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Abstract

Background: Appropriately modulating inflammation after traumatic brain injury (TBI) may prevent disabilities for
the millions of those inflicted annually. In TBI, cellular mediators of inflammation, including macrophages and
microglia, possess a range of phenotypes relevant for an immunomodulatory therapeutic approach. It is thought
that early phenotypic modulation of these cells will have a cascading healing effect. In fact, an anti-inflammatory,
“M2-like” macrophage phenotype after TBI has been associated with neurogenesis, axonal regeneration, and
improved white matter integrity (WMI). There already exist clinical trials seeking an M2-like bias through
mesenchymal stem/stromal cells (MSCs). However, MSCs do not endogenously synthesize key signals that induce
robust M2-like phenotypes such as interleukin-4 (IL-4).

Methods: To enrich M2-like macrophages in a clinically relevant manner, we augmented MSCs with synthetic IL-4
mRNA to transiently express IL-4. These IL-4 expressing MSCs (IL-4 MSCs) were characterized for expression and
functionality and then delivered in a modified mouse TBI model of closed head injury. Groups were assessed for
functional deficits and MR imaging. Brain tissue was analyzed through flow cytometry, multi-plex ELISA, qPCR,
histology, and RNA sequencing.

Results: We observed that IL-4 MSCs indeed induce a robust M2-like macrophage phenotype and promote anti-
inflammatory gene expression after TBI. However, here we demonstrate that acute enrichment of M2-like
macrophages did not translate to improved functional or histological outcomes, or improvements in WMI on MR
imaging. To further understand whether dysfunctional pathways underlie the lack of therapeutic effect, we report
transcriptomic analysis of injured and treated brains. Through this, we discovered that inflammation persists despite
acute enrichment of M2-like macrophages in the brain.
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Conclusion: The results demonstrate that MSCs can be engineered to induce a stronger M2-like macrophage
response in vivo. However, they also suggest that acute enrichment of only M2-like macrophages after diffuse TBI
cannot orchestrate neurogenesis, axonal regeneration, or improve WMI. Here, we also discuss our modified TBI
model and methods to assess severity, behavioral studies, and propose that IL-4 expressing MSCs may also have
relevance in other cavitary diseases or in improving biomaterial integration into tissues.

Keywords: Interleukin-4, IL-4, mRNA, Stem cell, MSC, Macrophage, M2, Traumatic brain injury, TBI, RNA-seq

Background
Traumatic brain injury (TBI) places a calamitous toll on
individuals and the health system. TBI accounts for 138
deaths every day and 2.5 million emergency room visits,
hospitalizations, or deaths annually [1]. It makes up one
third of all “Unintentional Injuries,” the leading cause of
mortality between the ages 1 and 44. This has economic
ramifications on the order of $60–80 billion per year [2,
3]. TBI is divided into mild, moderate, and severe cat-
egories. While mild TBI is typically thought to result in
a transient loss of function, studies are elucidating per-
sisting complications [4]. Severe TBI results in perman-
ent morbidity or mortality in all patients [5].
However, the permanent morbidity and mortality are

seldom due to the primary insult and instead result from
numerous injury-associated sequelae. These include in-
flammation, excitotoxicity, accumulation of reactive oxy-
gen species, apoptosis of injured cells, ischemia, edema,
and blood-brain barrier (BBB) disruption [5]. Soon after
TBI, damaged cells release distress signals, “alarmins,”
consisting of intracellular components and various cyto-
kines [6]. Some alarmins reach the bloodstream to re-
cruit neutrophils and monocytes that can morph into
macrophages in the parenchyma. Other alarmins activate
microglia to clear debris and activate astrocytes to rees-
tablish barriers. At first, these mechanisms are neuro-
protective but over weeks or months they become
maladaptive. In mammals, the microglia and macro-
phages stay persistently skewed toward pro-
inflammatory, M1-like phenotypes [7–11]. They self-
amplify by releasing more inflammatory cytokines and
can remain at injury site for weeks and months [7]. The
M1-like response in lower-order animals, like zebrafish,
is abrogated by a robust “anti-inflammatory” M2-like re-
sponse within a week, enabling them to regenerate a
transected spinal cord [12, 13]. Cohorts of M1 and M2
macrophages were first identified in vitro and in other
injury conditions [14], but the phenotypes can exist con-
currently after TBI [15]. Additionally, it is now well
understood that macrophages in vivo encompass a
phenotype across an M1-M2 spectrum. Thus, we use the
term “M2-like,” especially for in vivo macrophages, to
suggest a phenotype similar to M2 macrophages previ-
ously studied in vitro, as we [16] and others have

previously [17, 18]. These M2-like macrophages are, at
least indirectly, associated with improved biological and
functional recovery in the mammalian peripheral and
CNS after injury [10, 19–23]. They are involved in
angiogenesis, neurogenesis, axonal regeneration, and im-
proved white matter integrity [24, 25]. Therapies that
enhance an M2-like phenotype after TBI, often improve
molecular markers, edema, white matter, and functional
outcomes [26–41]. However, the peak M2-like response
5 days after injury is still overwhelmed by M1-like mac-
rophages and the desirable response recedes by day 7 [8,
9]. Shifting the balance toward endogenous, “anti-in-
flammatory,” M2-like macrophages is thus a viable goal
for TBI but requires a clinically relevant strategy.
Stem cells are a promising means to promote an anti-

inflammatory response after TBI and to possibly modu-
late macrophage phenotypes [42–47]. In fact, a handful
of different bone-marrow derived stem cells (BMSCs)
are in at least 8 clinical trials [42, 43]. These cells include
multi-potent adult progenitor cells (MAPCs) and mesen-
chymal stem/stromal cells (MSCs). Phase I trials have
determined that harvesting BMSCs from a patient and
delivering them is logistically feasible and safe [43]. En-
couragingly, at least one phase I study has reported de-
creased neural tissue loss and an improvement in a few
clinical outcomes at 6 months. Phase II trials are under-
way in which they compare doses of BMSCs to reduce
neuroinflammation after TBI in adults and children. For
TBI, one of the more frequently studied stem cells is the
MSC [42]. Like many other stem cells, they exert their
effects not through differentiation but via secretion of
cytokines and growth factors, their “secretome.” How-
ever, while many pre-clinical studies demonstrate their
ability to temper inflammation, skepticism toward MSCs
persists [43].
Part of the skepticism toward MSC therapy is in the

absence of certain growth factors and cytokines in the
MSC secretome [43, 48–52]. One absent cytokine, that
also promotes an M2 macrophage phenotype, is
interleukin-4 (IL-4) [49, 53, 54]. IL-4 is a small, 16-kDa
protein that is classically secreted by and activates Th2
helper cells. However, when it binds to its cognate re-
ceptor IL-4Rα, it initiates STAT6-based transcription
and expression of M2 phenotypic proteins on
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macrophages. In vivo, IL-4 promotes M2-like macro-
phage phenotypes after stroke [55, 56], spinal cord injury
(SCI) [57–59], and peripheral nerve injury (PNI) [22, 60]
at doses ranging from 250 to 500 ng. IL-4 stimulates as-
trocytes to secrete growth factors and promotes micro-
glia to express M2 phenotypic markers as well [61].
Unfortunately, IL-4 levels do not increase in humans or
mice after TBI [62, 63]. In rats, however, there is a mod-
est IL-4 elevation in the first 24 h, but this subsides
within 3 days [64]. Delivery of IL-4 after TBI remains
unpublished although it is actively being explored
(1I01BX003377-01) [65]. Altogether, this suggests that
augmenting the MSC secretome with IL-4 could bias
macrophages after TBI to a reparative, M2-like,
phenotype.
MSCs have previously been genetically altered to ex-

press desirable proteins. For rodent models of CNS in-
jury, MSCs have been modified to overexpress bone-
derived neurotrophic factor (BDNF) [66], superoxide dis-
mutase 2 (SOD2) [67], interleukin-13 (IL-13) [68–70], or
interleukin-10 (IL-10) [50, 52]. While most of these
modifications have improved molecular parameters in
each study, improved functional outcomes are only occa-
sionally observed. BDNF overexpression mildly im-
proved outcomes in one functional SCI assessment [66].
SOD2 overexpression demonstrated improved motor co-
ordination at one time point tested after focal TBI [67].
IL-13 overexpression promotes an M2-like phenotype,
but it has only been observed to improve some func-
tional assessments in an SCI model and failed to rescue
function in stroke and epilepsy models [68–70]. IL-10
overexpression from MSCs did not reduce TBI lesion
volume or improve most functional assessments [50, 52].
The one functional test that improved (foot faults) and a
decreased histological presence of reactive astrocytes
was not significantly different from wild-type MSCs.
Genetic modification of MSCs to express IL-4 can be

achieved via plasmid DNA transfection, viral transduc-
tion of DNA, or through synthetic mRNA. MSCs have
previously been transduced to express IL-4 and conse-
quently promoted a Th2 response in a model of auto-
immune encephalitis [54]. Modification of MSCs in this
manner requires DNA that encodes IL-4 to enter the
nucleus and then induces prolonged or permanent ex-
pression of IL-4. Persistent IL-4 expression, although ini-
tially therapeutic, is undesirable as it promotes a chronic
M2-like macrophage presence which results in fibrosis
[34, 71]. This persistent overexpression can be advanta-
geous outside the nervous system, implanted MSCs
over-expressing IL-4 increase bone mineral density [53].
However, in the CNS, fibrosis limits regeneration [72].
Viral transduction also comes with the risk of undesired
genomic integration and activation of oncogenes. In
contrast, synthetic mRNA only needs to reach ribosomes

in the cytosol, thus enabling rapid expression and a
short persistence of 1–4 days [50]. This approach could
counter an M1-like response faster and allow the injured
site to return to homeostasis. Lower-order animals that
regenerate their CNS show a similar dynamic: pro-
inflammatory followed by anti-inflammatory peaks that
all subside to homeostasis within a couple weeks [12,
13].
Delivering recombinant IL-4 alongside MSCs is an-

other strategy though it can also have drawbacks. As
mentioned, IL-4 alone has been delivered after stroke,
SCI, and PNI. This may have rescued functional deficits
in IL-4 knockout mice suffering stroke [55]. Reports in
SCI are conflicting where one study showed moderate
functional improvement [57], while the other demon-
strated no significant functional improvement [59].
Apart for the difficulty in correctly and robustly con-
ducting behavioral studies, this ambiguity could be be-
cause recombinant protein delivery has yet to fully
address the challenges of short half-lives [73, 74], sub-
optimal efficacy [75], and immunogenicity [76, 77]. Cy-
tokines possess short half-lives due to rapid circulation
and clearance in vivo and this is exacerbated by in-
creased interstitial flow after TBI. In mouse models, IL-4
half-life can be less than 20 min [54, 78]. To counter
this, multi-dosing or sustained release strategies need to
be employed. A lack of post-translational modifications
(PTMs) and the presence of microstructural abnormal-
ities can further worsen half-life, reduce efficacy, and in-
crease immunogenicity. These challenges can be
addressed by inducing harvested MSCs to express IL-4
via nucleic acids as unsullied IL-4 can be synthesized
with endogenous PTMs.
In the present study, we transfect MSCs with synthetic

IL-4 mRNA to transiently induce IL-4 expression. We
hypothesize that these modified MSCs will promote M2-
like macrophage-mediated healing in a modified closed
head injury (CHI) mouse model of TBI. Through our
model, we investigate in vivo macrophage polarization,
examine behavioral outcomes, scrutinize cytokine and
gene expression, probe histological alterations in tissue
and white matter tracts, and explore transcriptomic
dysregulation.

Materials and methods
In vitro transcribed mRNA (IL-4, luciferase, GFP)
All synthetic mRNA were in vitro transcribed in the
Santangelo Lab (Georgia Institute of Technology, USA)
similarly to past research [79].

Cells (MSCs, macrophages)
Mesenchymal stem/stromal cells (MSCs) were pur-
chased at passage 6 from Cyagen Biosciences (USA)
(Lot# 170221|31). These MSCs are primary cells
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harvested by the vendor from C57BL/6N mice. All
in vivo experiments used the same strain of mice. Ac-
cording to the vendor, the MSCs express CD29, CD44,
and Sca-1 and do not express CD31 and CD45. We veri-
fied this expression in two late passages (S. Fig. 1). The
MSCs were grown in Mouse Mesenchymal Growth
Media (Cyagen Biosciences, USA) with 10% FBS (Lot#
T161102G002) and frozen at passage 7 and stored in the
vapor phase of liquid nitrogen. For every in vivo experi-
ment, the cells were thawed, and grown in media for 3–
4 days before experiments. To passage or plate cells, the
cells were washed twice with PBS (Corning, USA). Then,
0.25% Trypsin (Corning, USA) was added, with enough
volume to cover the surface area, and gently rocked for
90 s. The Trypsin was suctioned off, and the cells were
left in a 37 °C incubator for 1 min. Finally, the cells were
harvested by adding fresh, pre-warmed, and pH-
equilibrated media to the cells.
For macrophage polarization experiments, J774A.1

macrophages were obtained from the Cell Culture Facil-
ity at Duke University (thawed from an unknown pas-
sage number). These were grown in DMEM-High
Glucose (Gibco, USA) supplemented with 10% FBS.
Cells were passaged by manual dissociation with a cell
scraper.

Transfection
Viromer Red (Lipocalyx, USA), jetPEI (Polyplus Trans-
fection, USA), and Lipofectamine Messenger Max (Ther-
moFisher, USA) were used to transfect MSCs with GFP
mRNA following manufacturer protocol. All subsequent
MSC transfections of synthetic IL-4 or Luciferase mRNA
used Viromer Red, following its protocol. Prior to every
transfection, a cell culture cabinet, pipettes, and other
materials were decontaminated with 70% ethanol and
RNAse Away (ThermoFisher, USA) and left to dry.

In vitro flow cytometry
For MSC cell-surface characterization, the following
antibodies were used: APC-Vio770 CD29 (Miltenyi Bio-
tec; clone, HMβ1-1), VioBright FITC CD44 (Miltenyi
Biotec, USA; clone, REA665), PerCP Sca-1 (Biolegend,
USA; clone, D7), PE CD31 (Miltenyi Biotec, USA; clone,
390), PE CD45 (Biolegend, USA; clone, 30-F11), and PE-
Vio770 CD105 (Miltenyi Biotec, USA; clone, MJ7/19).
For analysis of in vitro macrophages, we first blocked Fc
receptors with CD16/32 FcγRIII/FcγRII (BD Bioscience,
USA; clone, 2.4G2) and CD16.2 FcγRIV (Biolegend,
USA; clone, 9E9) and then stained with PE CD45 (Biole-
gend, USA; clone, 30-F11), Alexa Fluor 647 CD206 (Bio-
Legend, USA; clone, C068C2), and PE CD163
(ThermoFisher, USA; clone, TNKUPJ). A Novocyte 2060
(ACEA Biosciences, USA) was used to measure mean
fluorescence intensity of GFP from transfected MSCs,

MSC cell-surface markers, and macrophage markers.
Data was analyzed in FlowJo software (BD Biosciences,
USA).

In vitro assays: viability, ELISA, and imaging
Cell viability was assessed with either a Live/Dead Via-
bility/Cytotoxicity kit (ThermoFisher, USA) and DMi8
LiveCell Microscope (Leica Biosystems, USA) or 0.4%
Trypan Blue (ThermoFisher, USA) exclusion with auto-
mated cell counting using a calibrated Countess II
(ThermoFisher, USA). For protein quantification of con-
ditioned media, an IL-4 colorimetric ELISA was per-
formed (R&D DuoSet; R&D Systems, USA) with
appropriate ancillary kits. Optical density was obtained
via a 96-well plate reader (SpectraMax i3x, Molecular
Devices, USA). In some experiments, prior to media col-
lection, cells were imaged under brightfield in the DMi8
LiveCell Microscope and the images were analyzed with
a custom ImageJ script to quantify cell coverage of the
well in each well as an estimator of cell confluency/
count.

Closed head injury
All in vivo experiments were conducted according to
protocols approved by the Duke Institute for Animal
Care and Use Committee (IACUC). Male C57BL/6N
mice were purchased from Charles River Laboratories,
USA, and left to acclimate for 1–2 weeks in Duke Uni-
versity animal housing. Procedures began when the mice
were between 8 and 9 weeks of age.
Closed head injury (CHI) experiments were modified

from Webster et al. to develop a model that is easily re-
producible but also induces behavioral deficits in motor
coordination [80]. Mice were induced under 5% isoflur-
ane vapor anesthesia and maintained between 1 and 3%
anesthesia. Hair was trimmed from the scalp and oint-
ment was applied on the eyes (Paralube; Dechra, USA).
The scalp was sterilized with three 70% ethanol and
chlorhexidine swabs each. A mid-line cut into the scalp
was made with micro-scissors, the cranium was exposed,
and the bone surface cleaned with a cotton-tip swab.
The mouse was then transferred onto a custom heated
bed in a rat stereotactic apparatus (51600; Stoelting,
USA) with mouse gas adaptor (10030-386; VWR, USA),
and mouse non-rupture ear bars (922; Kopf Instruments,
USA) connected to a separate anesthesia system main-
taining 1–3% anesthesia. A balloon connected through
tubing to a 20-mL syringe was also placed under the
head of the mouse to prevent skull fracture [80]. A 5-
mm impact probe connected to an electromagnetic im-
pact system (Impact One; Leica Biosystems, USA) was
extended and positioned − 1.5 mm AP from bregma and
zeroed to the surface. At this point, anesthesia was re-
duced to 0.5%, oxygen flow increased to 2 L/min, and
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the impactor retracted and then lowered 1.5 mm DV.
When breathing became faster, a toe-pinch was assessed
to ensure no pain sensation, and the impact was hit at 6
m/s. If the toe-pinch induced a reflex, injury was not
performed, anesthesia was immediately increased, and
the steps were repeated. Controlling anesthesia levels
carefully is critical to survival; if the anesthesia is too
deep prior to impact, the mouse may not return to spon-
taneous breathing after the impact. Immediately after
impact, the oxygen flow was increased to 4 L/min and
the mouse was placed on its right side for chest com-
pressions carried out with an index finger and thumb.
When the mouse began to breathe spontaneously, the
scalp incision was stapled (Reflex 7-mm wound clips,
Roboz Surgical, USA), 3 drops of 0.5% bupivicaine were
added to the site, and the mouse placed supine in an
empty cage. Time for the mouse to right itself into a
prone position was recorded. Righting was considered
when all four paws were on the cage floor. If there was a
fracture, brain hernia, or excessive bleeding after the im-
pact, the mouse was immediately put back under 5%
anesthesia and then euthanized. If righting time was >
10min, it was considered an injury [81]. Neurologic Se-
verity Score (NSS) was assessed in two experiments as
per its protocol [82]. With two scientists working on
mouse preparation and injury separately, injuries can be
5–10 min apart. Sham procedures consisted of all steps
except for the impact.

Preparation and delivery of MSCs
Based on transfection and expression data (Fig. 3a), an
mRNA incubation time of 10 h was chosen. On the day
prior to injections, cultured MSCs were plated in the
afternoon in 6-well plates at 300,000 cells per well. After
at least 6 h, MSCs were transfected with 2 μg mRNA
complexed with Viromer Red according to manufacturer
protocol. Ten hours after transfection, the MSCs were
harvested with two 1-mL collections of media per well.
All similar wells were grouped in 15 mL tubes and spun
down at 300×g for 3 min. The media was suctioned, and
the cells were resuspended in 1 mL of PBS. The cells
were counted via a cell counter (Countess II; Thermo-
Fisher, USA) that was previously calibrated to manual
cell counting. The cells were then spun again and resus-
pended to make a 30 million cells/mL mixture in PBS.
Aliquots of 10 μL were made and kept on ice until
injection.
To deliver MSCs, intrahippocampal injections were

conducted 2 or 5 days after injury. As previously, the
mice were induced with 5% isoflurane and maintained
between 1 and 3% anesthesia. The eyes were protected
with ointment, the surgical site was cleaned with ethanol
and chlorhexidine, staples were removed with a staple
remover, the old incision was opened with micro-

scissors, and the skull surface was cleaned with a cotton-
tip swab. The mouse was moved to the rat stereotactic
apparatus with a different mouse gas adaptor (923-B;
Kopf Instruments, USA). A craniotomy was performed
with a 0.6-mm drill-bit (Roboz Surgical, USA) attached
to a handheld drill (Stoelting, USA) at − 1.5 mm AP, and
− 1 mm ML (left) drilling 0.4–0.6 mm deep. Cells were
then mixed and picked up by a 5-μL syringe (75RN;
Hamilton, USA) with a 26-G needle (1-in., point style 4,
30°; Hamilton, USA). This needle was chosen as it had
the closest inner-diameter to the syringe. The syringe
was attached to the stereotactic apparatus and inserted
to a depth of 2 mm DV from the outer surface and then
retracted 0.5 mm for a final injection location of 1.5 mm
DV (left hippocampus). For ventricular injections, the
coordinates were − 0.5 AP, − 1 ML, 2.25 DV. Cells were
injected at a rate of 0.5 μL/min in a volume of 5 μL.

Behavioral experiments (rotarod, Morris water maze)
To assess motor coordination and function, mice were
tested on an accelerating rotarod apparatus (Med Asso-
ciates Inc., USA). On the day prior to CHI, the mice first
underwent a training trial on the rotarod where they
were put back on as they fell until 400 s passed. The
rotarod accelerated from 4 to 40 rotations per minute.
After that, three recording trials were run with at least
15 min between each trial. Trials were stopped (and re-
corded) if the mouse stayed on for 400 s or if it held
onto the rod without running for two spins. The time
on the rotarod was recorded.
To assess spatial memory function, a Morris water

maze was set up with a large round pool, four images on
the walls as cues, a glass platform hidden under the sur-
face of the water, and a camera and computer set up
with tracking software (ANY-maze; Stoelting, USA).
Mice were introduced into the pool starting at the edge
of the pool and time to find the hidden platform was re-
corded. Four trials were conducted each day, each start-
ing at one pole of the pool (North, South, East, or
West).

Perfusion/euthanasia
All mice were sacrificed under 5% isoflurane anesthesia
and cardiac perfusion. Perfusate consisted of Hank’s Bal-
anced Salt Solution (Corning, USA) with Heparin (10,
000 units/L; ThermoFisher, USA) kept on ice. After test-
ing for a reaction to toe-pinch, the sternum was lifted,
and the abdomen and ribs cut with scissors. The dia-
phragm was dissected away, and the heart was exposed
and freed from connective tissue. The left ventricle of
the heart was pierced with a 26-G 3/8" needle (BD Bio-
sciences, USA) and the mouse perfused at a rate of 8
mL/min for at least 2.5 min with a motorized pump
(Cole-Parmer, USA). For immunohistochemistry, this
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was followed by cold 4% formaldehyde in HBSS. The
mouse was then decapitated, and the brain harvested.
For protein and gene expression studies, the brain was
further dissected to isolate the injection region (3-mm
width per hemisphere), stored in 5 mL conical tubes, fro-
zen in liquid nitrogen, and stored in a − 80 °C freezer
until processed.

Ex vivo flow cytometry
To study macrophage polarization, leukocytes were iso-
lated from freshly harvested brain tissue following previ-
ously published protocol [83]. The protocol was slightly
modified and is included in the supplementary informa-
tion. As previously, Fc receptors were blocked with anti-
bodies against CD16/32 FcγRIII/FcγRII (BD Bioscience,
USA; clone, 2.4G2) and CD16.2 FcγRIV (Biolegend,
USA; clone, 9E9) and then stained with PE-Cy7 CD45
(BioLegend, USA; clone, I3/2.3), PE F4/80 (BioLegend,
USA; clone, BM8), Alexa Fluor 488 CD86 (BioLegend,
USA; clone, GL-1), and Alexa Fluor 647 CD206 (BioLe-
gend, USA; clone, C068C2). Macrophages were defined
as CD45high, F4/80+. Cells were run in a Novocyte 2060
(ACEA Biosciences, USA) at a rate of 14 μL/min.

Ex vivo protein quantification
Frozen brain tissue samples were homogenized in their
tubes with a TissueRuptor II (6 speed, 30 s; Qiagen,
USA) and disposable probes (Qiagen, USA) on ice with
Halt Protease Inhibitor (ThermoFisher, USA) in N-PER
reagent (ThermoFisher, USA). Homogenates were spun
down thrice. The first spin in the 5 mL tubes was at
1000×g for 10 min at 4 °C. The supernatant was trans-
ferred into 2 mL tubes. The second and third spins were
at 12,000×g for 15 min and 15,000×g for 20 min, respect-
ively, both at 4 °C, with a transfer to new tubes after
each spin. The protein samples were then processed
with an 8-plex bead-based assay (LEGENDplex Mouse
Th1/Th2 Panel; BioLegend, USA) according to manufac-
turer protocol. Samples were run on a Novocyte 2060
(ACEA Biosciences, USA). Quantification was normal-
ized against a total protein bicinchoninic acid (BCA)
assay (ThermoFisher, USA) of each protein sample.

Gene expression and RNA sequencing
The workspace was first cleaned and sprayed with
RNAse Away (ThermoFisher, USA). Frozen brain tissue
samples were processed with an RNeasy Lipid Tissue Kit
(Qiagen, USA) to extract RNA. The tissue samples were
homogenized with a TissueRuptor II (6 speed, 30 s) and
disposable probes. RNA integrity was assessed on an
Agilent Bioanalyzer (Agilent, USA) with the assistance of
the Duke Microbiome Shared Resource. Complementary
DNA (cDNA) was synthesized with SuperScript IV
VILO (ThermoFisher, USA), separated into aliquots and

stored at − 80 °C. Genes were studied with TaqMan
Gene Expression Assays (ThermoFisher, USA) in 384-
well plates. The TaqMan GEAs that are published here
include il4 (Mm00445259_m1), il10 (Mm01288386_m1),
il1b (Mm00434228_m1), il1rn (Mm00446186_m1), mrc1
(Mm01329362_m1), il6ra (Mm01211445_m1), cxcr4
(Mm01996749_s1), erbb2 (Mm00658541_m1), bdnf
(Mm04230607_s1), ngf (Mm00443039_m1), ntf3
(Mm00435413_s1), neurog2 (Mm00437603_g1), notch1
(Mm00627185_m1), cspg4 (Mm00507257_m1), sox2
(Mm03053810_s1), bmp2 (Mm01340178_m1), s100b
(Mm00485897_m1), artn (Mm00507845_m1), tgfb1
(Mm01178820_m1) ptn (Mm01132688_m1), casp7
(Mm00432322_m1), nrcam (Mm00663607_m1), ngfr
(Mm00446296_m1), il10ra (Mm00434151_m1), cd163
(Mm00474091_m1), and ccl2 (Mm00441242_m1). The
samples were run on a 7900HT Real-Time PCR system
(Applied Biosystems, USA). Data was analyzed using Ap-
plied Biosystems Analysis Software available on the Ther-
moFisher Cloud Connect Utility (https://apps.
thermofisher.com/apps/spa). Gene/sample combinations
that had high variation among technical replicates were
flagged and rejected. To normalize the amount of mRNA
per sample, global normalization was selected instead of
using housekeeping genes (due to observed variability)
[84], and Sham was kept as the reference ddCT values.
For RNA sequencing, total RNA was sequenced

through Illumina NovaSeq 6000 (50 bp, paired-ends).
The raw data was quality-checked, adaptors were
trimmed with cutadapt (v2.4), and then pseudo-aligned
using Kallisto (v0.46.0) against protein-coding GEN-
CODE transcripts (vM23) [85], with differential expres-
sion assessment via Sleuth (v0.30.0) in R (v3.6.1) [86,
87]. Data were consolidated and organized using Python
(v3.6.5, w/ pandas 0.24.2, numpy 1.16.4) and then run
through an over-representation analysis (g:Profiler, rev
2fcb244) and Gene Set Enrichment Analysis (GSEA,
v4.0.3) [88, 89]. One sample was excluded due to anom-
alously different transcript counts (89-5, a PBS.3WK
replicate). Raw transcriptomic data is accessible via the
NIH Gene Expression Omnibus (GSE144193) and ana-
lyzed data are included in the supplementary materials.

Immunohistochemistry
To study histological changes after intervention, 4%
formaldehyde-fixed brains were embedded in optimal
cutting temperature compound (Tissue-Tek; VWR,
USA) and frozen in a bath of 4-methylbutane chilled in
liquid nitrogen. The brains were sectioned in 10-μm
slices and collected on Superfrost Plus slides (Thermo-
Fisher, USA) with a hydrophobic barrier drawn
(ImmEdge Hydrophobic Barrier PAP Pen; Vector La-
boratories, USA). Slides were kept at − 20 °C until ready
to be stained. Primary antibodies included chicken anti-
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mouse GFAP (abcam, USA), rabbit anti-mouse Iba1
(abcam, USA), and rat anti-mouse CD68 (abcam, USA).
Secondaries included DyLight 488 goat anti-chicken IgY
(abcam, USA), Alexa Fluor 594 goat anti-rat IgG, and
Alexa Fluor 680 goat anti-rabbit IgG (abcam, USA). Cell
nuclei were counterstained with DAPI (Sigma-Aldrich,
USA). Coverslips were applied after drops of
Fluoromount-G (SouthernBiotech, USA) were added.
One group of slides was stained with a Fluoro-jade C kit
(Biosensis, USA). Coverslips were applied after drops of
DPX Mounting Media (Sigma-Aldrich, USA) were
added. All staining procedures were conducted at the
same time for each group. Imaging was done in a DMi8
microscope (Leica Biosystems, USA). All images were
acquired in the same time period per stain. Images were
analyzed with a custom semi-automated script on Ima-
geJ (S. File 1) with regions of interest drawn for hippo-
campi, cortices, and corpus callosum.

MRI
Diffusion-weighted magnetic resonance imaging was con-
ducted with the Duke Center for In Vivo Microscopy
(CIVM). MR images were acquired on a 7.0-T horizontal
bore magnet with Resonance Research gradients providing
~ 650mT/m maximum gradient. The system is controlled
by an Agilent Direct Drive console. Specimens were
mounted in a 12-mm-diameter single-sheet solenoid ra-
diofrequency coil. Three-dimensional (3D) diffusion-
weighted images were acquired with a Stejskal Tanner rf
refocused spin echo sequences with TR/TE of 100/21.15
ms and b values of 4000 s/mm2. Compressed sensing was
used with an acceleration of 8× to reduce the acquisition
time [90]. The result is a 4D image array with isotropic
spatial resolution of 45 μm (voxel volume of 91 pL).
The 4D array (256 × 256 × 420 × 7) was passed to a

post processing pipeline that registered each of the
diffusion-weighted 3D volumes to the baseline to correct
for eddy current distortion. The registered 4D array was
passed to DSI Studio which generated scalar images
(AD, RD, FA, ClrFA) using the DTI model.
A 3D label set was registered onto each 4D volume in

that volume’s native reference frame, i.e., the reference
frame in which the data were acquired. Waxholm Space
(WHS) [91] an isotropic label set for the mouse brain
was expanded by Calabrese et al. was extended with an
additional 18 regions of interest yielding 166 regions of
interest on each half of the brain [92].

Statistics and graphing
All statistics were performed in Prism V8.2 (GraphPad,
USA). Where appropriate, Student’s t test, one-way ANO-
VAs, repeated measures ANOVAs, and two-way ANOVAs
were carried out. All data are presented as means ± stand-
ard deviation. Asterisks are denoted in graphs to represent

significant p values. If the asterisk(s) is above a flat horizon-
tal bar, it refers to the significance between the two groups
at the end of the bars. If the asterisk(s) is above a bracket, it
refers to all comparisons within the bracket. If the aster-
isk(s) is above a group, it means the group was significantly
different from all other groups. In this third situation, the
highest p value between comparisons is recorded. Graphs
were made in Prism V8.2 and converted into figures in
Photoshop and Illustrator (Adobe, USA).

Results
Transfection with Viromer Red and synthetic IL-4 mRNA
generates IL-4 expression
As MSCs do not endogenously produce IL-4, introduction
of IL-4 genetic information is required. To reliably introduce
synthetic IL-4 mRNA into MSCs, transfection agents exist
that enable the mRNA to reach the cytosol without degrad-
ation. Here, we first obtained MSCs (Cyagen; harvested from
C57BL/6N mice; later in vivo studies are conducted in this
mouse strain) that expressed putative MSC markers [93], al-
though there was an absence of CD105. The cells retained
this marker expression at passages 9 and 12 as well (S. Fig.
1), but most experiments were conducted between pas-
sages 7 and 9. Next, synthetic mRNA encoding Green
Fluorescent Protein (GFP) was combined with one of
three transfection agents (jetPEI, Lipofectamine Messen-
ger Max, or Viromer Red) and incubated for 24 h with
MSCs following manufacturer protocol for each agent at
0.5× and 1× their recommended dose. The amount of syn-
thetic mRNA (250 or 500 ng) was equivalent between the
transfection agents. Of the three, Viromer Red induced
the greatest mean fluorescence intensity (MFI) in a flow
cytometer and was thus chosen for future transfections
(Fig. 1a). Next, we tested Viromer Red toxicity by com-
plexing it with synthetic IL-4 mRNA and incubating four
doses with MSCs for 24 h. Regardless of the dose MSC
viability, assessed via a live/dead cell assay, remained
greater than 95% (Fig. 1b). Simultaneously, IL-4 ELISA
confirmed that at least 150 ng of IL-4 was expressed into
the media (1mL) (Fig. 1c). Without transfection of
synthetic IL-4 mRNA, MSCs did not endogenously
express IL-4 (Fig. 1d). In another study, we character-
ized transfection-induced expression over a 48-h
period and observed that IL-4 synthesis begins within
the first 2–4 h and the majority is synthesized within
the first 24 h (Fig. 1e). These studies confirm that
MSCs do not endogenously express IL-4, and trans-
fection with Viromer Red and synthetic IL-4 mRNA
can generate IL-4 expression for at least 24 h with ac-
ceptably low toxicity.

Expressed IL-4 induces an M2-like phenotype in vitro
Next, we set out to determine whether IL-4 secreted
from transfected MSCs was functional. IL-4 is a potent
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stimulator of the M2 cell-surface marker, CD206, on
macrophages. We set up four groups: plain media, media
conditioned by naïve MSCs (MSC CM), MSC CM sup-
plemented with 100 ng of recombinant IL-4 (rIL-4 CM),
and media conditioned with IL-4 mRNA-transfected
MSCs (synthesizing ~ 80–100 ng expressed IL-4; eIL-4

CM) (Fig. 2a). We incubated the media with cultures of
J774A.1 macrophages for 24 h after which time they
were harvested, stained, and analyzed in a flow cyt-
ometer. Macrophage gating strategy (S. Fig. 2A) included
fluorescence-minus-one (FMO) groups to distinguish
positive staining (S. Fig. 2B). As hypothesized,

Fig. 1 Transfection of MSCs and protein expression. a GFP fluorescence intensity after MSCs are transfected with naked GFP mRNA or complexed
with one of three vectors. b Viability of MSCs with increasing dosage of synthetic IL-4 mRNA complexed with Viromer Red. c Concentration of IL-
4 synthesized in media with IL-4 mRNA-transfected MSCs. d MSCs do not endogenously synthesize IL-4 and require transfection with IL-4 mRNA.
e Concentration of IL-4 synthesized over 48 h from IL-4 mRNA-transfected MSCs. Mean ± SD, one-way ANOVAs with Tukey’s post hoc test, and
Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Fig. 2 Functionality of IL-4 expressed by IL-4 mRNA-transfected MSCs. a IL-4 concentration in either MSC conditioned media (CM) that was
supplemented with 100 ng/mL recombinant IL-4 (rIL-4 CM) or CM from MSCs transfected with IL-4 mRNA (eIL-4 CM); ns, not significant. b Flow
plots demonstrating CD206 expression after gating for single macrophages. c Percentage of J774A.1 macrophages expression CD206 after
treatment with differently conditioned media. Analyzed in a flow cytometer with a fluorescent CD206 antibody. Both rIL-4 CM and eIL-4 CM were
significantly different from Media and naïve MSC CM. d Percentage of macrophages expression CD163 after treatment with differently
conditioned media. Mean ± SD, Student’s t test, and one-way ANOVA with Tukey’s post hoc test; ****p < 0.0001
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macrophages treated with either rIL-4 CM or eIL-4 CM
demonstrated significantly greater expression of CD206
(Fig. 2b, c). As expected, CD163, an alternative M2-like
marker (typically stimulated by IL-10), was not upregu-
lated by IL-4 (Fig. 2d and S. Fig. 2C). Control experi-
ments demonstrated that macrophage cell morphology
and division rate was unaffected by media formulated
for MSCs (S. Fig. 2D and E). To rule out the possibility
of expressed IL-4 having an autocrine effect on MSCs,
the MSCs were treated with 100 ng of IL-4 for 24 h,
washed, and CM was collected another 24 h later. When
this CM was added to macrophages, there was no in-
crease in CD206 expression (S. Fig. 2F), suggesting no
autocrine effect of IL-4 on MSCs. These studies demon-
strated that IL-4 generated from synthetic IL-4 mRNA-
transfected MSCs could induce an M2-like phenotype in
macrophages.

Transient MSC transfection is a viable strategy for in vivo
experiments
Due to the transience of IL-4 expression after mRNA
transfection, it was critical to characterize expression con-
sidering the logistics of in vivo delivery. First, we set out to
determine the ideal incubation time of IL-4 mRNA/Viro-
mer Red complexes with MSCs to synthesize maximal IL-
4. MSCs were incubated with the complexes for varying
durations (0–24 h). After this period, the cells were
washed twice with PBS and left to express IL-4 in fresh
media for 24 h. Quantification of IL-4 via ELISA demon-
strated that 8–12 h of transfection elicited the greatest IL-
4 production over the subsequent 24 h (Fig. 3a). Next, as
multiple in vivo cell injections were expected to take 4–6
h, MSC survival on ice was assessed through trypan blue
exclusion. Here, MSCs demonstrated > 95% viability over
at least 6 h on ice (Fig. 3b). We also hypothesized that

viability in media would be superior to that in PBS; how-
ever, we did not observe a significant difference. All
in vivo injections were thus conducted in PBS to reduce
variability. Curiously, media sampled from these trans-
fected MSCs while on ice demonstrated minimal IL-4 ex-
pression (Fig. 3c). Then, regardless of how long the MSCs
were on ice (0–6 h), the amount of IL-4 produced over
the next 24 h in a 37 °C incubator was equivalent (Fig. 3c).
Finally, to scale for in vivo delivery, 300,000 cells per well
were transfected for 10 h with either 1 or 2 μg of IL-4
mRNA and a proportional amount of Viromer Red. Media
was collected after 10 h prior to harvesting cells. After
cells were harvested, 150,000 cells per well were re-plated.
Media was collected again after 24 h. The 300,000 cells
transfected with 2 μg induced at least 120 ng of IL-4 prior
to harvest. The harvested 150,000 cells then produced an-
other ~ 135 ng of IL-4 over 24 h (Fig. 3d). This transfec-
tion protocol was chosen for all in vivo experiments;
MSCs transfected thusly are henceforth denoted IL-4
MSCs.

IL-4 MSCs induce an M2-like phenotype in vivo after brain
injury
To assess whether IL-4 MSCs can promote an M2-like
phenotype of macrophages in vivo, IL-4 MSCs were
injected in a TBI model of closed head injury (CHI) in
mice. This model is similar to a model developed by
Webster et al. but induces a motor deficit (described in
methods and in Fig. 5) [80]. We injected either PBS,
MSCs, MSCs expressing Luciferase (Luc MSCs), recom-
binant IL-4 (rIL-4), or IL-4 MSCs into the left hippo-
campus, 5 days post-injury (dpi). For groups containing
MSCs, 150,000 cells were injected, a number based on
prior studies [45]. Brains were harvested from eutha-
nized mice 2 days after injection, 1 week post-injury

Fig. 3 MSC transfection characterization for in vivo delivery. a Concentration of IL-4 in media of MSCs transfected with synthetic IL-4 mRNA
complexed with Viromer Red. The complexes were incubated with the MSCs for varying amounts of time (0–24 h). Then, the media was sampled
24 h after each time point for IL-4 quantification via ELISA. b Viability of MSCs while on ice. No significant differences observed. c Concentration
of IL-4 synthesized while transfected and harvested MSCs were kept on ice (0–6 h) and then over 24 h after re-plating and kept at 37 °C. d
Amount of IL-4 expressed by 300,000 MSCs transfected for 10 h (“prior to harvest”) and then a sample of 150,000 MSCs 24 h after. Mean ± SD and
two-way ANOVA comparing between groups with Tukey’s post hoc; *p < 0.05
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(wpi) and leukocytes isolated from the ipsilateral hemi-
sphere were analyzed with flow cytometry (Fig. 4a). Leu-
kocytes were gated via CD45high (S. Fig. 3A) [83], and
FMO controls were used to determine the other anti-
body stains (S. Fig. 3B). First, we observed an increase in
total macrophage (CD45high, F4/80+) number for most
groups (Fig. 4b). Of these macrophages, IL-4 MSCs in-
duced 60–80% to an M2-like phenotype (CD206+,
CD86−) (Fig. 4c). This was significantly higher than PBS
(< 10%), MSCs alone (20%), or Luc MSCs (< 10%). In
comparison, an injection of 250 ng of rIL-4 induced
CD206 expression in 10–25% of macrophages (Fig. 4c).
IL-4 is known to induce proliferation of M2-like

macrophages [94] and we observed that there were more
CD206+ macrophages in the IL-4 MSC group compared
to all other groups (Fig. 4d). We also calculated an M2
to M1 ratio: [CD206+]/[CD206−, CD86+], a metric
shown to be predictive of neural regeneration in a per-
ipheral nerve injury model [22, 60] and correlated indir-
ectly to improved outcomes in a TBI model [31]. IL-4
MSCs dramatically increased the M2 to M1 ratio com-
pared to all other groups (Fig. 4e). While MSCs and rIL4
induced a higher percentage of M2-like macrophages
than PBS (Fig. 4c), the M2 to M1 ratio showed no differ-
ence compared to PBS (Fig. 4e). An increase in the
mRNA/Viromer Red transfection dose to MSCs greatly

Fig. 4 Macrophage polarization after closed head injury and treatments. a Flow cytometry gating to identify macrophages (CD45high, F4/80+) and
M2-like macrophages (CD206+, CD86−). Labeled gates produce the subsequent image. b–e Macrophage analysis 1 week after injury, 2 days after
treatment; n = 4, N = 20. b Number of total macrophages in the ipsilateral hemisphere for each treatment group. c Percentage of total
macrophages that possess the M2-like phenotype (CD206+, CD86−). d Number of M2-like macrophages in each treatment group. e Ratio of M2-
like to M1-like macrophages calculated by [CD206+, CD86+/−]/[CD206−, CD86+]. f–i Macrophage analysis 12 days after injury, 1 week after
treatment; n = 5, N = 15. f Number of total macrophages. g Percentage of total macrophages that possess the M2-like phenotype (CD206+,
CD86−). h Number of M2-like macrophages. i Modified M2 the M1 ratio. In samples where there were “0” M1-like cells, this was changed to “1” to
enable calculation of ratio. Mean ± SD and one-way ANOVA used for each graph with Tukey’s post hoc; *p < 0.05, **p < 0.01, ****p < 0.0001
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increased the number of M2-like macrophages (S. Fig.
3C and E) while pushing the polarization only mildly
higher to 80% (S. Fig. 3D). Interestingly, the M2 to M1
ratio was lower with this higher dose suggesting a low
dose is more desirable (S. Fig. 3F).
Next, as CHI is diffuse, we required a delivery strategy

that would affect the macrophages in both the ipsilateral
(left) and contralateral (right) hemispheres. We hypothe-
sized that delivering IL-4 MSCs into a lateral ventricle,
instead of the hippocampus, would induce greater
CD206+ macrophage expression in the contralateral
hemisphere. Interestingly, the number of macrophages,
mean percentage M2-like polarization, and number of
M2-like macrophages in both ipsi- and contralateral
hemispheres was lower with an intraventricular versus
an intrahippocampal injection (S. Fig. 3G-I). Thus, all
subsequent injections were made into the left
hippocampus.
One week after treatment, the number of macrophages

had fallen in all groups (Fig. 4f) compared to 2 days after
injection (Fig. 4b). The M2-like phenotype (CD206+,
CD86−) dropped to ~ 37% of macrophages 1 week after
IL-4 MSC injection (Fig. 4g). Intriguingly, ~ 30% of mac-
rophages in the PBS group retained an M2-like pheno-
type, while ~ 20% of macrophages in the MSC only
group did. However, the number of CD206+ macro-
phages was still significantly greater in the IL-4 MSC
group compared to the others (Fig. 4h). A modified M2
to M1 ratio was calculated as some groups did not pos-
sess any CD206−, CD86+ cells. This ratio was again sig-
nificantly higher in the IL-4 MSC group compared to
PBS and MSCs alone (Fig. 4i). These data demonstrate
that IL-4 MSCs can increase the number of M2-like
macrophages for at least up to 1 week after delivery and
comprise 60–80% of all macrophages 2 days after injec-
tion. Although 1 week after intervention similar percent-
ages of the M2-like phenotype exist regardless of
treatment, a desired M2 the M1 ratio persists with IL-4
MSCs.

Modified CHI model induces behavioral deficits that M2-
like macrophage enrichment does not improve
To assess whether our intervention has any effects on
mouse behavior, we modified a published CHI model
[80] to elicit motor and memory deficits. Severity of CHI
was confirmed via time for the mouse to right itself from
a supine position, as previous reports indicate a righting
time (RT) > 10 min to indicate a severe injury [81].
Motor coordination/function was evaluated via persist-
ence on an accelerating rotarod for at least 1 week after
injury. Spatial learning and memory were using the Mor-
ris water maze (MWM), 4 weeks after injury. Our modi-
fied CHI model (with no injections) (Fig. 5a) was
compared to mice receiving a sham surgical procedure:

all experimental steps aside for the actual injury and in-
jection. Injured mice demonstrated poorer rotarod per-
formance in the first 2 weeks (Fig. 5b) and poor MWM
outcomes 1 month out, compared to the sham group
(Fig. 5c).
Next, we assessed whether the dramatic polarization

and robust increase of CD206+ macrophages via IL-4
MSC treatment improved functional outcomes after
CHI. Injured mice received either PBS or IL-4 MSCs 5
dpi into the left hippocampus. Rotarod assessment dem-
onstrated no significant differences in performance be-
tween the two groups (Fig. 5d). A repeat of this
experiment demonstrated similar results. MWM assess-
ment demonstrated significant differences between the
injured groups and sham, but no difference between IL-
4 MSCs and PBS (Fig. 5e). At baseline, injured mice that
received an intrahippocampal injection took longer to
find the hidden platform than sham and those who only
received an injury (Fig. 5c, e). Finally, to test the hypoth-
esis that an earlier change in macrophage phenotype
could improve outcomes, we performed intrahippocam-
pal injections 2 dpi. However, this also did not rescue
acute changes in motor function (Fig. 5f). MWM was
not repeated as Fig. 5e suggests the intrahippocampal in-
jection itself affects performance. To confirm that RT
was a reasonable measure for injury severity, a correl-
ation analysis between RT and day 1 rotarod (D1RR)
performance (as a proxy for severity) was performed. RT
and D1RR demonstrated a moderate (r = − 0.53) and sig-
nificant (p < 0.0001) correlation. In some trials, a more
laborious severity assessment, Neurologic Severity Score
(NSS) [82], was calculated; this had a stronger correl-
ation (r = − 0.71) with D1RR. These studies suggest that
our modified CHI model induces behavioral deficits and
RT and NSS can confirm injury severity. Interestingly,
enrichment of M2-like macrophages via IL-4 MSC treat-
ment, does not improve functional outcomes.

IL-4 MSCs increase IL-4 in both cerebral hemispheres and
anti-inflammatory genes
Given the conflicting M2-like polarization and behav-
ioral data, we next explored how IL-4 MSCs affected in-
flammatory and anti-inflammatory cytokines and a
select panel of genes. Injured mice received PBS, MSCs
only, or IL-4 MSCs, and were compared to sham mice
(no injury or injection). Multi-plex ELISA demonstrated
that cerebral IL-4 levels were higher in the IL-4 MSC
group 2 days after the intervention (1 wpi) compared to
all other groups (Fig. 6a). This held true in both ipsi-
and contralateral hemispheres across the groups. Within
the IL-4 MSC group, IL-4 levels were also significantly
higher in the ipsilateral hemisphere (0.45 ± 0.34 pg/mg)
compared to the contralateral (0.03 ± 0.01 pg/mg) (Fig.
6a). IL-6, a cytokine that is also secreted by M2-like
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macrophages and known to have both beneficial and
detrimental roles in TBI [95–98], was also significantly
higher in the ipsilateral hemispheres of IL-4 MSCs mice
compared to sham and PBS (Fig. 6b). There was no dif-
ference in IL-6 among the contralateral hemispheres
(Fig. 6b). As anticipated, there were no significant differ-
ences in the other six inflammatory (S. Fig. 4A) and
anti-inflammatory (S. Fig. 4B) cytokines studied among
the four groups as cytokines tend to normalize to sham
levels within a week after injury. A set of genes were in-
vestigated 1 and 3 wpi (2 and 16 days after treatment)
through TaqMan Gene Expression Assays. ΔΔCT was
calculated per group for each gene against all sham
group mice. A selection of statistically significant genes
is presented as a heatmap (Fig. 6c). The remaining non-
significant gene assays, and fold changes of significant
gene assays can be found in the supplement (S. Fig. 4C,
S. Table 1). One week after injury, genes of two

inflammatory cytokines (il1β, ccl2) and one anti-
inflammatory cytokine (il1rn) were significantly upregu-
lated at least > 2-fold in all groups (PBS, MSC, IL-4
MSC) compared to sham mice (Fig. 6c and S. Table 1).
However, il1rn (encoding the IL-1 receptor antagonist)
was upregulated 20–25× in PBS and MSC groups while
it was upregulated 85× in the IL-4 MSC group (S. Table
1). M2-like genes mrc1 (encoding CD206) and cd163
were elevated only in the IL-4 MSC group. Numerous
genes assayed were also downregulated in all groups at
this 1 wpi time point (2 days after treatment) including
growth factors and genes related to axonal regeneration.
Three weeks after injury, il1rn upregulation had per-
sisted in MSC and IL-4 MSC groups. Genes encoding
growth factors and markers of neurogenesis tended to
increase in expression at the 3-week time point; how-
ever, most of these did not reach statistical significance
(S. Fig. 4C). The IL-4 MSC group also had statistically

Fig. 5 Behavioral analysis after closed head injury and treatment. a Illustration representing the direct impact to an intact skull in closed head
injury, producing a diffuse brain injury. b, c Functional analyses in sham mice (open gray circle) and mice injured on day 0 (open red square); n =
10, N = 20. b Time spent running on an accelerating rotarod (4 to 40 rpm). Time was recorded when the mouse fell off or if it grabbed on to the
rod for ≥ 2 consecutive spins. c Time taken to find the hidden glass platform in a Morris water maze (MWM) task. d, e Functional analyses in day
0 injured mice with either day 5 treatment of PBS (closed red square) or IL-4 MSC (closed green circle) (n = 10), or sham mice (open gray circle)
(n = 5); N = 25. d Time spent running on an accelerating rotarod. Blunt end indicates point of injury; arrow indicates day of injection. e Time
taken to find the hidden glass platform in a MWM task. f Functional analysis in day 0 injured mice with either day 2 treatment of PBS, IL-4 MSC,
or wild-type MSC (closed yellow diamond); n = 10, N = 30. f Time spent on an accelerating rotarod with markers for day of injury and injection.
BL, baseline, D, day; graphs show mean ± SD; repeated measures ANOVAs with post hoc Tukey’s in each study; *p < 0.05, **p < 0.01, ***p <
0.001. g Correlation of righting time (RT) after injury with day 1 rotarod (D1RR) performance. Spearman correlation conducted as D’Agostino and
Pearson normality test indicated non-normal distribution. h Correlation of 10-point Neurological Severity Score (NSS) with D1RR. Pearson
correlation coefficient calculated. Both correlations also analyzed via linear regression (purple) with R2 values reported; dashed line indicates
rotarod performance of 150 s; p < 0.0001
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elevated sox2 (associated with neurogenesis or stem
cells) and casp7 (associated with apoptosis). These data
suggest that while IL-4 MSCs acutely increase intracra-
nial IL-4 levels and alters genes associated with inflam-
mation, there is little to no long-term effect on genes
associated with neurogenesis or growth factors.

IL-4 MSCs increase macrophages but these do not reduce
astrogliosis or neuronal degeneration
We next scrutinized histological changes due to the ab-
sence of behavioral differences in the presence of in-
creased M2-like macrophages. Markers for
macrophages, astrogliosis, and neuronal degeneration
were evaluated through immunohistochemistry (IHC) at
1 and 3 wpi (2 and 16 days after treatment) (Fig. 7 and S.
Fig. 5). Mice were injured and treated with either PBS,
MSCs, or IL-4 MSCs and compared to sham mice. Brain

regions analyzed included ipsilateral and contralateral
hippocampi, cortices, and the corpus callosum. Mean
fluorescence was quantified through a semi-automated
custom ImageJ script (Supplementary File 1). GFAP (a
marker for reactive astrocytes) was elevated in all injured
groups compared to sham (Fig. 7a) at both time points
in both cortices (Fig. 7b, c and S. Fig. 5C). Expression of
GFAP tended to be greater in the injected hemisphere
(ipsilateral, left) at 1 wpi compared to the contralateral
hemisphere and was also elevated in the ipsilateral
hippocampus. However, there was no difference among
the treatment groups. CD68 (a marker for macrophages)
was absent in the sham group (Fig. 7d) but significantly
elevated in all injury groups in both hemispheres (Fig.
7e–g and S. Fig. 5D). CD68 expression was greater in
the IL-4 MSC group compared to PBS in both the ipsi-
lateral cortex and corpus callosum (Fig. 7f, g). CD68+

Fig. 6 Molecular analysis of injured and treated brain tissue. a–c Protein analysis at day 7 of brain from sham mice and mice injured (day 0) and
treated on day 5 with either PBS, MSCs, or IL-4 MSCs; n = 5, N = 20. a Amount of interleukin-4 (IL-4) in ipsilateral and contralateral cortical
samples, normalized to total protein present in the cortical sample, for each mouse group. b Amount of interleukin-6 (IL-6) in ipsilateral and
contralateral cortical samples, normalized to total protein present in the cortical sample, for each mouse group. Graphs present mean ± SD; one-
way ANOVA carried out for each with a post hoc Tukey’s comparison; *p < 0.05, **p < 0.01. c Gene analysis at 1 week or 3 weeks after injury and
day 5 treatment with either PBS, MSCs, or IL-4 MSCs (n = 5) and sham mice as biological controls (n = 10); N = 40. c Heatmap of 13 select genes
demonstrating up- (red) or down- (blue) regulation of genes with ΔΔCT values. Underlined values had a corrected p value < 0.05 as reported by
the analysis tool
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Fig. 7 (See legend on next page.)
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cells were also seen across the corpus callosum and in
the contralateral hemisphere (Fig. 7g). We also observed
dramatic structural alterations in the ipsilateral hippo-
campus caused by the injection needle (Fig. 7e, g). At 3
wpi, in the MSC and IL-4 MSC groups, a cluster of cells
was often found surrounded by macrophages (Fig. 7h,
left). MSCs were absent in the PBS group, but staining

nonetheless indicated presence of macrophages and
microglia (Fig. 7h, right). Fluoro-Jade C staining demon-
strated no neuronal degeneration in sham mice (Fig. 7i)
but was detectable in all injured groups at both time
points (Fig. 7j, k and S. Fig. 5E). Greater staining was vis-
ible in the cortices and hippocampus at 1 wpi (Fig. 7j
and S. Fig. 5E) than at 3 wpi. These histological

(See figure on previous page.)
Fig. 7 Immunohistochemical analysis of injured and treated brains at 1 and 3 weeks after injury. a Representative image of mouse brain section
from sham group stained for GFAP (green) and DAPI (blue). b Representative image of mouse brain section from an injured group 1 week after
injury. Image demonstrates diffuse reactive astrocytosis in both hemispheres. Graphs show mean fluorescence intensity (MFI) of GFAP in the
ipsilateral and contralateral cortices, and the ipsilateral hippocampus for each group. c Representative image of a mouse brain section from an
injured group 3 weeks after injury and stained for GFAP and DAPI. Graphs show GFAP MFI in the cortices for each group at this time point. d
Representative image of brain section from the sham mouse group stained for DAPI (blue) and CD68 (red). e Representative sections from an
injured mouse brain 1 week after injury who received PBS treatment on day 5. Left image shows macrophage infiltration in the contralateral
cortex. Right image shows the extent of needle damaging the cortex and macrophage infiltration. f Graphs depict CD68 MFI across the
treatment groups in both cortices and the corpus callosum. g Representative images from an injured mouse brain 1 week after injury who
received IL-4 MSCs on day 5. Left image shows extensive macrophage infiltration in the left cortex. Middle image shows macrophage migration
in the corpus callosum. Right image shows needle-induced damage and macrophage infiltration of the hippocampus. h Representative images
from brains 3 weeks after injury. Left image is a section from a mouse treated with IL-4 MSCs. It shows a cluster of cells surrounded by
macrophages. Right image is a section from a mouse treated with PBS. i Representative image of brain section from sham mouse group stained
with DAPI and Fluoro-Jade C. j Representative images 1 week after brain injury. Left images demonstrate neuronal degeneration in the cortex.
Right image shows neuronal degeneration in the hippocampus. k Representative image 3 weeks after brain injury with less neuronal
degeneration than after the first week. Graphs shows mean ± SD; one-way ANOVAs with Dunnett’s multiple comparison against the PBS group.
*p < 0.05, **p < 0.01

Fig. 8 Diffusion-weighted magnetic resonance imaging to assess white matter integrity 1 month after injury. a, b Left images are representative
coronal brain slices of fractional anisotropy. Right images are corresponding map of cortical regions. Arrow indicates injection artifact. b, brachium
of the superior colliculus; c, corpus callosum; h, hippocampus; o, optic tract. c Fractional anistropy values of each region per treatment group.
Sham n = 2, PBS n = 3, IL-4 MSCs n = 3, N = 8; graphs present mean ± SD; one-way ANOVAs with post hoc Dunnett’s multiple comparison
against the PBS group; ns, not significant, *p < 0.05, **p < 0.01
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assessments demonstrate that IL-4 MSCs recruit numer-
ous macrophages, but those macrophages fail to reduce
the diffuse astrocytosis or neuronal degeneration our
CHI model induces.

IL-4 MSC recruited macrophages do not improve white
matter integrity after injury
In brain repair, M2-like macrophages are associated with
improved white matter integrity (WMI) [24, 25]. To as-
sess whether the M2-like phenotype induced by IL-4
MSCs improved WMI after TBI, a subset of injured
mice treated with PBS or IL-4 MSCs and a subset of
sham mice were scanned 5 wpi with diffusion-weighted
MRI (Fig. 8a, b). The images were mapped to a dataset
to automatically orient and identify white matter regions
of interest (Fig. 8a, b). Values of fractional anisotropy
(FA) and diffusivity (axial, radial, and mean) were ob-
tained for each region. White matter tracts are aniso-
tropic and when subjected to trauma, this anisotropy is
reduced [99, 100]. Thus, we hypothesized that our injury
would also disrupt white matter tracts and thus reduce
FA while increasing diffusivity. Compared to sham, FA
values were lower in the PBS and IL-4 MSC groups in
all white matter tracts; however, no difference was ob-
served between the two treatments (Fig. 8c). FA was par-
ticularly reduced in the brachium of the superior
colliculus, corpus callosum, and optic tracts (Fig. 8c) of
both injured and treated groups. While there were
trends in diffusivity measures, differences between
groups were not statistically significant. This MRI study
demonstrated that while injury reduced WMI, M2-like
macrophage enrichment via IL-4 MSCs did not improve
WMI 1month after delivery.

Transcriptomics elucidates persistent inflammation and
poor regeneration
To develop a mechanistic understanding of the link be-
tween elevated M2-like macrophage polarization and
most measures of wound healing, we investigated the
transcriptome at the treatment area using RNA-seq at 1
and 3 wpi (Fig. 9). To contextualize the data, over-
represented pathways were consolidated (S. Table 2 and
4), and significantly enriched pathways were separated
into pathway groups (S. Table 3). Overall, IL-4 MSCs in-
duced more significantly upregulated genes at 1 wpi than
any other group (Fig. 9a). However, this upregulation
was absent at 3 wpi (Fig. 9a).
As expected, numerous immune response and inflam-

mation pathways were upregulated acutely by all groups
compared to sham. However, although leukocyte num-
bers and inflammatory cytokines were reduced in prior
data by 3 wpi (Fig. 4 and 6), inflammation-associated
pathways and genes were still upregulated here (Fig. 9b–
d). Specifically, cytokine, inflammatory interleukin, T

cell, and macrophage pathway groups were chronically
upregulated by MSCs compared to PBS, but this effect
was absent in the IL-4 MSC group (Fig. 9c). Pathways
related to IL-4 were enriched by IL-4 MSCs compared
to PBS and MSCs at 1 wpi (Fig. 9c). However, these
pathways were not enriched at 3 wpi, suggesting that the
IL-4 response does not persist. Ultimately, while fewer
inflammatory pathways were over-represented by IL-4
MSCs compared to MSCs, general inflammation path-
ways were enriched and genes upregulated by all groups
compared to sham at 3 wpi.
Alongside persistent inflammation, pathways of axono-

genesis were over-represented at 1 wpi (Fig. 9b) in Sham,
MSC, and PBS groups, and enriched (Fig. 9c) in MSC
and PBS groups compared to IL-4 MSCs at 1 wpi. One
of these, “GO_NEGATIVE_REGULATION_OF_AXO-
NOGENESIS” (S. Table 3), also suggests downregulation
of axonogenesis in both groups relative to IL-4 MSCs.
At 3 wpi, the pathway, “GO_NEUROGENESIS,” was
enriched in MSCs compared to IL-4 MSCs (Fig. 9c). Re-
garding myelination, few related pathways were enriched
among injury and treatment groups, but at 3 wpi oligo-
dendrocyte pathways were enriched compared to sham
(Fig. 9c). Glial pathways were found to be enriched at 1
wpi for IL-4 MSCs, and in contrast, 3 wpi for MSCs (Fig.
9c). Thus neural regeneration, myelination, and gliosis
did not improve from treatment.
At 1 wpi, IL-4 MSCs exhibited enrichment of regener-

ation, healing, stem cell, and angiogenesis pathway
groups relative to MSCs and PBS (Fig. 9c). However, at
3 wpi, MSCs tended to have higher normalized enrich-
ment scores for these groups compared to IL-4 MSCs
(Fig. 9c). IL-4 MSCs also exhibited enrichment of endo-
thelial and platelet derived growth factor-related path-
ways at 1 wpi, while MSCs showed enrichment of
fibroblast and insulin-like growth factor-related path-
ways at 3 wpi (Fig. 9c).
All injury groups over-represented a “response to

other organism” pathway, suggesting similar responses
between injury and infection (Fig. 9b). The PBS group at
3 wpi had over-representation for neurofibrillary tangles
and tau protein-related pathways compared to Sham,
suggesting some overlap in TBI response to that seen in
Alzheimer’s disease (S. Table 2). At 3 wpi, IL-4 MSCs
and MSCs had over-represented pathways suggesting
autoimmune activation, including graft-versus-host dis-
ease and allograft rejection (Fig. 9b and S. Table 2).
To begin to understand effects on microglia, we per-

formed over-representation analysis of our gene data
against a database that clustered microglia genes based
on different stimulation conditions (S. Table 4). As ex-
pected, a cluster representing IL-4 stimulation of micro-
glia (“SA_Salmon”) was over-represented in the IL-4
MSC group at 1 wpi compared to both PBS and MSC.
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Fig. 9 Transcriptomic analysis of mouse brains local to site of intervention at 1 and 3 weeks. a Volcano plots demonstrating that IL-4 MSCs
induced the most alterations in gene expression. Each graph presents genes of the latter condition vs. the former condition. b Select significantly
over-represented pathways identified through g:Profiler and reported in S. Table 1. c Select significantly enriched pathways identified through
Gene Set Enrichment Analysis and Molecular Signatures Database v7.0, Collection C5, reported in S. Table 2. d A heatmap presenting a selection
of genes up- or downregulated compared to the Sham group
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However, a few other clusters representing interferon
(IFN) and lipopolysaccharide (LPS) stimulation were also
over-represented at 1 wpi. At 3 wpi, both MSCs and IL-4
MSCs had over-represented clusters representing IFN
and LPS stimulation compared to sham (BR_Blue, BR_
Turquoise, PI_Turquoise). However, among the injury
groups, there were little differences. IL-4 MSCs had one
cluster over-represented compared to PBS (BR_Tur-
quoise) that suggested a response analogous to persistent
IFNγ and LPS stimulation.
Overall, our analyses suggest that (1) acute benefits of

IL-4 MSCs do not persist, (2) inflammation persists to at
least 3 weeks even with treatment, and (3) growth factor
expression, neural regeneration, and myelination does
not increase with treatment.

Discussion
One important reason a patient suffers disability after
TBI is because the immunological response becomes
maladaptive. To shift the immune response toward a re-
generative phenotype, clinical trials are investigating
therapeutic stem cell delivery. However, these stem cells
do not secrete some potent regulators of inflammation.
One absentee, IL-4, is a strong inducer of the anti-
inflammatory, M2-like phenotype in macrophages and
microglia. According to the literature, M2-like macro-
phages are associated with improved biological and func-
tional outcomes in pre-clinical TBI models. Thus, in this
study, we augmented MSCs to transiently express IL-4
and consequently observed a robust increase in M2-like
macrophages and some anti-inflammatory genes after
TBI. Curiously, this biological change did not improve
functional or histological outcomes, though our tran-
scriptomic analyses provide some potential answers as to
why not.
We began this work by transiently expressing IL-4

from MSCs and studying in vivo IL-4 levels and M2-like
macrophage polarization. IL-4 has been well-
documented as an inducer of this phenotype in macro-
phages and microglia in vivo in CNS and PNS injury
models. In fact, transfection of macrophages with IL-4
mRNA also promotes an M2 phenotype in vitro and at
least M2-like in vivo [79]. Our results corroborated this
as we saw a dramatic rise in the polarization and quan-
tity of M2-like macrophages at both 2 and 7 days after
our intervention (about 1 and 2 wpi). Simultaneously, we
witnessed upregulation of numerous anti-inflammatory
and M2-like genes. However, while this polarization may
be desirable, IL-4 induces macrophage proliferation as
well. Thus, it might be important to understand how
much IL-4 is required in vivo and how many M2-like
macrophages are optimal for neuroprotection. Our data
begin to answer some of these questions. We saw that a
bolus of recombinant IL-4 is less effective at polarizing

macrophages than sustained expression over 24–48 h
from IL-4 MSCs (Fig. 4). Separately, we observed that a
small proportion of IL-4 from IL-4 MSCs reaches the
contralateral hemisphere (Fig. 6a). Surprisingly, this in-
duced comparable M2-like polarization as in the ipsilat-
eral hemisphere (S. Fig. 3H). Critically, however, the
total number of macrophages and specifically M2-like
macrophages was significantly lower in the contralateral
hemisphere (S. Fig. 3G and I). Finally, 1 week after inter-
vention, IL-4 MSCs still had a greater number of M2-
like macrophages compared to other groups, though the
polarization percentage had dropped. Most of the mac-
rophages did not express CD206 or CD86, suggesting
they may possess a phenotype we did not explore. Our
transcriptomic data also demonstrated a signature for
persistent immune and inflammatory response in all in-
jured groups compared to sham. Furthermore, IL-4
response-related pathways did not persist with IL-4
MSC treatment (Fig. 9c). Thus, hypothetically, an ideal
scenario would recruit much fewer macrophages, with
the majority biased to be M2-like. These data suggest
that a sustained, yet smaller dose of endogenous IL-4
could foster that.
Second, we tested our IL-4 MSCs in a TBI model of

CHI but did not see an acute improvement in motor co-
ordination or memory. Numerous CHI models exist,
and these have been extensively reviewed [101]. We be-
lieve that since CHI induces a diffuse injury, it is more
clinically relevant than focal TBI models. Studying be-
havioral outcomes, however, can be tricky. The central
understanding is, if function is improved, the therapy
had long-reaching effects; it not only influenced biology
directly, but ultimately also promoted neuroprotection,
regeneration, or plasticity. However, TBI models have
high intrinsic biological and technical variability (Fig. 5g,
h). Thus, for all TBI studies assessing behavior, it be-
comes critical to (1) demonstrate that injury induced
equivalent dysfunction in all groups and (2) use statistics
that correct for repeated measures. We modified a pub-
lished CHI model by increasing parameter severity [80]
to induce a significant behavioral deficit (Fig. 5b, c). A
correlation analysis between rotarod performance,
D1RR, and two post-injury tests (RT and NSS) indicated
moderate to strong correlation, suggesting future studies
could further fine-tune the severity of injury (Fig. 5g, h).
However, intervening with IL-4 MSCs did not improve
rotarod performance or memory (Fig. 5d–f). Unfortu-
nately, this corroborates many other attempts with gen-
etically modified MSCs [52, 66, 68, 70]. Studies that saw
an improvement typically saw a change in only one out
of multiple assessments, or only looked at a single time
point [66, 67, 69]. In one study delivering recombinant
IL-4 after stroke in IL-4 knockout mice, repeated mea-
sures were not accounted for and wild-type mice were
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not tested [55]. A variety of other approaches to TBI
that promote an M2-like response have also observed
improvement in behavioral outcomes [26–41]. However,
in many of these studies, behavior was not (or could not
be) assessed prior to treatment; thus, procedural and
measurement biases cannot be ruled out. In this study,
we also only looked at 1 and 3 wpi; it is conceivable that
the M2-like macrophages might have limited the spread
of damage. Benefits of this might only be seen over
months as neural rewiring slowly takes place. Interest-
ingly, our transcriptomic analysis of IL-4 MSCs demon-
strated that pathways relating to tissue regeneration and
healing were enriched at 1 wpi (Fig. 9c). However, path-
ways relevant to neural regeneration (e.g., axonogenesis,
neurogenesis) were over-represented or enriched in the
other groups instead (Fig. 9b, c). Thus, our data suggest
that either M2-like macrophage enrichment alone via
IL-4 MSC intervention could not alter function, that our
behavioral assessments may not have been adequately
sensitive to reveal the effects of IL-4 MSCs on TBI, or
that the severity of the induced injury was too great.
Third, while injury alone induced histological changes,

we observed damage caused by intrahippocampal injec-
tions as well. Histology demonstrated significant increase
in GFAP across all injured groups. GFAP is a marker for
reactive astrocytosis, an endogenous response to limit
deleterious effects of TBI. However, chronically, astrocy-
tosis also prevents neural regeneration. Interestingly,
transcriptomic analysis suggested that gliosis pathways
were only enriched acutely in the IL-4 MSC group com-
pared to PBS and MSC groups (Fig. 9c), a potentially de-
sirable scenario. At 3 wpi, it was MSCs that had gliosis-
related pathways enriched compared to IL-4 MSCs (Fig.
9c). However, both the amount of gliosis observed histo-
logically (Fig. 7c), and the transcriptomic enrichment of
gliosis pathways compared to sham suggest that IL-4
MSCs do not reduce gliosis in a biologically relevant
manner within 3 weeks. IL-4 MSCs did, however, in-
crease the number of macrophages (indicated by CD68
staining and corroborated by flow cytometry). However,
the needle used to inject the treatments, and possibly
the bolus of cells, negatively impacted the architecture
of the ipsilateral hippocampus (Fig. 7g). We chose intra-
hippocampal delivery over intraventricular due to the
improved polarization (S. Fig. 3H). Nevertheless, this
likely reduced memory performance in the MWM task
(Fig. 5e). Interestingly, one TBI clinical trial is exploring
stereotactic intracerebral delivery of modified MSCs
(NCT02416492). However, an intraventricular delivery
would have saved the hippocampus and likely left a
smaller cortical injury as the cerebral spinal fluid and
ventricles can better accommodate a transiently in-
creased volume. In our studies, we did not assess intra-
vascular delivery as < 0.1% of MSCs cross the BBB [102]

even though it may be permeable soon after TBI [103].
However, this may still be a viable approach. In this case,
instead of targeting IL-4 MSCs toward the brain, the
modified MSC secretome could influence peripheral
monocytes prior to invading the TBI environment. In
fact, many of the TBI interventions that improved be-
havioral outcomes were through intravascular routes.
Interestingly, IL-10 improved outcomes when adminis-
tered intravenously but not when delivered intracranially
[104]. This difference in effect has also been observed
with cord blood cells for stroke [105]. Thus, our data
and the literature suggest that systemic delivery may be
the better avenue for TBI even though the BBB is gener-
ally considered an obstacle.
Finally, our studies also suggest that CD206+, CD86−

macrophages alone may not be able to influence all the
other maladaptive processes after TBI. There are con-
flicting reports of whether adoptive transfer of ex vivo
induced M2 macrophages can promote healing after
CNS injury [38, 106]. The M2 phenotype can be further
divided into a, b, and c subtypes [107]. M2a phenotypes
are promoted by IL-4 and IL-13 and promote tissue re-
pair and stimulate growth. This is the phenotype we
likely enriched and explains the large increase in
CD206+ macrophages as well. M2b macrophages can be
proliferative and secrete a mixture of inflammatory and
anti-inflammatory cytokines. M2c phenotypes are in-
duced by IL-10 and can promote fibrosis, but are also
known to be deactivated. In spinal cord injury, the phe-
notypes follow each other sequentially with an M2a peak
1–3 dpi and M2b or M2c peak 4–6 dpi. We do not know
whether this holds true in TBI; only that M2-like macro-
phages may peak around day 5 [8, 9] or even day 7 [108]
but are quickly overpowered by M1 phenotypes [7]. We
also do not know whether the endogenous pattern of se-
quential phenotypes is ideal for regeneration in neural
organs. Getting the right subtype of macrophage, at the
right time, may be critical to reducing inflammation and
promoting homeostasis. In these subtypes, there might
be an explanation for why delivering IL-4 or IL-10 alone
has been ineffective. Perhaps, by appropriately timing
each cytokine in a concerted approach, M2-like macro-
phages could proliferate early to overpower maladaptive
processes, and then be deactivated as desired. Addition-
ally, we did not scrutinize microglia in our flow cytome-
try studies as they do not reliably express CD206 [109].
Distinguishing macrophages from microglia is not trivial
but IL-4 is known to have favorable effects on both [61,
110, 111]. However, as M1 and M2 phenotypes concur-
rently exist on microglia, they may need to be assessed
for a favorable phenotype after an IL-4 MSC interven-
tion [15]. To obtain some clues to how IL-4 MSCs were
affecting microglia, we compared our transcriptomic sig-
natures against a published microglia transcriptomic
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database (S. Table 4). Even with the caveat that our tran-
scripts were obtained from total brain tissue and not iso-
lated microglia, we saw over-representation of microglial
“clusters” that suggest a signature of microglia respond-
ing to IL-4 only in the IL-4 MSC group (S. Table 4).
However, alongside this, all injury groups had clusters
suggesting similarities to IFN and LPS stimulation of
microglia as well. Therefore, like the macrophages,
microglia appear to be receiving numerous signals and
IL-4 alone is not enough to adequately modulate the
biology. Future studies could isolate macrophages and
microglia and perform more precise transcriptomic ana-
lyses to further scrutinize the range of phenotypes these
cells can possess.
These studies demonstrate a method to augment

MSCs with synthetic IL-4 mRNA and a modified
closed head injury model of TBI with a behavioral
deficit, and also explore the effect of acute IL-4 and
M2-like macrophage enrichment after TBI. By indu-
cing MSCs to produce IL-4, we also circumvent the
challenges of recombinant protein delivery. Moving
forward, it will be useful to explore the effects of dos-
ing, dual-cytokine enrichment, and intervening sys-
temically. Lower doses of either IL-4 mRNA or IL-4
MSCs may promote better healing; although a greater
dose may be required for intravenous administration.
A few dual-cytokine strategies could include timed
deliveries of IL-4 MSCs and IL-10 MSCs, a single de-
livery of MSCs transfected with IL-4 mRNA (rapid
expression) and IL-10 DNA (delayed expression), or
intravenous IL-10 bolus a few days after IL-4 MSCs.
Additionally, alternate stem cells could be transfected
with synthetic IL-4 mRNA, such as MAPCs and um-
bilical cord cells which may be more effective in TBI
than MSCs [43, 47]. Alternatively, MSC exosomes
possess benefits over MSCs themselves and could be
augmented through transfection [112, 113]. These ap-
proaches may also have merit outside TBI, as IL-4
MSCs may facilitate healing in any wounds or envi-
ronments where proliferation is desired, e.g., in cav-
ities left from disease, or to facilitate tissue
integration with implanted biomaterials [22].
Beyond alternative therapeutic approaches, the ques-

tion remains of how to best modulate inflammation to
improve outcomes in TBI. The answer requires a deeper
understanding of the roles of macrophage and microglia
sub-phenotypes and their interaction with native cells in
a TBI environment. Importantly, we need to develop a
better understanding of what cytokines and cells are re-
quired and when should they be enriched after TBI. As
our transcriptomic data suggested that infection and in-
jury have similar pathway enrichment, models of alter-
nate inflammatory stimuli, in alternate organisms, or
even an evolution-centered inquiry may provide insight

into the maladaptive immunological response seen after
TBI [114].

Conclusions
MSCs that transiently express IL-4 can robustly polarize
macrophages toward an M2-like phenotype for at least
1 week after TBI. While this induces cytokine- and gene-
level changes, it alone is not enough to significantly im-
pact histological or functional outcomes. Transcriptomic
studies reveal persistent inflammatory pathways and an
absence of neuroregeneration. However, the question of
whether this is due to insufficient or excessive levels of
IL-4 or M2-like macrophages, a lack of sensitivity in
histological and behavioral measures, our mouse model
of TBI, or the ineffectiveness of a single cytokine or cell
phenotype in a complex environment, remains.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12974-020-01860-y.

Additional file 1: Figure S1. MSC cell-surface markers. (A) MSCs (Cya-
gen) used in this study expressed CD29, CD44, and Sca-1 while remaining
negative for CD31 and CD45 in at least two late passage numbers.

Additional file 2: Figure S2. Macrophage and MSC control
experiments. (A) Flow gating strategy of J774A.1 macrophages prior to
individual antibody gates. (B) Fluorescence-minus-one plots to determine
antibody gates. (C) Flow plots demonstrating CD163 expression after
treatment with differently conditioned media. (D) Brightfield images of
macrophages grown in their recommended media (Dulbecco’s Modified
Eagle Media, DMEM) or MSC growth media. Each image is 1/16th of total
image analyzed per well. (E) Growth curves of macrophages in each of
the media estimated by coverage of the well, calculated from automated
imaging scripts. (F) Mean fluorescence intensity of CD206 expression on
macrophages after treatment with either 100 ng/mL recombinant IL-4
(rIL-4), conditioned media from MSCs pre-stimulated with 100 ng/mL rIL-
4, or conditioned media from naïve MSCs. Mean ± SD, one- or two-way
ANOVA; ****p < 0.0001.

Additional file 3: Figure S3. Macrophage polarization after closed head
injury and treatment alterations through flow cytometry. (A) Pseudocolor
flow plots demonstrating gating based on CD45 inensity to identify
blood-derived leukocytes in the brain, CD45high. (B) Flow histograms of
FMO controls to assist in gating. (C) – (F) Macrophage analysis 1 week
after injury, 2 days after treatment with IL-4 MSCs producing greater IL-4;
n = 5, N = 10. (C) Number of total macrophages in the ipsilateral hemi-
sphere for each treatment group. (D) Percentage of all macrophages that
possess M2-like phenotype. (E) Number of macrophages with M2-like
phenotype. (F) Ratio of M2 to M2-like macrophages. (G) – (I) Macro-
phage analysis 1 week after injury, 2 days after treatment delivered into
the left hippocampus or left lateral ventricle; n = 5, N = 10. (G) Total
number of macrophages in the ipsilateral and contralateral hemispheres
after either delivery modality. (H) Percent of total macrophages that pos-
sess an M2-like phenotype. (I) Number of M2-like macrophages in either
hemisphere. Mean ± SD, Student’s t-tests or two-way ANOVAs with post-
hoc Tukey’s; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Additional file 4: Figure S4. (A) – (B) Cytokine analysis of ex vivo
injured and treated brain tissue at 1 week after injury. Sham mice or
injured mice with day 5 treatment of either PBS, MSCs, or IL-4 MSCs; n =
5, N = 20. (A) Amount of inflammatory cytokine normalized to total pro-
tein per hemisphere (Interleukin 2, IL-2; Interferon-γ, IFNγ; and Tumor Ne-
crosis Factor α, TNFα). (B) Amount of anti-inflammatory cytokine
normalized to total protein per hemisphere (Interleukin 10, IL-10;
Interleukin-13, IL-13; Interleukin-5, IL-5). Graphs display mean ± SD; one-
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way ANOVA carried out for each cytokine and hemisphere, with
Bonferroni-Sidak correction for repeated testing. (C) Gene analysis at 1
week or 3 weeks after injury and day 5 treatment with either PBS, MSCs,
or IL-4 MSCs (n = 5) and sham mice as biological controls (n = 10); N =
40. Heatmap of 26 genes demonstrating up- (red) or down- (blue) regula-
tion of genes based on ΔΔCT values. Boxes with an asterisk (*) had a cor-
rected p-value < 0.05 as reported by the analysis tool.

Additional file 5: Figure S5. Representative immunohistochemical
images of injured and treated brains at 1 and 3 weeks after injury. (A)
Section from a sham group brain stained for DAPI, GFAP, and CD68. (B)
Section from a sham group stained for DAPI and Fluoro-Jade C. (C)-(E)
Representative sections from each injury/treatment group (columns) and
timepoint (rows). (C) Stained for DAPI and GFAP. (D) Stained for DAPI
and CD68. (E) Stained for DAPI and Fluoro-Jade C.

Additional file 6: Table S1. Fold-changes of significantly altered genes
in RT-PCR analysis

Additional file 7: Table S2. Summary and raw data from over-
representation analysis (ORA)

Additional file 8: Table S3. Summarized raw data from gene set
enrichment analysis (GSEA)

Additional file 9: Table S4. Summarized microglia-related over-
representation analysis (ORA)
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