DEGLI STUDI
=i

Fd )

PROGRAM IN TRANSLATIONAL
AND MOLECULAR MEDICINE

DIMET

S UNIVERSITA
NVTIN

UNIVERSITY OF MILANO-BICOCCA
SCHOOL OF MEDICINE AND SCHOOL OF SCIENCE

Mesenchymal stromal cells
for traumatic brain injury

Coordinator: Prof. Andrea Biondi
Tutor: Dr. Ettore Biagi

Co-tutor: Elisa R. Zanier XXVI| CYCLE

ACADEMIC YEAR
Dr. Francesca Pischiutta 2012-2013
Matr. No. 060115






A Caterina

per essere stata il mio incentivo nei momenti tliadilta






Table of Contents

Chapter 1  General introduction

1.1 Traumatic brain iNJUry ......cccccociis i 1
1.1.1 Pathophysiology Of TBI ........cccevviiiiiiiiiiiiiiiiiiiieeeee 2
1.1.2 Post-traumatic eXCitotOXiCity ...........cccccvvuiiiereennn. 5
1.1.3 Mitochondrial damage ..........cccccceeevvvviiiiiiieeneeeenn, 7
1.1.4 Mechanisms of cell death ...........ccccvvviiviiiiinnnnnnn. 8
1.1.5 Neuroinflammation after TBI ..........ccovvviiiieeennn. 12

1.1.5.1 Role of microglia/macrophages ............. 14
1.1.6 Neurorestorative ProCeSSES .......ccccevvvvrrriiiereeennn. 20

1.2 Mesenchymal stromal cells for TBI ............ oo 22
1.2.1 Biology Of MSCS ......ovviiiiiiiiiiiiieiieeeeeeeeeeeeeeeeee 22
1.2.2 Possible mechanisms of protection

by MSCS IN TBI oo 23
1.2.2.1  Trophic factors .........cccccceiiiiiiininn. 24
1.2.2.2  MICroVesCICIES .....cccovviiiiiiiiiiiiiiiiie e 28
1.2.2.3  Immunomodulation ..................ceee 30
1.2.2.4  Brain repair ....cccoceeeeeeeeeeeeeeeiiiiiinaeeeeeenn 34

1.2.3 Challenges associate with the therapeutic

USE OF MISCS ... 39

1.2.3.1 MSC heterogeneity ........cccccvvvviiieneennn. 39

1.2.3.2  Autologous or allogenic transplant

and Immunosuppression .............cceee..... 40



1.2.3.3 Cell administration route ...........coeevnen.. 43

1.2.3.4  Treatment timing and doses .................. 48

1.2.4 Clinical trials of MSCs for TBI patients................ 51

1.3 Scope of the theSIS ..........uviiiiiiiiiiiiis s 58
1.4 REFErENCES ..oovviiiiii s e 60

Chapter 2 Immunosuppression does not affect human
bone marrow mesenchymal stromal cell
efficacy after transplantation in traumatized

a1 To1= o] 1] o 1 85

2.1 ADSHIACT oo 86
2.2 INrOAUCTION ..vvviiiiiiiiiiiiiiiiiiiiiiiiiies ceeeeeeee e e e e e e e e e 87
2.3 Materials an methods .......cccviviiiiiiiis v 89
2.3.1 Isolation and culture of AIMSCs...........ccccceinnnnnn. 89
2.3.2 Phenotypic characterization of h(MSC.................. 90
2.3.3 Multilineage differentiation ............ccccvvviinneeennn. 91
2.3.4  Proliferation assay ........cccccceeevieeeiiieiiiiiiiineeeeee, 91
2.3.5  ANIMAIS ...t i 91
2.3.6  Study design and blinding of in vivo studies ...... 92
2.3.7 Experimental brain injury ..........coccooiiiiiiiiiiinn. 94



2.3.8  IMMUNOSUPPIESSION ....uuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiinaes 94
2.3.9 Hoechst staining, cell preparation and
Transplantation ...........ccccoeeeiiiiiiii i, 94
2.3.10 Realtime RT-PCR ........cccooiiiiiiiiieee e 95
2.3.11 Behavioral tests ........cccccvvviiiiiieeeeeeeeeiie e 96
2.3.12 Contusion VOIUME ..........cuuuiiiiiieeieeeeeiiiiee e 97
2.3.13 Assessment of NMSC presence ..............cccccue.e. 97
2.3.14 Immunohistochemistry ..........ccccccvvvviiiiiiiiieeeeenn, 99
2.3.15 Acquisition and quantification ............................ 99
2.3.16 Statistical ANalysiS .........ccccooiiiiiiiiiiins 102
2.4 RESUIS oo 103
2.4.1 hMSC in vitro characterization ......................... 103
2.4.2 hMSC-induced immune response ................... 105
243 hMSC protection of brain function and
structure after TBI in immunocompetent and
immunosuppressed MICE..........ccvvvvvvvviiieeeeeenn, 107
2.4.3.1 Sensorimotor functions....................... 108
2.4.3.2 Cognitive function .............cccccceennnnnne 100
2.4.3.3 Anatomical damage............ccceeevveennnne 110
2.4.4  HhMSC distribution ..........ccccceeviimmimmiiiiinnnnns 111
2.4.5 Long-term brain environmental changes in
immunocompetent and immunosuppressed
TBIMICE i 112
2.5 DISCUSSION ...cciiiiiiiiiiie ettt ettt e e e e e eeeeena s 114
2.6 ReferenCes.......cccooii 120



Chapter 3 Bone marrow mesenchymal stromal cells

3.1

3.2

3.3

drive protective M2 microglia polarization

after brain trauma..........cccccceiii 127
Y 01 1 = T SRR 128
INErOAUCTION ... e 130
Materials and methods ............ccccciiiiis cevvviiiiiieiiieeeee 132
3.3.1 Isolation and culture of human MSCs............... 132
3.3.2  INVIVO STUAIES ... 133
3.3.21  ANIMAlS ....uuiiiii 133
3.3.2.2 Experimental brain injury ................... 133
3.3.2.3 MSC preparation and transplantation 134
3.3.2.4 Sensorimotor defiCitS ...........cccceeennnnne 134
3.3.25 Realtime RT-PCR.........cccccvvvvveeennnn, 135
3.3.2.6 Brain transcardial perfusion ............... 137
3.3.2.7 Immunohistochemistry....................... 137
3.3.2.8 Immunofluorescence and confocal
ANAIYSIS...ovviiiiie e 138
3.3.2.9 Study design and blinding.................. 140
3.3.3  INVItro StUAIES ... 141
3.3.3.1 Microglial cultures and in vitro
polarization .........ccccceeeviiiiiiiiiiineee 141
3.3.3.2 Reverse transcriptase-coupled PCR..142
3.3.3.3 Cell fluorescence analysis ................. 142
3.3.4 Statistical analysis .........cccccevviiiiiiiiiii, 143



34 RESUIS .o 144

3.41 MSC infusion induces protection on
sensorimotor deficits 7d after TBl..........c.c........ 144

3.4.2 MSCs drive the up-regulation of M2 gene
expression at 3 and 7 d after TBI...................... 146

3.4.3 MSC infusion induces increased CD45"%" cell
infiltration and reduces M lysosomal activity in
the ipsilateral cortex 7d after TBI...................... 149

3.4.4 MSC infusion enhances the presence of M2
polarized cells within the lesion site 7d after

TBl 151

345 MSC infusion induces early
microenvironmental changes...........cccccvvvvveeee. 153

3.4.6 MSC exposure switches microglia from M1 to
M2 polarization in Vitro............ceeevveeeeeeeeeeeeeennne. 157
3.5 DISCUSSION ... eeeeeeeaeae e e e e e e e e e e e e e e e e 161
3.6 REEIeNCES....uiiiii it e 168
Chapter 4 General conclusions ........ccccceeeeees cvvvvvviiviinnnn. 175
A1 SUMIMATY ceuiiiiieiiiee et e e cete e et a e e e eeanas 175
4.2 CONCIUSIONS....ccoiiiiiiiiiiiiiies e 178
4.3 FUtUre PerSPeCtiVES .......cccvvvvuiiiiiiiiiees ceeeveeeiiiineeeeeeeea 179
4.4 ReEfEIENCES....cciiiiiiiiiiiii s 183



Vi



AKI
AMPA
BBB
BDNF
BM
BMMCs
BrdU

Abbreviations

acute kidney injury
-amino-3-hydroxy-5-methyl-4-isoazole

blood brain barrier

brain-derived neurotrophic factor

bone marrow

BM-derived mononuclear cells

5-bromo-2-deoxyuridine

cord blood

cerebral blood flow

corpus callosum

controlled cortical impact

carbon tetrachloride

central nervous system

cyclosporin-A

chondroitin sulfate proteoglycans

clinical trials

excitatory amino acid

caspase-activated deoxyribonuclease

dyacil-glicerol

damage-associated molecular pattern molecules

doublecortin
death inducing signaling complex

Dulbecco’s modified eagle’s medium
Glasgow coma scale

glial cell-derived neurotrophic factor
glial fibrillary acidic protein

good manufacturing practices
intra-arterial

intracerebral

intercellular adhesion molecule
intensive care units
intracerebroventricular

VI



IDO

INF
IP3
ISTC

MAPC
MCP-1
MIP-2
MMP
MRI
MSCs
NGF
NMDA
NO
NSCs
NT-3
PAMPs
PBMC
PBS
PGE-2
PL
PRRs
ROS
SGZ
Svz
TBI
TGF
TIMP-3
TNF
tPA
Trk
TSG-6
VCAM-1

indoleamine 2,3-dioxygenase
interleukin

interferon
inositol trisphosphate

international society for cellular therapy
intravenous

microglia/macrophages

multipotent adult progenitor cells
monocyte chemotactic protein-1
macrophage inflammatory protein-2
matrix metalloproteinase

magnetic resonance imaging
mesenchymal stromal cells

nerve growth factor
N-methyl-D-aspartate

nitric oxide

neural stem cells

neurotrophin-3

pathogen-associated molecular patterns
peripheral blood mononuclear cells
phosphate buffer saline

prostaglandin E2

platelet lysate

pattern recognition receptors

reactive oxygen species

subgranular zone

subventricular zone

traumatic brain injury

transforming growth factor

tissue inhibitor of matrix metalloproteinase-3
tumor necrosis factor

tissue plasminogen activator

tyrosine kinase receptor

tumor necrosis factor-stimulated gene-6
vascular cell adhesion molecule-1

VI



Chapter 1

General Introduction

1.1 Traumatic brain injury

Traumatic brain injury (TBI) is a critical public health and
socio- economic problem in high income countries. It is a major
cause of death for young people! and survivors suffer
permanent disabilities and dysfunctions®. The main causes of
TBI are related to car accidents®, but brain trauma following falls
in the domestic environment is an increasing problem for elderly
people. Prevalence data indicate that in Europe about 7,7
million people live with TBI related disabilities* while in USA the
prevalence is estimated around 5,3 million people®. The
incidence in Europe is 235 case per 100.000 people* while
higher values are reported for USA inhabitants with 506 new
cases per 100.000 people®. When considering patients with
severe TBI (with Glasgow Coma Scale [GCS]’ 8) the mortality
rate is 36-40% and the survivors with unfavorable outcome are
52-60%%%. In the last decades great improvement has been
obtained in the management of TBI patients in the intensive
care units (ICU), significantly reducing mortality rate®. TBI care
in ICU is focused on the early identification and removal of
mass lesions and on the detection, prevention and treatment of
secondary cerebral insults (e.g. elevated intracranial pressure,
hypoxia, seizures) exacerbating brain damage. However

despite much researches and promising results in animal



models, there are still no pharmacological treatments available
to reverse the pathological consequences of TBI**°. For these
reasons TBI remain an unsolved clinical problem that urgently

needs new therapeutic strategies.

1.1.1 Pathophysiology of TBI
Brain trauma is the result of a “primary” and a “secondary”

injury (figure 1).
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Figure 1. Schematic representation of TBI pathopysi  ology. Both
primary and secondary injury cascades are responsible for the final damage
to brain tissue with consequent functional deficits. Figure from Xiong Y et
al.™t

Primary injury is due to mechanical forces at the moment of
the impact causing rapid tissue deformation and mechanical
disruption resulting in physical damage responsible only for a

part of the neurologic damage. Several “secondary” events



evolve over minutes to months after the primary injury, including
neuroinflammation, toxic neurotransmitter release, production of
free radicals, mitochondrial dysfunction, perturbation of calcium
homeostasis, which have a crucial impact on the subsequent
neurologic damage and the final outcome (figure 2A)*2.

As the primary injury occurs immediately after trauma, it can
only be prevented (for example by the use of safety devices
while driving). It induce irreversible brain damage causing
neuronal death in the “core” of the lesion. The area adjacent to
the core is called “penumbra” and represents potentially
salvageable brain tissue in which neuronal activity is
suppressed, but it is still potentially viable®. The viability of the
penumbral area is threatened by the pathological cascades
activated after brain trauma. The evolutionary nature of
secondary injury development and the multiplicity of targets
offer the possibility for therapeutic interventions. Recent
preclinical studies have revealed that together with pathological
cascades, a number of pro-regenerative events like
neurogenesis, axonal sprouting, and angiogenesis are induced
after TBI (figure 2B)***. However they are largely ineffective to
counteract the lesion progression and tissue loss, suggesting
that the promotion of neurorestorative processes may be an
additional potential therapy for TBI. Today, preclinical promising
results on single agent pharmacologic treatment have not been

successfully translated into the clinical setting*%*°

underlining
the need to focus on strategies that affect simultaneously

multiple injury mechanisms. In this contest mesenchymal



stromal cells (MSCs) might provide an ideal candidate®®. In the
following paragraphs different pathologic/regenerative cascades
activated after TBI will be analyzed while the potential of MSCs

to counteract these cascades will be reviewed in chapter 1.2.
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Figure 2. Injury progression after TBI.  A) Both toxic and regenerative
cascades evolves after TBI with different kinetics. B) Protective pathways
activated after acute brain injury are largely ineffective in antagonizing the
progression of damage and cumulative injury increases over time. Graph A
has been modified from Dirnagl et al."’



1.1.2 Post-traumatic excitotoxicity
After TBI there is a massive increase of interstitial

glutamate concentration®*°

. This increase could belong to
different sources: from traumatically damaged parenchymal
cells in the injured brain, or from newly developed micropores in
cell membranes®?, from the blood brain barrier (BBB) leakage®
or following the reduced astrocytic reuptake due to the
downregulation of the glutamate transporters GLAST and GLT-
12!, The altered glutamate concentration in extracellular space
lead to an over-stimulation of ionotropic N-methyl-D-aspartate
(NMDA) and -amino-3-hydroxy-5-methyl-4-isoazole (AMPA)
receptors with the consequent excessive calcium influx into
neurons and astrocytes. Trying to compensate this
disequilibrium, the cell increases the activity of Na'/K*-ATPase
exchanger, however the lack of oxygen and metabolic supply
prevents the restoration of the physiological ionic intra- and
extra-cellular concentrations. As results, the exacerbated
intracellular ionic overload leads to cytotoxic edema?’, with
consequent cellular swelling and increase of intracranial
pressure. Moreover the high Ca** influx due to overstimulation
of glutamate receptors, induces the activation of second and
third messenger triggering an array of downstream
phospholipases and proteases that degrade membranes and
proteins essential for cellular integrity®?*. Calcium activated
downstream pathways include: 1) the activation of calpains®, a
family of cysteine proteases that proteolyze a wide range of

cytoskeletal proteins such as spectrin, tubulin, microtubule-



associated proteins and neurofilamental proteins®® as well as
membrane associated proteins, including ion channels,
excitatory amino acid (EAA) receptors and adhesion molecules;
2) the activation of the phospholipase A, 2 which hydrolyzes
cellular phospholipids, liberating free fatty acids and
lysophospholipids thereby providing the precursor substrates
for the biosynthesis of eicosanoids and platelet activating
factor?®, contributing to vascular damage increasing BBB
permeability; 3) the activation of phospholipase C which
hydrolyzes the membrane-associated phosphatidylinositols
producing dyacil-glicerol (DAG) and inositol trisphosphate
(IP3)*°, giving rise to the second messenger cascades; 4) the
perpetuation of mitochondrial dysfunction (Pharagraph 1.2.2);
5) activation of caspases and triggering of apoptosis
(Pharagraph 1.2.3).
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Figure 3. The major pathways associated with the progression of
secondary injury after a traumatic brain injury and cascades associated with
calcium influx. Figure from Park E et al. *°



1.1.3 Mitochondrial damage

Mytochondria play an important role in the survival as well
as the death of neurons. Both patients® and experimental
models® of TBI show a reduction of oxidative metabolism
related to mitochondria dysfunction. Mithocondria have the
ability to buffer post-traumatic cytosolic Ca®" overload.
However, once the sequestration capacity of the mitochondria
is exhausted or oxidative damage to the mitochondrial
membrane has occurred, the oxidative phosphorylation is
uncoupled from ATP production, with consequent release of
Ca’* back to the cytosol*®, production of free radicals and
reactive oxygen species (ROS)* such as superoxide,
hydrogen peroxide and hydroxyl radical. Radicals react with
virtually any cellular component (carpohydrates, amino acids,
DNA and phospholipids), causing direct damage. Besides being
the major source of ROS production, mitochondria are also
targets of oxidative stress. Overproduction of ROS in
mitochondria is one of the elements inducing the collapse of
membrane potential and the production of membrane transition
pores, leading to the leakage of mitochondrial elements into the
cytosol: the release of Hydrogen ions (H") dramatically reduce
the pH, activate lysosomal enzymes contributing to the protein
disruption; the release of cytocrom c, normally present between
internal and external membrane of mitochondria, once release

in the cytosol trigger the activation of apotosis®=°.



1.1.4 Mechanisms of cell death
TBI associated cell death has been extensively associated

with necrotic cell death®"8,

Necrosis is characterized by
mitochondrial swelling, nuclear picnosis followed by DNA
fragmentation, loss of cell membrane integrity and an
uncontrolled release of products of cell death into the
intracellular space. The massive release of cellular components
prevents a rapid clearance of debris from nearby phagocytes
leading to the activation of inflammatory response and
amplification of brain damage. Cell necrosis is the prevalent
mechanisms of cell death in the core of the lesion, initiating
within minutes after injury. Apoptosis, the programmed cell
death, occurs predominantly in the penumbral regions starting
hours after the primary injury and can last for months.
Apoptotic dying cells have different morphological features
compared to necrotic cells: chromatin is condensated and then
fragmented, the cell shrinks and loses its contact with
neighboring cells, the cytosol is fragmented in vescicolar bodies
(blebs) that are rapidly phagocytes. Intracellular compounds are
not released in the extracellular space thus there isn’t activation
of inflammatory response™®.

The first description of apoptotic events after experimental
traumatic brain injury was performed by Rink and colleagues®,
while Clark and co-worker firstly showed apoptotic cell death in
TBI patients*’. Distinct regional and temporal pattern of
apoptotic cell death have been described up to two months in

cortex, hippocampus, white matter and thalamus of brain



injured rats** showing a long term involvement of different
cerebral area in apoptotic pathways. The principal activator
pathways and regulator of apotosis are illustrated in figure 4
and describe below.

Apoptosis is finely tuned by bcl-2 family proteins: bcl-2, bcl-
XL, bcl-w are inhibitors while bax, bad, bcl-xS and bak are
promoter of apoptosis. In normal healthy conditions the anti-
apoptotic proteins are found in the outer membrane of
mitochondria where they inhibit its permeabilization by
sequestrating bax and bak and interacting with the permeability
transition pore complex**#*. After pro-apoptotic stimuli, bax and
bak undergo conformational modifications and fully enter in the
outer membrane of mitochondria, thereby creating a transition
pore®. It has been shown that after TBI the tumor suppressor
gene p53 is highly upregulated*® driving the downstream bax
upregulation. The fate of mitochondria is determined by the
balance between pro and anti-apoptotic signals. Once the death
effectors become dominant, mitochondria will invariably direct
the cell to apoptosis through caspase dependent or
independent pathways.

Caspases are cysteine proteases that cleave aspatate
residues of specific substrates and are the main player in the
execution phase of apoptosis. They are constitutively
expressed in the brain and are activated by intrinsic and
extrinsic stimuli*®®**’. The extrinsic pathway is triggered by the
activation of membrane death receptors such as (tumor
necrosis factor (TNF) receptor, CD95/Fas and DR4/5 after the



binding with TNF, FasL and Apo21/TRAIL respectively. These
signals lead to the formation of the death inducing signaling
complex (DISC) that, together with the adaptor molecules
FADD and TRADD, binds caspase-8 inducing its activation by
auto-cleavage®® that subsequently cleaves caspase-3. The
intrinsic pathway is activated by different signals, like elevated
intracellular Ca®* levels, ROS, glutamate, DNA damage or
mitochondrial release of cytocrome c*. These signals induce
the activation of the “apoptosome” complex, which further
contains the cytosolic protein Apaf-1 and pro-caspase-9. The
apoptosome activates caspase-9 that finally lead to the
activation of caspase-3*°. Once the executioner caspase-3 is
activated, the apoptotic process is irreversible: caspase-3
dismantle the cell by cleaving homeostatic, cytoskeletal, repair,
metabolic and cell signaling proteins and induce DNA
fragmentation by activating caspase-activated
deoxyribonuclease (CAD) by cleaving the inhibitor protein
ICAD.

Caspase-independent apoptosis is mainly driven by the
mitochondrial flavoprotein AIF, that is required for the
functioning of the respiratory chain. Under pro-apoptotic
stimulation, AIF is released from intermembrane space and

translocates to the nucleus promoting DNA degradation®'.
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Figure 4 — Schematic representation of the initiation and regulation of
neuronal apoptosis after TBI. Figure from Zhang X et al.>
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1.1.5 Neuroinflammation after TBI

Once considered immunologically privileged, it is now
known that the brain, like the other organs, is vulnerable to
inflammatory response. A large body of data demonstrate that
TBIl elicits a marked local and systemic inflammatory
response’®**>* Both local and systemic events with specific
temporal activation interact in a complex dynamism with
redundant and overlapping cascades. The initiation and
orchestration of inflammation in TBI is complex and
multifactorial encompassing pro- and anti-inflammatory
cytokines, chemokines, adhesion molecules, complement
factors, reactive oxygen and nitrogen species, and other
undefined factors. Neuroinflammation within the injured brain
has long been considered to further harm the injured brain and
contribute to the extension of tissue damage. However, the
accumulated findings of experimental and clinical research
support the notion that inflammation may differ in the acute and
delayed phase after TBI and it is needed for injury resolution
and that clear beneficial effects can be achieved if
neuroinflammation is controlled, rather then switched off, in a

%56 However the mechanisms

time-regulated manner
underlying this beneficial/harmful dichotomy are mostly
unknown.

Injury to the cerebral vasculature breaks the BBB enabling
the recruitment of circulating neutrophils, macrophages and
lymphocytes to the injured site, with different kinetics of

infiltration/activation (figure 5)*>°"8,
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Figure 5. Temporal profile of immune cells in traumatized b  rain.
Cytometry quantification of: A) neutrophils (CD45%/Gr-1" cells),
machophages (CD45""/CD11b" cells) and microglia (CD45°¥/CD11b" cells)
or B) T cells (CD45"/CD3" cells) and dendritic cells (CD45'/Cd11c") in the
injured brain after CClI. Figure from Jin X et al. %

Neutrophil recruitment has been shown to increase over

1°%%% and it is dependent

the first 24 hours after experimental TB
on both leukocyte CD11/CD18 ! and endothelial intercellular
adhesion molecule-1 (ICAM-1) °2. Neutrophils trigger alteration
of vascular permeability releasing a plethora of mediators such
as ROS, proteases and pro-inflammatory cytokines, resulting in

edema formation with consequent brain tissue loss®.
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Lymphocyte infiltration peaks at 24h after TBI®®®*. Their
role after acute brain injury is largely unknown: both

16465 and beneficial®®

detrimenta effects have been reported.
However the early kinetic of infiltration and
removal/disappearance of neutrophils and lymphocytes after
TBI render these cell populations not the ideal target of
therapeutic manipulations. Much more interest have received
microglia/macrophage populations since they have both acute
and prolonged activation after TBI and contribute to the
evolution of brain damage with both neurotoxic and
neuroprotective effects. Macrophages are the systemic myeloid
component circulating in the blood that infiltrate into the brain
parenchyma after acute brain injury. Microglia are the immune
cells resident in the brain, constantly surveying perturbations in
the cerebral microenvironment. Since both microglia and
macrophages have a common myeloid origin, they share
phenotypic markers that render activated microglia and
infiltrated macrophages indistinguishable in the injured central
nervous system (CNS)®’, thus they will be all referred as M. The
main features of M activation after TBI will be described in the

next paragraph.

1.1.5.1 Role of microglia/macrophages

Microglia are dynamic cells, with ramified morphology
characterized by many processes that elongate and retract to
survey the surrounding microenvironment®®. Microglia express

different pattern recognition receptors (PRRs) that detect small

14



molecular motifs present on pathogens (pathogen-associated
molecular patterns, or PAMPs) or molecules released after
damage (damage-associated molecular pattern molecules, or
DAMPSs). The recognition of exogenous pathogen-associated or
endogenous danger-associated molecular patterns released by
damaged neurons enable microglia to quickly react to
hazardous signals®®. Another important activator of microglia is
represented by extracellular ATP massively released by the
injured tissue activating the purinergic P2Y receptors on
microglia®. After activation, microglia contract their processes
assuming an ameboid-like shape typical of the active state,
followed by proliferation and migration toward the site of
injury’®. Once there, microglial cells fuse around the lesion to
form a barrier between the healthy and damaged tissue®,
suggesting that microglia may represent a primary defense after
injury.  Activated microglia together with  blood-born
macrophages recruited at the injured site, can secrete a variety
of pro- and anti-inflammatory cytokines and chemokines, as
well as neurotrophic factors’*. There is growing evidence that M
play ambivalent roles in inflammation’>"*. In response to TBI,
M can adopt diverse, complex activation states, enabling them
to participate in the cytotoxic response, but also in immune
regulation and injury resolution’®">"®.

The activation states of M can be classified in two main
phenotypes: classical activation, or M1, with pro-inflammatory
and detrimental properties, and the alternative one, M2, with

beneficial and protective functions. Among M2-activated M,

15



three subsets can be distinguished with different properties:
M2a with pro-regenerative functions (mainly growth stimulation
and tissue repair), M2b with immunoregulatory phenotype, and
M2c involved in debris scavenging and healing functions’”®.
After acute brain injury, both M1 and M2 activation states are
present in the injured tissue’®®’; however, the M2 phenotype
vanishes very soon, favoring the balance towards the M1l
phenotype which is responsible for the continued production of

pro-inflammatory cytokines and exacerbation of injury’*%*.

Detrimental activation of microglia/macrophage

The M production of pro-inflammatory cytokines associated
with neuronal cell death has long contributed to the view of
detrimental effects of M activation after brain damage, thus
strategies aimed at limiting M activation have long been
pursued for TBI. A number of studies have shown protection
after TBI and pharmacological inhibition of M activation.
Minocycline, a derivative of antibiotic tetratcycline,
administered intraperitoneally three times post TBI at 5 min
(90mg/kg) and at 3 and 9h (45mg/kg) after injury attenuated
microglial activation by 59% and reduced brain lesion volume
by 58% decreasing TBI-induced locomotor hyperactivity and
weight loss at 48h post-TBI and its effect lasted for up to 3
months®. Resveratrol treatment (a compound extracted from
the skin of grapes, dose of 100 mg/kg at 5 minutes and 12
hours after mild TBI in mice) decreased M activation in cortex,

corpus callosum and dentate gyrus of TBI mice, resulting in a

16



decreased expression of the pro-inflammatory cytokines IL-6
and IL-12 in hippocampus®®. Propofol a generic anhestetic
commonly used, administered to rats via the tail vein during TBI
surgery (1.3 mg kg™* min™ after a bolus injection of 2 mg/kg),
reduced M activation after TBI compared to isofluorane
anesthetization. M inhibition was associated with decreased
lesion volume with increased neuronal survival in the ipsilateral
cortex and improved cognitive function at novel recognition
test®®. In vitro experiments revealed that propofol reduced
microglia activation by limiting the activation of NADPH oxidase.
M inhibition was obtained also using INO-1001, an inhibitor of
the poly(ADP-ribose) polymerase-1 (PARP1) which regulates
the activation of M. When given ip 20-24h after TBI at dose 10
mg/kg, INO-1001 reduced M activation in the perilesional cortex
and ipsilateral hippocampus, increasing neuronal survival in the
perilesional cortex and improving performance on test of
forelimb dexterity (Sticky Tape and Vermicelli Tests) conducted
8 weeks after TBI®®.

M activation after TBlI was reduced also by non
pharmacologic modulation: caloric restriction (50% of daily food
intake) lasting three months prior to TBI in adult rats reduced M
activation associated with a decreased expression of TNF and
Caspase-3 in the ipsilateral cortex. These microglia effects
resulted in an attenuated secondary injury on neuronal loss
induced by TBI®®. Finally 60 min of hyperbaric oxygen therapy
(100% O, at 2.0 absolute atmospheres) used at 1h or 8h after
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TBI in rats, reduced the TBI-induced microglial activation, TNF
expression and neuronal apoptosis at 72h post-TBI?'.

Altogether these data support the idea that M activation
and recruitment after TBI is mainly deleterious to the brain and
that a widespread M inhibition would protect cerebral tissue
from deleterious secondary damage.

Beneficial activation of microglia/macrophage

Together with the detrimental effect after acute brain injury,
increasing evidences support the idea that inflammatory
mediators and immune cells can also have a neuroprotective
effect and promote neurogenesis and lesion repair after CNS
injuries®®°. Recruited macrophages and activated microglia
have been proposed as beneficial through different
mechanisms including glutamate uptake®, removal of cell
debris®® and production of neurotrophins and anti-

779394 1t has been demonstrated that

inflammatory cytokines
following transient occlusion of middle cerebral artery® and in
the post-ischemic hippocampus® in rats, microglial expression
of TGF- 1 mRNA does occur, identifying microglia as the major
source of this anti-inflammatory and neuroprotective cytokines.
In addition, post-ischemic proliferation of microglia represents
an endogenous source of the neuroprotective factor IGF-1 and
selective ablation of proliferating M after ischemic damage is
associated with a increased production of pro-inflammatory

cytokines, an increase in the size of ischemic lesion and in the
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number of apoptotic cells, predominantly neurons®’, revealing a
protective effect of microglia activation after acute brain injury.
Another important mechanism of protection induced by
activated M is driven by their crosstalk with the glial scar®®. After
acute brain injury, activated microglia and infiltrating M1
macrophages produce pro-inflammatory cytokines and
contribute to the formation of free radicals and ROS, leading to
intense astrogliosis forming scar. M1 polarized macrophages
has been shown to express higher levels of chondroitin sulfate
proteoglycans (CSPGs, the main component of scar) compared
to M2 polarized cells®®. In the acute stage, glial scar is
necessary to seal the lesion site and protects the spared
neurons. Strategies aimed at inhibiting astroglial scar formation
exacerbated the magnitude and duration of inflammatory
activation, increasing tissue loss and aggravating neuronal
functions*®®*®? indicating that production of CSPGs is a
purposeful mechanism associated with beneficial outcome.
Conversely in the sub-acute/chronic stages glial scar affect
neural stem/progenitor cell differentiation, axon outgrowth and
oligodendrocyte  maturation and  remyelination'®. M2
macrophages have been shown to be endowed with
extracellular matrix remodeling properties, expressing the
matrix metalloproteinase (MMP) 13 that can degrade CSPGs
creating a permissive environment for axonal regeneration'®.
Altogether these data provide evidences that M may adopt
different and evolving functions after acute brain injury and that

a widespread M suppression would inhibit also their protective
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and pro-regenerative effects. Thus strategies aimed at directing
the M response toward a beneficial phenotype would prove

effective benefit for TBI patients.

1.1.6 Neurorestorative processes

The aim of repair is to rewire or restore the damaged or
missing parenchyma, yielding new functional tissue. Brain
repair can be considered as the ability of the CNS to remodel
itself in response to insults that impair tissue homeostasis.
Beside damage, TBI induces endogenous neurorestorative
events’®. The brain retains neurogenic zones (namely
subgranular zone (SGZ) in the hippocampus and subventricolar
zone (SVZ) throughout the lateral walls of the lateral ventricles)
with neural stem cells that can differentiate into functional

neurons!®1%

In experimental models of TBI, it has been
observed an increased proliferative response in the
hippocampal neurogenic zones beginning as early as two days
post-injury*®”, with a peak in the first week after injury and a
return to baseline levels by 35 days'®®. The proliferation in the
dentate gyrus is age-related, with greater cognitive recovery in
juveniles®”. TBI-induced neurogenesis has been observed also
in SVZ area'®, and newly generated neuroblasts migrated
toward the site of injury’'®. The mechanisms by which
recruitment of neuroblasts to injury sites occurs in the adult
brain is not know, as well as whether they can replace cortical
neurons lost in TBI. However the highly pro-inflammatory

microenvironment and the inhibitory milieu represented by
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gliotic scar hamper the possibility of neuronal replacement™*,

rendering neurogenesis highly insufficient to counteract tissue
loss. Together with neurogenesis, axonal sprouting from
surviving neurons may be associated with spontaneous motor
recovery after TBI*'?!3 bput, again, it is highly affected by
axonal growth-inhibitory environment™*,

Like neurogenesis/axonal sprouting, other endogenous
restorative processes take place in the traumatized brain.
Vasculogenesis after TBI has been shown to be induced as
revealed by the increased production of angiogenic factor
VEGF and its receptor VEGFR2, together with an high capillary
density positive to BrdU, thus confirming the presence of newly
formed vessels after injury™*.

All these data provide evidences that neurorestorative
events are stimulated by endogenous growth factors, may
continue for weeks and months and may contribute to functional
and structural recovery. However, these spontaneous brain
restorative processes are largely ineffective in counteracting the
progression of damage and cumulative increases in injury lasts
over time. Today clinical trials on TBI patients have primarily
targeted neuroprotection, while trials directed specifically at
neurorestoration have not been conducted. Providing the
injured tissue with a facilitatory milieu that enhances
neuroregeneration is an important additional therapeutic

strategy that could benefit TBI patients.
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1.2 Mesenchymal stromal cells for TBI

1.2.1 Biology of MSCs

The last 50 years in the field of stem cell biology have been
stimulated by increasing interest in “mesenchymal stem/stromal
cells” (MSCs)*5 8 They were firstly described by Friedenstein
and coworkers in the 1960s and 1970s as a minor population of
cells in rodent bone marrow (BM) which adhered rapidly to
plastic, with a fibroblast-like appearance, able to form clonal
colonies in vitro and to differentiate towards the osteogenic
lineage both in vitro and in vivo'*®. Today MSCs have been

isolated from almost all human tissues®’: adipose tissue'?24,

125 Jiver'®®, synovial membrane®?’, umbilical

131

skeletal muscle

cord blood (CB)*%%, periosteum®°, dental pulp
133,134

, peripheral

blood**?, placental tissue , amniotic fluid**, tendon*** and

menstrual blood™*"~*%,

According to the consensus set out by the International
Society for Cellular Therapy (ISTC)**°, the minimum criteria
required to define human MSCs are that in vitro they must: 1)
be plastic-adherent; 2) express the cell surface antigens
CD105, CD73 and CD90; 3) not express the cell surface
antigens CD45, CD34, CD14, CD11b, CD79 , CD19, or HLA-
DR and 4) differentiate into osteoblasts, adipocytes and
chondroblasts under standard in vitro differentiating conditions.
In this widely adopted proposal, the authors also recommend
designating these cells more appropriately as “mesenchymal
140,141

stromal cells” given that not all of them are stem cells

These criteria are applicable specifically to human MSCs and
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cannot be entirely extended to cells isolated from other species,
which may differ both in the marker expression and in some of
their general characteristics and potential***%.

The use of MSCs for neurological disorders has been firstly
driven by the MSC ability to trans-differentiate toward the

144195 with the aim to reconstruct brain

neurogenic lineage
tissue. To date it is widely accepted that neuronal replacement
is not the main mechanism of action of MSC therapy. In the
following chapters different putative MSC mechanisms of

protection and repair after acute brain injury will be reviewed.

1.2.2 Possible mechanisms of protection by MSCsi  n TBI

The aim of protective strategies is to limit injury progression
and rescue threatened tissue. The heterogeneity of pathologic
cascades of the secondary injury offer the potential for
multitarget therapeutic intervention. MSCs might prove an ideal
candidate® since they simultaneously affect multiple secondary
injury mechanisms (figure 6).
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Figure 6. Toxic and protective events affected by MSCs and their time

course after TBI.

1.2.2.1 Trophic factors

There is experimental evidence of beneficial effects in
tissue repair and regeneration after transplantation of MSCs
despite a rare/transient presence of transplanted cells in the
host tissues. This prompted the proposal that the restorative
outcome might be due to mechanisms other than in vivo
differentiation of injected cells and replacement of host

116,118,146-149 " Thys a new mechanism was

defective cells
proposed in which the transplanted MSCs release bioactive
trophic molecules that might reprogram the surrounding host
environment through paracrine actions. In support of this, it has

been shown that the conditioned medium generated from the
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culture of MSCs (i.e. the medium containing the set of
molecules secreted by these cells) injected in animal models of
disease can recapitulate the beneficial effects of their cellular
counterpart in tissue protection and repair*>°°4,

Several MSC secreted pleiotropic molecules are involved in
these effects, including cytokines/chemokines, growth factors,
extracellular matrix proteins and tissue remodelling enzymes**.
In vitro studies have described the secretome profile of MSCs
isolated from BM, the best characterized source'****®, Among
the secreted factors released in vitro under basal conditions,
neurotrophins i.e.brain-derived neurotrophic factor (BDNF), glial
cell-derived neurotrophic factor (GDNF), nerve growth factor
(NGF) and neurotrophin-3 (NT-3) are of great interest for
TBI®*%° In vivo studies have investigated the effect of MSCs
on neurotrophin production after TBI, confirming that these
neurotrophins increase after MSC treatment in the injured brain.
The question remains, however, whether the infused cells are
directly or indirectly responsible for the changes. Commonly
used biochemical methods (western blot or ELISA) cannot
distinguish between the human (in case of xenotransplant) and
the rodent isoforms of neurotrophins, so when measuring these
proteins after TBI and MSC treatment, it is not possible to
distinguish the contribution of infused MSCs from that of host
cells. Thus, increased production could be related to direct
secretion by MSCs and/or to an indirect effect of MSCs on

endogenous cell populations.
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Kim and colleagues®®*

injected two million-human MSCs
intravenously 24 hours after TBI, modeled by controlled cortical
impact (CCl) in rats. At 48 hours the homogenized injured
hemisphere of TBI MSC rats showed increased amounts of
NGF, BDNF and NT-3. NGF plays a key role in neuronal
plasticity and prevents neuronal apoptosis'®?. BDNF is involved

in neural development'® 164,165

, heurogenesis and in synaptic
plasticity processes'®. NT-3 supports the survival and
differentiation of existing neurons and induces neurite
outgrowth'®”®®  The survival cellular signaling of these
neurotrophins is mediated by binding to the neurotrophic
tyrosine kinase receptor (Trk). NGF preferentially binds TrkA,
BNDF binds TrkB and NT-3 binds TrkC*°. Autophosphorylation
of the cytosolic domain induces the phosphorylation of Akt and
ERK signal transducers which, in turn, through NF- B, induces
the transcription of genes responsible for cell survival*’**°. The
increased expression of neurotrophins in TBI MSCs treated
animals found by Kim and colleagues was in fact related to
increased phosphorylation of Akt (but not of ERK) at two days,
together with reduced cleavage of caspase-3 (the main signal
for cell apoptosis) at eight days. The molecular modifications
induced by MSCs resulted in the functional recovery of motor
function®®*,

Our group and others have reported similar results on the

increase in neurotrophin production with intravenous (iv)*"® or

intracerebroventricular (icv)'™**"

TBI, showing increased production of BDNF!"%%"? or NGF*"%17

transplantation of MSCs after
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induced by infused/endogenous cells. We used MSCs from
human CB, observing for the first time an effect on neurotrophin
production similar to that described with BM MSCs'"2,

In addition to the direct and indirect production of
neurotrophins, a third mechanism for the increase in
neurotrophins induced by MSCs was shown by Mahmood et
al.'®. Three millions human MSCs transplanted seven days
after CCI, directly in the lesion cavity or impregnated in
scaffolds, increased the production of tissue plasminogen
activator (tPA) in the boundary zone 15 days after surgery. tPA
regulates the final production of plasmin, a serine protease
known for its part in the degradation of fibrin blood clots. In the
brain, plasmin plays a pivotal role in the activation of BDNF and
NGF, by cleaving pro-BDNF and pro-NGF into active
forms'’**">. Thus, focusing on the increase in neurotrophins,
MSCs may: 1) directly produce and/or 2) induce other cells to
produce and/or 3) produce, or induce the production of,
proteases that can cleave neurotrophin precursors. In principle
the paracrine action means that trophic factor alone can be
applied, although up to now single-drug therapy has always
failed in clinical trials. MSCs act like poly-pharmacy and
improve the neurological outcome by creating a growth-
promoting niche, this pleiotropic activity more than any single
released factor possibly being the key to MSC therapeutic

efficacy.
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1.2.2.2 Microvesicles

MSCs may also exert their paracrine effects through the
release of extracellular membrane vesicles that mediate the
horizontal transfer of signals and molecules from one cell to
another even over long distances. MSCs, like other many cell
types'’®, release circular membrane fragments known as
microvesicles, either constitutively or in response to activation
stimuli. These microvesicles, depending on their size and
process of release, are generally classified as exosomes
(multivesicular bodies of 30-120 nm and released from the
endosomal compartment) or shedding vesicles (100-1000 nm,
derived from direct budding of the cell plasma membrane).
They are capable of transferring specific proteins, lipids and
nucleic acids (MRNA, microRNA and DNA) thus serving as a
unique mechanism for the intercellular trafficking of complex
biological messages'’’. However, the complete biochemical
composition of microvesicles remains to be determined and
seems to vary depending on the cell source'®. Recent studies
have reported on the miRNA*"® and protein'”® composition of
microvesicles from human BM MSCs, indicating that they
include several molecules representative of the multiple
properties of MSCs.

In spite of the fact that the physiological role and the
biogenesis of MSC-derived microvesicles are still only partially
understood, they appear to have a vital role in cell-to-cell
communication’®. In terms of the microvesicle-mediated

therapeutic effects of MSCs, human MSC-derived microvesicles
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injected in SCID mice with glycerol-induced acute kidney injury
(AKI) had the same efficacy as their cellular counterparts on the

|181

functional and morphological recovery of AK and protected

182 Exosomes

SCID mice from lethal cisplatin-induced AK
released by human umbilical CB MSCs were reported to
alleviate carbon tetrachloride (CCls)-induced fibrotic liver'®®. Lai
and colleagues have documented the beneficial effects after the
injection of MSC-derived microvesicles in animal models with

184-187  7hu and collaborators, have

cardiovascular diseases
reported that human BM MSC-derived microvesicles were
therapeutically effective in C57BL/6 mice with E. coli endotoxin-
induced acute lung injury*®. Microvesicles have also been used
to deliver selected factors and target specific therapeutic
signals. For instance, Katsuda and collaborators administered
adipose tissue-derived MSC exosomes carrying enzymatically
active neprilysin, a trivial beta amyloid-degrading enzyme in
Alzheimer rodents'®. Exosomes were transferred into N2a cells
overproducing A and seemed to reduce both secreted and
intracellular A levels, suggesting therapeutic possibilities for
adipose tissue-derived MSCexosomes in Alzheimer disease.
Alvarez-Erviti and collaborators succeeded in delivering
functional siRNA to the mouse brain by systemically injecting
targeted exosomes®. Xin and colleagues have reported that
systemic administration of rat BM MSC-derived exosomes after
acute brain injury in ischemic rats (induced by middle cerebral

artery occlusion) significantly improved functional recovery
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compared with control rats’®* and raised miR-133b in the
ipsilateral hemisphere.

It was shown earlier that miR-133b is specifically expressed
in midbrain dopaminergic neurons and regulates the production
of tyrosine hydroxylase and the dopamine transporter’®>. The
use of knock-in and knock-down technologies to up- or down-
regulate miR-133b, demonstrated that exosomes from MSCs
mediate the miR-133b transfer to astrocytes and neurons,
which in turn regulates gene expression and is involved in
neurite remodelling and functional recovery after stroke'®. The
bilipid membrane composition enriched with membrane-bound
proteins suggests that microvesicles may become a therapeutic
agent, homing the injured brain and treating TBI. To our
knowledge the effects of microvesicles generated by MSCs
after TBI have not been examined and detailed studies are
needed to see whether MSC-derived microvesicles mimic the
phenotype of their parent cells and provide a protective effect
on TBI.

1.2.2.3 Immunomodulation

It has been widely demonstrated that MSCs can exert
immunomodulatory properties: they are able to modify the
function of different immune cells in vitro, including proliferation
of T cells after stimulation by alloantigens or mitogens, as well
as activation of T cells by CD3 and CD28 antibodies. MSCs
inhibit the generation and function of monocyte-derived

dendritic cells in vitro and may also modulate B-cell functions,
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affecting the cytotoxic activity of natural killer cells by inhibiting
proliferation and cytokine secretion (reviewed by Uccelli et
al.'®%). Despite the general agreement on the MSC's effects on
the modulation of the functions of these immune cells, little is
known about the mechanisms involved. For example, inhibition
of T-cell proliferation by MSCs appears to depend on cell-to-cell
contact and on the release of soluble factors. MSC-derived
molecules that may have immunomodulatory activity on T-cell
responses include transforming growth factor- (TGF- ),
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE-2),
interleukin (IL)-10, NO, miRNA (reviewed in Uccelli et al*®*), as
well as exosomes(see above). However, this aspect of the MSC
biology calls for further study. Characterization of the
composition and functions of the MSC secretome will
undoubtedly provide important information towards a better
understanding.

In TBI pathology, the effects of MSCs on immune
responses have been investigated by different groups. Zhang

and colleagues'®

transplanted four million syngenic MSCs
intravenously two hours after weight-drop injury in rats,
reducing the infiltration of neutrophils (MPO") and CD3"
lymphocytes and the infiltration/activation of
macrophages/microglia (Iba") three days after injury. These
anti-inflammatory effects were accompanied by a reduction of
apoptotic cells in the pericontusional cortex and early
improvement of sensorimotor function. Analysis of cytokine

levels in the injured cortex showed decreases in the expression
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of the pro-inflammatory mediators IL-1 , IL-6, IL-17, tumor
necrosis factor- (TNF ) and interferon (INF)- in the acute
phase (12-72h) and increased expression of the anti-
inflammatory cytokines IL-10 and TGF- 1 24-72h after TBI,
indicating attenuation of the inflammatory response and a shift
toward an anti-inflammatory microenvironment. There was also
lower expression of the chemoattractant mediators monocyte
chemotactic protein-1 (MCP-1, also known as CCL2,
chemoattractant for monocytes, macrophages and microglia),
macrophage inflammatory protein-2 (MIP-2, also known as
CXCL2, secreted by monocytes/macrophages is chemotactic
for polymorphonuclear leukocytes'®®) and RANTES (also known
as CCL5, chemotactic for T cells, eosinophils and basophils
and active in recruiting leukocytes into inflammatory sites), all
indicating less recruitment of inflammatory cells from the
circulatory system. The authors indicated the tumor necrosis
factor-stimulated gene-6 (TSG-6) as one possible mediator of
the attenuated innate immune response after MSC treatment.
TSG-6 is an anti-inflammatory protein induced by TNF and IL-
1" and was upregulated in MSC-treated rats, together with a
decrease in the expression of NF-kB, an important transcription
factor that regulates many genes involved in the inflammatory
response. Similarly, Watanabe and colleagues focused on
TSG-6 and MSC-mediated protection'®®. CCI injured mice were
injected with ten million MSCs or TSG-6 protein (50 pg/mouse)
intravenously six hours after TBI. Both treatments induced a

comparable inhibition of neutrophil infiltration and a decrease in
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the expression of MMP-9 in the injured cortex at 24 hours,
leading to less BBB leakage on day three. These data support
the idea that MSC are able to attenuate the inflammatory
response and one possible mediator is TSG-6.

Another important MSC-mediated immunomodulatory effect
is the abilty to modulate the activation state of
microglia/macrophages (M, resident or infiltrated immune cells
in the brain) toward a beneficial and protective phenotype after
cerebral insults. MSCs have been used in different in vitro or in

vivo models!®®29?

, with the aim to skew pro-inflammatory M1
polarization towards M with an M2 immunosuppressive and pro-
regenerative profile. After TBI, Walker and colleagues®®
reported that iv injection of human BM-derived multipotent adult
progenitor cells (MAPC, 107/kg, two injections 2 and 24 hours
after CCI) raised the percentage of T regulatory cells in the
periphery (spleen and blood) and the ratio of M2/M1 microglia
in the brain. They reported that direct contact between MAPC
and splenocytes is required for modulation of parenchymal
microglia and attributed a central role to extraneurologic organs,
by which transplanted cells act as “remote bioreactors” that
boost systemic anti-inflammatory cytokine production, thereby
affecting the resident microglia and the infiltrated macrophages
in the peri-injury area®®*.

These data indicate that immunomodulation is a real
healing/protective mechanism of action of MSCs after TBI,
involving modulation of both the local and systemic

inflammatory responses. In the present thesis a deeper analysis
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of MSC effect on M polarization has been further investigated.
The results are shown in chapter 3.

1.2.2.4 Brain repair

As discussed in the paragraph 1.1.6, the brain possess a
restorative potential after acute injury, however these
mechanisms are largely insufficient to counteract the lesion
progression. Providing the injured tissue with a facilitatory
milieu that enhances neuroregeneration is an important
additional therapeutic strategy for TBI patients. The roles of
MSC in neurogenesis, synaptic plasticity and axonal sprouting
and in angiogenesis/vascular repair are discussed under the

heading below.

Neurogenesis

The beneficial effects on functional and structural damage
after MSCs infusion in TBI models are not the result of
replacement of injured or dead cells with exogenous cells. The
first experimental study using MSCs for TBI was published in
2001 by Chopp and collaborators®® and showed that MSCs
infused intravenously 24 hours after TBI improved motor
function in rats. Analysis of their fate showed that less than
0.005% of transplanted MSCs migrated to the injured cerebral
area and only 5% expressed the neuronal marker NeuN and
7% the astrocytic marker glial fibrillary acidic protein (GFAP).
The same group then worked to increase the engraftment rate

in the traumatically injured area by intra-arterial (ia)**® or
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intracerebral (ic)*®” injection or by culturing MSCs with
neurotrophic factors®®. In vivo neuronal differentiation occurred
in a negligible number of MSCs, with no relationship between
route of administration and degree of efficacy. In the context of
TBI no evidence has ever been provided that neurons newly
generated from MSCs become functionally active. In some
studies functional improvement was induced by MSCs in the

absence of any neuronal differentiation®*?%°

and there is ample
evidence that MSC-treated animals show long lasting protection
even when no transplanted cells are found in the brain injured

tiSSU8161'171'172.

These findings, along with evidence that
transplanted MSCs induce early (days-weeks) functional
improvement suggest that the beneficial effects are due to
stimulation of endogenous neuroreparative processes through a
paracrine action, so neuron replacement is not the primary
mechanism of MSC-induced protection.

The observation that MSCs may promote endogenous
restorative processes through interaction with local neural cells
is consistent with several studies showing the induction of local
neurogenesis after MSC infusion in acute brain injured rodents.
Mahmood et al. found an increased proliferation rate (5-bromo-
2-deoxyuridine (BrdU) positive cells) in the svz and sgz of
traumatized rats treated with MSCs?™°. This effect was regularly

detected after iv, ic or icv MSCs?°,
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Svynaptic plasticity and axonal sprouting

Neuroplasticity is a major compensatory mechanism
following acute brain injury. Through axonal sprouting,
undamaged axons can reconnect neurons whose links were
injured or disrupted or can establish new networks with
undamaged neurons. Thus adjacent viable regions of the cortex
might function vicariously after injury?**. The ability of MSCs to
foster synaptic processes after TBI was demonstrated by
infusing a fluorescent dye (Dil) into the contralateral cortex five
weeks after injury and measuring its transport from the injection
site to the injured hemisphere through the corpus callosum
(CC) one week later®?. MSC-treated animals had a greater
axonal fiber length that was directly correlated to performance
in behavioral tests, indicating that neuroplastic processes are
enhanced by MSCs, and can promote neuronal connectivity by
directing axonal projections, neurite outgrowth and elongation in
the injured cortex. Reduction of the growth inhibitory molecule
Nogo-A is linked to MSC promotion of neuroplastic
processes®™. Nogo-A is a myelin-derived inhibitor of axonal
outgrowth highly expressed in scar tissue after TBI**. Acute
glial activation is needed to clear excessive glutamate release
and remove dying cells and cellular debris after injury, limiting

damage progression’>%*°.

However, excessive glial scar in
chronic stages inhibits remodeling?®?*’. Our group has
demonstrated that CB derived-MSCs inhibit glial scar formation
around the traumatized area five weeks after injury, with smaller

lesion volume and better functional recovery*’2. Thus, inhibition
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of gliotic scar and reduction of inhibitory molecules by MSCs
render the damaged tissue more permissive to
neuroregenerative and neuroplastic processes, fostering
recovery and better outcome. Whether MSCs are directly
involved in promoting plasticity of the injured neurons and
proliferation of the endogenous cells in the svz or whether this
is due to the interaction between MSCs and glial cells which, in
turn, will be induced to secrete neurotrophins, still needs to be

clarified.

Angiogenesis/vascular repair

The human brain is highly susceptible to ischemic damage.
Global and regional cerebral ischemia/hypoperfusion have been
observed in animal models of TBI and in brain-injured patients,

after analysis of post mortem tissue?®?%,

Therapeutic
strategies to restore blood flow and brain oxygenation are
therefore particularly important for the vulnerable perilesional
tissue that can be preserved from secondary damage and
death if oxygen and glucose delivery is adequate.

Strategies aimed at restoring cerebral blood flow (CBF)
after TBI may act on different mechanisms including vascular
preservation from secondary damage and
angiogenesis/vascular remodeling. MSC effects on CBF have
been examined in live animals by magnetic resonance imaging
(MRI)?*!. CBF was quantified by arterial spin-labeling done
longitudinally on rats up to six weeks post TBI. TBI induced an

early, persistent reduction of CBF (< 30 mL/100 g/min) in the
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mechanically damaged and remote regions. MSCs restored and
preserved CBF in the brain regions adjacent to and further from
the lesion at chronic stages (three to six weeks), showing their
ability to improve hemodynamics and moderate post-TBI
hypoperfusion. Post mortem analysis showed MSCs boosted
vascular density in the pericontusional area when administered

222,223

in the acute phase (24 h) , or in the sub-acute phase

(seven days)®®® after TBI and even at two months®®. In
principle a rescue effect on pre-existing vessels and/or the
promotion of neoangiogenic processes may be responsible for
the increase in vessel density, though the effects after delayed
administration of MSCs clearly support a regenerative action on
brain vasculature. Gene expression microarray analysis on
MSCs in vitro detected the expression of genes involved in
angiogenic processes that could potentially sustain both
neurovascular repair at early stages and neovascularization
later?®. The vascular network improved when MSCs were

223,225

transplanted ic suggesting a paracrine effects of infused

after systemic infusion of MSCs?*’

, presumably due to a
different mechanism. In this setting the tissue inhibitor of matrix
metalloproteinase-3 (TIMP-3) has been identified as a critical
factor. Iv injected MSCs are mainly trapped in the lungs where,
interacting with pulmonary endothelial cells, they secrete TIMP-
3 which significantly reduces BBB leakage. Thus, MSCs do

sustain the brain vasculature and promote angiogenesis, acting
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as local bioreactors, as well as interacting with extra-neurologic

organs, providing a “remote” systemic control.

1.2.3 Challenges involved in the therapeutic use  of MSCs

1.2.3.1 MSC heterogeneity

The protection observed in experimental models varies
widely in different studies. Next to conceptual issues and
methodological differences between injury models and
laboratories, heterogeneity of MSC populations may contribute
to disparate outcomes. This heterogeneity is at various levels.
The first is donor-to-donor heterogeneity. Every MSC donor
intrinsically differs genetically, physiologically, etc., and this may
for example affect the patterns of MSC gene expression,
differentiation capacity and secretion of bioactive molecules.
Donor age also clearly contributes to differences in BM-derived
MSC, though heterogeneity has also been observed in MSCs
isolated from age- and sex-matched donors??®%?°. Another level
of heterogeneity is between MSC populations isolated from
different human tissues. MSCs from different sources cannot be
considered entirely equivalent in terms of their
immunophenotype, secretory and  proteomic  profile,
differentiation potential and immunomodulatory ability??®. One
explanation may relate to the in vivo origin of MSCs from
different tissues, which can influence the commitment,
phenotype and functions of the cells differently. However, there
are only a few studies directly comparing gene and protein

expression and potential of cells isolated from different sources
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and comparison is further complicated because different
laboratories use non-standardized isolation and cultivation
methods.

A further level of heterogeneity is intra-population
heterogeneity. MSCs isolated from a specific source still tend to
be heterogeneous populations which, when cultured, may
contain both undifferentiated stem/progenitor cells and more
mature cell types, with different functional abilities'*®23%2%! |n
the case of BM MSCs this heterogeneity has been detected
using  different  experimental  approaches, including
transcriptome or immuno-staining analysis as well as assays
aimed at investigating differentiation abilities®?®. The question of
MSC heterogeneity is even more complex since culture and
expansion conditions can introduce experimental artefacts,
modifying the expression of natively expressed markers and
promoting the expression of new ones, altering the original
cellular phenotype and functions. Additional work is urgently
needed to identify the specific properties of each MSC sub-
population and to understand the determinants of intrinsic MSC
heterogeneity. This is vital in order to reduce experimental and
clinical variability, predict MSC in vivo potency and develop

successful MSC-based treatment transferable to the clinic.

1.2.3.2 Autologous or allogenic transplant and
immunosuppression
The choice of rodent or human MSC sources in the

experimental regenerative field is still in its early years. On the
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one hand, rodent MSCs allow syngenic or allotransplants which
are the conditions faced in the clinical setting (matched human
MSCs transplanted in patients). On the other hand, human
MSCs candidates for clinical use need to be tested in rodent
models to assess their efficacy, long-term effects, and safety
and to obtain regulatory approvals. The minimum criteria

required to define MSCs'*

are applicable specifically to
humans and cannot be entirely extended to cells isolated from
other species. Rodent MSCs differ from human MSCs in marker
expression and in some of their general characteristics and

potency142’143

. If rodent MSCs are fundamental as proof of
concept studies, human MSCs offer a higher predictive value
but their efficacy and mechanisms of action need to be fully
addressed in the experimental setting in order to move to
clinical trials.

Autologous stem cells have been the treatment of choice in
TBI trials so far. Harvesting patient-specific MSCs poses timing,
logistic and standardization constraints. To interact promptly
with pathological pathways of secondary damage and to foster
restorative processes, MSCs have to be transplanted in the
acute phase. This limits the possibility of autologous
transplantation. The transplantation of bank-stored good
manufacturing practices (GMP)-grade certified MSCs may
overcome some of the logistic limitations associated with
autologous MSCs in the organ transplant setting and allow
institutions without GMP facilities or the capacity to isolate

MSCs to participate actively in this field of research. While the
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autologous MSC product can introduce differences in cell
potency related to the patient's age and disease®*, allogenic
cell transplant can be easily standardized and therefore provide
more comparable results among different trials®*.
Allotransplant, however, poses the risk of host rejection due to
immunological mismatch. Thus, immunosuppression becomes
a critical question before cell therapy can move to clinical
application.

Data from acute brain injury models, including

TBI 161,172,221 stro keZ34—236 237-239

and spinal cord injury , show the
efficacy of allo- and xeno-transplanted MSCs with different
immunosuppression strategies®*°. MSCs do not appear to retain
intrinsic immunogenic properties, do not trigger alloreactivity
and can survive and differentiate into allogenic or even
xenogenic immunocompetent recipients in vivo**!. Thus, MSCs
have been proposed as “universal donor cells”. However,
emerging reports have challenged the limited immunogenicity of

allogenic MSCs?4%24

and there are also conflicting findings
regarding immunogenicity of differentiated BM-derived
MSCs?*. MSCs are rejected after xenotransplantation into the
ischemic rodent myocardium and immunosuppression is
needed to improve their efficacy and survival in the ischemic
heart®*2_ Transplantation of MSCs into the non-injured adult
rodent brain can induce an inflammatory response leading to
rapid and complete rejection of the transplanted cells,

247,248

preventing plastic effects Consequently, the

immunological impunity of MSCs in vivo is not fully supported.
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Immunosuppression in TBI patients clearly has dangerous
implications because it increases susceptibility to infection
which is directly related to unfavorable outcomes®**?*°. Thus
allogenic MSC therapy should be necessarily performed in
immunocompetent patients. Today no direct comparison of
MSC efficacy in immunocompetent and immunosuppressed
hosts has been performed. This issue has been analyzed by

our group and results are shown in chapter 2.

1.2.3.3 Cell administration route

Various routes of administration of MSCs have been
employed in experimental models of TBI and protection has
been reported after iv, ia, ic or icv infusion. Thus different routes
can be taken into consideration after TBIl. Below we discuss
some of the advantages and limitations of each route. We also
suggest that the biology of TBI and its heterogeneity could be

important factors in deciding the route of choice.

Systemic MSC administration

Intravenous delivery

195,208,251 ysed iv infusion for

A number of preclinical studies
cell delivery for TBI. The iv route has two important advantages:
1) it is minimally invasive and, compared to direct
transplantation into the central nervous system, overcomes the
risks of bleeding and tissue injury; 2) it can be done quickly thus
allowing timely treatment. However, some limitations also need

to be considered. An initial obstacle to iv delivery is the large
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proportion of first-pass pulmonary sequestration. Many studies
in animal models have shown that iv infusion of MSCs does not
yield a large number of cells reaching the organ of interest,
because the majority are trapped in the lungs®>*?>3. Pulmonary
sequestration is primarily related to the MSC size. Schrepfer
and colleagues showed that the mean size of suspended
mouse MSCs (15-19 m) is bigger than the pulmonary
capillaries so most of the iv-injected MSCs are trapped in the
capillaries, preventing access to the intended organs®Z.
Besides cell size, the expression of adhesion molecule by
MSCs is another important factor in pulmonary sequestration.
Pre-clinical studies have shown that MSCs interact with
endothelial cells, engaging P-selectin and vascular cell
adhesion molecule-1 (VCAM-1)**. The inactivation of VCAM-1
counter ligand (VLA-4/CD49d) on the MSC surface blocks the
MSC-endothelial interaction resulting in a significant increase of
MSCs in the arterial system?*,

Syngenic stem cell passage across the pulmonary
circulation was investigated in anesthetized Sprague-Dawley
rats, using silicone tubing catheters placed in the left internal
jugular vein and common carotid artery to measure pulmonary
passage of MSCs, MAPCs, neural stem cells (NSCs) and BM
derived mononuclear cells (BMMCs) (average diameters
respectively 18, 15, 16 and 7 mm) co-labeled with specific
nanocrystals and infused iv. The labelled cells in the arterial
circulation and in peripheral filter organs (lungs, spleen and

kidney) were quantified by flow cytometry and infrared imaging,
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respectively. MSC pulmonary sequestration was 30 times that
of BMMCs®*. Two independent studies found that after TBI,
only 0.001% of iv injected cells was found in the brain or organ
systems other than lung parenchyma two-three days after
injection®®"?*°. These studies strongly suggest that the efficacy
after MSC iv infusion is very likely unrelated to the MSCs
reaching the injured tissue but that infused MSCs act as remote
“bioreactors” stimulating resident cells in lung (macrophages)
and spleen (t-cells) to acquire an anti-inflammatory

204,251,255

phenotype thereby promoting resolution of the brain

injury.

Intra-arterial delivery

The rationale behind ia administration is to bypass the
pulmonary first pass effect, increasing delivery of infused cells
to the target tissue. However, microvascular occlusions have
been documented and CBF impairment (80-90% reduction in
laser Doppler flow signal) have been shown to occur in 35% of
treated animals®®. More encouraging results were obtained by
Lundberg and collaborators®’ who reported no thromboembolic
complications after ia delivery. Human MSC presence in the
brain was higher compared to iv administration, but the
contusion model they used was not associated with any gross
neurological symptoms, thus preventing the assessment of
stem cell transplantation efficacy.

Additional studies are needed to establish if ia

transplantation of MSCs gives more favorable effects than iv
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injection. Furthermore, while this approach may be particularly
interesting in ischemic stroke when an endovascular procedure
may already be planned, in TBI patients who have intracranial
pressure and perfusion pressure problems, all the
complications associated with carotid puncture/manipulation
must be carefully evaluated before considering this strategy as

promising.

Focal MSC administration

Intracerebroventricular delivery

Icv cannulation in human TBI is invasive and may have
significant complications; however, it is recommended by
authoritative guidelines for intracranial pressure monitoring of
severe TBI in the intensive care unit®®®*?*°, In these patients, this
site  would therefore be free from additional surgical
complications and offer the advantage of focal administration
directly in the region of interest.

In mice icv administration of human umbilical CB or BM
MSC induced lasting improvement in sensorimotor and
cognitive functions and reduced contusion volume one month
after TBI*"#%°°. Our data provide evidence that MSCs can also
act as a local “bioreactor” in the brain. In our model icv injected
MSCs are detected in the ventricles and at the lesion site for up
to five weeks in TBI mice, but are confined to the ventricles in
sham-operated mice'’? supporting a local action of MSCs on
host tissue. However, further studies are necessary to see

whether if direct contact between MSCs and the injured cells in
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vivo is needed for protection, as previous evidence suggests
that MSCs may act through the release of active molecules

rather than through cell-to-cell contact*’%2%,

Intracerebral delivery
The rationale for ic stem cell implantation is to maximize the
MSCs load at the site of injury. However, increasing evidence
that MSC engraftment is not required for therapeutic efficacy
challenges this approach. Furthermore, BM MSC differentiation

could trigger immune rejection®®*2%?

probably due to a switch in
surface-MHC molecule composition during MSC differentiation,
as described in the heart®®’. The invasiveness of the ic
approach and the possibility of further tissue damage during cell
transplantation make this strategy not a choice in the treatment
of TBI at the present time.

The decision on the administration route is therefore
fundamental in the definition of a clinical protocol. Issues to be
considered are the type of injury, the biodistribution of injected
cells and the cell type. Iv application offers easy access and the
potential for broad distribution, but has the disadvantage of a
large pulmonary first-pass effect, thus significantly reducing the
cells delivered to the arterial circulation. la delivery can target
the injured tissue better, but it can cause emboli, impairing
blood flow and worsening the clinical outcome. Icv delivery may

be the choice in a selected group of severe TBI patients.
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1.2.3.4 Treatment timing and doses

The optimal timing of therapeutic MSC administration after
TBI is a point of open discussion. There is ample evidence of
the reciprocal interaction between infused MSC and
endogenous cell population. After TBI, the severity and kinetics
of the TBI-related metabolic cellular and molecular cascades
are the determinants of the injured microenvironment that, with
time, may be more or less permissive to MSC functions. At
present, technical aspects related to patient stabilization and
identification of the patient-matched allogenic MSCs set the
lower limit of the window of treatment at approximately 12-24
hours post-TBI. No robust data are available to define the upper
limit. However, considering the rapid evolution of secondary
damage involving pericontusional cerebral tissue that could be
rescued, it seems reasonable to treat the patient as soon as
possible.

Preclinical studies in rodents report a wide range of TBI-to-
transplantation intervals, with a preference in the acute phase
(Within 24 h) Both Systen,]iClGl,170,195,198,205,227,251,263—265 and

I171,172,207,209,210,266—268

centra administration of MSCs within the

first 24 h after injury have resulted in improvements of
functional and structural outcome in the chronic stages by
multiple mechanisms of protection and repair.

Sub-acute transplantation (day 4-7 after injury) has shown

221,269

protective effects too after systemic or central

173,212,226

infusion . Acute and sub-acute transplantation have

been recently compared directly ° by transplanting MSCs one
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or seven days after injury in the CC ipsilateral to the injured site.
The results show that injection on day seven produces greater
functional and structural improvements one month post-TBI
than the injection on day one. Confirmatory study by
independent research groups is needed to explore the
therapeutic window further.

Repeated administration could be a strategy to obtain a
“booster effect”, combining acute and sub-acute doses through
a multiple delivery system. Acute MSC infusion will allow the
interaction with early pathologic pathways and sub-acute
administration will replace any MSCs may have been damaged
or eliminated, allowing the stimulation of protective and
restorative processes. No data are available in TBI so far and
this possibility needs to be explored in order to confirm a
potential advantage and exclude any secondary side effects.

Finally, treatment in the chronic phases of TBI were
investigated by Bonilla and co-workers. They showed that MSC
ic infusion into the lesion core two months after injury improved
sensorimotor deficits and promoted neurorestorative processes
(increase of vessel density and endogenous neurogenesis)®*;
Iv injection at the same time failed to induce any significant
difference between MSC-treated and control animals®’*. These
data suggest that at chronic stages MSCs can still act as a local
bioreactor promoting endogenous brain restorative processes.
A pivotal mechanism of iv MSC infusion is the modulation of the
focal and systemic inflammatory environment, which is no

longer affected by later treatment.
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To conclude, no systematic analysis of transplantation
timing and its effect on TBI sequelae has been done yet. More
experimental data are needed to clarify the ideal time windows
for MSC transplantation in order to identify the best approach in
the clinical setting.

Like for the timing of transplantation, there is no a real
consensus on the ideal MSC dose. Depending on the route of
delivery and the animal model used, most experimental studies
use the largest dose that does not affect the animal's health
(e.g. obstructing vessels with cellular emboli in case of iv
injection) or cell viability (e.g. inducing cell mortality due to
constriction in the syringe needle).

lv injections in rat models go from two'®H702%°283 three?

or four195,251,265

million-MSCs, while in mouse models the range
is between 300,000%%4%*° and one'®® or two million?’ MSCs.

Smaller amounts are commonly used for cerebral infusion:
the icv dose to mice never exceeds 150,000-200,000 MSCs
171172 \while MSCs transplanted directly in the lesion cavity in
rats range from 3-400,000°°2"2 to one®"?*2% or five
millions?*>. MSCs impregnated into scaffolds transplanted into
the lesion core of rats have been seeded at dose of 10,000
cells®”®, 64,000%"* or three millionsg®"®?1#226:272275276 while the
only dose tested in mice was 300,000 MSCs?**.

A vast range of MSC doses have been investigated up to
now, but few studies have tried to identify a dose-response
effect. Mahmood and co-workers directly compared different

doses: one or two million MSCs injected iv in rats 24 hours after
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injury had different effects on sensorimotor function, with
significant improvement only after the highest dose®.
However, they found no dose-dependent effect when infusing
two, four or eight million MSCs in the same experimental
setting®®.

To conclude, there is no agreement on dose-dependent
effects of MSC infusion and more studies are needed to clarify
the issue. However, translation of results from the experimental

setting to the clinical context is rarely possible.

1.2.4 Clinical trials of MSC for TBI patients

ClinicalTrials.gov (http://clinicaltrials.gov/) is the world’s

largest registry and result database of publicly and privately
supported clinical trials (CTs). It currently lists 160,935 trials in
185 countries. This dataset is maintained by the US National
Library of Medicine at the National Institutes of
Health.Reviewing the clinical trials in ClinicalTrials.gov, we
found 4598 trials in response to the search criteria ‘stem cell*
OR stromal cell*’. The strategy used to refine the search and to
identify only CTs focused on the use of MSCs in acute brain
injury is detailed in figure 7A. Among the 4598 CTs, 81 involved
acute neurological conditions and 23 used MSCs (figure 7). The
majority of the CTs were conducted on stroke (12 CTs; 52%)
and in spinal cord-injured patients (10 CTs, 43%); one (4%)
was on intraparenchymal hemorrhage and none in TBI patients.

To date CTs with adult stem/stromal cells in TBI have all

focused on acute interventions with an autologous source, thus
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excluding the use of MSCs that need time and manipulation in
order to be selected and expanded (figure 7B). There are four
CTs with BM-derived mononuclear cells (BMMCs), a
heterogeneous population that includes MSCs together with
hematopoietic stem cells, lymphoid cells (lymphocytes, plasma
cells), monocytes and macrophages. The main features of
these trials are summarized in Table 1 and will be discussed
briefly since we believe they are of interest even if slightly out of
focus. One CT (NCT00254722) has been completed while the
other three (NCT01575470, NCT01851083 and NCT02028104)
are currently recruiting participants. Three of them are led by
the same group (The University of Texas Health Science
Center, Houston, USA).
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Clinical trial database
Clinicaltrials.gov
Search criteria: stem cell* OR stromal cell* (n=4598)

L

Condition targeted:
Acute neurological conditions

(brain OR spinal cord) AND (trauma OR injury OR ischemia OR
ischemic OR haemorrhage OR hemorrhage OR haemorrhagic
OR hemorrhagic) NOT (tumor OR cancer OR chemotherapy)

[ Clinical trials accepted n=81 |

Intervention targeted: Intervention targeted:
mesenchymal bone marrow OR cord blood
OR amniotic OR adipose
4 [}
| Clinical trials accepted n=23 | | Clinical trials accepted n=43 ||

- 0 Traumatic brain injury -4 Traumatic brain injury

- 10 Spinal cord injury - 17 Spinal cord injury

- 12 Ischemic stroke - 21 Ischemic stroke

- 1  Brain hemorrhage - 1 Brain hemorrhage

Figure 7. Clinical trials (CTs) registered in ClinicalTrials.gov and focused
on stem/stromal cells for acute neurological conditions on 12 February 2014.
CTs were first selected by the search criteria ‘stem cell* OR stromal cell*'.
Then, in the “condition” field acute neurological injuries (e.g. TBI, spinal cord
injury, stroke and brain hemorrhage) were targeted. CTs not involving
neurological conditions/diseases and acute mechanism of disease were
rejected. Last, adding “mesenchymal” in intervention field (A) resulted in 23
trials, but none were focused on TBI. Appling the wider intervention criteria
‘bone marrow OR amniotic OR cord blood OR adipose’ in the field
‘interventions’ (B) four TBI CTs were identified.
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Registration Trial Name Purpose Phase | Start Status Age Regim¢
Number date (Years)

NCT00254722 Salety of To determine if bone 1 Novembe | Completed 514 Gx10° autol
Aulologous Stem marrow denved 12005 BMMNC/kg bo
Cell Treatment for mononuclear cells delivered infra
Traumatic Brain (BMMNC) autologous within 48 hour

Injury in Children  transplantation in children

after isolated traumatic

brain injury is safe and will

improve functional outcome
MCTO1575470 Treatment of To determine if bone 12 March Recruiting 18-55 Intraveno
Severe Adult marrow harvest, BMMNC 2012 administr
Traumatic Brain ~ separation, and reinfusion Cohort 1:¢
Injury Using Bone  in adults with acute severs BMMNC/kilogi
Marrow TBI is safe and will improve weigh
Mononuclear functional outcorme Cohort 2. ¢
Cells BMMNC/kilogi
weigh
Cohort 31
BMMNC/klogi
weigh
NCT01851083 Pediatiic To determine the effect o’ 172 August Recruiting 515 Bone mamow
Autologous Bone intravenous infusion of 2013 performed withi
Marrow autologous EMMNCs on ofinjury, follo
Mononuclear brain structure and single intray
Cells for Severe neurccognitive/functional infusion cf au
Traumatic Brain ~ outcomes after severe TBI BMMNC (¢
Injury in children au'ologous BN
body wei
NCT02028104 Stemn Cell To delermine the effect o’ 1 March Recruiting 6 BMMNC are ad
Therapy in stem cell therapy on 2010 manths- | intiathecally in
Traumatic Brain common symptoms in 65 years | brain injury pati
Injury patients with chronic TBI aboul dose
availabl¢
Clinicallna

Table 1. Published and ongoing clinical trials applying stem/stromal cells in TBI.






The
dichotomized Glasgow outcome scale at six months showed
70% good to 30% bad outcome or death, which is similar to

other major reports in pediatric severe TBI*".

However,
although structural preservation and improved functional
outcomes were observed, the study was underpowered and not
designed to assess therapeutic efficacy.

The safety of the protocol led to the controlled prospective,
randomized, blinded phase Il ongoing trial (August 2013 - June
2018) NCT01851083, designed to determine the effect of iv
infusion of autologous BMMCs on brain structure and
neurocognitive/functional outcomes after severe TBI in children
(aged 5 to 15 years, post-resuscitation GCS 3-8, recruitment
within 24 h of injury). BM was harvested within 36 h of injury,
followed by a single infusion of BMMCs.

The NCT01575470 (March 2012 - June 2014) is a phase /1l
trial, designed as a dose-escalation study, consisting of four
cohorts of five adult TBI patients cohorts (age 18 to 55 years,
admission GCS 5-8). The investigator's primary hypothesis is
that autologous BMMCs transplantation after TBI is safe
(harvest- and infusion-related toxicity). The secondary
hypothesis is that: 1) functional outcome measures will improve
after BMMC infusion, 2) BMMC infusion will reduce BBB
permeability, 3) BMMCs are neuroprotective and preserve grey
and white matter structures assessed by diffusion tensor MRI.

The trial NCT02028104 (March 2010 - January 2015) is a

phase | study lead by Neurogen Brain and Spine Institute
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The local institutional review board approved the study and
informed consent was obtained from healthy donors. MSCs
were isolated and expanded ex vivo from bone marrow
aspirates, as previously described®. Briefly, total nucleated
cells were isolated from the wash-outs of sealed bone marrow

collection bags and filters. Cells were plated, without further

separation, at 800x10° cellsicm? in DMEM (Lonza Basel,

Switzerland) supplemented with 5% freshly thawed PL, 2 mM L-
glutamine (LiStarFish, Milano, Italy) and 1%
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA).
After 24 hours the non-adherent cells were removed. Adherent
cells were trypsinized after reaching 70-80% confluence and
seeded at 100-200 cellsicm?. MSCs at passage 3 were
screened by flow cytometry for the expression of CD34, CD45,
CD73, CD90, CD105, CD105, HLA-ABC, and CD11b. MSCs
were also tested for their capacity to differentiate into
adipocytes and osteoblasts. Cells were used for the
experiments between P 3 and 5, preparation from individual
donors (n=2) have been injected into individual sham-

operated/TBI mice.




3.3.2 Invivo studies
3.3.2.1 Animals
























maintained in MEM
supplemented with 20% FCS and 5.5 g/L glucose (glial
medium). To promote microglial proliferation, one week after
plating, the culture medium was supplemented with GM-CSF
produced from X-63 GM-CSF cells. After 5-7d microglia were

- 00000000001
1
I 70 minimize
activation, half of the medium in which microglia were kept after
shaking from mixed cultures was replaced with fresh low serum
(1%) medium.
I i roglia
cells were exposed either to a combination of TNF (200 U/ml)
and IL-17 (500 U/ml) or to a combination of TNF (200 U/ml)
and INF (500 U/ml)*. Two hours after the toxic stimuli or in
control conditions microglia-MSC co-cultures were obtained by
plating MSCs on purified microglia in a microglia:MSCs ratio of
1:1 and were maintained in glial medium for 72 h. At the end of
the treatment, microglia were washed and either harvested with
TRIZOL (Invitrogen) for RT-PCR analysis or fixed with 4%



















































































































































