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Abstract

Background Traumatic brain injury (TBI) is a significant cause of death and disability, with no effective neuropro-
tective drugs currently available for its treatment. Mesenchymal stromal cell (MSC)-based therapy shows promise

as MSCs release various soluble factors that can enhance the injury microenvironment through processes, such

as immunomodaulation, neuroprotection, and brain repair. Preclinical studies across different TBI models and severities
have demonstrated that MSCs can improve functional and structural outcomes. Moreover, clinical evidence supports
the safety of third-party donor bank-stored MSCs in adult subjects. Building on this preclinical and clinical data, we
present the protocol for an academic, investigator-initiated, multicenter, double-blind, randomised, placebo-con-
trolled, adaptive phase Il dose-finding study aiming to evaluate the safety and efficacy of intravenous administration
of allogeneic bone marrow-derived MSCs to severe TBI patients within 48 h of injury.

Methods/design The study will be conducted in two steps. Step 1 will enrol 42 patients, randomised in a 1:1:1 ratio
to receive 80 million MSCs, 160 million MSCs or a placebo to establish safety and identify the most promising dose.
Step 2 will enrol an additional 36 patients, randomised in a 1:1 ratio to receive the selected dose of MSCs or placebo.
The activity of MSCs will be assessed by quantifying the plasmatic levels of neurofilament light (NfL) at 14 days

as a biomarker of neuronal damage. It could be a significant breakthrough if the study demonstrates the safety

and efficacy of MSC-based therapy for severe TBI patients. The results of this trial could inform the design of a phase Il
clinical trial aimed at establishing the efficacy of the first neurorestorative therapy for TBI.

Discussion Overall, the MATRIx trial is a critical step towards developing an effective treatment for TBI, which could
significantly improve the lives of millions worldwide affected by this debilitating condition.

Trial Registration EudraCT: 2022-000680-49.
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Background and rationale of the study

Traumatic brain injury (TBI) is a leading cause of death
and disability, with a high burden on patients, their
families, and society [1-4]. Long-term mortality in TBI
is substantial, and TBI survivors have a life expectancy
shortened by 6 years [5]. TBI results in a progressive
polypathology involving interconnected processes, such
as neuroinflammation, cortical degeneration, white mat-
ter damage, neuronal loss, and blood—brain barrier (BBB)
dysfunction [6]. As a consequence, approximately 30% of
patients experience the development of progressive neu-
rological deficits [7].

Recently, a large cohort observational study aimed
at better characterising TBI across Europe showed
that functional outcome is still poor for severe TBI,
essentially unchanged in the last 30 years [2]. Treat-
ment of TBI patients has not changed much in the last
20 years, consisting only of supportive therapy directed
at prevention, early detection and treatment of second
insults [8—10]. Neuroprotective treatments are urgently
needed for this condition. It is conceivable that multiple
therapeutic targets may need to be addressed simulta-
neously to interfere with the natural evolution of brain
damage after TBI and improve patient’s outcomes. In
this contest, mesenchymal stromal cells (MSCs) are
ideal candidates [11], since they act on multiple protec-
tion and repair mechanisms, improving structural and
functional outcomes after experimental TBI.

MSC pleiotropic effects

MSCs are multipotent progenitor cells first iso-
lated from bone marrow [12], and subsequently from
many other sources, including adipose tissue and
birth-related tissues [13]. MSCs are attractive can-
didates for cell therapy because of their ease of isola-
tion and ex vivo expansion, their low immunogenicity
and high immunosuppressive activity [14]. MSCs
release multiple soluble factors, including growth fac-
tors, chemokines, cytokines and exosomes/extracel-
lular vesicles acting in a paracrine fashion, promoting
cell survival and reducing neuronal apoptosis [15-17],
modulating inflammatory response [18—22], promoting
angiogenesis [23-26] neurogenesis and synaptic plas-
ticity [27-29], with a global amelioration of the injury
microenvironment and outcome [14, 30, 31].

Preclinical evidence

The first experimental study assessing MSC protective
effects in TBI was published about 20 years ago [32].
Since then, several experimental studies from our group
and others have demonstrated MSC therapeutic efficacy
in TBI models. We recently ran a systematic review and
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meta-analysis to grade preclinical evidence of MSC effi-
cacy in TBI [33]. Our review documents a substantial and
favourable effect of MSCs on sensorimotor and cognitive
functions and anatomical damage in preclinical models
of TBI. In detail, we reported a significant improvement
of sensorimotor and cognitive function already at acute
(1-2 week post-transplant) and more significant effect
size at later (4—5 week post-transplant) timepoints, while
the efficacy of MSCs on anatomical damage only became
evident 4-5 week post-treatment (Table 1). The efficacy
of MSCs on neurological outcomes is robust across many
variables, including MSC features (source and type of
transplant), treatment protocol (time and route of admin-
istration) and experimental models (host species and
TBI model). Data indicate a therapeutic window extend-
ing over the first week after TBI and a smaller effect size
when MSCs are given months after TBI. MSC treatment
at chronic stages is more manageable in terms of feasibil-
ity but has limited neuroprotective potential. Thus, acute
MSC treatment is highly desirable to maximise neuro-
protection and promote neurorestorative processes [11].
In addition, preclinical evidence showed that the pres-
ence of the cells in the lesion site is not needed to con-
fer neuroprotection [34], with similar efficacy observed
after central or systemic MSC administration [24]. Thus,
data support a paracrine action by MSC-released solu-
ble factors in remodelling the injury environment. These
findings have important clinical implications, since they
allow proposing a systemic delivery protocol through
the central venous line with direct advantages regarding
invasiveness and patient selection. In clinical trials, sys-
temic delivery is the most commonly used administration
route, with proven safety in several pathological condi-
tions, including critically ill patients with acute respira-
tory distress syndrome [35, 36].

Studies in TBI rodents indicate that effective doses of
MSCs infused intravenously (IV) range from 1 to 4 mil-
lion cells. Using allometric scaling as recommended by
the Food and Drug Administration [37, 38], effective
doses in patients could range from 0.8 to 3.2 million
MSCs/Kg or 56—224 million MSCs per subject, consid-
ering a median patient weight of 70 kg. A recent review
discusses challenges with MSC clinical trials, including
those related to the large range of tested doses. Focusing
on the IV route, authors suggest a minimal effective dose
(MED) between 70 and 190 million cells (adult, 70 kg
weight, corresponding to 1-2.7 million cells/Kg) and pro-
pose an inverted U-shaped dose—response curve, with
doses below 70 million likely ineffective and doses above
200 million less effective [39]. Accordingly, the first part
of our clinical study will test two doses of either 80 or
160 million MSCs (1.1 and 2.2 million cells/Kg). Notably,
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Table 1 Summary results of meta-analysis data on preclinical evidence of MSC efficacy in TBI models. Data extracted from [34]

Sensorimotor function

Cognitive function Anatomical damage

Acute

Number of comparisons 56

Absolute effect size [95% Cl] 1.14[- 141, -0.88]
p value <0.0001

Chronic

Number of comparisons 29

Absolute effect size [95% Cl] 1.66 [—2.04,—1.29]
p value <0.0001

20 14
0.91[0:49,1.33] 0.24 [- 0.04,0.51]
<0.0001 0.092

23 20

2.11[1.56, 2.66] 1.34[0.89, 1.80]
<0.0001 <0.0001

doses even higher than these have already been tested
and proved safe in the START trial (10x106 cells/Kg,
corresponding to 700 million cells) [40].

Neurofilament light as a pharmacodynamic marker

We designed an experimental medicine study, relying on
the circulating marker of axonal damage neurofilament
light (NfL) to assess MSC efficacy. In the context of TBI,
measurement of circulating NfL has shown prognostic
utility after mild [41, 42] and severe TBI [43]. Compared
to GFAP, UCH-L1, and S100B that show prognostic val-
ues (GFAP [42, 44], UCH-L1 [44, 45], S100B [45]) and
may inform on computed tomography (CT) abnormali-
ties (as for GFAP [46-48]), NfL has the advantage of dif-
ferent temporal trajectory with a progressive increase
in plasma levels over the first 2 weeks after injury [49,
50]. Importantly, initial serum NfL levels are predictive
of clinical outcome (Glasgow Outcome Scale extended
score, GOSE) at 12 months after injury in severe TBI
[49] and correlate with brain volumes and magnetic res-
onance imaging (MRI) measures of white matter (WM)
axonal integrity [50, 51]. NfL has shown validity as a
pharmacodynamic biomarker in monitoring treatment
response after acute or chronic neurological disorders
[52-54]. Thus, NfL is now emerging as a blood biomarker
with diagnostic and prognostic utility for TBI patients
and may inform the efficacy of experimental medicine
studies.

Study design and objectives

This is a multicenter, double-blind, randomised, pla-
cebo-controlled, adaptive phase II dose-finding study to
assess the safety and biological effects of the allogeneic
bone marrow-derived MSCs, administered IV in severe
TBI patients within 48 h from injury. The study will be
conducted in two steps. In step 1, patients will be ran-
domised with a 1:1:1 ratio to receive 80 million MSCs,
160 million MSCs, or a placebo to establish safety and
select the most promising dose. In step 2, patients will be

randomised (1:1) to receive the selected dose of MSCs or
placebo to assess MSC activity by quantifying the plas-
matic levels of the NfL at 14 days as a biomarker of neu-
ronal damage and by exploring their pleiotropic actions
via advanced neuroimaging studies, blood measurements
of immune changes and assessment of functional out-
come (Fig. 1).

Primary objectives
The study aims to define:

+ If MSCs, administered at a dosage of 80 or 160 mil-
lion cells, are safe in patients with severe TBI. Safety
will be evaluated as the number of patients expe-
riencing at least one serious adverse drug reaction
(SADR).

+ If MSCs, at the dosage found to be safe and more
promising in terms of activity at a planned interim
analysis, decrease the plasmatic NfL biomarker of
brain damage at 14 days compared to placebo.

Secondary objectives

Secondary objectives will assess the biological activity
of intravenous infusions of allogeneic MSCs in terms of
modification of the following clinical variables and bio-
logical parameters:

1. Brain injury evolution and white matter damage by
advanced longitudinal MRI (with morphological
sequences including T1, T2 as well as FLAIR, SWI,
DWI, and DTI for quantification of traumatic axonal
injury) acutely (4 days) subacutely (14 days) and at 6
month post-TBI to provide a detailed description in
atrophy, diffusion and myelin integrity.

2. Brain immunomodulatory changes by temporal pro-
filing (daily for 3 days after TBI, at days 7 and 14 and
at 1, 6 and 12 months) of circulating biomarkers of
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Fig. 1 Representation of the expected effects of MSC treatment on primary and secondary outcome measures.

structural damage (including NfL and GFAP), neuro-
inflammation (i.e., IL-6, IL-10, TNFa) and vascular
integrity (i.e., MMP9).

3. Clinical outcome by a structured clinical and neu-
ropsychological outcome assessment at both 6 and
12 months, by Glasgow Outcome Scale Extended
(GOSE) and Quality of life after brain injury
(QOLIBRI) test.

The timepoints for the secondary outcome measure-
ments are shown in Fig. 2.

Methods

Study setting

About 78 adult TBI patients admitted in intensive
care units (ICU) will be enrolled in 3 centers: the

SD admin.
1d post-SD
2d post-SD
3d post-SD

BLOOD BIOMARKERS: - - - - -

ADVANCED MRI: D

NEUROLOGICAL OUTCOME:

Acute

Fondazione IRCCS San Gerardo dei Tintori Monza, the
Fondazione IRCCS Ca Granda Ospedale Maggiore Poli-
clinico Milano and the ASST Ospedale Papa Giovanni
XXIII Bergamo. Patients will be enrolled if fulfilling the
eligibility criteria listed in Table 2.

MSCs will be provided by the cell factory Stefano Verri
(Fondazione IRCCS San Gerardo dei Tintori Monza)
authorised by Agenzia Italiana del Farmaco (AIFA) for
the manufacturing and quality control of cell-based
medicinal products for advanced therapies.

Longitudinal analysis of the effects of MSCs on brain
structural and neuroimmunomodulatory changes by
blood biomarker in relation to brain-advanced neuro-
imaging trajectories and clinical outcomes will be per-
formed at Istituto di Ricerche Farmacologiche Mario
Negri IRCCS, Milano.

Subacute

H B =
=

HON

Fig. 2 Timepoints for longitudinal assessment of secondary outcomes. SD study drug
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Inclusion criteria

Exclusion criteria

— Age: 18-70 years (inclusive)
— Clinical frailty index <5 [60]

- Evidence of TBI confirmed by abnormalities consistent with trauma on CT

scan upon admission (Marshall’s CT Classification > 1)

- Study drug (MSCs/placebo) administration start within 48 h from TBI
- GCS <8 at recruitment and at least one pupil reactive to light

- ICP monitoring, already inserted or planned for clinical indications

- Weight <100 kg and >40 kg

- Motor GCS > 5 at recruitment
- High likelihood (> 85%) of death in the first 48 h calculated by IMPACT
calculator [61] on early admission data
- Bilateral unreactive mydriasis
- Opening ICP>40 mmHg
— Known history of prior brain injury, psychiatric disorder, neurological
impairment and/or deficit
— Brain penetrating injury
- Spinal cord injury
- Epilepsy requiring ongoing anti-convulsant therapy
- Severe organ failure (including PaO,/FiO, < 200 and shock)
- Recent serious infectious process requiring ICU admission
- Cancer (ongoing)
— Immunosuppression
- Human immunodeficiency virus
- Positive urine pregnancy test or breastfeeding
- Known risk/history of coagulopathy and thromboembolism
- Pre-existing and severe:
m | ung disease (such as asthma, chronic obstructive pulmonary disease)
® Heart dysfunction (as heart failure and reduced cardiac output)
m |jver insufficiency (as cirrhosis)
= Kidney insufficiency
m and other organ severe abnormalities
- Known hypersensitivity to excipients used in the formulation (dimethyl
sulfoxide, DMSO; citrate-dextrose solution, ACD)
- Participation in a concurrent interventional study

CT, computed tomography; GCS, Glasgow Coma Scale; ICP, intracranial pressure; ICU, intensive care unit; IMPACT, international mission for prognosis and clinical trial;

MSCs, mesenchymal stromal cells; TBI, traumatic brain injury

Informed consent procedures
Consent will be obtained according to the Declaration of
Helsinki guidelines and local regulations from each sub-
ject participating in this study and/or his/her legally des-
ignated representative/proxy.

Since comatose patients could not provide informed
consent at the time of study recruitment, each center
referred to the local/national law on the lack of capacity.
The requirements established by the Standards of Good
Clinical Practice (GCP) prepared by the International
Conference on Harmonization of Technical Require-
ments for the registration of pharmaceutical products for
human use in relation to consent in emergency situations
(Decree of the Ministry of Health July 15 1997) will be
applied.

The investigator/delegate will share with the family
members the purpose and risks/benefits of the study, the
possible study-related adverse events, the study-specific
procedures, the duration of the study, and the schedule of
planned follow-up visits.

If the patient will regain consciousness and the abil-
ity to provide consent, he/she will be required either to
give informed consent to use of acute and follow-up data
or to refuse to participate in the research. The patient
will be completely free to withdraw from the study at
any time for any reason without having to provide any
justification.

Study drug production and preparation

Allogeneic MSCs will be prepared according to Good
Manufacturing Procedures (GMP) guidelines at Labora-
torio Stefano Verri [55], Fondazione IRCCS San Gerardo
dei Tintori, Monza. MSCs are stored in vials contain-
ing 40 million MSCs each in 4.5 ml of a storage solu-
tion (2.5 ml albumin 20%, 1.1 ml normal saline solution,
0.45 ml citrate-dextrose solution (ACD), 0.45 ml dime-
thyl sulfoxide (DMSO)). Vials containing only 4.5 ml of
storage solution will be prepared and stored similarly.
Vials are stored in the vapour phase of a liquid nitrogen
tank until the time of administration or sent to dislocated
sites via a GMP-qualified local supplier, ensuring the
product’s safety and quality during transportation.

After patient enrolment, the study drug will be pre-
pared for administration. A total of 4 vials/patients (com-
bined to obtain placebo, MSCs 80 million, MSCs 160
million, in a total of 18 ml) will be thawed under a class A
laminar hood near the ICU and diluted 1:2 in saline solu-
tion for a total of 36 ml. Treatments will be collected in
a syringe, connected to the patient’s central venous line
and administered within 15 min from the preparation.
The administration of the treatment will be masked.

Management of adverse events
An adverse event (AE) is any untoward medical occur-
rence in a clinical trial participant administered a
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medicinal product and which does not necessarily have
a causal relationship with the study treatment. A serious
adverse event (SAE) is an AE that fulfils one or more of
the following criteria:

+ Results in death

+ Is immediately life-threatening

+ Requires in-patient hospitalisation or prolongation of
existing hospitalisation

+ Results in persistent or significant disability or inca-
pacity

+ Is a congenital abnormality or birth defect in off-
spring of the patient

« Is an important medical event that may jeopardise
the patient or require medical intervention to pre-
vent one of the above outcomes.

A SADR is an SAE related to the study drug.

The site investigator is responsible for assessing the
severity, seriousness and relationship between each AE
and the study drug, as soon as AEs occur.

Statistical design and sample size
The statistical study design is conceived in 2 steps.

Step 1

An interim safety analysis will be performed to evalu-
ate separately in each of the two experimental dosage
groups, at a one-sided type I error rate of 10%, whether
more than 30% of patients experience at least one SADR
within 14 days from treatment and at the same time at a
power of 80% whether 5% or less of the patients do not
experience any SADR. Adopting the Fleming design with
A’Hern’s approach, 12 evaluable patients will be analysed
in each group. The maximum number of patients experi-
encing at least one SADR to observe in each experimental
group is 1 out of 12, since this result is associated with an
upper limit of the 80% exact confidence interval of 28.8%.
The experimental treatment would be considered safe for
this step only if none or one patient experimented with a
SADR.

According to the above roles:

— If both experimental treatments are unsafe, the study
will be stopped for safety issues, and step 2 will not
be performed.

— If one experimental treatment is considered safe and
the other not, only the safe arm will proceed with
step 2 of the study.

— If both the experimental dosages are safe, the more
active schedule will be selected for step 2.
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The more active schedule will be defined in terms of
the proportion of patients who reaches an NfL increase
at 14 days equal to or lower than the baseline level by
five folds (defined as “responder patient”). This cutoff
has been determined based on longitudinal quantifica-
tion provided by BIO-AX-TBI collaborators [50], show-
ing a median increase of 12.8-fold at 14 days compared
to baseline, with the first quartile equal to a fivefold
increase. The experimental arm with a higher frequency
of responders will be selected as the most promising in
terms of activity and it will be chosen for the second step.
In the case of an equal number of responder patients
in the two experimental arms, the cutoff defining the
response will be increased by 1 unit iteratively, since a
difference between the two experimental arms will be
observed. This assessment will only be performed on the
MSC-treated arms; the control group will not be con-
sidered. According to Simon, Wittes and Ellemberg ran-
domised phase II design [56], the study has more than
an 80% probability of correctly selecting the more active
schedule when the proportion of responder patients is
15% higher in the first of the two treatment schedules.

Step 2

The endpoint will be the NfL at 14 days. The final analysis
of biological activity will be performed by increasing the
sample size to 27 evaluable patients in the experimen-
tal and control arms. The study is designed to detect an
effect size of 0.59 on the logarithmic scale of the exper-
imental to control arm, setting a one-sided type I error
rate of 10% and a power of 80%.

Therefore, the total number of evaluable patients to
be analysed will be 66 (27 in the control arm, 12 in the
experimental arm stopping at the first step and 27 in the
experimental arm reaching the second step). Expecting
13% of deaths of TBI patients in ICU [2], the number
of patients to be randomised is about 78 (32 in the con-
trol arm, 14 in the experimental arm stopping at the first
step and 32 in the experimental arm reaching the second
step). After the trial closure after the first step, the num-
ber of patients to randomise will be about 42 (14 in each
arm).

Random allocation procedure

Patients will be randomly assigned to one of the three
treatment groups with an equal probability of assignment
to each treatment (allocation ratio 1:1:1 for the first step
and 1:1 for the second step). The study biostatistician will
prepare the sequence of treatments according to a ran-
domised permuted blocks procedure stratified by experi-
mental centers. The randomisation list will be generated
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Fig. 3 Flowchart of the MATRIXx trial

using SAS 9.4 release. The randomised allocation of
treatment will be centralised and managed by the cell fac-
tory responsible to label the treatment according to the
randomisation list.

A schematic representation of the trial is depicted in
Fig. 3 (flow chart).

Blinding

Patients and investigators are blinded to the treatment.
Treatment assignment will be known only to the Spon-
sor Data Management Team, the Cell Factory and the
study’s biostatistician. The MSC and the placebo will
have identical appearance and consistency. The Investi-
gators will receive sealed emergency envelopes allocated
to their site. Each envelope is labelled with the protocol
acronym and a treatment identification code. Inside the
envelope, the respective treatment arm is recorded. The
Investigator is authorised to unseal the envelope only in
case of a medical emergency when adequate treatment of
the concerned patient requires immediate knowledge of
the trial treatment. If it felt useful, the investigator may
first discuss options with the other investigators and the

scientific coordinator from Sponsor before unblinding
the subject’s treatment assignment. The study pharma-
covigilance dedicated staff retains the right to break the
code for SAEs that are unexpected and suspected to be
causally related to the investigational product and poten-
tially require expedited reporting to regulatory authori-
ties. The subject which has been unblinded may continue
study treatment according to clinical judgement.

Data analysis
The analysis of primary activity outcomes will be performed
on the per-protocol (PP) population, including all ran-
domised patients, without major eligibility violations crite-
ria, who received the allocated treatment as specified in the
protocol and with a follow-up of at least 14 days. Major vio-
lations in the eligibility criteria will be evaluated on a case-by-
case basis in a pre-analysis meeting to define the population.

The safety analysis population will include all patients
who have received the treatment. Each patient will be
analysed in the arm received.

Frequency and percentages will describe the propor-
tion of patients in each experimental group experiencing
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at least one SADR within 14 days from treatment
administration.

In terms of NfL change from baseline to 14 days, the
proportion of responder patients will be described
through frequency and percentages. Regarding the NfL
measured at 14 days, a one-sided Student’s ¢ test on
the logarithmic scale will be performed to compare the
experimental and control arms. Assumptions of Student’s
¢ test (i.e., normality of residuals and homoscedasticity)
will be checked on a log scale using graphical (i.e., his-
tograms and normal quantile plots) and formal methods
(Shapiro—Wilk test for normality and Levene’s test for
equal variance). In case of failed assumptions, a proper
data transformation will be considered. Univariable and
multivariable generalised linear regression models will
be used to evaluate the impact of the potential prognos-
tic factors on the NfL at 14 days. Univariable and mul-
tivariable generalised linear mixed regression models for
repeated measures will be used to evaluate the impact of
treatment on longitudinal data.

Loss to follow-up patients and patients with missing
values will contribute to the analysis of the secondary
outcomes only for the time data are available. Univariable
and multivariable generalised linear mixed regression
models for repeated measures will be used to evaluate the
impact of treatment on longitudinal MRI and blood bio-
markers, and functional outcome.

Safety assessment will be mainly based on adverse reac-
tions (ARs) and the frequency and nature of the serious
adverse events (SAEs) and will be conducted on the safety
analysis set. For each patient and for each type of adverse
event, the worst degree ever suffered will be used for
the analysis. SAEs will be summarised by presenting the
number and percentage of patients having any SAE and
having an SAE in each system organ class. Other infor-
mation collected (e.g., severity or suspected relationship
to study medication) will be listed as appropriate.

Discussion

There are no effective neuroprotective treatments for
TBI. Decades of research in TBI experimental models
provide evidence of MSC efficacy across multiple cell
sources, and routes of administration with a large ther-
apeutic window. MSCs have be shown not to be immu-
nogenic allowing the design of an allogenic transplant in
immunocompetent patients. Allogeneic MSCs infused
at chronic stages in TBI patients show preliminary evi-
dence of clinical benefits [57, 58]. Here, we propose to
target the acute detrimental TBI phase using allogeneic
MSCs. During the coronavirus disease 2019 pandemic,
several studies have confirmed the safety of MSC treat-
ment infused in critically ill patients [59], allowing the
design of a phase II randomised placebo controlled
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clinical trial in acute severe TBI patients. The MATRIx
trial will define the safety of MSC treatment in acute
severe TBI patients and provide initial evidence of MSC
biological activity in blunting NfL in plasma as the inter-
mediate biochemical endpoint of axonal damage. We will
explore the MSC pleiotropic effects by investigating the
temporal profiling of circulating biomarkers of structural
damage (including NfL and GFAP), neuroinflamma-
tion (i.e., IL-6, IL-10, TNF«) and vascular integrity (i.e.,
MMPY). Furthermore, a detailed longitudinal description
of brain-advanced neuroimaging (MRI) trajectories will
document MSC ability to affect the anatomical damage
and white matter integrity. At last, evaluation of clini-
cal outcomes at chronic stages will be indicative of MSC
impact on patient quality of life.

Success in this project will pave the way for a subse-
quent phase III trial to test MSC efficacy on neurological
development in severe TBL

Acknowledgements

We acknowledge the Matrix Study group members (in alphabetical order):
Maria Giulia Abate (Department of Neurosciences, Neurolntensive Care Unit,
Fondazione IRCCS San Gerardo dei Tintori, Monza, Italy), Roberta Abbate
(Department of Neurosciences, Neurolntensive Care Unit, Fondazione IRCCS
San Gerardo dei Tintori, Monza, Italy), Alberto Addis (School of Medicine and
Surgery, University of Milano—Bicocca, Milano, Italy—Department of Neuro-
sciences, Neurolntensive Care Unit, Fondazione IRCCS San Gerardo dei Tintori,
Monza, Italy), Maria Francesca Alvisi (Department of Clinical Oncology, Istituto
di Ricerche Farmacologiche Mario Negri IRCCS, Milano, Italy), Maria Amigoni
(Department of Neurosciences, Neurolntensive Care Unit, Fondazione IRCCS
San Gerardo dei Tintori, Monza, Italy), Francesco Biroli (FROM, Fondazione per
la Ricerca Ospedale di Bergamo, Italy), Chiara Capelli (Center of Cellular Ther-
apy "G. Lanzani", ASST Papa Giovanni XXIll, Bergamo, Italy—Fondazione per la
Ricerca Ospedale di Bergamo, Bergamo, Italy), Marco Carbonara (Neuroscience
Intensive Care Unit, Department of Anaesthesia and Critical Care, Fondazione
IRCCS Ca’Granda-Ospedale Maggiore Policlinico, Milan, Italy), Enrico Colombo
(Department of Neurosciences, Neurolntensive Care Unit, Fondazione IRCCS
San Gerardo dei Tintori, Monza, Italy), Maria Di Matteo (Department of Anes-
thesia, Emergency and Critical Care Medicine, ASST Ospedale Papa Giovanni
XXIIl Bergamo, Italy), Valeria Cerina (School of Medicine and Surgery, University
of Milano-Bicocca, Milano, Italy), Giorgio Conte (Neuroscience Intensive Care
Unit, Department of Services Area, Fondazione IRCCS Ca’ Granda-Ospedale
Maggiore Policlinico, Milan, Italy), Francesca Galli (Department of Clinical
Oncology, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milano,
Italy), Simonetta Gerevini (Unit of Neuroradiology, ASST Ospedale Papa
Giovanni XXIIl Bergamo, Italy), Paola Gilardi (Department of Neurosciences,
Neurolntensive Care Unit, Fondazione IRCCS San Gerardo dei Tintori, Monza,
Italy), Cecilia Giovannoni (Department of Neurosciences, Neurolntensive Care
Unit, Fondazione IRCCS San Gerardo dei Tintori, Monza, Italy), Giuseppe Gritti
(Department of Oncology and Hematology, ASST Ospedale Papa Giovanni
XXl Bergamo, Italy), llaria Lisi (Department of Acute Brain and Cardiovascular
Injury, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milano, Italy),
Ferdinando Luca Lorini (Department of Anesthesia, Emergency and Critical
Care Medicine, ASST Ospedale Papa Giovanni XXIll Bergamo, Italy), Federico
Magni (Department of Neurosciences, Neurolntensive Care Unit, Fondazione
IRCCS San Gerardo dei Tintori, Monza, Italy), Letterio Malgeri (Department of
Neurosciences, Neurolntensive Care Unit, Fondazione IRCCS San Gerardo dei
Tintori, Monza, Italy), Paolo Mangili (Department of Neurosciences, Neuro-
Intensive Care Unit, Fondazione IRCCS San Gerardo dei Tintori, Monza, Italy),
Federico Moro (Department of Acute Brain and Cardiovascular Injury, Istituto
di Ricerche Farmacologiche Mario Negri IRCCS, Milano, Italy), Fabrizio Ortolano
(Neuroscience Intensive Care Unit, Department of Anaesthesia and Critical
Care, Fondazione IRCCS Ca’'Granda-Ospedale Maggiore Policlinico, Milan,
Italy), Jonata Pizzagalli (Department of Neurosciences, Neurolntensive Care
Unit, Fondazione IRCCS San Gerardo dei Tintori, Monza, Italy), Daniele Prati



Zanier et al. Intensive Care Medicine Experimental (2023) 11:56

(Precision Medicine Lab-Department of Transfusion Medicine, Fondazione
IRCCS Ca'Granda Ospedale Maggiore Policlinico, Milan, Italy), Cecilia Quaranta
(Department of Neurosciences, Neurolntensive Care Unit, Fondazione IRCCS
San Gerardo dei Tintori, Monza, Italy), Davide Savo (Department of Neuro-
sciences, Neurolntensive Care Unit, Fondazione IRCCS San Gerardo dei Tintori,
Monza, Italy), Yvan Torrente (Stem Cell Laboratory, Dino Ferrari Center, Depart-
ment of Pathophysiology and Transplantation, University of Milan, Milan,
Italy—Neurology Unit, Fondazione IRCCS Ca’Granda Ospedale Maggiore
Policlinico, Milan, Italy), Fabio Maria Triulzi (Neuroscience Intensive Care Unit,
Department of Services Area, Fondazione IRCCS Ca’ Granda-Ospedale Mag-
giore Policlinico, Milan, Italy), Erika Zanotto (Department of Neurosciences,
Neurolntensive Care Unit, Fondazione IRCCS San Gerardo dei Tintori, Monza,
Italy), Laura Zapparoli (Psychology Department and NeuroMi—Milan Centre
for Neuroscience, University of Milano-Bicocca, Milan, Italy).

Author contributions

ERZ and GC are the Chief Investigators. ERZ, FP, NS and GC conceived the
study and led the proposal and protocol development. FP, ERZ, ER, AV, FE, GG,
DB, DB, GC wrote the protocol and the manuscript. All authors significantly
contributed to writing the protocol and revised the manuscript for important
intellectual content.

Funding

Open access funding partially provided by Universita degli Studi di Milano -
Bicocca within the CRUI-CARE Agreement. This work has been supported by
Fondazione Regionale per la Ricerca Biomedica (Regione Lombardia), project
ID 3440227 and by the Italian Ministry of Health (Ministero della Salute, Bando
di Ricerca Finalizzata 2021), project ID RF-2021-12372642. GC participated

in the manuscript preparation during his involvement in the Italian Ministry
of University MUR Dipartimenti di Eccellenza 2023-2027 (1. 232/2016, art. 1,
commas 314-337).

Availability of data and materials
The integral version of the protocol will be available to investigators upon
reasonable request.

Declarations

Ethics approval and consent to participate

The MATRIx study obtained the Clinical Trial Authorization from the Italian
Regulatory Agency (AIFA, Agenzia Italiana del Farmaco) on December 7, 2022
(Protocol number: 0141687—07/12/2022). The protocol and trial conduct
will comply with the Medicines for Human Use (Clinical Trials) Regulations
2004 and any relevant amendments. The MATRIx trial was approved by the
Ethics Committee of “Comitato Etico Brianza” on January 30, 2023 (n. 4083).
Consent will be obtained according to Declaration of Helsinki guidelines and
local regulations from each individual subject participating in this study and/
or his/her legally designated representative/proxy. If the subject is not able
to provide personal consent at the time the consent is obtained, then he/she
must provide this consent as soon as possible once his/her clinical condition
has improved to the extent that providing personal consent is possible, unless
local regulations state otherwise.

Consent for publication
Not applicable.

Competing interests

GC reports grants and personal fees as a Speakers'Bureau Member and Advi-
sory Board Member from Integra and Neuroptics, all outside the submitted
work. ERZ is member of the InTBIR Executive Committee. All the other authors
declare no competing interests.

Author details

"Department of Acute Brain and Cardiovascular Injury, Istituto di Ricerche
Farmacologiche Mario Negri IRCCS, Milan, Italy. “Department of Clinical
Oncology, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milan, Italy.
3School of Medicine and Surgery, University of Milano-Bicocca, Milan, Italy.
“Neurological Intensive Care Unit, Department of Neurosciences, Fondazi-
one IRCCS San Gerardo dei Tintori, Monza, Italy. >Department of Anesthesia,
Emergency and Critical Care Medicine, ASST Ospedale Papa Giovanni XXIlI,

Page 9 of 11

Bergamo, Italy. °M. Tettamanti Research Center, Fondazione IRCCS San Gerardo
dei Tintori, Monza, Italy. ’Department of Neurosciences, Neuroradiology, Fon-
dazione IRCCS San Gerardo dei Tintori, Monza, Italy. ®Neuroscience Intensive
Care Unit, Department of Anaesthesia and Critical Care, Fondazione IRCCS Ca’
Granda-Ospedale Maggiore Policlinico, Milan, Italy. Department of Patho-
physiology and Transplants, University of Milan, Milan, Italy.

Received: 26 May 2023 Accepted: 7 July 2023
Published online: 25 August 2023

References

1. NgSY, Lee AYW (2019) Traumatic brain injuries: pathophysiology and
potential therapeutic targets. Front Cell Neurosci 13:528. https://doi.org/
10.3389/fncel.2019.00528

2. Steyerberg EW, Wiegers E, Sewalt C et al (2019) Case-mix, care pathways,
and outcomes in patients with traumatic brain injury in CENTER-TBI: a
European prospective, multicentre, longitudinal, cohort study. Lancet
Neurol 18:923-934. https://doi.org/10.1016/51474-4422(19)30232-7

3. Voormolen DC, Polinder S, von Steinbuechel N et al (2020) Health-related
quality of life after traumatic brain injury: deriving value sets for the
QOLIBRI-OS for Italy, The Netherlands and The United Kingdom. Qual Life
Res 29:3095-3107. https://doi.org/10.1007/511136-020-02583-6

4. Maas AIR, Menon DK, Adelson PD et al (2017) Traumatic brain injury:
integrated approaches to improve prevention, clinical care, and research.
Lancet Neurol 16:987-1048. https://doi.org/10.1016/51474-4422(17)
30371-X

5. World Health Organization (2006) Neurological disorders: public health
challenges. World Health Organization, Geneva

6. Wilson L, Stewart W, Dams-O'Connor K et al (2017) The chronic and evolv-
ing neurological consequences of traumatic brain injury. Lancet Neurol
16:813-825. https://doi.org/10.1016/5S1474-4422(17)30279-X

7. Stocchetti N, Zanier ER (2016) Chronic impact of traumatic brain injury on
outcome and quality of life: a narrative review. Crit Care 20:148. https://
doi.org/10.1186/513054-016-1318-1

8. Roberts |, Yates D, Sandercock P et al (2004) Effect of intravenous corticos-
teroids on death within 14 days in 10008 adults with clinically significant
head injury (MRC CRASH trial): randomised placebo-controlled trial.
Lancet 364:1321-1328. https://doi.org/10.1016/S0140-6736(04)17188-2

9. Temkin NR, Anderson GD, Winn HR et al (2007) Magnesium sulfate for
neuroprotection after traumatic brain injury: a randomised controlled
trial. Lancet Neurol 6:29-38. https://doi.org/10.1016/51474-4422(06)
70630-5

10. Wright DW, Yeatts SD, Silbergleit R et al (2014) Very early administration of
progesterone for acute traumatic brain injury. N Engl J Med 371:2457-
2466. https://doi.org/10.1056/NEJMoa1404304

11. Carbonara M, Fossi F, Zoerle T et al (2018) Neuroprotection in traumatic
brain injury: mesenchymal stromal cells can potentially overcome some
limitations of previous clinical trials. Front Neurol 9:885. https://doi.org/
10.3389/fneur.2018.00885

12. Friedenstein AJ, Chailakhjan RK, Lalykina KS (1970) The development of
fibroblast colonies in monolayer cultures of guinea-pig bone marrow and
spleen cells. Cell Tissue Kinet 3:393-403

13. Karp JM, Leng Teo GS (2009) Mesenchymal stem cell homing: the devil
is in the details. Cell Stem Cell 4:206-216. https://doi.org/10.1016/j.stem.
2009.02.001

14. Lin C-H, Lin W, Su Y-C et al (2019) Modulation of parietal cytokine and
chemokine gene profiles by mesenchymal stem cell as a basis for neuro-
trauma recovery. J Formos Med Assoc 118:1661-1673. https://doi.org/10.
1016/fma.2019.01.008

15. LiY, Chen J, Chen XG et al (2002) Human marrow stromal cell therapy
for stroke in rat: neurotrophins and functional recovery. Neurology
59:514-523

16. LiJ, ZhuH, LiuY et al (2010) Human mesenchymal stem cell transplanta-
tion protects against cerebral ischemic injury and upregulates interleu-
kin-10 expression in Macacafascicularis. Brain Res 1334:65-72. https://doi.
org/10.1016/j.brainres.2010.03.080

17. Xin H, LiY, Shen LH et al (2010) Increasing tPA activity in astrocytes
induced by multipotent mesenchymal stromal cells facilitate neurite


https://doi.org/10.3389/fncel.2019.00528
https://doi.org/10.3389/fncel.2019.00528
https://doi.org/10.1016/S1474-4422(19)30232-7
https://doi.org/10.1007/s11136-020-02583-6
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/S1474-4422(17)30279-X
https://doi.org/10.1186/s13054-016-1318-1
https://doi.org/10.1186/s13054-016-1318-1
https://doi.org/10.1016/S0140-6736(04)17188-2
https://doi.org/10.1016/S1474-4422(06)70630-5
https://doi.org/10.1016/S1474-4422(06)70630-5
https://doi.org/10.1056/NEJMoa1404304
https://doi.org/10.3389/fneur.2018.00885
https://doi.org/10.3389/fneur.2018.00885
https://doi.org/10.1016/j.stem.2009.02.001
https://doi.org/10.1016/j.stem.2009.02.001
https://doi.org/10.1016/j.jfma.2019.01.008
https://doi.org/10.1016/j.jfma.2019.01.008
https://doi.org/10.1016/j.brainres.2010.03.080
https://doi.org/10.1016/j.brainres.2010.03.080

Zanier et al. Intensive Care Medicine Experimental

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

(2023) 11:56

outgrowth after stroke in the mouse. PLoS ONE 5:¢9027. https://doi.org/
10.1371/journal.pone.0009027

Zanier ER, Pischiutta F, Riganti L et al (2014) Bone marrow mesen-
chymal stromal cells drive protective M2 microglia polarisation after
brain trauma. Neurotherapeutics 11:679-695. https://doi.org/10.1007/
s13311-014-0277-y

Ohtaki H, Ylostalo JH, Foraker JE et al (2008) Stem/progenitor cells from
bone marrow decrease neuronal death in global ischemia by modulation
of inflammatory/immune responses. Proc Natl Acad Sci USA 105:14638-
14643. https://doi.org/10.1073/pnas.0803670105

Zhang R, LiuY, Yan K et al (2013) Anti-inflammatory and immunomodula-
tory mechanisms of mesenchymal stem cell transplantation in experi-
mental traumatic brain injury. J Neuroinflamm 10:106. https://doi.org/10.
1186/1742-2094-10-106

Peruzzaro ST, Andrews MMM, Al-Gharaibeh A et al (2019) Transplanta-
tion of mesenchymal stem cells genetically engineered to overexpress
interleukin-10 promotes alternative inflammatory response in rat model
of traumatic brain injury. J Neuroinflamm 16:2. https://doi.org/10.1186/
$12974-018-1383-2

Pischiutta F, Caruso E, Cavaleiro H et al (2022) Mesenchymal stromal

cell secretome for traumatic brain injury: focus on immunomodulatory
action. Exp Neurol 357:114199. https://doi.org/10.1016/j.expneurol.2022.
114199

Pischiutta F, D’Amico G, Dander E et al (2014) Immunosuppression does
not affect human bone marrow mesenchymal stromal cell efficacy

after transplantation in traumatised mice brain. Neuropharmacology
79:119-126. https://doi.org/10.1016/j.neuropharm.2013.11.001

Pischiutta F, Brunelli L, Romele P et al (2016) Protection of brain injury by
amniotic mesenchymal stromal cell-secreted metabolites. Crit Care Med
44:¢1118-e1131. https://doi.org/10.1097/CCM.0000000000001864
MengeT, ZhaoY, Zhao J et al (2012) Mesenchymal stem cells regulate
blood-brain barrier integrity through TIMP3 release after traumatic brain
injury. Sci Transl Med 4:161ra150. https://doi.org/10.1126/scitransimed.
3004660

Zacharek A, Chen J, Cui X et al (2007) Angiopoietin1/Tie2 and VEGF/FIk1
induced by MSC treatment amplifies angiogenesis and vascular stabilisa-
tion after stroke. J Cereb Blood Flow Metab 27:1684-1691. https://doi.
0rg/10.1038/sj.jcbfm.9600475

Yoo S-W, Kim S-S, Lee S-Y et al (2008) Mesenchymal stem cells promote
proliferation of endogenous neural stem cells and survival of newborn
cells in a rat stroke model. Exp Mol Med 40:387-397. https://doi.org/10.
3858/emm.2008.40.4.387

Bao X, Wei J, Feng M et al (2011) Transplantation of human bone
marrow-derived mesenchymal stem cells promotes behavioral recovery
and endogenous neurogenesis after cerebral ischemia in rats. Brain Res
1367:103-113. https://doi.org/10.1016/j.brainres.2010.10.063
Gutiérrez-Fernandez M, Rodriguez-Frutos B, Ramos-Cejudo J et al (2013)
Effects of intravenous administration of allogenic bone marrow- and
adipose tissue-derived mesenchymal stem cells on functional recovery
and brain repair markers in experimental ischemic stroke. Stem Cell Res
Ther 4:11. https://doi.org/10.1186/scrt159

Cossu G, Birchall M, Brown T et al (2018) Lancet commission: stem cells
and regenerative medicine. Lancet 391:883-910. https://doi.org/10.1016/
S0140-6736(17)31366-1

Fu'Y, Karbaat L, Wu L et al (2017) Trophic effects of mesenchymal stem
cells in tissue regeneration. Tissue Eng Part B Rev 23:515-528. https://doi.
0rg/10.1089/ten.TEB.2016.0365

Lu D, Mahmood A, Wang L et al (2001) Adult bone marrow stromal cells
administered intravenously to rats after traumatic brain injury migrate
into brain and improve neurological outcome. NeuroReport 12:559-563
Pischiutta F, Caruso E, Lugo A et al (2021) Systematic review and meta-
analysis of preclinical studies testing mesenchymal stromal cells for
traumatic brain injury. NPJ Regen Med 6:71. https://doi.org/10.1038/
$41536-021-00182-8

Zanier ER, Montinaro M, Vigano M et al (2011) Human umbilical cord
blood mesenchymal stem cells protect mice brain after trauma. Crit Care
Med 39:2501-2510. https://doi.org/10.1097/CCM.0b013e31822629ba
Thompson M, Mei SHJ, Wolfe D et al (2020) Cell therapy with intravascular
administration of mesenchymal stromal cells continues to appear safe:
an updated systematic review and meta-analysis. EClinicalMedicine
19:100249. https://doi.org/10.1016/j.eclinm.2019.100249

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 10 of 11

Qu W, Wang Z, Hare JM et al (2020) Cell-based therapy to reduce mortal-
ity from COVID-19: systematic review and meta-analysis of human
studies on acute respiratory distress syndrome. Stem Cells Transl Med
9:1007-1022. https://doi.org/10.1002/sctm.20-0146

Center for Drug Evaluation and Research (2005) Estimating the maximum
safe starting dose in initial clinical trials for therapeutics in adult healthy
volunteers. In: U.S. Food and Drug Administration. http://www.fda.gov/
regulatory-information/search-fda-guidance-documents/estimating-
maximum-safe-starting-dose-initial-clinical-trials-therapeutics-adult-healt
hy-volunteers. Accessed 23 Sep 2019

Nair AB, Jacob S (2016) A simple practice guide for dose conversion
between animals and human. J Basic Clin Pharm 7:27-31. https://doi.org/
10.4103/0976-0105.177703

Kabat M, Bobkov I, Kumar S, Grumet M (2020) Trends in mesenchymal
stem cell clinical trials 2004-2018: Is efficacy optimal in a narrow dose
range? Stem Cells Transl Med 9:17-27. https://doi.org/10.1002/sctm.
19-0202

Matthay MA, Calfee CS, Zhuo H et al (2019) Treatment with allogeneic
mesenchymal stromal cells for moderate to severe acute respiratory dis-
tress syndrome (START study): a randomised phase 2a safety trial. Lancet
Respir Med 7:154-162. https://doi.org/10.1016/52213-2600(18)30418-1
Shahim P, Zetterberg H, Tegner Y, Blennow K (2017) Serum neurofilament
light as a biomarker for mild traumatic brain injury in contact sports. Neu-
rology 88:1788-1794. https://doi.org/10.1212/WNL.0000000000003912
Hossain I, Mohammadian M, Takala RSK et al (2019) Early levels of glial
fibrillary acidic protein and neurofilament light protein in predicting the
outcome of mild traumatic brain injury. J Neurotrauma 36:1551-1560.
https://doi.org/10.1089/neu.2018.5952

Zetterberg H, Hietala MA, Jonsson M et al (2006) Neurochemical after-
math of amateur boxing. Arch Neurol 63:1277-1280. https://doi.org/10.
1001/archneur.63.9.1277

Korley FK, Jain S, Sun X et al (2022) Prognostic value of day-of-injury
plasma GFAP and UCH-L1 concentrations for predicting functional
recovery after traumatic brain injury in patients from the US TRACK-TBI
cohort: an observational cohort study. Lancet Neurol 21:803-813. https://
doi.org/10.1016/51474-4422(22)00256-3

Helmrich IRAR, Czeiter E, Amrein K et al (2022) Incremental prognostic
value of acute serum biomarkers for functional outcome after traumatic
brain injury (CENTER-TBI): an observational cohort study. Lancet Neurol
21:792-802. https://doi.org/10.1016/51474-4422(22)00218-6

Czeiter E, Amrein K, Gravesteijn BY et al (2020) Blood biomarkers on
admission in acute traumatic brain injury: relations to severity, CT find-
ings and care path in the CENTER-TBI study. EBioMedicine 56:102785.
https://doi.org/10.1016/j.ebiom.2020.102785

Gardner RC, Rubenstein R, Wang KKW et al (2018) Age-related differences
in diagnostic accuracy of plasma glial fibrillary acidic protein and tau

for identifying acute intracranial trauma on computed tomography: a
TRACK-TBI Study. J Neurotrauma 35:2341-2350. https://doi.org/10.1089/
neu.2018.5694

Papa L, Silvestri S, Brophy GM et al (2014) GFAP out-performs S1008 in
detecting traumatic intracranial lesions on computed tomography in
trauma patients with mild traumatic brain injury and those with extrac-
ranial lesions. J Neurotrauma 31:1815-1822. https://doi.org/10.1089/neu.
2013.3245

Shahim P, Gren M, Liman V et al (2016) Serum neurofilament light protein
predicts clinical outcome in traumatic brain injury. Sci Rep 6:36791.
https://doi.org/10.1038/srep36791

Graham NSN, Zimmerman KA, Moro F et al (2021) Axonal marker neuro-
filament light predicts long-term outcomes and progressive neurode-
generation after traumatic brain injury. Sci Transl Med 13:eabg9922.
https://doi.org/10.1126/scitransimed.abg9922

Shahim P, Politis A, van der Merwe A et al (2020) Neurofilament light as a
biomarker in traumatic brain injury. Neurology 95:e610-e622. https://doi.
org/10.1212/WNL.0000000000009983

Kuhle J, Gaiottino J, Leppert D et al (2015) Serum neurofilament light
chain is a biomarker of human spinal cord injury severity and outcome.

J Neurol Neurosurg Psychiatry 86:273-279. https://doi.org/10.1136/
jnnp-2013-307454

. Kuhle J, Kropshofer H, Haering DA et al (2019) Blood neurofilament light

chain as a biomarker of MS disease activity and treatment response.


https://doi.org/10.1371/journal.pone.0009027
https://doi.org/10.1371/journal.pone.0009027
https://doi.org/10.1007/s13311-014-0277-y
https://doi.org/10.1007/s13311-014-0277-y
https://doi.org/10.1073/pnas.0803670105
https://doi.org/10.1186/1742-2094-10-106
https://doi.org/10.1186/1742-2094-10-106
https://doi.org/10.1186/s12974-018-1383-2
https://doi.org/10.1186/s12974-018-1383-2
https://doi.org/10.1016/j.expneurol.2022.114199
https://doi.org/10.1016/j.expneurol.2022.114199
https://doi.org/10.1016/j.neuropharm.2013.11.001
https://doi.org/10.1097/CCM.0000000000001864
https://doi.org/10.1126/scitranslmed.3004660
https://doi.org/10.1126/scitranslmed.3004660
https://doi.org/10.1038/sj.jcbfm.9600475
https://doi.org/10.1038/sj.jcbfm.9600475
https://doi.org/10.3858/emm.2008.40.4.387
https://doi.org/10.3858/emm.2008.40.4.387
https://doi.org/10.1016/j.brainres.2010.10.063
https://doi.org/10.1186/scrt159
https://doi.org/10.1016/S0140-6736(17)31366-1
https://doi.org/10.1016/S0140-6736(17)31366-1
https://doi.org/10.1089/ten.TEB.2016.0365
https://doi.org/10.1089/ten.TEB.2016.0365
https://doi.org/10.1038/s41536-021-00182-8
https://doi.org/10.1038/s41536-021-00182-8
https://doi.org/10.1097/CCM.0b013e31822629ba
https://doi.org/10.1016/j.eclinm.2019.100249
https://doi.org/10.1002/sctm.20-0146
http://www.fda.gov/regulatory-information/search-fda-guidance-documents/estimating-maximum-safe-starting-dose-initial-clinical-trials-therapeutics-adult-healthy-volunteers
http://www.fda.gov/regulatory-information/search-fda-guidance-documents/estimating-maximum-safe-starting-dose-initial-clinical-trials-therapeutics-adult-healthy-volunteers
http://www.fda.gov/regulatory-information/search-fda-guidance-documents/estimating-maximum-safe-starting-dose-initial-clinical-trials-therapeutics-adult-healthy-volunteers
http://www.fda.gov/regulatory-information/search-fda-guidance-documents/estimating-maximum-safe-starting-dose-initial-clinical-trials-therapeutics-adult-healthy-volunteers
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1002/sctm.19-0202
https://doi.org/10.1002/sctm.19-0202
https://doi.org/10.1016/S2213-2600(18)30418-1
https://doi.org/10.1212/WNL.0000000000003912
https://doi.org/10.1089/neu.2018.5952
https://doi.org/10.1001/archneur.63.9.1277
https://doi.org/10.1001/archneur.63.9.1277
https://doi.org/10.1016/S1474-4422(22)00256-3
https://doi.org/10.1016/S1474-4422(22)00256-3
https://doi.org/10.1016/S1474-4422(22)00218-6
https://doi.org/10.1016/j.ebiom.2020.102785
https://doi.org/10.1089/neu.2018.5694
https://doi.org/10.1089/neu.2018.5694
https://doi.org/10.1089/neu.2013.3245
https://doi.org/10.1089/neu.2013.3245
https://doi.org/10.1038/srep36791
https://doi.org/10.1126/scitranslmed.abg9922
https://doi.org/10.1212/WNL.0000000000009983
https://doi.org/10.1212/WNL.0000000000009983
https://doi.org/10.1136/jnnp-2013-307454
https://doi.org/10.1136/jnnp-2013-307454

Zanier et al. Intensive Care Medicine Experimental

54.

55.

56.

57.

58.

59.

60.

61.

(2023) 11:56

Neurology 92:21007-e1015. https://doi.org/10.1212/WNL.0000000000
007032

Scott G, Zetterberg H, Jolly A et al (2018) Minocycline reduces chronic
microglial activation after brain trauma but increases neurodegeneration.
Brain 141:459-471. https://doi.org/10.1093/brain/awx339

Introna M, Lucchini G, Dander E et al (2014) Treatment of graft versus host
disease with mesenchymal stromal cells: a phase | study on 40 adult and
pediatric patients. Biol Blood Marrow Transplant 20:375-381. https://doi.
0rg/10.1016/j.bbmt.2013.11.033

Simon R, Wittes R, Ellenberg S (1985) Randomised phase Il clinical trials.
Cancer Treat Rep 69:1375-1381

Kawabori M, Weintraub AH, Imai H et al (2021) Cell therapy for chronic
TBI: interim analysis of the randomized controlled STEMTRA trial. Neurol-
ogy. https://doi.org/10.1212/WNL000000000001 1450

Wang S, Cheng H, Dai G et al (2013) Umbilical cord mesenchymal stem
cell transplantation significantly improves neurological function in
patients with sequelae of traumatic brain injury. Brain Res 1532:76-84.
https://doi.org/10.1016/j.brainres.2013.08.001

Wang F, Li Y, Wang B et al (2023) The safety and efficacy of mesenchymal
stromal cells in ARDS: a meta-analysis of randomised controlled trials. Crit
Care 27:31. https://doi.org/10.1186/513054-022-04287-4

Rockwood K, Song X, MacKnight C et al (2005) A global clinical measure
of fitness and frailty in elderly people. CMAJ 173:489-495. https://doi.org/
10.1503/cmaj.050051

Steyerberg EW, Mushkudiani N, Perel P et al (2008) Predicting outcome
after traumatic brain injury: development and international validation of
prognostic scores based on admission characteristics. PLoS Med 5:¢165;
discussion e165. https://doi.org/10.1371/journal.pomed.0050165

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1212/WNL.0000000000007032
https://doi.org/10.1212/WNL.0000000000007032
https://doi.org/10.1093/brain/awx339
https://doi.org/10.1016/j.bbmt.2013.11.033
https://doi.org/10.1016/j.bbmt.2013.11.033
https://doi.org/10.1212/WNL.0000000000011450
https://doi.org/10.1016/j.brainres.2013.08.001
https://doi.org/10.1186/s13054-022-04287-4
https://doi.org/10.1503/cmaj.050051
https://doi.org/10.1503/cmaj.050051
https://doi.org/10.1371/journal.pmed.0050165

	MesenchymAl stromal cells for Traumatic bRain Injury (MATRIx): a study protocol for a multicenter, double-blind, randomised, placebo-controlled phase II trial
	Abstract 
	Background 
	Methodsdesign 
	Discussion 

	Background and rationale of the study
	MSC pleiotropic effects
	Preclinical evidence
	Neurofilament light as a pharmacodynamic marker

	Study design and objectives
	Primary objectives
	Secondary objectives

	Methods
	Study setting
	Informed consent procedures
	Study drug production and preparation
	Management of adverse events
	Statistical design and sample size
	Step 1
	Step 2

	Random allocation procedure
	Blinding
	Data analysis

	Discussion
	Acknowledgements
	References


