plasma is correlated with outcome
of patients with TBI

Various kinds of cytokines and growth factors are generated in re-
sponse to brain injury and have diverse functions in the repair pro-
cess. To search which cytokines could account for the enhanced
circulating monocytes and educate macrophage for brain repair, we
examined concentrations of proinflammatory and anti-inflammatory
cytokines, growth factors in plasma, and CSF from patients with
TBI. Enzyme-linked immunosorbent assay (ELISA) analyses revealed
that TGF-B1 concentrations in plasma were markedly, immediately,
and constantly increased from days 0 to 5 in patients with TBI com-
pared to the healthy controls (over 2500 pg/ml; Fig. 2A, left). Unex-
pectedly, concentrations of plasma IL-10 (Fig. 2A, middle) and IL-4
(less than 3 pg/ml; Fig. 24, right) were not significantly increased in
patients with TBI at various time points. In contrast, IL-6 levels
were markedly enhanced in plasma from patients with TBI (Fig. 2B,
left). Because TNF-a concentrations were not changed upon TBI
(Fig. 2B, right), it suggests that the enhanced concentrations of IL-6
or TGF-B1 were not caused by possible infections in patients with
TBI. Both GM-CSF and M-CSF are essential growth factors for mono-
cyte and macrophage differentiation or proliferation. We noticed that
M-CSF, but not GM-CSF, was slightly enhanced in plasma of pa-
tients with TBI (Fig. 2C).

CSF is in physical contacted with the brain and provides a con-
nection between the brain and peripheral blood. Considering the
difficulties to obtain human brain tissue from patients with TBI, we
next tested the production of these cytokines in CSF. Similar to our
findings in plasma, we observed a robustly elevated expression of
TGEF-B1 (the average concentrations 300 pg/ml in patients with TBI
versus 20 pg/ml in the controls; Fig. 2D, top) and IL-6 (the average
concentrations over 220 pg/ml in patients with TBI versus 50 pg/ml
in the controls; Fig. 2E, left) in CSF. In contrast, concentrations of
IL-10 or TNF-a were not significantly altered (Fig. 2D, middle, and
Fig. 2E, right). Again, IL-4, the classical cytokine for the induction
of tissue repair macrophage, was produced at low levels in CSF from
patients with TBI (Fig. 2D, bottom), indicating that other cytokines
in patients with TBI should be responsible for macrophage polar-
ization. As we noticed, compared to low M-CSF concentrations in
plasma, patients with TBI had markedly elevated M-CSF levels in
CSF (the average concentrations over 50 pg/ml in patients with TBI
versus 10 pg/ml in the controls; Fig. 2F, left). We propose that the
injured brain might be the main site to produce cytokines, which
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then circulated with lower concentrations into the blood vessels.
Similar to GM-CSF in plasma, GM-CSF in CSF was low and not
substantially changed in patients with TBI (Fig. 2F, right). Together,
we uncovered that TGF-B1, IL-6, and M-CSF (but not IL-4 and IL-10)
were immediately and significantly elevated in the CSF and plasma
of patients with TBI.

Despite this, certain individual patients with TBI did not display
high CSF concentrations of TGF-B1, IL-6, or M-CSF. We therefore
asked whether the CSF concentrations of the triple cytokines were
associated with the outcome of patients with TBI. The 3-month
outcome of patients with TBI were assessed by a Glasgow Outcome
Scale Extended (GOSE) score ranging from 1 (dead) to 8 (good
functional recovery) according to a previous study (10), and pa-
tients with TBI were divided into two groups including GOSE 5 to
8 (favorable outcome) and GOSE 1 to 4 (unfavorable outcome). We
noticed that CSF concentrations of IL-6 alone, TGF-B1 alone, and
M-CSF alone were not associated with GOSE scores of patients with
TBI (fig. S2, A to C). In general, IL-6 is regarded as a proinflamma-
tory cytokine that up-regulates the expression of chemokines and
adhesion molecules, and a previous study suggests that plasma IL-6
levels at day 1 with a cutoff of 100 ng/ml are positively correlated
with severity and infectious complications in brain-injured patients
(11). Contrary to these lines of IL-6 function, we identified that IL-6
concentrations in combination with TGF-B1 and M-CSF were pos-
itively associated with GOSE scores (Fig. 2G). This provides an in-
teresting hint for further investigation whether the elevated triple
cytokines could be used to predict outcome of patients with TBI. Be-
cause some patients with TBI did not have high levels of these triple
cytokines, we further asked whether administration of the triple
cytokines could protect the host from brain injury and elucidate the
underline mechanism.

Infiltration of blood-borne macrophages with microglia-like
morphology and the enhanced M6T concentrations

in the injured brain

To explore how the elevated M6T concentrations contributed to the
recovery of patients with TBI, we followed previous studies to gen-
erate a TBI mouse model with a closed head injury by a weight-drop
device (12-14). TBI mice showed significant brain damage (fig. S3A),
edema, and the increased numbers of apoptotic cells [hematoxylin
and eosin (H&E) and terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) staining;
fig. S3B] at sites of injury on day 3. The neurological severity score
(NSS) was scored from 0 to 10 by 10 individual clinical parameters, in-
cluding tasks on motor function, alertness, and physiological behavior
(13, 14). Higher NSS scores represented worse neurological function.
The sham-operated mice underwent identical surgical procedures
except for the actual weight drop. Mice showed high NSS scores
during 1 to 4 hours after injury and low NSS scores at days 5 to 7 after
injury, suggesting that TBI mice gradually recovered neurological
function (fig. S3C). A parameter of forelimb grip strength/body weight
(FS/BW) showed that the TBI group exhibited decreased forelimb
grip strength compared to that of the sham group (fig. S3D).

We next used mass cytometry (also named CyTOF) to achieve a
comprehensive examination of the local immune responses at
single-cell level. Only a small proportion of CD4" T cells and CD8"
T were displayed in TBI mice, and CD19" B cells were rarely detected
in both TBI and sham mice (fig. S3E). By contrast, CD11b" cells
were the major immune cells presented in both TBI and sham mice,
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Fig. 2. Combination of elevated TGF-B1, IL-6, and M-CSF concentrations in CSF and plasma is correlated with outcome of patients with TBI. Concentrations of TGF-B1,
IL-10, IL-4 (A and D), IL-6, TNF-a (B and E), M-CSF, and GM-CSF (C and F) in the plasma or CSF collected from healthy volunteers or patients with TBI at the indicated time
points were measured by ELISA. NS, not significant (P> 0.05); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical significance was determined using one-way
ANOVA with Dunnett’s multiple comparisons test (A to F) (means + SD). Each symbol represents an individual patient (A to F). Combination of IL-6, TGF-B1, and M-CSF is
positively associated with GOSE (Spearman’s rho =0.492, P=0.045) (G). The data were analyzed by the Spearman’s rank correlation test. Predicted probability (PP), which
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rank correlation test to assess the association of the index with the percentage of monocytes in patients with TBI at day 0. The black line indicates the fitted line calculat-

ed by linear regression, and the red dashed curve indicates the 95% confidence interval (Cl) of the fitted line.
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and a portion of CD11b"CD45" cells robustly appeared in TBI mice
(Fig. 3A). This newly emerged CD11b"CD45" population also expressed
high levels of CD44 and major histocompatibility complex IT (MHC-II;
Fig. 3B). CD44 has been previously identified as a phagocytic receptor
that is able to trigger the ingestion of large particles or apoptotic cells by
macrophages (15-17). MHC-II facilitates macrophage phagocytosis and
antigen presentation (18). In accordance with these findings, we indeed
found that the in vitro M6T-treated peritoneal exudate macrophages
(PEMs) enhanced phagocytosis ability (fig. S4C). Immunohistochemical
staining of brain sections with antibody against CD68, a monocyte-derived
macrophage/microglia marker (19), confirmed the enhanced number
of macrophages/microglia in sites of injury at day 3 from TBI mice (Fig. 3C).

We next investigated whether the enhanced CD11b"CD45" cells
were from infiltration or proliferation of blood-derived monocytes/
macrophages and local microglia. Ly6C, a blood-borne monocyte
marker, was used to label CD11b* cells. Ly6C was not expressed
in local CD11b* microglia from the sham mouse brain, while a por-
tion of CD11b"Ly6C" blood-borne monocytes constantly appeared
in brain lesion sites (fig. S3F), suggesting that blood-borne mono-
cytes contributed to elevated numbers of CD11b"CD45" cells in the
injured brain. To compare the proportion of infiltrating cells versus
local microglia, we generated BM chimeric mice [CD45.1 > CD45.2]
by reconstitution of lethally irradiated CD45.2 mice with BM cells
from CD45.1 mice. Circulating monocytes but not microglia in CD45.2
mice were killed by irradiation, and 2 months after transfer, we con-
firmed BM-derived/blood-borne CD45.1"CD11b" monocytes in the
chimeric mice. Following TBI induction, FACS analysis identified
75% of donor CD45.1*CD11b" BM-derived/blood-borne monocytes
and 25% of local CD45.2" microglia in sites of injury (Fig. 3D). To
further examine whether local microglia and infiltrating monocytes/
macrophages proliferated in sites of injury, 5-bromo-2’-deoxyuridine
was injected into these mice 1 day before harvesting cells for FACS
analysis. We found that local CD45.2*CD11b"* microglia underwent
significant proliferation, in contrast to nonproliferative status of in-
filtrating CD45.1"CD11b" cells in TBI mice (Fig. 3E).

To trace as well as observe cell morphology of infiltrating mac-
rophages, wild-type recipient mice were lethally irradiated, trans-
ferred with tdTomato”™ BM cells, followed by the induction of TBI
(Fig. 3F). The injured brain sections were prepared for immuno-
histochemistry staining with Alexa Fluor 488-conjugated anti-F4/80
antibodies. We observed two major populations in sites of brain
injury, including a large proportion of F4/80" tdTomato" double-
positive cells (i.e., infiltrating macrophages) (Fig. 3F and fig. S3G,
numbered 1 and 2) versus a small proportion of F4/80" single-positive
cells (i.e., local microglia, numbered 3). Excitingly, F4/80" tdTomato®
infiltrating macrophages displayed two different morphologies
(Fig. 3F and fig. S3G; 1 represents macrophages with a ramified
microglia-like morphology; 2 represents macrophages with a round
shape). Furthermore, in agreement with our findings in plasma and
CSF of patients with TBI, the injured brain of TBI mice substantially
produced higher levels of M6T at both mRNA and protein levels
(Fig. 3, G to I). Together, we propose that the injured brain promoted
local microglia proliferation and attracted BM-derived macrophages,
some of which displayed microglia-like morphology.

M2-like macrophage and microglia were major cellular
source for both M6T and Arg1 in sites of injury

Next, we investigated the cellular source of M6T and how M6T
affected macrophage function. We have followed the methods

Lietal., Sci. Adv. 2021; 7 : eabb6260 12 March 2021

published in literature to sort endothelial cell (CD45 CD31%) (20),
astrocyte (CD45°"CD11b Ly6C") (21), inflammatory monocyte
(CD45}'“CD11b+Ly6C+) (22), and CD206" M2-like macrophage
(CD45"CD11b"Ly6C") (23), Iba" microglia (CD45°*CD11b"Ly6C")
(21), as well as other cells (CD45"CD31") from sites of injury at day
3 by FACS (fig. S4A). The mRNA expression levels of the triple cy-
tokines and the M2 macrophage makers including Argl, Ym1, and
Fizz1 were examined.

In TBI mice, M-CSF and TGF-B1 were produced mainly by M2-
like macrophages, while IL-6 was produced mainly by endothelial
cells, inflammatory monocytes, and M2-like macrophages. Compared
to the control mice, microglia from TBI mice could also produce low
levels of M6T (Fig. 4A). Previous studies have suggested that microg-
lia and neurons can produce M-CSF after brain injury (24), and glial
cells produce TGF-B1 in mice with autoimmune encephalomyelitis (25).
Together, these studies suggest that upon brain injury, multiple
types of cells might produce M6T, including M2-like macrophages
and microglia, which generate the M6T-enriched microenviroment.

Moreover, we found that microglia and M2-like macrophage were
major cellular sources for CCL2 (Fig. 4B). Because the chemokine
CCL2 attracts macrophages, this finding was in agreement with the
enhanced numbers of infiltrating macrophages in sites of injury
(Fig. 3 and fig. S3). Previous studies (26-29) and our data (fig. S4B)
found that macrophages could produce TGF-B1 when they engulf
apoptotic cells. We observed that infiltrating macrophages in sites
of injury significantly enhanced latent TGF-B1 levels on cell surface
(Fig. 4C), consistent with these macrophages expressing higher lev-
els of CD44/MHC-II in sites of injury (Fig. 3B) and their increased
phagocytosis of apoptotic cells upon M6T treatment (fig. S4C). This
could facilitate clearance of apoptotic cells (fig. S3B).

We found that compared to other cell types, CD206" M2-like
macrophages in sites of injury expressed much higher levels of Argl,
Fizz1, and Ym1 (Fig. 4D). In addition, microglia from TBI mice, but
not from the control mice, also expressed these M2 markers (Fig. 4D).
In agreement with this, the enhanced mRNA levels of Argl, Fizzl,
and Ym1 were confirmed in sites of injury at day 7 (Fig. 4E). This
indicates that brain injury could educate the local microglia and
infiltrating macrophages for tissue repair.

Argl has been confirmed to play critical role for repair in various
damaged tissues (30). The relevant data from human patients with
TBI showed that, importantly, Argl concentrations in CSF from
patients with TBI were immediately enhanced after injury and sus-
tained at high levels (Fig. 4F). Argl concentrations showed a posi-
tive correlation with M-CSF concentrations in CSF from patients
with TBI (Fig. 4G). Together, we have identified M2-like macro-
phage, microglia, or endothelial cell in sites of injury as the major
cellular source to generate M6T-enriched microenvironment, which
might stimulate infiltrating macrophages and the local microglia to
express the M2-macrophage markers Argl, YM-1, and Fizz1, as well
as enhance phagocytosis ability to promote tissue repair.

TGF-B1, M-CSF, and IL-6 favor generation of tissue repair
macrophage from murine BM or human PBMC

We next questioned how the elevated triple cytokines could educate
BM cells or circulating human PBMC to develop into macrophages
and further polarize into tissue repair macrophages. M-CSF is clas-
sically used to induce macrophages from the BM after 5 or 7 days
(fig. S5A, red dots termed M-CSF). Combination usage of IL-6
alone or together with TGF-B1 could speed up M-CSF-induced
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Fig. 3. Infiltration of blood-borne macrophages with microglia-like morphology and the enhanced M6T concentrations in the injured brain. (A and B) Percent-
ages of CD11b*, CD45%, MHC-II, and CD44"* immune cells in sham or TBI mice brain at 3 day-post-injury (dpi) by CyTOF. (C) Representative images of immunohistochem-
ical staining for CD68" in sham or TBI mice at 3 dpi. (D) [CD45.1 > CD45.2] chimeric mice were reconstituted by adoptively transfer of RFP* CD45.1 BM cells into lethally
irradiated recipient CD45.2 mice. Following TBI, the percentages of CD45.2*CD11b* or CD45.1*CD11b* cells in the injured brain were checked by FACS. (E) 5-bromo-2'-
deoxyuridine (BrdU) was injected into TBI mice at 3 dpi, and 24 hours later, cells were harvested for FACS (n = 3). (F) tdTomato* bone marrow-derived macrophages (BMMs)
were transferred into lethally irradiated recipient mice, followed by TBI. Representative images showed morphology changes of infiltrating macrophages in the injured
brain sections. (G to I) Concentrations and mRNA levels of M-CSF (G), IL-6 (H), and TGF-B1 (I) in sham or TBI mice brain by ELISA or real-time polymerase chain reaction
(RT-PCR) (n=5). NS, not significant (P> 0.05); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical significance was determined using an unpaired Student’s
t test (E and G to I) or two-way ANOVA with Sidak’s multiple comparisons test (D). tSNE, t-Distributed Stochastic Neighbor Embedding.
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presented as means + SD (A to G). Statistical significance was determined using an unpaired Student’s t test (D and E) or one-way ANOVA with Dunnett’s multiple com-
parisons test (F).
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macrophage differentiation approximately twofold at day 3 (fig.
S5A, green dots termed M6 and blue dots termed M6T). We noticed
that M6T or M-CSF plus TGF-B1 could change the round-shaped
BM-derived macrophages into a narrow morphology (fig. S5B).
This recapitulated the morphology changes of some infiltrating
macrophages in sites of injury from TBI mice (Fig. 3F). Compared
to M-CSF treatment alone (M), M6 (promoting macrophage devel-
opment but no morphology change), MT (change morphology, but
no strong M2 marker expression), the combination usage of M6T
(promoting macrophage development, morphology change, and
strong M2 marker expression) significantly enhanced production
of Argl, Yml, Fizz1, IL-4, and IL-13, which are a group of markers
to delineate M2-like macrophages (Fig. 5A). We next expanded
these findings using PEMs in a dose-effect analysis (fig. S5C). IL-6
or TGF-P alone induced Argl expression in a dose-dependent man-
ner (10 to 40 ng/ml), which could be further enhanced by addition
of M-CSF. As noted, the effect to induce Argl expression was much
better by combination usage of M6 or MT (IL-6 or TGF-f at low
concentrations, 10 ng/ml), when compared to the effect by a single
cytokine at much higher concentrations (40 ng/ml). These data sug-
gest one of the advantages of M6T combination, i.e., lower concen-
trations of each single cytokine.

Next, we asked the underline mechanism of how M6T treatment
educates macrophages. Although the transcription factors peroxi-
some proliferator-activated receptor Y (PPARy) and suppressor of
cytokine signaling 1 (SOCS1) have been reported to promote M2
macrophage polarization (31-33), we found that the mRNA expres-
sion levels of PPARy and SOCSI were not significantly changed in
M6T-stimulated macrophages (fig. S5D). STAT (signal transducer
and activator of transcription), mitogen-activated protein kinase,
and CCAAT/enhancer binding protein f (C/EBPp) have been re-
ported to regulate M2 macrophages (34-39). We therefore checked
the levels of phosphorylated Stat1/3/4/6, ERK1/2 (extracellular
signal-regulated kinase 1/2), p38, C/EBPB, and AKT in M6T-treated
macrophages (Fig. 5B). M6T treatment enhanced phosphorylation
levels of C/EBPP and STAT1/STAT4, but not p38, ERK, STATS6, or
AKT, when compared to the M, M6, or MT treatment. We next used
small interfering RNA to knock down C/EBPP or STAT4, followed
by the treatment with M-CSF or M6T to check Argl expression.
Reducing C/EBP or STAT4 expression could partially reduce the
mRNA levels of Argl upon M6T treatment. Knocking down both
C/EBPP and STAT]1 further decreased Argl levels, but still higher
than the M-CSF-treated sample (fig. S5E). This might be due to
partial knockdown efficiency, or considering the in vitro RNA-seq data
in Fig. 5 (C and D) and the in vivo data in Fig. 6H and fig. S6E, these
data together support that multiple pathways might be involved.

In addition to M2-related markers, we next carried out high-
throughput RNA-seq to explore the global transcriptional profile in
macrophages after in vitro treatment with M, M6, M6T, or IL-4/
IL-13 (the classical M2 macrophages). The heatmap of differentially
expressed genes confirmed that the markers of tissue repair macro-
phages including Argl, Fnl (fibronectin), or Retnla (5) and the
anti-inflammatory effector Acp5 (tartrate-resistant acid phosphatase)
(40) were ranked in the top list in both M6T/M samples and M2/M
samples when compared to M6/M samples (Fig. 5C; see arrows).
Gene Ontology (GO) pathway enrichment analysis showed that
M6T-treated bone marrow-derived macrophages (BMMs) displayed
distinct characteristic featured in chemokine signaling, PPAR signaling,
cytokine-cytokine receptor interaction, or HIF-1o (hypoxia-inducible
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factor-1a) signaling, compared to those in M-CSF-treated macro-
phage (Fig. 5D) or IL-4- and IL-13-treated macrophages (fig. S5F).
Consistent with previous studies that HIF-1a and VEGF receptor-1
(VEGFR-1) promote angiogenesis and favor the process of neuron
repair (41), we confirmed that Flt-1 (also named VEGFR-1) and HIF-
lo signaling proteins including Pkm2 (pyruvate kinase M2), Hk2
(hexokinase 2), Slc2al (solute carrier family 2 member 1), and Hifla
were all significantly enhanced in M6T-treated macrophages (Fig. 5E)
compared to M-CSF treatment. In particular, we noticed that the
expression of Hk2 and Hifla were indeed further increased by
synergistically combination usage of M6T when compared to
MT treatment (Fig. 5E). In addition, M6 or M6T also enhanced
Pkm2 expression, while Slc2al expression was only increased in
response to M6T treatment (Fig. 5E). These data emphasize the ad-
vantages of M6T combination to induce expression of multiple target
genes, which together result in a better recovery in the TBI model.
In contrast, M6 or MT might differentially induce only some of
these genes. This is consistent with the in vitro RNA-seq data in
Fig. 5 (C and D), suggesting that synergistically treated with M6T
could induce multiple genes and pathways to support the repair process.

In agreement with that M6T favor macrophage development
from murine BMs, we found that M6T concentrations in CSF from
patients with TBI were significantly correlated with the enhanced
numbers of monocytes (Fig. 5F). The following key question was
whether M6T also promoted human circulating blood PBMCs po-
larization toward tissue repair macrophages. Compared to untreat-
ed PBMCs, M6T treatment significantly increased the percentages
of CD14*CD11b" macrophages after 7-day culture (Fig. 5G). Further-
more, populations positive for CD206 (also known as the mannose
receptor, a marker for tissue repair macrophages) were greatly ele-
vated in CD14"CD11b" macrophages after M6T treatment (Fig. 5H).
In contrast, IL-4 and IL-13 treatment did not substantially affect the
percentages of CD14"CD11b" or CD206" macrophages (Fig. 5,
G and H). As the controls, M6T treatment did not enhance the per-
centages of CD3" T cells or CD9" B cells in PBMCs (fig. S5G). We
next performed real-time polymerase chain reaction (RT-PCR) and
confirmed that the tissue repair-associated markers Argl and Vegf-a,
but not Stat6, were significantly enhanced only when M6T were
combined together to treat human PBMCs (Fig. 5I). Together, we
propose a novel concept that an elevated production of M-CSF, IL-6,
and TGF-B1 in patients with TBI or TBI mice not only promotes
macrophage development from BM or PBMCs but also favors gen-
eration of tissue repair macrophage.

TGF-$1, M-CSF, and IL-6 induce infiltration

and neuroprotection function of macrophages

with the increased expression of microglia-specific genes
Although M-CSF, IL-6, and TGF-B1 concentrations were positively
associated with the outcome of patients with TBI (Fig. 2G), some
individual patients displayed low levels of M6T (Fig. 2, D to F).
Could the in vivo combination usage of M-CSF, IL-6, and TGF-B1
(M6T) improve the neurological function and recovery of TBI
mice? To address this question, we intraperitoneally injected M6T
to TBI mice at 12 and 24 hours after brain injury, followed by one
injection each day until day 7. According to the NSS evaluation,
M6T-treated TBI mice displayed better neurological function com-
pared to the vehicle-treated TBI mice from day 1 to day 7 after injury
(Fig. 6A). Next, the total volume of the injured brain, including
the volume of mechanical injury and edema, was determined in a
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Fig. 6. M6T induce the in vivo infiltration and neuroprotection function of macrophages with the increased expression of microglia-specific genes. TBI mice
were treated with vehicle or M6T to assess NSS [(A) Mann-Whitney U test) or the brain injury volume by MR [(B) two-way ANOVA with Sidak’s multiple comparisons test).
At the sites of injury, brain damage and cell apoptosis by H&E staining and TUNEL staining at 3 dpi (C), the percentage of F4/80" macrophages by CyTOF (D), the mRNA
levels of Arg1, Ym1, and Fizz in the isolated CD11 b* cells at day 7 (n=5) (E), and the numbers of CD206" cells by immunohistochemistry staining (F) were examined. DAPI,
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tdTomato" infiltrating macrophages versus F4/80" local microglia were sorted for RNA-seq. The differentially regulated genes in a heatmap and a GO pathway enrich-
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t-Distributed Stochastic Neighbor Embedding; PC, principal component.

quantitative manner by magnetic resonance imaging (MRI) (Fig. 6B,
top images). M6T treatment indeed significantly reduced the volume
of the injured area in TBI mice at day 3 and day 7 (Fig. 6B). In agreement
with this, TUNEL or H&E staining data confirmed that M6T treatment
decreased the number of apoptotic cells with less edema (Fig. 6C).
CyTOF analysis showed that M6T treatment could significantly
enhance the percentages of F4/80"CD11b" in sites of injury com-
pared to the vehicle control (17.95% versus 7.51%; Fig. 6D). However,
IL-4 levels were low in sites of injury (slightly increased to 0.65%
versus 0.38%; fig. S6, A and B) that was consistent with low IL-4
concentrations in plasma and CSF from patients with TBI (Fig. 2,
A and D). In addition, the mRNA expression levels of Argl, Yml,
and Fizz1 in sites of injury were further enhanced from the in vivo
M6T-treated TBI mice compared to the vehicle control (Fig. 6E). In agree-
ment with the enhanced percentages of CD206" in CD14"CD11b"

Lietal., Sci. Adv. 2021; 7 : eabb6260 12 March 2021

macrophages from M6T-treated human PBMCs (Fig. 5I), the number
of CD206" tissue repair macrophage was increased in the injured
brain of M6T-treated TBI mice (Fig. 6F).

To further explore the underlying mechanism of the in vivo M6T
treatment for neurorepair, we carried out RNA-seq to compare
difference of the global transcriptional profile among infiltrating
macrophages and local microglia from TBI mice with or without
the in vivo M6T treatment. As described in Fig. 4C, we adoptively
transferred tdTomato" BM cells into the lethally irradiated WT re-
cipient mice, followed by the induction of TBI with or without the
in vivo M6T treatment. F4/80" tdTomato® double-positive cells
(i.e., infiltrating macrophages) versus F4/80" single-positive cells
(i.e., local microglia) were sorted for RNA-seq. Macrophages from
the in vivo M6T-treated TBI mice displayed a distinguished gene
expression pattern to macrophages from the vehicle-treated TBI
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group, which in contrast showed high similarity as local microglia
from the vehicle-treated TBI group (Fig. 6G). Pearson’s correlation
analysis showed the significant P values (P values are 1 or 0.99; fig.
S6C) between macrophages from M6T-treated TBI mice and mi-
croglia from the vehicle-treated TBI mice, which again confirmed
their similar gene expression patterns.

Compared to those from the vehicle-treated macrophages, a group
of genes were significantly enhanced in the in vivo M6T-treated
macrophages, which were similar to those from microglia in a heat-
map (twofold changes; Fig. 6H, left). GO or Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis indicat-
ed that the in vivo M6T-treated macrophages increased expression
of the key genes functionally related to neurorepair or neuroprotection,
including the extension and guidance of axons; generation, differ-
entiation, and projection extension of neurons; or neurotransmitter
transport (Fig. 6H, right). In addition, M6T-treated macrophages also
enhanced the expression of genes related to the cell-cell adhesion/
junction, guanosine triphosphatase activity/signal transduction or
cytoskeletal protein binding (Fig. 6H, right). This may explain the
enhanced infiltration of macrophages into sites of injury, together
with the enhanced CCL2 production (Fig. 4B).

Several recent reports have suggested a list of microglia-specific
genes that are expressed at much higher levels than in macrophages
(42, 43). We analyzed the relative expression of these microglia-specific
genes in the in vitro M6T-treated (red bars) versus M-CFS-treated
(green bar) macrophages. M6T treatment substantially enhanced
expression of most of the microglia-specific genes (Fig. 61, red bars),
including Olfmi3 (olfactomedin-like 3, facilitates cell adhesion and
intercellular interactions); Slco2b1 (among its related pathways includes
blood-brain barrier and immune cell transmigration); TGFbRI (receptor
for TGF-B); CX3CRI (receptor for the chemokine CX3CL1, mediates cell
adhesion and migration); ITGB5 (integrin B5, participates in cell
adhesion); SLC2A5 (solute carrier family 2 member 5, a fructose trans-
porter); P2RY12, P2RY13, and GPR34 (paralog of P2RY14) (the
family of G-protein-coupled receptors); TMEM]119 (transmembrane
protein 119; among its related pathways are microglia activation during
neuroinflammation: steady-state microglia); and Hexb (mutations in this
genes lead to neurodegenerative disorders termed the GM2 ganglio-
sidoses). Also, the in vitro M6T-treated human PBMC significantly
increased expression levels of OlfmI3, Slco2b1, and Gpr34 compared to
that of M, M6, or MT treatment, although expression levels of TMEM119,
ITGB5, TGFbR1, and SLC2A5 were not substantially enhanced
(values of M-CFS-treated human PBMC were set at 1; Fig. 6]).

In addition, we analyzed significantly enhanced genes in M6T-
treated microglia, compared to those of the vehicle control microglia,
or macrophages with or without M6T treatment in a heatmap (fig. S6D).
GO or KEGG pathway enrichment analysis indicated that M6T-
promoted microglia expressed key genes to facilitate phagocytosis/
autophagy or clearance of apoptotic cells (fig. S6E), which might
contribute to the reduced apoptotic cell numbers in the M6T-treated
TBI mice (Fig. 6C). The in vivo M6T treatment also enhanced genes
for vasculature development/VEGF production/angiogenesis, as well
as neuron regeneration and neuron or axon extension in microglia
(fig. S6E), which could benefit the repair process observed in M6T-
treated TBI mice (Fig. 6B). These results suggest that not only M2-
like macrophages and microglia produce M6T (Fig. 4A), the in vivo
M6T-enriched microenvironment could feedback to educate infil-
trating macrophages and the local microglia to express a set of genes
for improving the neurological outcome.

Lietal., Sci. Adv. 2021; 7 : eabb6260 12 March 2021

M6T treatment protects TBI zebrafish for recovery

Zebrafish transparency offers an ideal model to visualize macro-
phage migration in vivo. We cross-bred the mpegl:mCherry trans-
genic zebrafish Tg (mCherry-labeled macrophages) together with
the Flil:GFP transgenic zebrafish Tg [green fluorescent protein
(GFP)-labeled endothelium] to real-time trace mcherry” macro-
phage migration along the blood vessel into sites of injury. Three-
day-old larval fish was punctured with a 25-um-thin glass tube in
brain to construct a TBI model and euthanized 24 hours later. In
consistent with our previous data, TBI significantly up-regulated
production of M-CSF, IL-6, TGF-B, as well as Argl and VEGF-A
comparing to the control (Fig. 7A). Furthermore, TGF-B, IL-6, and
M-CSF were intra-arterially microinjected into larval fish 1 day be-
fore TBI to evaluate M6T-induced effect (Fig. 7, B and C). TGF-f
alone was reported previously as a neuroprotector (44, 45). Com-
paring to TGF-B-treated TBI zebrafish, the combined M6T therapy
markedly increased the mRNA levels of Argl, VEGF-A, and TGF-§
in the injured brain (Fig. 7B), suggesting that M6T provides a better
protection. The in vivo tracing movies under a fluorescence micro-
scope showed that mcherry” macrophages migrated along GFP*
blood vessels to the injury brain. Notably, M6T treatment further
promoted mCherry” macrophage accumulation (Fig. 7C, fig. S7A,
and movie S1).

Antibody blockade targeting M6T exacerbates brain injury
in TBI mice

To further evaluate the critical function of M6T for brain recovery,
we administered specific antibodies to block the triple cytokines in
TBI mice in vivo. Specific antibodies against M-CSF, IL-6, and
TGF-B1 were intraperitoneally administered 12 hours before injury
and at 12 and 24 hours after injury, followed by daily treatment until
the mice were euthanized. According to the NSS scores, blocking
antibody-treated TBI mice manifested worse neurological outcomes
and more apoptotic cells in the injury sites by TUNEL staining, when
compared with the isotype control group (Fig. 7D). Consistent with
this, MRI analysis demonstrated a larger brain injury volume (Fig. 7E,
right panels are representative images).

In line with the results that M6T treatment could enhance the
percentages of F4/80" cells in the CD11b* population (Fig. 6D),
blocking antibody treatment reduced F4/80 expression in CD11b*
cells in sites of injury (Fig. 7F). We next purified CD11b" cells from
the injured brain and demonstrated that M6T blocking antibody
treatment significantly reduced mRNA levels of Argl and Fizzl
(Fig. 7G) but enhanced the expression of the proinflammatory
markers, including I/12 and I/1p (Fig. 7H) in CD11b" cells.

Because some reports suggest that TGF-B1 alone has therapeutic
effect, we asked whether there was any advantage of using a combi-
nation of M6T in vivo. We administered specific antibodies to block
each cytokine or the triple cytokines in TBI mice in vivo. When
compared with the isotype control or each antibody-treated group,
TBI mice treated with the anti-M6T antibodies showed the worst
neurological outcomes according to the NSS scores (Fig. 7I) and
displayed the largest volume of brain injury according to MRI anal-
ysis (Fig. 7]) at each measured time point. While compared to the
isotype control group, the anti-TGF-B1-treated group showed worse
neurological outcomes (day 5) or larger volume of brain injury (day 3)
only at some time point (Fig. 7, I and J). Together, we have used two
in vivo vertebrate models, as well as the samples of patients with
TBI to propose a feedback regulation between the triple cytokines
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Fig. 7. M6T treatment protects TBI zebrafish for recovery, while anti-M6T antibody blockage exacerbates brain injury in TBI mice. (A and B) Twenty-four hours
after TBI, larval fish was euthanized to obtain brain tissue for RT-PCR to evaluate gene expression. (C) The in vivo real-time tracing of mCherry* macrophages along the
GFP™" blood vessels under a fluorescence microscope. (D to J) TBI mice were treated with the specific antibodies blocking M-CSF, IL-6, TGF-B1, or M6T or the isotype control
immunoglobulin G (IgG). NSS (D and I) or MR images showing the brain injury volume (E and J) were assessed at the indicated time points. (D) Right: Brain damage and
cell apoptosis were examined by H&E and TUNEL staining at 3 dpi. (F) The MFI of F4/80 staining in CD11b* cells of brain injury sites were examined by FACS (n=4). (G
and H) The Arg1 mRNA levels were checked by RT-PCR in CD11b" cells isolated from brain injury sites of TBI mice treated with isotype control or anti-M6T antibodies
(n=3).NS, not significant (P> 0.05); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical significance was determined using unpaired Student’s t test (A and H),
one-way ANOVA with Tukey’s multiple comparisons test (B), Mann-Whitney U test (D), two-way ANOVA with Sidak’s multiple comparisons test (E) or with Dunnett’s mul-
tiple comparisons test (J), or Kruskal-Wallis test with Dunnett’s multiple comparisons test (I). MFI, median fluorescence intensity. Photo credit: Jun Xiao, State Key Laboratory

of Cell Biology, SIBCB, Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences; University of Chinese Academy of Sciences.

(i.e., M-CSF, IL-6, and TGF-B1) and M2-like tissue repair macro-
phage in sites of injury for brain repair (fig. S7B, the model).

DISCUSSION

TBI is becoming an increasingly critical reason for morbidity in
young adults but still lacks effective clinical therapeutic strategies.
Previous studies have demonstrated that patients with TBI often
have accompanying immunodepression, and tissue repair macro-
phages exist in TBI to facilitate brain recovery (46-49). Our study
has unexpectedly showed that the anti-inflammatory cytokine IL-
10 and the classical cytokine IL-4 for tissue repair macrophage
polarization are produced at relative low concentrations in pa-
tients with TBI (Fig. 2, A and D). In contrast, we have identified
that the three cytokines M-CSF, IL-6, and TGF-B1 are immedi-
ately and constantly elevated in the serum, CSF, and injured brain
from TBI patients or mice (Figs. 2 to 4). The in vivo treatment
with M6T or their blocking antibodies suggests a protective role
of M-CSF, IL-6, and TGF-p1 for brain repair using the TBI mouse
model or zebrafish model (Figs. 6 and 7). Notably, multiple TBI
patients’ samples have also showed that the combination of ele-
vated M6T concentrations is correlated with better outcomes in
patients with TBI (Fig. 2G). Together, our findings open an excit-
ing angle to consider the combination usage of M6T as a new
therapeutic strategy as well as for prediction of disease outcome of
patients with TBI.

Lietal., Sci. Adv. 2021; 7 : eabb6260 12 March 2021

The current understanding of the key cytokines that influence
macrophage development and polarization focuses on the balance
of GM-CSF and M-CSF. GM-CSF-treated human monocytes can
display M1-like macrophages secreting proinflammatory cytokines,
and GM-CSF was reported to function as a neuroprotective factor
in stroke and neurodegenerative diseases. Nevertheless, we observed
that neither the plasma nor the CSF of patients with TBI contains
higher levels of GM-CSF compared to those of healthy volunteers
(Fig. 2, C and F). By contrast, M-CSF is substantially increased in
the CNS and blood of patients with TBI or TBI mice (Fig. 2, Cand F).
Recently, M-CSF was reported to be an M2-like macrophage stimu-
lus, which promotes the expression of several tissue repair macro-
phage markers (50). Our study has demonstrated that expression of
Arg-1and Ym-1 can be further increased when M-CSF is combined
with IL-6 and, particularly, TGF-B1 (Fig. 5A). In addition, TGF-B
alone could increase the mRNA levels Argl in PEMs (fig. S5C). In
addition, we suggest that the in vivo M6T treatment could also push
microglia polarization toward tissue repair microglia in TBI mice
via increasing gene expression for the clearance of apoptotic cells,
promoting new blood vessel formation, and response to IL-6/IL-4/
TGF-B1 (fig. S6E).

M-CSF is also identified as a classical growth and survival factor
for macrophage development from BM cells (51, 52), and it usually
takes 5 to 7 days for M-CSF to induce BM-derived macrophages. In
accordance with previous studies (22, 53), we found that the num-
bers of monocytes or macrophages are immediately enhanced in
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the blood or brain (i.e., at day 0 or day 1) upon brain injury (Figs. 1E
and 3 and fig. S3). In addition to M-CSF, we propose that IL-6
should be critical to promote this quick response in TBI patients or
mice. Brain injury elevates IL-6 production in both serum and CSF
to high concentrations (Fig. 2, B and E). IL-6 has been previously
regarded as a proinflammatory cytokine and promotes the expres-
sion of chemokines and adhesion molecules, which might worsen
tissue injury. One supportive study suggests that early serum IL-6
levels might be related with a poor prognosis in brain-injured pa-
tients (11). However, our study has provided new evidence that IL-6
treatment accelerates the M-CSF- and TGF-B-induced generation
of CD11b"F4/80" macrophages from murine BM (fig. S5A). This
finding is consistent with the previous report that IL-6 promotes
monocytes differentiation to macrophages by increasing M-CSFR
expression to consume autocrine M-CSF (54). Our GO pathway
analysis suggests that upon in vivo M6T treatment, microglia en-
hance the expression of the key-gene response to IL-4, which is in
agreement with a previous work showing that IL-6 induces the
expression of the IL-4 receptor and enhances macrophage response
to IL-4 in a cell-autonomous manner. A recent elegant study has
demonstrated that repopulating microglia is dependent on IL-6
trans-signaling to support neurogenesis (55), which is in agreement
with our study showing the neuroprotective effects of the elevated
IL-6 in TBI mice (Figs. 2 and 4 to 7). We propose that brain injury
immediately induces a high production of M-CSF and IL-6, which
cooperate together to substantially promote a quick conversion of
BM cells or blood PBMCs into monocytes and macrophages. This is
an initial and critical step for repairing the injured CNS because it
provides a quick and robust source of monocytes and macrophages.
With further education together with TGF-p1, these cells skew
toward tissue repair macrophage or microglia-like macrophages,
which express key genes related to neuroprotection and the M2
markers upon the in vivo M6T treatment (Fig. 6). These findings
together fit with our observation that high concentrations of IL-6 in
combination with M-CSF and TGF-f1 are correlated with a better
TBI patient outcome (Fig. 2G), and we propose to re-evaluate the
in vivo IL-6 function in combination with M-CSF/TGF-f1 as a neu-
roprotective factor.

Third, we suggest that TGF-1 is indispensable and should be
used together with M-CSF and IL-6 for the generation of tissue re-
pair macrophage (Figs. 4 and 5). Although resting macrophages do
not produce TGF-B1, when macrophages engulf apoptotic cells,
they indeed produce TGF-B1 (26-28). Our data have showed that
the in vitro and in vivo M6T-treated macrophage and human
PBMCs as well as the in vivo M6T-treated microglia enhance the
cellular response to TGF-P (Figs. 5 and 6), which is responsible for
enhanced phagocytosis or clearance of apoptotic cells (fig. $3). This
finding suggests that, in an autocrine manner, TGF-B1 is used for
the induction of tissue repair macrophage, which then produces
more TGF-B1 (Fig. 4). Moreover, we found that the in vivo M6T-
treated macrophages expressed a similar gene pattern as the local
microglia (Fig. 6 and fig. $6). This finding is in agreement with the
TGF-B1 function as a major microglia differentiation factor, and
the number of microglia is decreased in the CNS of Tgfb1™”~ mice
(43). These hints together suggest that the benefit of the combined
M-CSF, IL-6, and TGF-B1 might also involve their direct or indirect
regulation of microglia function.

Together, this study proposes a model in which (i) in contrast to
low concentrations of IL-4/IL-10, brain injury induces high levels of
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M-CSF/IL-6/TGF-B1 by M2-like macrophage, microglia, or endo-
thelial cell, and the combined M6T concentrations are correlated to
TBI outcome. (ii) M6T treatment not only promotes macrophage
development from BM or PBMC but also induces polarization of
M2-like macrophages that express a subset of microglia-specific
genes related to neuroprotection, migration, and angiogenesis.
Therefore, a positive feedback between M6T and M2-like macro-
phage forms to promote brain repair. (iii) M6T therapy in TBI mice
and zebrafish improved neurological function, while administra-
tion of specific antibodies targeting M6T in vivo exacerbated brain
injury in TBI mice. Considering low concentrations of M6T in pa-
tients with poor prognostic, our findings implicate a promising ap-
plication of M6T to repair brain injury (fig. S7B, the model).

MATERIALS AND METHODS

Mice

Wide-type C57BL/6 and 129 mice were purchased from Nanjing
Biomedical Research, Institute of Nanjing University. CD45.1 mice
are on C57BL/6 background and Rosa26-mTmG mice are on 129
background, which were gifted respectively by Q. Leng [Institute
Pasteur of Shanghai, Chinese Academy of Sciences (CAS)] and
H. Ping [Shanghai Institute of Biochemistry and Cell Biology (SIBCB),
CAS, Shanghai, China]. All animals used in this study were males
with an average weight of 28 to 32 g and aged 8 to 16 weeks. Mice
were bred under specific pathogen—free conditions at the Animal
Care Facility of SIBCB, CAS. The animal experiments were conducted
in compliance with the guidance for the care and use of laboratory
animals and were approved by the institutional biomedical research
ethics committee of SIBCB, CAS.

Sample collection and evaluation of patients with TBI

Samples of PBMC, plasma, and CSF were collected from the pa-
tients with TBI who admitted to the level I Neurotrauma Center of
Huashan Hospital, Fudan University, from May 2013 to August
2013 and were screened according to the standards below. Patients
with TBI with Glasgow Coma Scale (GCS) scores of <12 were en-
rolled. The GCS provides a score in the range of 3 to 15 (a lower
number indicates severer brain injury) (56). Exclusion criteria in-
cluded age <18 years, penetrating head injuries, presence of brain
tumors, death within 24 hours, without a surgically placed intraven-
tricular pressure monitoring catheter within 24 hours after injury
(only valid for CSF sample collection), polytrauma, extracranial
body regions with Abbreviated Injury Scale >2, having infectious
disease at admission, blood transfusion within 24 hours after injury,
currently taking immunosuppressive drugs, receiving steroid treatment,
history of severe organ system insufficiency, an immunocompro-
mised status, or pregnancy. Patients or their legally acceptable
representatives who refused to participate in the study were also
excluded. All blood and CSF samples from patients with TBI, blood
samples from healthy donors, and the CSF control samples from
patients with normal pressure hydrocephalus were obtained from
Huashan Hospital, Shanghai. The demographic information of
patients with TBI and their controls was summarized in tables S1 to
S4; the baseline clinical characteristics of patients with TBI were
summarized in tables S5 and S6. The study was approved by the
Ethics Committee of Huashan Hospital. Written informed consents
were obtained from healthy donors, patients, or legally acceptable
representatives of patients. Results of clinical routine blood test
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from 35 patients with TBI and their counterpart control in calcu-
lating the absolute number of lymphocytes and monocytes in pe-
ripheral blood.

Peripheral blood samples were collected from patients with TBI
at different time points after admission. CSF samples from the
patients with TBI were collected via intraventricular catheters that
had been surgically placed for continuous intracranial pressure
monitoring and external ventricular drainage. CSF samples from the
control hydrocephalus patients were collected through a ventricu-
loperitoneal shunt system. PBMCs were isolated by Ficoll density
gradient centrifugation. CSF and blood samples were centrifuged at
2000g for 10 min at 4°C and frozen at —70°C until analyzed.

Generation of the TBI mouse model and in vivo treatment
Mice were subjected to experimental closed head injury using a
standardized weight-drop device as previously described (12-14).
Briefly, after the induction of diethyl ether anesthesia, the skull was
exposed by a longitudinal midline scalp incision. The head was fixed,
and a 333-g weight was dropped on the skull from a height of 3 cm,
inducing a focal blunt injury to the left hemisphere. After the trauma,
the surgical incision was closed, and all mice received supporting
oxygenation with 100% O, until fully awake. Analgesia was provided
by repeated injections of fentanyl (0.05 mg/kg, ip) every 12 hours.
Sham animals underwent the same procedure as TBI mice except
for the head trauma.

M-CSF, IL-6, and TGF-B1 [0.02 mg/kg, dissolved in 5% (w/v)
dextrose solution] or an equal volume of 5% (w/v) dextrose solution
(vehicle) was intraperitoneally administered at 12 and 24 hours af-
ter brain injury, followed by daily injection until the mouse was eu-
thanized. Alternatively, specific blocking antibodies against M-CSF,
IL-6, and TGF-B1 or the isotype control immunoglobulin G1 [0.04
mg/kg, dissolved in 5% (w/v) dextrose solution] were administered
12 hours before and 12 and 24 hours after brain injury, followed by
daily injection until the mouse was euthanized.

Neurological severity score

A standardized 10-point NSS was used for quantification of post-
traumatic neurological impairment as described (13, 14). The score
consists of 10 individual clinical parameters, including tasks on motor
function, alertness, and physiological behavior. NSS was scored from
0 to 10. Sham-operated mice have no neurobehavioral deficits, reflected
by a score of 0. A maximum NSS of 10 points indicates severe neuro-
logical dysfunction, with failure of all tasks. Task performance was
evaluated in a blinded fashion with regard to the animal groups.

MRI analysis

MRI was performed in a 7-tesla horizontal Bruker spectrometer
(Karlshure, Germany) run by ParaVision 6.0 software as previously
described (57-59). Animals were imaged 6-hour after injury at
day 0 and at day 3 or day 7. Anesthetized mice (1.5% isoflurane in a
gas mixture of 30% oxygen and 70% nitrous oxide) were placed on
a MR-compatible stereotaxic device with built-in small animal
monitoring and gating system (SA Instruments, Stony Brook, NY,
USA), which is engineered to fit a Bruker four-channel phased-
array mouse brain coil and a corresponding transmit volume coil.
Whole-brain MRI was performed with acquisition of T2-weighted
rapid acquisition with relaxation enhancement (RARE) sequences
(imaging parameters: repetition time/echo time = 2500/33 ms; flip
angle = 90° RARE factor = 4, number of averages = 2) with a field
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of view of 20 mm by 20 mm, matrix of 256 mm by 256 mm and
16 transverse slices (0.5 mm thick). The images were stored offline
for identifying key neuropathologies such as hematomas, edema, or
gross changes in brain structure. The volumes of the brain injury
were calculated using a standard Digital Imaging and Communica-
tions in Medicine (DICOM) viewing software (RadiAnt DICOM
Viewer Version 3.2.3).

The in vitro generation and treatment of BMMs
BM cells were seeded to 12-well plates at a density of 2 x 10° cells per
well and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
[supplemented with 10% fetal bovine serum, penicillin (100 U/ml),
and streptomycin (100 pg/ml)] with M-CSF (20 ng/ml) alone, or
M-CSF + IL-6 (20 ng/ml), or M-CSF + IL-6 + TGF-B1 (20 ng/ml)
for 7 days to generate BMMs. On day 7, BMMs were harvested to
measure mRNA levels of the tissue repair marker genes by quanti-
tative RT-PCR (qRT-PCR). Alternatively, the microglia cell line BV2
or BMMs generated with M-CSF were respectively stimulated with
IL-4 (20 ng/ml) and IL-13 (20 ng/ml) for 24 hours, followed by ex-
amining mRNA levels of the tissue repair marker genes by qRT- PCR.
Apoptotic Jurkat T cells (apo]) were prepared after exposed to
ultraviolet irradiation at 254 nm for 10 min and then placed in
RPMI 1640 with 10% fetal calf serum (Biosera Products) for 3 hours
at 37°Cin 5% CO; (29). BMMs were washed by phosphate-buffered
saline (PBS) three times and then cultured in serum-free DMEM for
18 hours with apo] at a ratio of three per macrophage. TGF-B1 con-
centrations in the supernatants were measured by ELISA.

Generation of BM chimeras mice

[CD45.1 > CD45.2] and [Rosa26-mTmG > wt] BM chimeras were
generated by reconstitution of lethal-irradiated gender-matched re-
ceipt mice (8 to10 weeks old) (950 rad) with BM cells from CD45.1
or Rosa26-mTmG mice. Eight weeks after BM transplantation, the
chimeric mice were subjected to the induction of TBL

Isolation of microglia/monocytes in vivo from sites of injury
Brain tissues were collected from PBS-perfused mice and disso-
ciated with Adult Brain Dissociation Kit (Miltenyi Biotec, Germany).
Mononuclear cells (including monocytes, lymphocytes, but not in-
cluding red blood cells and neutrophils) were prepared by 37%/70%
Percoll centrifugation (GE Healthcare, Princeton, NJ, USA). Mi-
croglia and monocytes were positively isolated by coculture with
CD11b" MicroBeads (Miltenyi Biotec, Germany) according to the
manufacturer’s guidelines.

Generation of TBl zebrafish models and the in vivo

tracing system

The zebrafish study was approved by the Animal Research Advisory
Committee of SIBCB, CAS. Zebrafish were maintained at 28.5°C on
a 14-hour light/10-hour dark cycle, according to the guidelines of
the Institutional Animal Care and Use Committee. For tracing
macrophages in vivo, the transgenic zebrafish Tg(mpegl:mcherry)
was cross-bred with the transgenic zebrafish Tg(Flil:GFP). Fluores-
cence microscopy was used to screen and obtain progeny that harbored
red and GFP fluorescence in our experiment. To avoid pigment
formation in larvae, 0.003% (w/v) phenylthiocarbamide (Sigma-
Aldrich, USA) was added to the fish water 24 hours after fertiliza-
tion. Human cytokines like TGF-B, M-CSF, or IL-6 (0.1 ng) were
intra-arterially microinjected into 2-day-old larval fish, and 1 day
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later, TBI was induced via puncture with a 25-pum-thin glass tube.
Zebrafish were fixed in a 60% low-melting agarose 3 hours after
TBI, and the in vivo imaging was performed under a fluorescence
microscopy to trace macrophage migration from the peripheral to
the injury site. In addition, zebrafish were euthanized at 48 hours
after TBI to obtain brain tissue for RNA extraction.

Immunohistochemical and immunofluorescence staining

of brain tissue

Brain tissues were harvested from PBS-perfused mice and fixed in
4% formaldehyde for 24 hours, and serial coronal 10-um-thick
paraffin-embedded sections were prepared. Brain sections were stained
with H&E or TUNEL according to the manufacturer’s protocol for
ApoAlert DNA Fragmentation Assay Kit (Clontech). For cryosec-
tion, paraformaldehyde-fixed samples were immersed in a 20%
sucrose solution at 4°C for 48 hours, followed by embedded in optimal
cutting temperature compound for frozen at —20°C. Ten-micrometer-
thick cryosections were cut and stained with Alexa Fluor 488-anti-
murine F4/80 (Abcam). Images were captured with an Olympus
BX51 microscope.

Antibodies, ELISA, and flow cytometry analysis

TGF-B1, M-CSF, and IL-6 cytokines were purchased from PeproTech.
Antibodies for flow cytometry were purchased from BD (anti-human
CD16), from BioLegend (anti-human LAP/latency-associated pep-
tide TGF-B1), and from eBioscience (anti-human CD4, CD8, CD19,
CD11b, and CD14, and anti-mouse CD11b, Ly6C, F4/80, CD45,
CD206, CD31, and F4/80). Antibodies for the blocking experiment
were purchased from BD (purified rat anti-mouse, human TGF-f1,
purified NA/LE rat anti-mouse M-CSF), and from eBioscience (anti-
mouse IL-6 functional grade purified). For staining surface markers,
cells were suspended in PBS solution supplemented with 1% heat-
inactivated fetal calf serum. For intracellular staining, cells were fixed
and permeabilized with the Intracellular Staining Kit (eBioscience).
Data were acquired on a C6 flow cytometer (BD) and analyzed with
FlowJo software. Concentrations of M-CSF, TGF-B1, IL-6, TNF-q,
G-CSF, and GM-CSF from TBI patients or mice were detected by
ELISA kits from eBioscience or XITANG.

RNA-seq and data processing

RNA was prepared from BMM:s after the in vitro treatment with the
indicated cytokines. Alternatively, macrophages or microglia were
isolated from the in vivo sites of injury of the control TBI mice or
the M6T-treated mice. According to the Geo-seq methods (60),
RNA-seq library was constructed and sequenced on an Illumina
HiSeq 2500 instrument using a 125-base pair paired-end reads
setting. Gene expression levels were calculated by Tophat and
Cufflinks (61). The differentially regulated genes were identified and
selected to generate a heatmap (z score). GO and KEGG pathway
enrichment analysis was performed using DAVID (62).

Quantitative real-time PCR

The relative mRNA expression levels of TGF-B1, M-CSF, G-CSF,
GM-CSF, IL-6, TNF-a, IL-10, and IL-4 were measured by qRT-
PCR. Total RNA was extracted from cells or tissues with TRIzol
reagent, and complementary DNA was generated using a Reverse
Transcriptase M-MLV kit (Takara). Relative QRT-PCR was per-
formed on a CFX-96 machine (Bio-Rad) with SYBR Green Master
Mix (DBI Bioscience).
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Mass cytometry/CyTOF assay (antibodies were summarized
in table S7)

Immune cells were isolated from the sites of injury in the TBI mice
and prepared for cell-staining protocols by Fluidigm. Briefly, cells
were stained with 0.5 uM cell-ID cisplatin (Fluidigm, catalog no.
201064) for 2 min, followed by adding 2 ml of MaxPar Cell Staining
Buffer (Fluidigm, catalog no. 201068) to stop the reaction. After
centrifugation and disposal of the supernatant, the cells were resus-
pended in MaxPar Cell Staining Buffer to a volume of 50 pl. Fifty
microliters of a metal-conjugated surface-marker antibody cocktail
was added, and the samples were incubated for 30 min at room tem-
perature. For intracellular staining, cells were fixed in 1 ml of 1x
MaxPar Fix I Buffer (Fluidigm, catalog no. 201065) at room tem-
perature for 20 min. After washing twice with 2 ml of MaxPar
Perm-S Buffer (Fluidigm, catalog no. 201066), the cells were incu-
bated with 50 pl of an intracellular antibody cocktail for 30 min.
After washing twice with 2 ml of MaxPar Cell Staining Buffer, the
cells were resuspended in 1 ml of the intercalation solution and in-
cubated overnight at 4°C. After washing twice with 2 ml of MaxPar
Cell Staining Buffer, the cell concentration was adjusted to 2.5 to
5 x 10°/ml with MaxPar Water (Fluidigm, catalog no. 201069) for
the CyTOF assay.

Statistics

Results are expressed as means + SD. All statistical analyses were
assessed with Prismé6 software (GraphPad software) or STATA
software (version 12.0; STATA Corporation, College Station, TX).
Two-tailed Student’s ¢ test, nonparametric Mann-Whitney U test,
or one-way/two-way analysis of variance (ANOVA) with Tukey’s
or Dunnett’s or Sidak’s multiple comparisons test was used for
comparison between different groups. Predicted probability, which
was calculated by binary logistic regression, was used to combine
respectively the concentration of M-CSF and IL-6, M-CSF and
TGF-B1, IL-6 and TGF-B1, or M-CSF, IL-6, and TGF-B1 in CSF
into one index that used in Spearman’s rank correlation test to
assess the association of the index with the outcome of patients
with TBI or the percentage of monocytes in patients with TBI at
day 0. P value of less than 0.05 was considered statistically signifi-
cant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Study approval

All procedures of animal experiments were conducted in accor-
dance with the institutional guidelines and were approved by the
Institutional Animal Care and Use Committee of SIBCB (protocol
no. IBCB0057). Studying human blood and CSF samples was ap-
proved by the Ethical Committee of Huashan Hospital, Fudan
University.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabb6260/DC1

View/request a protocol for this paper from Bio-protocol.
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