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ABSTRACT—Trauma is a leading cause of death in both military and civilian populations worldwide. Although medical
advances have improved the overall morbidity and mortality often associated with trauma, additional research and innovative
advancements in therapeutic interventions are needed to optimize patient outcomes. Cell-based therapies present a novel
opportunity to improve trauma and critical care at both the acute and chronic phases that often follow injury. Although this
field is still in its infancy, animal and human studies suggest that stem cells may hold great promise for the treatment of brain
and spinal cord injuries, organ injuries, and extremity injuries such as those caused by orthopedic trauma, burns, and critical
limb ischemia. However, barriers in the translation of cell therapies that include regulatory obstacles, challenges in
manufacturing and clinical trial design, and a lack of funding are critical areas in need of development. In 2015, the
Department of Defense Combat Casualty Care Research Program held a joint military—civilian meeting as part of its effort to
inform the research community about this field and allow for effective planning and programmatic decisions regarding
research and development. The objective of this article is to provide a “state of the science” review regarding cellular
therapies in trauma and critical care, and to provide a foundation from which the potential of this emerging field can be
harnessed to mitigate outcomes in critically ill trauma patients.
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neurotrauma, organ injury, orthopedic trauma, spinal cord injury, stem cells, trauma and critical care medicine, traumatic

brain injury, wound healing

INTRODUCTION

As the United States emerges from the longest period of
combat operations in its history, the military’s continuously
learning system in trauma—trauma system, trauma research,
and trauma training—must take stock of lessons learned (1). This
recent period of combat witnessed progress including an under-
standing of the epidemiology of mortality and morbidity on the
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battlefield (1). From this informed platform, the requirements-
driven research aspect of the learning system delivered knowl-
edge and material solutions to mitigate the effects of hemorrhage
and shock—topics that in the year 2000 were poorly defined and
generally considered unsolvable. The impact of the military’s
learning system in trauma in Afghanistan was a reduction in the
case fatality rate following wartime injury (2). Although this
advance is laudable, it was achieved in a relatively stable theater
of war with short medical evacuations and timely access to
advanced levels of care. Furthermore, the reduction in case
fatality resulted in the survival of more severely injured persons,
and thus a challenging “burden of survivorship.”

In 2015, the Department of Defense (DoD) Combat Casualty
Care Research Program (CCCRP) is endeavoring to spur inno-
vation in trauma care for both future and potentially more
complex operational scenarios, including those in which initial
resuscitation and operative intervention are delayed (2,3). In the
area of resuscitation, the CCCRP supports research in the broad
categories of procedural adjuncts (i.e., mechanical devices) and
medical therapies (i.e., blood and pharmacologics). As the
program explores new ways to tackle problems that today seem
unsolvable, it is in this latter category of “‘medical therapies”
where the emerging topic of cellular therapies rests. As the
following pages outline, cell-based therapy holds promise in
the immediate resuscitation phase following severe injury as well
as the subacute or later phases of management. This review
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follows a joint military—civilian meeting convened by the
CCCREP as part of its effort to inform the research community
and allow more effective planning and programming of research.
The participants/presenters of this meeting are acknowledged at
the end of the article. As a product of that meeting, the objective
of this review is to provide a “state of the science” summary of
cellular therapies for trauma and a foundation from which the
potential of this emerging field can be harnessed. It is the hope of
the authors that this effort will culminate in knowledge and
material solutions that will improve survival and lessen the
burden of survivorship following trauma, including vexing injury
patterns that today seem unsolvable.

THE NEED FOR NOVEL THERAPIES IN TRAUMA
AND CRITICAL CARE MEDICINE

In recent years, improved methods to stop bleeding, opti-
mally resuscitate, and correct the coagulopathy of trauma have
increased the overall survival rate following severe traumatic
injury associated with hemorrhage (4,5). The US federal gov-
ernment supports research to improve the general health of the
nation as well as promote positive outcomes after disease and
injury. As a result, overall life expectancy has increased by
11%, from 70.8 to 78.8 years (1970-2012), whereas cancer-
and heart disease-related mortality have decreased by 20%
(1991-2009) and 31% (2000—-2010), respectively. However,
during similar periods, injury-related mortality has risen. In the
past decade, there has been a 23% increase in trauma-related
mortality within the United States (2000—-2010) and a 24%
increase worldwide (1990-2010). Unfortunately, funding for
injury-related research and overall interest in the development
of novel therapeutics in this field lags far behind other public
health concerns such as cancer, human immunodeficiency virus
(HIV) infection, and heart disease (5).

Trauma is the leading cause of death for individuals between
the ages of 1 and 44 and the third leading cause of death in the
United States overall (6), accounting for approximately
180,000 fatalities each year. Between 2000 and 2010, traumatic
injury increased from the leading cause of death among indi-
viduals younger than 43 to the leading cause of death for those
under age 46. Likewise, traumatic injury increased from the
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leading cause of life-years lost up to age 65 to age 75. The cause
of trauma-related mortality has remained constant over the
years, with head injuries accounting for 42% to 52%, hemor-
rhage causing 30% to 39%, and multiple organ failure (MOF)
resulting in 7% to 11% of fatalities.

Deaths from hemorrhage occur rapidly, often within 2h of
admission, whereas successful hemostasis usually occurs
within 105 min of hospital admission (4). For patients suffering
from severe injury and hemorrhage, mortality rates of greater
than 25% are common. Damage control resuscitation and
hemorrhage control devices have decreased hemorrhage-
related mortality in civilian trauma practice with little effect
on improving outcomes following traumatic brain injury (TBI).
Furthermore, most of the deaths occurring after 8 h and before
3 days of admission result from head injury, with the median
time of TBI-related death occurring at 29 h (7). After 3 days of
admission, the remaining 25% of deaths occur at a low but
steady rate (see Fig. 1), and result from a complex interplay of
infection, inflammation, microvascular compromise, and dys-
functional coagulation, which is known as the endotheliopathy
of trauma and is associated with tissue injury, shock, and
resuscitation (8). Specifically, these fatalities occur as a result
of a combination of sepsis, MOF, acute respiratory distress
syndrome (ARDS), acute renal failure (ARF), venous throm-
boembolic disease, as well as cerebral edema and neuronal
death after TBI. In summary, these are all inflammatory
conditions causing substantial death after 48 to 72h in the
hospital, and are therefore potential targets for new therapies.

To date, the greatest advances in the treatment and care of
traumatically injured and bleeding patients have been the
development of improved methodologies for hemorrhage con-
trol and the effective paradigms for resuscitation and blood
product usage (9). Much of the progress and innovation in
trauma care and resuscitation of the bleeding patient has been
driven by the wars in Iraq and Afghanistan; however, in terms of
novel therapeutics, few products, drugs, or biologics have been
shown to significantly improve outcomes, with the exception of
the antifibrinolytic tranexamic acid (10). This is clearly evident
in the case of investigational therapies for TBI, where the
majority of clinical trials have failed to demonstrate significant
benefits in the designated primary and secondary outcome

~ 40% of deaths occur after day 1
~ 26% of deaths occur after 3 days
Low but steady rate

Fic. 1.

Time

Time to death from admission from a retrospective review of 1,029 deaths over 4 years at a single large urban trauma center—the University

of Texas Houston, Texas. The majority of deaths occur very early, 40% after day 1, but 26% occur after day 3 (4).
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measures (11). In this instance, the cause of these failures is
multifactorial and includes heterogeneity of the disease, com-
plex outcome measures, and a lack of scientific understanding
of the disease and its potential therapeutic targets.

Cellular therapies have the unique ability to modulate
multiple therapeutic targets such as inflammation, vascular
dysfunction, cell death, and tissue loss. These pleiotropic
effects can potentially address the complex and heterogeneous
patterns of trauma-induced injury. For example, in TBI, cellular
therapies administered acutely after injury have been shown to
modulate blood brain barrier (BBB) permeability, the pro-
duction of inflammatory cytokines and chemokines, as well
as the activation of critical inflammatory cells such as micro-
glia, neutrophils, and macrophages (12,13). Aside from the
primary physical insult, injury in TBI is also due to a secondary
wave of injury characterized by chronic inflammation, pro-
gressive neuronal cell loss, and vascular compromise, all of
which are endpoints addressable by cell therapies. These
multiple levels of dysfunction suggest that TBI patients may
benefit tremendously from a multimodal therapeutic approach.
Similarly, the treatment of MOF may also benefit from such a
multifaceted approach as it too is characterized by a complex
heterogeneous pattern of ischemia—reperfusion injury, unregu-
lated inflammatory responses, dysfunctional coagulation, and
organ damage. There are multiple cell types with unique and
defined properties that have been investigated in traumatic
injury and critical care applications. The optimal cell type,
safety, efficacy, cell source, delivery route, dose, and timing of
administration are still active areas of preclinical investigation
and development.

SOURCES AND TYPES OF CELLS, ROUTES OF
ADMINISTRATION, DOSE, AND TIMING

Cellular therapies have the potential to address multiple
therapeutic targets in injury that are not currently achievable

Sources of Stem Cells
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through the optimized resuscitation paradigms and supportive
care in standard use. This has garnished increasing excitement
over cellular therapies and their therapeutic potential over the
past 15 years. There have been a number of goals for stem cell
therapies that include: (1) mediating cell replacement such as
the replacement of dead cells and tissue, (2) mediating cell
protection that prevents further damage, (3) modifying the
microenvironment (i.e., inflammatory mediators that exacer-
bate injury), and (4) stimulation of self-regenerative and
reparative processes.

A stem cell, by definition, can be of two kinds—multipotent
or pluripotent. A pluripotent stem cell, such as embryonic stem
cells (ESCs) (Fig. 2), can continuously proliferate and asym-
metrically divide to self-renew and generate daughter cells
committed to differentiation. In contrast, a multipotent stem
cell demonstrates a limited proliferative capacity and differ-
entiation potential. Cellular therapies can be derived from
multiple tissue sources (Fig. 2). In terms of differentiation
potential, there are essentially two cell types that have the
capacity to differentiate and form all tissues of the body. These
pluripotent cells include ESCs derived from fetal tissue and
induced pluripotent stem cells (iPSCs), which can be derived
from various adult tissue sources, including the skin, blood, or
liver (14).

There are a number of sources for stem and progenitor cells
in the human body (see Fig. 2). In addition, many of these cells
have been investigated at the preclinical and clinical levels for
their potential to treat a number of trauma- and critical care-
related applications (see Table 1). Bone marrow mononuclear
cells (BMMNCs) and hematopoietic stem cells (HSCs) are
typically derived from bone marrow (BM) or blood, respect-
ively, and these cell types have been used clinically for decades
to treat hematologic malignancies and BM failure syndromes
(15). Other cell types include neural stem cells (NSCs), endo-
thelial progenitor cells (EPCs), mesenchymal stem cells
(MSCs), multipotent adult progenitor cells (MAPCs), iPSCs,
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Fia. 2. Sources of stem cells for infusion or transplantation. This illustration shows various tissue sources of stem cells, including neural stem cells
(NSCs), induced pluripotent stem sells (iPSCs), mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), and direct conversion methods to yield cells for
transplantation. NSCs can be isolated from the fetal and adult brain, and spinal cord can be differentiated into progenitor cells, such as oligodendrocyte precursor
cells (OPCs) and mature oligodendrocytes, or astrocytes or neurons depending on culture conditions and exposure to growth factors. The same is true for MSCs
which can be isolated from a variety of tissues and under the correct culture conditions differentiated to adipocytes, chrondrocytes, and osteocytes. ESCs and
iPSCs are pluripotent and can form any cell type in the body if cultured correctly. Bone marrow mononuclear cells (BMMNCs) and hematopoietic stem cells (HSCs)

can form cells of blood and immune cell lineages.
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TasLE 1. Stem cell types
Differentiation Preclinical Clinical
Stem cell type Source Progeny potential investigation investigation
Neural stem cells (40,41) Central nervous system Neurons, astrocytes, Tripotent Neurotrauma Neurotrauma
and oligodendrocytes
Hematopoietic stem cells  Peripheral blood and Myeloid and lymphoid Multipotent Neurotrauma Neurotrauma
(15, 45) the bone marrow blood lineages
Renal and lung  Renal and lung
Burns Burns
Embryonic stem cells Inner cell mass of a blastocyst Any cell type Pluripotent Organ injury Organ injury
(52-56)
Mesenchymal stem cells  Bone marrow, cord blood, Osteoblasts, chondrocytes, Multipotent Neurotrauma Neurotrauma
(16, 63) peripheral blood, fallopian myocytes, and
tube, and fetal liver and lung adipocytes
Induced pluripotent stem  Adult cells Any cell type Pluripotent Organ injury Organ injury
cells (69)
Endothelial progenitor Peripheral blood, bone marrow, Endothelial cells Unipotent Organ injury Neurotrauma and

cells umbilical cord blood, fetal liver

organ injury

and ESC-derived neural precursors, to name a few (16,17).
Other forms of cellular therapies that have been investigated
involve fully mature, differentiated adult cells known as
somatic cell therapies. However, the majority of cells under
investigation clinically are MSCs and MAPCs, which are
typically isolated from allogeneic tissue sources.

MAPCs and MSCs were originally derived from BM and
identified as the cell population that has the capacity to adhere
and expand on plastic tissue culture dishes (16—19). These cells
are currently defined by their expression of distinct cell surface
antigens, which do not include HSC markers. MSCs express
CD29, CD44, CD73, CD90, and CD105, and lack the expres-
sion of CDI14, CD34, CD45, and HLA-DR. The major
advantage of MSCs/MAPCs is that they can be autologously
transplanted and are able to differentiate into cells of adipocyte,
chondrocyte, and osteocyte lineage. In addition, under defined
culture conditions, MSCs and MAPCs have been shown to
differentiate into other cell types such as endothelial cells,
neurons, and cardiomyocytes. Importantly, these cells have low
immunogenicity, and their reported immunomodulatory prop-
erties are of critical value in the therapeutic setting.

MSC:s are widespread throughout a variety of tissues, includ-
ing in Wharton jelly of the umbilical cord, adipose tissue, adult
muscle, and the dental pulp of deciduous baby teeth. MSCs and
MAPCs require expansion after collection and can be stored in
therapeutic aliquots for rapid deployment, which makes them
amenable to timely administration after traumatic injury. In
terms of optimal doses, timing, and routes of delivery, each cell
type has predominantly been investigated in preclinical models.
In regards to the route of delivery, direct implantation, intra-
venous (IV), intra-arterial, and intratracheal delivery have been
investigated. Further investigation is warranted in this area to
optimally determine the timing, dose, and routes of delivery
that maximize the therapeutic effects of these cells while
maintaining their safety profile. Logistically, they can be stored
as a shelved therapeutic for rapid processing and use. Data
suggest that they do not require initial HLA cross matching and
can be expanded in large numbers in an automated fashion.
Although MSCs have been proven to be safe in multiple clinical
trials, further studies are necessary to identify the long-term

consequences of treatment. For a bleeding trauma patient,
achieving hemostasis is paramount. MSCs have been shown
to express tissue factor (TF); however, their role in coagulation
and the safety of TF expression by MSCs in hemorrhage and
hemostasis has yet to ascertained. After hemostasis is achieved
in trauma patients, up to 80% will develop an inflammatory
complication that results in organ injury and MOF such as ARF
and ARDS.

In terms of timing, there are multiple time points during
which cellular therapies could be effective in mitigating out-
comes. Early delivery of cells may attenuate the inflammatory
cascade that begins immediately after injury and results in
progressive tissue damage and organ injury; however, further
investigation is required at the preclinical level to determine the
optimal time of delivery that promotes and supports repair and
recovery. Use of cells at early acute time points will likely
require allogeneic sources of cells, whereas autologous cells
can be administered at later time points to address chronic
disease. In cases where treatments are administered days or
weeks after injury, fresh autologous, amplified autologous, or
allogeneic cells can be used. Although further investigation at
both the preclinical and clinical levels is needed, cellular
therapies hold great promise in addressing the morbidity and
mortality in trauma associated inflammatory conditions and
could lead to therapeutic interventions that significantly
improve outcomes in critically injured patients.

CELLULAR THERAPIES IN NEUROTRAUMA

Neurotrauma remains a significant public health concern in
both civilian and military populations worldwide (20). TBI is
the leading cause of death in all individuals ages 1 to 44 (21). In
the United States, TBI affects approximately 1.7 million people
each year and is a leading cause of injury-related death and
disability (22). There are currently an estimated 5.3 million
people living with TBI and 270,000 people living with spinal
cord injury (SCI)-related disabilities in the United States alone.
Aside from the mortality associated with TBI and SCI, survi-
vors often suffer long-term consequences that include physical,
emotional, and cognitive impairments resulting in a profound
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loss in quality of life and productivity. The primary causes of
neurotrauma in the civilian population are motor vehicle acci-
dents, sport-related injuries, falls, and occupational trauma. In
the military, neurotrauma can result from similar causes, but
combat wounds are predominately penetrating and include the
combat-related injuries inflicted by improvised explosive
device explosions, and gunshot wounds to the head (23,24).
Penetrating TBI and SCIT has received less attention and is often
excluded from randomized trials.

Mechanistically, TBI and SCI are similarly characterized by
a first wave of damage caused by the primary injury itself, and a
secondary wave or cascade that is modulated by ongoing
inflammation, neuronal cell death, fluid and electrolyte imbal-
ances, free radical damage, and cerebral edema that leads to
further persistent damage (25). Many groups have shown that
chronic inflammation and microglial activation continue for
extended periods of time in the brain post-TBI (26). The
complex mechanisms and unclear therapeutic targets involved
in both TBI and SCI have complicated advances in new and
effective treatment options, which currently remain limited and
generally ineffective.

Although cellular therapies have shown promise and poten-
tial in treating TBI and SCI, clinically translatable therapeutics
are still early in development. Cell types investigated at the
preclinical stages include ESCs, MSCs, MAPCs, neural stem/
progenitor cells, Schwann cells, and iPSCs. Cellular thera-
peutics in neurotrauma have focused on addressing a number
of potentially modifiable therapeutic targets, which include
neuroprotective approaches aiming to replace lost neurons,
reform lost connections, decrease blood—central nervous sys-
tem barrier permeability and edema, and decrease overall
inflammation. Preclinical studies in animal models have pro-
vided some insight on the potential advantages and disadvan-
tages of various cellular therapies and their mechanisms of
action; however, a major pitfall in the field has been that no
single model can fully recapitulate the complex heterogeneity
of the disease. This has made translation of preclinical findings
(i.e., dose, timing, cell types, and optimal target population)
challenging and an area worthy of research and development.

Traumatic brain injury

There are few, if any, effective therapies for the treatment of
severe TBI. Treatment options for injured patients are limited
to controlling intracranial pressure and optimizing cerebral
perfusion (27-29). The main treatment modalities are
(1) evacuating extra-axial clots, (2) drainage of cerebrospinal
fluid (CSF), (3) decompressive craniectomy, and (4) hyper-
osmolar infusions. None of these approaches mitigate the
primary drivers of the secondary neuroinflammatory response
or interrupt the inflammatory cascade. Adult BM stem and
progenitor cells have been the main cell types investigated
preclinically for the treatment of TBI (30). These cell types
include BMMNCs, MSCs, and MAPCSs. All three of these
cells have demonstrated significant therapeutic effects on
regulating BBB permeability, neuroinflammation, neuropro-
tection, and neurocognitive outcomes in preclinical rodent
models (12,31-33). In early studies, whole BM infusions
administered post-TBI were shown to result in migration of
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infused cells to the site of injury and were associated with a
limited improvement in motor function (34). Cox and col-
leagues have shown that autologous adult BMMNCs and also
multipotent adult MAPCs have potent therapeutic effects on
BBB permeability and microglial activation, and can also
result in long-term improvements in spatial learning following
TBI (13,32,35).

Mechanistically, a number of groups have demonstrated the
migration of [V-administered cells to injury sites post-TBI and
the subsequent survival of some of these cells (i.e., MSCs) with
small numbers acquiring markers of neurons and astrocytes
(33,34). However, more recent work strongly suggests that
these differentiated cells are not integrated into functional
neuronal circuitry, and the beneficial effects of the cells, similar
to the observed effects in ARDS studies, are largely mediated
by soluble factors secreted by the cells after IV infusion.
Biodistribution tracking studies have demonstrated that IV
delivery of MSCs and MAPCs results in more than 90% of
the cells being lodged in the lungs of injured animals due to a
first-pass effect through the pulmonary vasculature (36). Pati
and colleagues have shown that [V MSCs, administered 2 and
24 h after TBI in a rodent model of controlled contusion injury,
result in significantly decreased BBB permeability, which is
associated with decreased inflammatory infiltrates and
increased vascular integrity within the injured brain (12,31).
These effects were subsequently found to be in part due to
production of the soluble factor Tissue Inhibitor of Matrix
Metalloproetinases-3 by the MSCs (31). Prockop and col-
leagues have also investigated the potential of MSCs and
another MSC-derived factor, tumor necrosis factor-stimulated
gene 6 (TSG-6), in TBI (37). TSG-6 has been shown to
recapitulate many of the protective effects of the MSCs them-
selves, hence reaffirming the notion that soluble factors or an
MSC ‘“‘secretome” can recapitulate many of the effects of the
cells and play a critical role in the mechanism of action of
MSCs (38).

NSCs are another cell type that has been investigated pre-
clinically for the treatment of TBI (see Fig. 2). NSCs can be
isolated from many parts of the fetal or adult brain, but the most
common niche is found within the subventricular zone of the
lateral ventricle and the dentate gyrus of the hippocampus (39).
NSCs are multipotent and possess the ability to differentiate
into cells of neural origin, including neurons, oligodendrocytes,
and astroglia (40). Although difficult to isolate and culture,
these cells hold significant potential as the progenitor cells of
the neural lineage. Administration of these cells has typically
been via direct implantation into the injured brain, which is
challenging and has implications on safety due to the invasive
nature of this delivery route. Classically, transplantation of
NSCs into the cortex of injured rats has demonstrated that these
cells can differentiate into neurons and produce soluble factors
that may also improve cognitive function after TBI (41). Cox
and colleagues have demonstrated that direct transplantation of
NSCs after cortical impact injury results in 1% to 3% of cells
being engrafted within 2 weeks of treatment. NSC engraftment
was associated with an improvement in motor function; how-
ever, no recovery of cognitive function was identified in these
studies (42). A study by Lee et al. investigated the potential
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anti-inflammatory effect of systemic NSC infusion using a rat
model of intracerebral hemorrhage (43). NSCs were IV and
administrated at 2 and 24 h after injury. This treatment was
compared with NSCs that were directly transplanted at similar
time points. Systemically infused NSCs during the acute phase
resulted in reduced brain swelling and edema, decreased
cerebral inflammation and apoptosis, and improved cognition.
Further work is being conducted in TBI using human spinal
cord-derived NSCs. Bullock and colleagues at the University of
Miami are currently investigating the potential of direct intra-
cerebral implantation of human stem cells of spinal cord origin
(NSI-566 from Neuralstem Inc) in penetrating TBI to assess
axonal growth rates and neuroprotection (44). The results from
these studies are currently pending.

Based on the encouraging rodent data with BMMNCs in
TBI, a phase 1 clinical trial investigating the IV administration
of autologous BMMNC:s for the treatment of severe TBI in
children (NCT00254722) was performed to evaluate treatment
safety (45) (see Table, Supplemental Digital Content 1, at
http://links.lww.com/SHK/A328). The advantages of HSCs
or BMMNC s are that they can be autologously derived and
have a record of safety in humans. The drawbacks are that
HSCs are rare (1 in 100,000 BM cells) and pose major risks
with graft rejection and graft-versus-host disease when no
autologous cells are used. In the pediatric TBI study, 10 children
(ages 5—14 years) with a Glasgow coma score between 5 and
8 upon hospital admission were treated with 6 x 10° cells/kg
body weight BMMNCs (approximately 1 x 10° CD34", Lin ™,
CD133" cells infused in each patient, and approximately 1 x
10* of CD34, Lin~, CD133" cells) within 48 h of injury. No
patients died during this study, and no adverse events were
reported (45). Specifically, there was no effect of treatment on
pediatric logistic organ dysfunction scores, which is a measure
of multiple organ dysfunction, or on pulmonary, hepatic, renal,
or neurological function. Patients significantly improved with
regard to neuropsychological and functional scores from the
1- to 6-month assessments. In addition, no volumetric brain
differences were observed via magnetic resonance imaging
(MRI) between 1 and 6 months, when there should typically
be an 8% to 12% reduction in brain volume. Overall, this study
indicated that the harvest of and treatment with BMMNCs is
feasible, appears to be safe for the early treatment of severe TBI
in children, and may improve functional and structural out-
comes (45). A recently published retrospective cohort study by
Liao et al. compared this same study population with age- and
severity-matched controls, finding that IV administration of
BMMNCs reduced the intensity of treatment required follow-
ing TBI (46). Currently, this study is also being followed up on
by a phase 2 trial (NCT01851083) examining the effect of IV
treatment with autologous BMMNCs in children within 36 h of
severe TBI (i.e., GCS 3-8) in which the primary outcome
measures are white and gray matter volumetric preservation in
treated versus untreated controls. Secondary outcomes of this
study will assess volumetric preservation within specific
regions of the brain as well as neurocognitive and functional
outcomes. In addition, a similar phase 2a study (NCT01575470)
has recently been conducted in adults (ages 1855 years) with
severe TBI (GCS 5-38). This study, which ended in March 2015,

PATI ET AL.

sought to investigate the safety of dose-escalated (i.e., 6, 9, and
12 x 10° cells/kg bodyweight) BMMNC treatment within 36 h
after injury. Compared with a cohort of untreated controls, this
study will also evaluate the effect of treatment on functional
outcomes, BBB permeability, and volumetric preservation in
the brain after severe TBI. To date, there have been more than
33 trials investigating novel therapeutics in TBI, the majority of
which have failed to show any effect on primary or secondary
outcome measures. The reasons for this lack of success are
complex and compounded by the fact that the diseases are
heterogeneous with multiple therapeutic targets and because
clinical trial design is challenged by identification of the correct
modifiable outcome measures.

Spinal cord injury

There are currently few effective therapeutic modalities in
clinical use that mitigate SCI. Clinical management of SCI
includes preserving blood flow to the cord, timely decompres-
sion, prevention of hyperthermia and infection, and the use of
pharmacological interventions such as Riluzole. Stem cell
therapies offer several promising strategies for the treatment
of SCI. Therapeutic targets in SCI include replacement of
damaged or lost neurons, mitigation of oxidative damage,
remyelination, neuronal connectivity, cavity lesion bridging,
and secretion of factors that promote tissue repair and inhibit
glial scar formation (47). One of the greatest challenges in
spinal cord repair is the physical loss of tissue that results in a
large fluid-filled cavity at the site of injury. This cavity enlarges
over time, and contains demyelinated axons, inflammatory
cells, and extracellular matrix deposition, hence resulting in
a glial scar that causes a physical barrier to neural connectivity,
regeneration, and repair (48). A number of cell types have been
investigated in SCI at the preclinical and clinical levels. These
include ESCs, MSCs, NSCs, oligodendrocyte progenitor cells
(OPCs), Schwann cells, olfactory ensheathing glia, neurotropin
expressing fibroblasts, and activated macrophages (49-51).

Human ESCs are typically obtained from blastocyst stage
embryos created during in vitro fertilization or generated by
somatic cell nuclear transfer (47). ESCs can be differentiated
into a variety of neural precursors (52,53). In preclinical
studies, ESCs differentiated into neural precursors have shown
some potential to improve motor function when transplanted
into rodent models of SCI (54). SCI can cause significant
demyelination, and oligodendrocytes are vulnerable to cell
death and apoptosis. ESCs differentiated into OPCs have been
transplanted subacutely into injured rat spinal cords and have
demonstrated therapeutic potential (55). However, ESCs do
have drawbacks. Aside from ethical concerns, ESCs have the
potential for karyotypic instability, which raises concerns
regarding tumor formation in transplanted patients.

NSCs are another cell type that has been shown to differ-
entiate into oligodendrocytes in vitro (56) and in vivo (47).
Transplantation of NSCs is associated with regeneration of
nerves and functional recovery in rats with SCI (57). However,
most preclinical studies using transplanted NSCs in SCI have
shown only modest recovery of the injured spinal cord (49,58).
Clinically, human NSCs have translational pitfalls associated
with ethical concerns stemming from their fetal origin,
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difficulties in expanding large numbers of cells for clinical use,
and lack of access and availability to autologous cell sources.

HSCs and MSCs are two cell types that are easier to
investigate clinically. Both cell types have been shown to have
therapeutic potential in preclinical models of SCI. Transplan-
tation of HSCs within the spine has been demonstrated to
improve functional recovery after compression SCI in mice
(59). Sources of HSCs include peripheral blood from individ-
uals whose BM cells are mobilized by cytokine (i.e., GM-CSF
and glial-cell stimulating factor) administration, and the
BMMNC fraction is typically harvested, processed, and admin-
istered as an autologous transplant.

Transplantation of MSCs for SCI has been investigated by
many groups with some demonstrating significant improve-
ment in motor function (60) and others not (61,62). These
differences can be attributed to a variety of reasons that include
variations in experimental set up, differences in the animal
model, and cell product variability. Several studies have also
shown that MSCs can differentiate into neural lineages in vitro;
however, similar to their use in ARDS and acute kidney injury
(AKI), the majority of the beneficial effects are due secretion of
soluble factors (63). HSCs and MSCs have also shown to have
variable efficacy when transplanted intravenously or intrathe-
cally, indicating that route of delivery can significantly impact
the biological effects of the cells (64,65). There are a number of
completed and currently ongoing SCI clinical trials involving
autologous BMMNCs or MSCs transplantation. In addition,
there are reports of small numbers of patients treated with MSC
direct transplants showing no adverse effects and improved
outcomes that maybe dependent on soluble factor secretion
(66—68).

Considering the significant debate that exists with regard to
ethical issues surrounding the use of ESCs, iPSCs derived from
adult tissues have been considered a viable alternative for use in
cellular therapies. However, when compared with ESCs, iPSCs
carry a greater likelihood of teratoma formation, therefore
necessitating a careful evaluation of safety both in the short
term and long term. A 2010 study by Tsuji et al. evaluated the
transplantation of iPSC-derived neurospheres for the treatment
of SCI in mice and found that cells transplanted 9 days after
injury had a survival rate of 18%. In addition, these cells were
also able to remyelinate damaged cells (69). Furthermore, some
of the transplanted cells also differentiated into neurons, astro-
cytes, and oligodendrocytes. Transplantation of these iPSCs
into the spinal cord of injured mice also improved functional
recovery; however, transplantation of some iPSC-derived neu-
rospheres in injured mice resulted in tumor formation and loss
of functional recovery. Similar results were observed when
human-induced pluripotent stem cells were transplanted into
adult NOD-SCID mice after SCI (70), hence highlighting the
need for caution and a better understanding of these cells in
clinical use for the treatment of SCI.

In 2009, the US Food and Drug Administration (FDA)
approved the first human ESC trial following promising
preclinical work, indicating that human ESC-derived OPCs
may improve outcomes in rats with SCI (55). This phase 1
safety trial, sponsored by Geron Corp., began in 2010 after
preclinical safety data were obtained pertaining to abnormal
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cyst formation in transplanted animals. The GRNOPCI cell
line (human ESC-derived OPC) was transplanted subacutely
(i.e., 1-2 weeks after injury) directly into the spinal cord of
American Spinal Injury Association (ASIA)-A patients with
complete thoracic SCI. Patients received 2 million cells and
were immunosuppressed for the first 2 months following
transplantation. In 2011, Geron discontinued this trial due
to funding challenges. No safety issues were reported in the
five patients who received GRNOPCI1 transplants; however,
complete results have not yet been published (see Table,
Supplemental Digital Content 2, at http://links.lww.com/
SHK/A329). Asterias Biotherapeutics is slated to continue
this trial in the upcoming year (71).

In a current clinical trial led by the Miami Project to Cure
Paralysis at the University of Miami, Guest and colleagues have
begun trials with Schwann cell transplantation into patients
with ASIA-A, B, and C grade SCIs (NCT02354625 and
NCT01739023) (see Table, Supplemental Digital Content 1,
at http://links.lww.com/SHK/A328). The phase 1 trial is open-
label, nonblinded, nonrandomized, and nonplacebo controlled
with a dose escalation design aimed at investigating treatment
safety. The trial also includes robust rehabilitation and training
phases both before and after transplantation. In addition, the
Schwann cells are derived autologously from a segment of the
patient’s nerves, which are then cultured ex vivo and trans-
planted 30 to 42 days postinjury. The hypothesis of this trial is
that the Schwann cells will mechanistically support regener-
ation in peripheral nerves. Currently, four patients have been
enrolled with complete thoracic SCI and four more are planned
to complete the trial. No complications or safety concerns have
been reported to date. An additional trial that is ongoing is an
allogeneic phase 2 NSC trial for chronic cervical SCI in
progress with StemCells, Inc (NCT02163876).

Preclinical studies have indicated that human NSCs can
differentiate and integrate into the spinal cord of both healthy
and injured rats (72). Neuralstem Inc, a Maryland-based
biotech company focused on regenerative medicine, is cur-
rently sponsoring a phase 1, single-site, open-label study
(NCT01772810) to evaluate the safety of NSI-566 human
spinal cord-derived neural stem cell transplantation for the
treatment of chronic T2 to T12 SCI (American Spinal Injury
Association Impairment Scale-A complete) at the University
of California (UC), San Diego School of Medicine (73). With
a targeted enrollment of four patients (ages 18—65 years),
patients will receive six injections of NSI-566 either in or
around the site of injury, followed by physical therapy and 3
months of immunosuppression to limit graft rejection.
Although this trial primarily seeks to evaluate the safety
of NSI-566 treatment, secondary outcomes include graft
survival at the site of transplantation as evaluated by MRI
or autopsy and an evaluation of donor-specific HLA anti-
bodies following immunosuppression. Furthermore, explora-
tory objectives, including sensory, motor, bowel, bladder
function, and electromyogram, will be compared pre- and
post-transplantation. Similar studies evaluating NSI-566 in
acute SCI are currently awaiting investigational new drug
(IND) approval in the pursuit of a phase 1/2 trial in Seoul,
South Korea. Notably, preclinical studies are also evaluating
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the effectiveness of NSI-566 in the treatment of TBI. A
similar 15-subject phase 1 trial (NCT01348451) investigating
the safety of NSI-566 treatment in patients with amyotrophic
lateral sclerosis (ALS) found no adverse effects associated
with this treatment (74). In 2013, phase 2 of this trial
(NCT01730716) commenced seeking to evaluate the feasi-
bility and safety of dose-escalated treatment with NSI-566
cells, as well as the effect of treatment on the progression of
neurological function and graft survival.

Although the use of cellular therapies for the treatment of
TBI and SCI holds great promise, this field faces significant
challenges in translating these therapies from bench to bedside.
Identifying large animal models for the study of cellular
therapies in neurotrauma is imperative for the sufficient pre-
clinical evaluation of treatment safety and efficacy. Further-
more, as progress is made toward human clinical trials, the
basic optimization of trial logistics (i.e., cell types adminis-
tered, dosage, timing of treatment, etc.) should remain a major
area of focus so as to maximize positive patient outcomes and
minimize potential side effects. Improving treatment options
and outcomes for these patients will result in significant public
health, societal, and economic impacts.

CELLULAR THERAPIES IN HEMORRHAGIC SHOCK
AND ORGAN INJURY

Acute lung injury and acute respiratory distress
syndrome

In recent years, improved methods to stop bleeding, opti-
mally resuscitate, and correct coagulopathy have increased the
overall survival rate of severe traumatic injury due to hemor-
rhage (1). Aside from mortality, one of the main consequences
of severe traumatic injury is MOF. For instance, lung injury
induced by hemorrhagic shock (HS) and trauma can result in
ARDS and AKI, which eventually can lead to ARF (73).
Incidence of MOF in trauma can be as high as 17% to 20%
(75,76). Furthermore, ARDS occurs in 200,000 ventilated
patients in the United States annually with a mortality rate
as high as 20% to 35% (77). Recent data from the Pragmatic
Randomized Optimal Platelet and Plasma Ratios (PROPPR)
trial reveal that the rate of ARDS was 14% in trauma patients
and MOF was 5% (4). However, the overall complication rate,
due mostly to inflammatory conditions (excluding death), was
65%. This is the group of patients that could potentially be
addressed by multimodal cellular therapies. Supportive treat-
ment with lung protective ventilation and fluid conservative
therapy has been the mainstay of treatment for ARDS (78).
There are currently few, if any, effective therapeutic measures
aside from supportive therapy that can prevent or mitigate these
deleterious consequences of traumatic injury.

BM-derived MSCs have been the primary therapeutic stem
cell intervention investigated at the preclinical and clinical
levels for ARDS. Other stem cell types, including BMMNCs,
EPCs, and ESCs, have been demonstrated to reduce mortality
and modulate the inflammatory and remodeling processes in
relevant preclinical ARDS models (79). MSCs were originally
discovered by Freidenstein and colleagues in 1968, and have
been identified in various tissues, including adipose tissue, cord
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blood, and placental tissue (80). MSCs have been investigated
in over 300 trials to date for various applications with no
adverse events or Data Safety Monitoring Board (DSMB) halts
reported to date; however, many of these studies are early phase
trials, and side effects may not become apparent until later
stages. Mechanistically, it has been shown that their biological
effects are mediated in part or completely by the release of
soluble factors they systemically secrete after [V administration
(63,81). Some of these factors have been identified, and the
collection of factors has been alluded to as the MSC secretome
(63). A number of groups have demonstrated in preclinical
models of TBI and HS that MSCs are potent regulators of
vascular stability and result in decreased organ injury and
inflammation (82). Recent work suggests that stabilization
and restoration of the integrity of the injured vasculature are
critical to survival and recovery after traumatic hemorrhage
(83,84).

In the 1990s, a new interest in BM-derived MSCs was
generated from work conducted by Prockop and colleagues
as well as Pittenger and colleagues, which indicated that MSCs
possess the uncanny ability to differentiate into various cell
types and can home to injured and inflamed organs. In addition,
MSCs have potent and promising therapeutic effects in several
preclinical models of acute lung injury (ALI) and ARDS in
mice, rats, sheep, and swine when delivered intravenously or
intratracheally (85). Work by Matthay and colleagues has
demonstrated resolution of inflammation and lung injury in
mice, rats, and sheep (85). Mechanistically, the potent
beneficial effects of MSCs in ALI have been attributed to
the secretion of soluble factors such as keratinocyte growth
factor and angiopoeitin-1 in the lungs, where 90% of the cells
are lodged due to a first-pass effect through the pulmonary
vasculature (36). Marked antibacterial effects of MSCs have
also been noted in vitro and in vivo (86), which complement
their ability to modulate cytokine production and macrophage/
monocyte phenotypes. Innovative studies using an ex vivo
perfused human lung model have demonstrated resolution of
endotoxin- or live bacteria-mediated lung injury upon MSC
administration, providing preclinical evidence supporting their
functionality in human tissue (87).

Further support for the clinical use of MSCs in trauma care
has been demonstrated by preclinical models of HS-induced
ALI. Lung contusion (LC) and HS are two of the main inducers
of lung injury in trauma patients. In preclinical studies, Pati
et al. demonstrated that IV-administered MSCs potently inhibit
systemic levels of serum inflammatory cytokines and chemo-
kines using a rat “fixed volume” model of mild-to-moderate
HS (82). In the lungs, I'V-administered MSCs also inhibit
pulmonary endothelial permeability and lung edema with
concurrent preservation of the vascular endothelial barrier
proteins VE-cadherin, Claudin-1, and Occludin-1, all of which
are tight junction markers that regulate vascular leak (82).
Leukocyte infiltrates (i.e., CD68 and MPO positive cells) are
also decreased in the lungs upon MSC treatment in rodent
models of HS-induced lung injury (82). These data suggest that
MSCs are potent stabilizers of both the vascular endothelium
and inflammation after trauma-induced lung injury. Notably,
MSCs are highly modifiable with genes and proteins of interest,
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and can be used as vehicles to deliver a targeted payload to
injured tissues. Further work in this area by Chaudry and
colleagues has investigated whether the effects of MSCs on
organ injury following trauma can be potentiated by over-
expressing or genetically modifying MSCs to express the
estrogen receptor, which has been shown to be protective in
HS (88). Preconditioning of MSCs to enhance their potency has
also been investigated (89).

In light of the numerous positive preclinical studies inves-
tigating MSCs in the treatment of ARDS, a National Heart,
Lung, and Blood Institute-funded, multicenter trial was
initiated by Matthay and colleagues (90) (see Table, Supple-
mental Digital Content 2, at http://links.Iww.com/SHK/A329).
This phase 1/2 trial (NCT01775774) investigated the safety of
administrating 1, 5, or 10 x 10° cells/kg MSCs to nine patients
with moderate-to-severe ARDS. Although this trial had only a
small number of patients, no MSC-related safety issues were
identified, and after a DSMB recommendation to continue this
trial, a phase 2 randomized, double-blind, multicenter trial in
60 patients with ARDS is currently underway at four university
medical centers to test the safety and efficacy of MSC admin-
istration (i.e., UCSF, Stanford, Pittsburgh, and Massachusetts
General Hospital) (90,91). Thirty patients have been enrolled in
this trial to date. In addition, this trial did not include trauma
patients with ARDS, which will become a focus area for future
trials. Additional trials by a Canadian group led by Duncan
Stewart and colleagues are planned to investigate the therapeutic
potential of MSCs in sepsis-induced ARDS. There are currently
over 300 clinical trials registered with Clinicaltrials.gov inves-
tigating the use of adult MSCs in a number of conditions;
however, there are no clinical trials investigating the use of
MSCs in HS-induced ARDS despite the significant preclinical
data to support their therapeutic efficacy. Together, the preclin-
ical and clinical data generated to date suggest that MSCs may
represent a promising treatment for ARDS, which is an important
complication of major trauma.

Acute kidney injury and acute renal failure

Current therapies for AKI are primarily supportive and fail to
reduce morbidity and mortality (92). There have been few, if
any, treatments that have been highly effective in preventing
and treating AKI and AREF, both of which are clinical entities
that present in critically ill patients after severe hemorrhage and
trauma. The incidence of AKI and ARF in trauma patients can
be as high as 26%, depending on whether they are critically ill
in the intensive care unit (ICU) (93,94). In the recent PROPPR
study in trauma patients, the rate of AKI was 25% (82). In
addition, a compelling argument for novel preventative thera-
pies arises from data demonstrating that a significant percent-
age of patients with AKI go on to develop end-stage renal
disease, which is characterized by continued inflammation,
fibrotic changes in the kidney, and microvascular compromise
even after they recover from AKI (95). Several cellular thera-
peutic strategies have been investigated in renal failure, includ-
ing the use of iPSCs or renal resident progenitor cells to replace
injured cells in the damaged kidney (96). The most extensively
investigated cellular therapy for AKI has involved MSCs
derived from various tissues, such as BM and adipose tissue.
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Numerous rodent studies have consistently documented a
protective effect of MSCs on both acute and chronic injury
models. In a systematic analysis of 21 of these studies, a
consistent reduction in serum creatinine was observed in
MSC-treated animals versus controls. Westenfelder and col-
leagues demonstrated that administration of MSCs to the
kidneys of rats with ischemia/reperfusion-induced AKI ame-
liorated renal function, provided renoprotection, decreased
apoptosis, and resulted in anti-inflammatory effects (97). Fur-
ther work in this area revealed that, after 1 to 3 months, animals
treated with MSCs had normal renal function, an absence of
interstitial fibrosis, and low expression of profibrotic genes like
plasminogen activator inhibitor-1 compared with vehicle and
fibroblast-treated control animals (98). Several other studies
have investigated the potential utility of MSCs in the context of
other models of induced AKI, including glycerol and cis-
platinum-induced injury, where they had similar renoprotective
effects (99-102). Notably, Camussi and colleagues have dem-
onstrated that soluble factors, specifically microvesicles and
exosomes, released by MSCs and other cell types are respon-
sible for these observed renoprotective effects (103).

A phase 1 clinical trial for AKI (NCT00733876) was initiated
based on a number of positive preclinical studies. In this trial,
Westenfelder and colleagues studied the effect of MSC therapy
on adult patients who had undergone on-pump coronary artery
bypass grafts and/or cardiac valve surgery (see Table, Supple-
mental Digital Content 2, at http://links.lww.com/SHK/A329).
In this safety and feasibility trial, adult patients who had
undergone on-pump coronary artery bypass graft and/or cardiac
valve surgery were infused with allogeneic MSCs via the
suprarenal aorta using a dose-escalation protocol. All study
subjects presented with the following risk factors for postcar-
diac surgery-associated AKI: underlying chronic kidney dis-
ease of stages 1 to 4, congestive heart failure, diabetes mellitus,
hypertension, chronic obstructive pulmonary disease, and age
over 65 years (104,105). Preliminary analysis of the outcomes
in this cohort of study subjects showed that the suprarenal,
postoperative administration of allogeneic MSCs is feasible
and safe, as it did not result in adverse or serious adverse events.
In addition, preliminary efficacy data appear promising, indi-
cating that MSC therapy prevented postoperative deterioration
in renal function by approximately 20% and also prevented late
deterioration in renal function, which closely parallels outcomes
obtained in preclinical studies (104). In addition, MSC treatment
reduced length of hospital stay and readmission rates by approxi-
mately 40% (104). Plans are underway for a double-blind,
controlled, multicenter phase 2 efficacy trial. In addition, phase
1/2 clinical trials (NCT00658073) have been conducted in which
MSCs were administered to kidney recipients from living,
unrelated donors and to patients with chronic allograft nephr-
opathy. Among patients undergoing renal transplant, the use of
autologous MSCs resulted in lower incidence of acute rejection,
decreased risk of opportunistic infection, and better estimated
renal function at 1 year compared with anti-interleukin-2 recep-
tor antibody induction therapy (106). Taken together, the current
preclinical and clinical data support a beneficial role of cellular
therapies, specifically MSCs, in the treatment of AKI, whichis a
common complication of major trauma.


http://links.lww.com/SHK/A329
http://links.lww.com/SHK/A329

514 SHOCK VoL. 44, No. 6

Bone marrow dysfunction and wound healing

Following severe injury, patients admitted to the ICU can
develop a persistent anemia that is unrelated to ongoing blood
loss. Rather, this anemia is due to BM dysfunction and the
suppression of hematopoietic progenitor cell (HPC) growth and
mobilization into peripheral circulation (107). ICU patients are
subjected to severe stresses that include numerous invasive
procedures, pain, deregulated circadian rhythms, forced immo-
bility, and mechanical ventilation (108). These patients are also
known to have poor wound healing, immune dysfunction, and
an increased susceptibility to infection. Livingston and col-
leagues have shown that BM dysfunction and impaired wound
healing develop in a rodent model that combines blunt LC and
HS followed by chronic stress (108). In this model, rats
demonstrated significant and persistent BM dysfunction as
evidenced by decreased cellularity, growth of all HPC lines,
and anemia 1 week following LC, HS, and chronic stress. This
observation was associated with persistent mobilization of
HPCs from the BM out into the peripheral blood and an
elevation in plasma granulocyte-colony stimulating factor
(G-CSF). Furthermore, the lungs of these animals displayed
significantly impaired wound-healing ability. A single IV dose
of 1 x 10° rat MSCs restored BM cellularity, HPC growth, and
hemoglobin levels. Furthermore, lungs of treated animals
significantly improved with regard to wound healing, with
plasma G-CSF levels falling to control values. MSC adminis-
tration was associated with an expansion of the peripheral T
regulatory cell population as well as improved BM function and
wound healing (109). Further studies examining this novel cell-
based therapy for the treatment of both anemia and wounds
healing after traumatic injury is needed before clinical appli-
cation. These studies include optimization of the timing and
dose of MSC administration as well as elucidation of the
mechanisms by which MSCs interact with the immune system
to protect the BM from compromise and facilitate wound
healing (110).

EXTREMITY INJURY, ORTHOPEDIC TRAUMA,
AND BURNS

Extremity injuries are among the most common injuries to
both military and civilian populations (111). Cellular therapies
derived from a number of tissue sources have been investigated
in regards to their ability to support the healing and regener-
ation of tissues in animal models (112,113). However, the
safety and efficacy of cellular therapies is still under investi-
gation in humans. In a battlefield setting, extremity trauma is
primarily due to penetrating and blast injuries. In contrast, these
injuries primarily result from motor vehicle accidents, sport
injuries, and chronic disease in civilian populations.

The DoD has recognized the potential therapeutic benefits
associated with cellular therapies and the need for regenerative
treatments. As a result, the Armed Forces Institute of Regen-
erative Medicine (AFIRM) was established in March 2008.
AFIRM is a multicenter network of civilian and military
institutions that focuses on developing new techniques and
treatment options for wounded service members. This consor-
tium is managed by the US Army Medical Research and

PATI ET AL.

Materiel Command (USAMRMC) and funded by multiple
governmental organizations as well as private institutions.
The AFIRM funds efforts focused on regenerative medicine
that span a large spectrum of research areas, from basic bench
research to human clinical trials, with a particular emphasis
on extremity injury treatment, cranio-maxillofacial recon-
struction, skin injury treatments, vascular composite tissue
allo-transplantation, and immunomodulation. AFIRM aims to
translate these advances into clinical products that can help
mitigate outcomes in trauma and burn patients (see Table,
Supplemental Digital Content 2, at http://links.lww.com/
SHK/A330).

Limb ischemia

Jan Nolta and colleagues at the UC Davis Stem Cell Program
and Institute for Regenerative Cures have been conducting
research in the area of limb ischemia, a frequent complication
of extremity injury in trauma (114). It has been reported that
hypoxic preconditioning of human MSCs enhances their
duration of residence and regenerative properties in a preclin-
ical, acute tissue ischemia model (115). Transplantation of the
cells into the tissue in a semisolid or injectable biodegradable
matrix also improves their retention. In an effort to optimize
potency of the cells, MSCs can be engineered with transgenes
to express higher than normal Vascular Endothelial Growth
Factor-A (VEGF-A), a key factor involved in angiogenesis that
can enhance revascularization and tissue repair. A phase 1
clinical trial is planned to investigate the effect of intramuscular
(IM) injection of lentiviral VEGF-A genetically modified
MSCs for the treatment of critical limb ischemia. Critical
factors involved in the preclinical safety assessment of these
modified cells have been karyotype stability, tumorigenic
potential, edema formation, long-term engraftment, and dose
finding studies. This planned clinical trial, which is a collab-
oration between John Laird at UC-Davis and Inmaculada
Herrera from Hospital Universitario Reina Sofia in Spain, aims
to provide an alternative to patients that are either not candi-
dates for traditional revascularization surgery or have received
unsuccessful treatment in the past. Ultimately, this study and
intervention intend to reduce the number of amputations and
improve the quality of life in patients with peripheral
arterial disease.

Compartment syndrome

Compartment syndrome (CS) is a devastating complication
of extremity trauma, and results from edema-initiated pressure
compromising perfusion to extremity muscle compartments.
Despite timely surgical intervention, ischemia, infarction, and
reperfusion injury occasionally result in catastrophic cell death
of skeletal muscle, nerve, and vascular tissues (116). CS
magnifies the initial injury, and decreases the chance of a full
functional recovery, hence delaying return to normal activity
for patients with CS. As a result of the DoD-led initiatives in
CS, there are now ongoing animal studies and human clinical
trials being planned to investigate BMMNCs in CS.

Gregory and colleagues at Oregon Health Sciences Univer-
sity (OHSU) are currently conducting preclinical trials using
autologous BMMNC s in swine. In this study, CS is induced by
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autologous plasma infusion into anterior tibialis (AT) muscles
followed by fasciotomy. On day 7, autologous BM is aspirated
and BMMNCs isolated and injected into the AT in a grid
pattern. Muscle torque, nerve conduction, and gait are serially
measured until the 12-week study endpoint. Study results are
still currently pending.

Plans are underway at OHSU to initiate a clinical trial using
autologous BMMNCs 1 week after CS injury. This study
intends to enroll 20 patients with CS that will receive cell
treatments 5 to 10 days postinjury. The patients will undergo
BM aspiration, and the BM will be processed and injected
directly into the wounded leg. The primary endpoints of this
study will be improvement in muscle strength at 3 and 6 months
posttreatment as well as the incidence of combined adverse
events. Secondary endpoints will include improvement in gait,
nerve conduction velocity, and MRI indices of muscle fibrosis
and muscle regeneration. Ultimately, the goal of this study is to
improve functional recovery and reduce disability in patients
with CS.

There are currently eight active clinical trials in the United
States, investigating the use of stem cells to heal extremity
injuries like CS and critical limb ischemia (see Table, Supple-
mental Digital Content 2, at http://links.Iww.com/SHK/A330).
There is a phase 1 trial (NCT01837264) funded by the DoD and
sponsored by Arteriocyte, Inc, that focuses on the prevention of
battlefield trauma-induced CS leading to amputation. This trial
is ongoing and has a target enrollment of 20 patients with tibial
fractures due to motor vehicle or similar orthopedic trauma that
develop CS and are treated with a fasciotomy. In this trial, the
BM is harvested and separated using the Magellan™ (Arterio-
cyte, Hopkinton, MA). The primary endpoints of this study
include adverse events due to the wound and/or therapy,
amputation of limb, and/or death, whereas the secondary out-
comes will investigate the rate of healing, limb pain, and
functional performance as compared with the uninjured limb.

Burn injury

Thermal burns are a significant source of morbidity in times
of war, constituting 5% to 20% of all injuries (117). Mortality
from burn injury is closely associated with percent total body
surface area burned, age, and inhalation injury (118). Although
there have been significant improvements in resuscitation and
wound healing over the past 50 years that have significantly
reduced the rate of burn-related mortality, new methods to heal
acute burn wounds more effectively and regenerative
approaches to treat burn scars postinjury are urgently needed
(119). In addition to wound closure after full-thickness burns,
postburn wound issues include altered pigmentation, hyper-
trophy of the burned area, contractures, pain, pruritus, and
defective temperature regulation. Although significant
advancements have been achieved, there is currently no reliable
full-thickness skin substitute. Currently, available products
include dermal substitutes, neonatal-derived products, amniotic
membrane products, and cultured epithelial autografts (120).

MSCs have the potential to engraft into wounds and incorp-
orate into mature skin structures that include blood vessels,
sebaceous glands, and hair follicles (121,122). In addition, they
can rebuild wound beds and contribute cellular material to help
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orchestrate tissue repair (123,124). Limited preclinical and
clinical data indicate that these MSC-based treatments appear
to be well tolerated, although further study is needed to firmly
establish safety, efficacy, and potency. A few cases have been
reported of MSCs used to successfully treat burn wounds due to
radiation accidents (125); however, these are isolated cases and
occurred in studies where there was an absence of controls as
well as an undefined burn depth.

Alternate stem cell treatment options are currently being
investigated in burns animal models. These include adipose
tissue epidermis/debrided skin (126). Many of these therapies
are still in the very early stages of development and are being
tested in small animal models.

Currently, there are only two active clinical trials in the
United States focused directly on burns (see Table, Supple-
mental Digital Content 2, at http://links.lww.com/SHK/A330),
one of which is a DoD-funded trial entitled ““Stem Cell Therapy
to Improve Burn Wounds Healing” (NCT02104713). This
study aims to test the effect of allogeneic MSCs in patients
with second-degree burns to determine treatment safety and
effectiveness. Preclinical studies in progress have used MSCs
delivered in PEGylated fibrin matrices to treat skin burn
injuries in pigs. Another in-progress preclinical study is inves-
tigating the use of fractional lasers as a cell delivery method in a
swine model. This study has shown laser treatment to increase
the skin depth by which the cells are delivered. This treatment is
being considered for deep third-degree burns that are charac-
terized by thick scar tissue. The second-burn trial currently in
progress is entitled “Use of Autologous Platelet Rich Plasma
(PRP) Gel as an Adjunct to the Treatment of Deep 2nd and 3rd
Degree Burns” (NCT01843686). This study, which focuses on
treating second- and third-degree burns, is currently enrolling
participants. The primary outcomes are the safety of platelet
rich plasma administration following excision of an acute deep
second- and third-degree burn, as well as a decrease in adverse
events. In the area of wound healing and burn healing, Stra-
taGraft® (Stratatech, Madison WI), a biologically functional
epidermis made of mature cell graft of neonatal immortalized
keratinocytes, has been investigated as a potential human skin
substitute. This product produced no improvement when com-
pared with control cadaveric skin grafts in a phase 1/2 clinical
trial (126).

The morbidity associated with burn and wound healing is
profound and devastating for many. A poor outcome often leads
to a lifelong physical and emotional disability. The potential
impact of stem cell therapy to facilitate wound healing and the
regeneration of damaged tissues will have a significant impact
on the lives of trauma and burn victims.

Orthopedic trauma

Orthopedic trauma is another area that may benefit from
cellular therapies. The investigation of stem cells and cellular
therapies in orthopedic trauma shares many of the same sources
as those described in the previous sections: BM, adipose tissue,
placenta, blood vessels, muscle, and dental pulp (127-129).
Currently, there is no consensus in the field regarding which
cell type and source are optimal for use in osteogenic and
reparative interventions. Most of the preclinical work in this


http://links.lww.com/SHK/A330
http://links.lww.com/SHK/A330

516 SHOCK VoL. 44, No. 6

area involves the repair of bone defects and fractures, often
using a combination of biomaterials (i.e., scaffolds), growth
factors, antibiotics, and stem cells together. Novel treatments
are emerging to also heal muscle, tendons, ligaments, cartilage,
and nerves.

A recently completed study (NCT02177565) led by James
Richardson of the Robert Jones and Agnes Hunt Orthopedic
Hospital in the United Kingdom investigated the effect of
treatment with MSCs on the healing of nonunion fractures.
Although results have not yet been made available, the primary
outcomes investigated in this study included computed tom-
ography scans and radiographs for up to 12 months to inves-
tigate callus formation at the fracture site posttreatment with
MSC:s or the carrier control. In addition, a prospective, random-
ized, blinded, sham-controlled phase 2 study (NCT02448849)
sponsored by the Royan Institute in Iran is currently seeking to
recruit 40 participants to investigate the effect of allogeneic
adipose-derived MSC transplantation on tibial fracture healing.

Studies investigating the use of cellular therapies for osteor-
egeneration outside of the context of orthopedic injury, such as
for noninjury-induced musculoskeletal deformities, are
ongoing and may provide the foundation for therapeutics in
this field as well. Furthermore, because orthopedic injuries can
be complex and involve many aspects of the musculoskeletal
system, cellular therapies with multi-tissue healing capabilities
hold the most promise for use in the treatment of these injuries.
Indeed, the future of regenerative medicine in orthopedic
trauma focuses on traumatic injuries that affect more than a
single system. New literature focuses on polytrauma and
composite injury models to investigate the effects of multiple
injuries on healing (130). These platforms are appropriate for
testing the application of cellular therapies in in vivo animal
models of trauma, and bring us a step closer to acute treatments
of orthopedic injuries in human trials.

BARRIERS IN TRANSLATION FOR CELLULAR
THERAPIES IN TRAUMA AND CRITICAL
CARE MEDICINE

Regulatory concerns for cellular therapies in the
United States

Investigational cell therapy products, which include cells
derived from stem cells or other progenitors, hold great promise
for addressing unmet medical needs. However, significant
challenges related to safety, efficacy, characterization, and
the design of clinical trials impede progress in this field.
The research, development, and implementation considerations
required for cellular therapies in any disease are extensive and
require consideration of multiple areas: (1) the stem cell
products themselves (i.e., allogeneic vs. autologous, cell types,
tissue sources, stored vs. expanded cells, effect of passage
number and culture conditions on expanded cells, pluripotent
vs. multipotent cells); (2) collection, storage, handling, label-
ing, delivery, quality assurance/quality control considerations;
(3) infectious risks and biovigilance; (4) challenges in testing
safety and efficacy of the cells in the appropriate models,
biopharmacokinetics and potency measures, cell clearance
versus chimerism; (5) interaction with other complex systems
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(i.e., hematopoiesis, immune function, coagulation, and the
endothelium); (6) integration into transfusion protocols and
clinical practice; and (7) training involved in handling of cells
for collection, distribution, and administration. In the past
15 years, significant advances have been made in all of these
areas that have permitted rapid translational progress and the
clinical investigation of a number of cellular therapies in a wide
variety of human diseases.

The US FDA has adapted to the changing landscape of this
evolving field by applying flexible regulatory standards that
balance benefits and risks to those who take part in clinical
trials (131). Aside from HSC transplantation, there is currently
no cellular therapy that is FDA-approved for commercial
production and clinical use in trauma or critical care medicine
in the United States; however, there are some trials that are
currently underway. The FDA evaluates potential risk based on
results derived from an analytical assessment of product
characteristics as well as preclinical proof-of-concept and
safety testing, which, collectively, are considered within the
context of a proposed clinical study (132). It is clear that a
number of factors come into play in defining the regulatory
roadmap and path forward to developing and evaluating these
therapies for clinical use. The type of cell and clinical appli-
cation will often define the rigor by which a particular therapy
is scrutinized. Considerable progress has indeed been made
through active participation of small biotech companies, aca-
demic physicians, scientists, and funding agencies that have
pursued the development and investigation of cell therapies for
critically ill patients where there are few, if any, effective
therapeutic options.

The Center for Biologics Evaluation and Research (CBER)
regulates cellular therapies and cell therapy products. Specifi-
cally, the Office of Cellular, Tissue, and Gene Therapies
(OCTGT) conducts regulatory reviews, regulatory policy and
guidance development, international activities and standards,
and outreach to the scientific and medical community. OCTGT
regulates stem cells and stem cell-derived products, including
BMMNCs, MSCs, HSCs, iPSCs, ESCs, and somatic cell
therapies. INDs are submitted to OCTGT for review and subject
to standard considerations of safety, efficacy, purity, and
potency. Oversight of the products and processes are included
via review of quality control, product intermediates, and repro-
ducibility. Draft guidance documents have been generated by
CBER to guide IND preparation for cell therapies and take into
consideration the following: (1) chemistry, manufacturing, and
controls (CMC); (2) pharmacology and toxicology; and (3) the
clinical protocols. The CMC review is critical and aims to
deliver a safe cellular product to the patients in the study.
Meticulous attention is given to the source of the cells and to
preventing the introduction of microorganisms during the
manufacturing process (133). Because cellular therapies are
highly diverse compared with, for example, small molecule
drugs, CBER recognizes they do not lend themselves to a
standard review process, and therefore, flexibility is built into
its processes to facilitate the fulfillment of their goal of
ultimately generating regulatory roadmaps for cellular thera-
peutics in the United States (133). Accelerating and translating
emerging stem cell therapies to patients, particularly critically
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ill patients, is a high priority in the United States and elsewhere
in the world. The FDA is increasingly invoking new regulatory
mechanisms for the accelerated review of INDs, and it is likely
that these mechanisms will be applied specifically to new stem
cell biologics. With a fixed budget and the number of new
applications submitted to the FDA increasing, the FDA has
stepped up to the challenge to meet the needs of this rapidly
growing new frontier.

Aside from the FDA, the American Association of Blood
Banks (AABB) has taken a new interest in developing a role for
the standardization of cell therapy production and processing.
The AABB has been a leader in the development of voluntary
standards in blood bank blood component collection, process-
ing, and transfusion since 1957. Over the past two decades,
AABB’s standard-setting program has moved beyond the blood
bank to encompass new disciplines and activities, including
cellular therapies. Blood banks have also been involved in
cellular therapies for years, with extensive experience in cord
blood processing and BM transplants, and are now venturing
into stem cell expansion, production, and processing. Each set
of standards is developed by a volunteer committee of experts,
known as a Standards Program Unit (SPU). Each SPU is
composed of AABB members that serve as technical experts,
liaisons from other AABB committees, clinicians, and repre-
sentatives from other organizations. The Cellular Therapy SPU
includes individuals with expertise in HSCs, cord blood, pan-
creatic islets, MSCs, etc. AABB Cellular Therapy Standards
cover all processes involved with the procurement, processing,
and administration of cellular therapies (134).

The AABB Standards requirements are based on good
medical practice, current scientific data, principles of good
manufacturing practices (GMPs) and quality assurance, and
applicable regulations. The US Cellular Therapy Standards
are revised on a 24-month cycle with revisions based on
changes to industry practice, technical/scientific advances,
regulatory changes, and feedback from members and asses-
sors compiled during a 60-day public comment period. With
the emergence of novel cellular and regenerative medicine
therapies, AABB, along with other standard setting organiz-
ations and the FDA, has been an active participant in efforts to
harmonize standards, and will likely play a large role as the
field develops (134).

International regulatory standards and trials

It is of interest to note that a number of trials using cellular
therapies have been conducted in the international arena.
According to a 2014 study by Li et al., a search of Clinical-
Trials.gov and the WHO International Clinical Trials Registry
Search Portal indicated that 4,749 stem cell-related clinical
trials had been registered worldwide as of January 1, 2013
(135). The vast majority of these trials were in early stages,
highlighting the infancy of this field in its progress toward
effective, well-characterized therapeutics for human appli-
cations. As the number of stem cell trials is steadily rising,
internationally founded collaborative efforts are needed to
strengthen scientific outcomes and standardize regulatory proc-
esses. Although some of these unified regulatory efforts exist,
such as those between the FDA and European Medicines
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Agency (EMA), wider scale global collaborations are needed
and the roadmap for collaborations between the FDA and EMA
in regards to cellular therapies, which has yet to be established
(136).

In the EU, cell-based therapies are regulated by the EMA
under Advanced Therapy Medicinal Product Regulations,
which regulate such products as pharmaceuticals while ensur-
ing their free movement within the EU market to promote
competition and ensure patient safety is being met. Further-
more, clinical trials are regulated by individual EU member
states. Other countries have less stringent regulations meant to
allow for the fast tracking of potentially beneficial therapeutics
to market. In 2013, Japan approved a revision to its Pharma-
ceutical Affairs Law, which simplified the processes in place
for the approval of regenerative therapies. The revised proc-
esses will expedite the approval of therapeutics that have been
shown to be safe and effective in pilot studies with small sample
sizes (137). Furthermore, regulatory authorities in countries
such as China, Russia, and India have been widely criticized in
recent years for their lax guidelines that lack significant legal
implications (138).

Although the majority of stem cell-related clinical trials are
executed by the United States and EU, respectively, other
countries, including China, South Korea, India, Japan, and
Australia, are increasingly executing a greater number of cell
therapy trials. Notably, as of 2008, Asian countries have more
novel clinical trials in this area than the United States and EU
(135). In India, the Neurogen Brain and Spine Institute is
conducting a phase 1 trial (NCT02028104) to assess the safety
and efficacy of autologous BMMNCs on pediatric and adult
patients (6 months to 65 years) with TBI, focusing on measures
of disability after injury as their primary outcome. This institute
completed a similar study examining the intrathecal adminis-
tration of these cells in patients with TBI (NCT02027246) for
which preliminary results from the pilot study of 14 patients
indicated that treatment improved functional outcomes up to
6 months posttreatment (139). In addition, Kasiak Research
Pvt. Ltd of Maharashtra, India, is currently recruiting partici-
pants for a phase 1/2 clinical trial to examine the safety and
efficacy of IV and IM injection of adipose-derived stromal
vascular fraction and MSCs for the treatment of critical limb
ischemia in patients 18 to 65 years of age.

A study by K-Stemcell Co Ltd of Korea is currently recruit-
ing participants for a phase 1/2 trial (NCT01769872) evaluating
the safety and efficacy of autologous adipose tissue-derived
MSC transplantation in adults (ages 19—70) with SCI. This
study will evaluate ASTA-A scale scores at 3 and 6 months
posttreatment, as well as MRI changes and other measures of
functional outcome at these time points. Furthermore, a phase 1
study (NCT01325103) of 14 patients with chronic traumatic
SCIs out of Brazil evaluated the effect of intralesion injection of
MSCs. Another phase 1/2 study (NCT01903044) from Pontif-
icia Universidade Catélica do Parana of Brazil will be inves-
tigating the effect of IM injection of autologous BM-derived
stem cells on lower limb ischemia.

In regards to organ injury, there are several international
studies investigating the use of stem cells for the treatment of
lung injury. Shaoxing Second Hospital of China is currently
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recruiting patients for a phase 1 trial (NCT01902082), inves-
tigating the safety and efficacy of one IV dose of 1 x 10°
allogeneic adipose-derived MSCs per kg body weight for the
treatment of ARDS in adults (ages 18—90 years). Asan Medical
Center in Seoul, South Korea, is conducting a phase 2 study
(NCT02112500), also investigating stem cell treatments for
ARDS. However, this study will be examining IV infusion of
autologous BM-derived MSCs rather than adipose-derived
MSCs. Overall, the international scientific community is mak-
ing great strides in the field of cell therapies; however, sig-
nificant coordination and regulation of efforts is needed to
promote efficient progress in the field that prioritizes
patient safety.

Cell processing and production

One of the greatest challenges in the area of cellular therapies
and the execution of clinical trials is and will be where to source
clinical grade cells in sufficient quantities for trials and future
licensure. A number of steps are necessary when an organiz-
ation, industry, blood banks, or academic center is considering
the development of a cell therapy program. Most attention is
focused on the development of a specialized facility dedicated
to the manufacture of cellular therapies. However, far more is
needed for a functional cell therapy program to become estab-
lished. A team of people working in several laboratories and
centers are required to effectively manufacture and deliver the
cellular therapies. Mechanisms must be in place to recruit,
screen, and test donors willing to donate the cells that serve as
the starting material for the manufacturing process. Once
individuals meeting donation criteria are identified, a process
must be in place to sterilely collect and process the starting
material. The product must be tested both during and at the end
of the manufacturing process to ensure that it meets established
criteria required by the FDA. A laboratory is needed to perform
these in-process and lot release assays, which can potentially be
outsourced to established labs. This laboratory is needed to
perform the assays necessary to determine if the people who
donate the starting cellular material meet criteria established by
regulatory groups and the manufacturing protocols for donat-
ing. After the manufacturing process is complete, the final
product must be stored, possibly shipped, and finally issued and
administered to the recipient.

Ideally, coupled into this effort would be the establishment
of a new product development group that is specialized in
working with research laboratory and clinical investigators to
bring new cellular therapies from the lab bench to a clinic. This
process involves scaling up manufacturing, replacing research
grade reagents with GMPs grade reagents when possible, and
validating the manufacturing process. For the cell collection
group, the cell processing laboratory, the product and donor
testing laboratories, the product development laboratory, and
the product storage and issue laboratory, written and validated
standard operating procedures must be in place and staff must
be trained on how to perform these procedures. The medical
personnel who administer the cellular therapies must also be
trained and their responsibilities explicitly described in written
procedures. To ensure that high-quality cellular therapies are
consistently produced, staff dedicated to quality control and
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regulatory affairs are essential. Establishing the facilities
required for cell therapy centers and assembling the large
and diverse group of people needed to operate such a facility
requires considerable investment.

Most new cellular therapies are developed and taken through
phase 1 and phase 2 clinical trials at academic medical centers
(140). The resources needed to initiate and complete phase 1
and phase 2 cellular therapy clinical trials are in place at many
academic medical centers. Although phase 1 and phase 2 trials
have been run in multiple areas, the funding for phase 3 clinical
trials has been and will be a challenge in the future, as well as a
limiting barrier for the commercialization of any of the cell
therapy products currently under investigation. Large pharma-
ceutical companies that have the capacity to support phase 3
trials have conservatively embarked into cellular therapies,
although this may be changing as more recently Novartis
has engaged in the development of a program to produce
anti-CD19 Chimeric Antigen Receptor T cells for the treatment
of B cell leukemia and lymphoma. This has led to an increase in
the manufacturing of these and other genetically engineered T
cells as cancer immunotherapies (141).

Currently, most academic-based cellular therapy centers are
focused on producing immunotherapies for cancer and hema-
tologic malignancies as well as genetically engineered HSCs to
treat monogene disorders. Many academic cellular therapy
facilities are part of hematology or oncology departments or
cancer centers, and therefore preparing cellular therapies for
trauma and critical care medicine is outside their area of
expertise; however, modifications to suit the needs of a trauma
or critical care trial with the right support and infrastructure are
possible. The application of cell therapies for trauma and
critical care medicine relies on readily accessible banked
products (i.e., third party, stabile/preserved, and easily prepared
for infusion). MSCs are one candidate for such application
because large-scale, cGMP manufacturing has already been
established. Although several trials have been completed and
others are ongoing, there remains a need for optimization of
manufacturing, including both cell culture and bio/cryopreser-
vation, which may be application-dependent.

Funding

To date, obtaining funding for research and clinical trials
investigating stem cell therapies has been challenging. The
majority of clinical trials in cellular therapies have either been
funded by entities such as small biotech companies, the DoD, or
the NIH. The NHBLI developed the Production Assistance for
Cell Therapy (PACT) program to advance the development and
production of clinical grade cellular therapies to treat ALI, left
ventricular failure, and hematologic diseases (142); however,
this funding has ceased, and the direction PACT funding is
taking now is to support research-grade cell production facili-
ties that will support preclinical research.

Lack of funding is a major barrier in translation for trauma
care as well as for cellular therapies in general. The majority of
clinical trial runs in trauma in civilian populations have been
conducted at Level 1 trauma centers, and few large multicenter
trials have been conducted to date. The DoD has strongly
supported efforts in the area of trauma research and also
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regenerative medicine through entities such as USAMRMC,
Congressionally Directed Medical Research Program, and
AFIRM. However, there is currently no true ‘“home” or
institute to support trauma research or highly translational
cellular therapy efforts, hence compounding the truly challeng-
ing prospects for advancement in both fields. Strong support
from federal and state governments, private foundations, the
general public, and industry are needed to make significant
advances in this field. The interest and capability from all of
these involved parties is growing, but will require accelerated
action from all sides. Another problem is the conceptual barrier
that trauma is not a disease in itself and, although it is one of the
leading causes of death worldwide, has yet to receive the
interest and support that other diseases such as cancer, HIV,
and cardiovascular disease have received (143,144). This
would need to change for major advances to be made in a
field with strong potential to offer novel therapies that can
significantly alter outcomes for gravely ill patients.

The challenges of conducting randomized controlled
trials in trauma and critical care

A major challenge and translational barrier for novel thera-
pies in trauma and critical care medicine is the difficulty posed
in the planning, design, and execution of successful randomized
controlled clinical trials. Challenges that arise as the field
progresses toward clinical trials for the investigation of cellular
therapies in trauma and critical care will likely include selec-
tion of the appropriate target patient population, relevant and
modifiable outcome measures that are accepted by the FDA,
therapeutic targets that occur at sufficient frequency, timing of
delivery of treatment, and adequate dosing. Preclinical data on
timing, dose and route of delivery as a well as characterization
of the optimal cell product, its mechanisms and potency are
critical to the success of cell therapies in trauma and critical
care. All of these components will be required to optimally
design and successfully execute trials for cell therapies
in trauma.

In general, prospective randomized trials in critically ill
patients require consent. Critically ill patients are frequently
unable to give consent, and therefore, these trials may be
governed by FDA code of federal regulations Title 21 Part
50, rules for exception from informed consent. An interesting
area of development and a true barrier in the translation of stem
cell therapies from bench to bedside in the acute care of trauma
patients is the issue of patient consent. In recent years, it has
become clear that the “Golden Hour”’ of prehospital care is a
critical period to medically intervene (3). Intervention with
novel methods for hemorrhage control, optimized blood prod-
uct administration, and supportive measures have been shown
to dramatically improve outcomes in critically injured patients
and trials during this period and during the early stages of
arrival in the hospital require exception from informed consent
(EFIC). The issue of EFIC will likely arise for cellular thera-
pies, particularly in trials where acute administration of cells is
desired for the injured patient incapable of providing individual
consent. The 1996 Final Rule 21 CFR 50.24 and 45 CFR 46.101
of the FDA and Department of Health and Human Services was
passed and specifies that, under strict criteria, research can be
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human subject participant. This rule allows for out-of-hospital
and early in-hospital randomized controlled trials for research
that carries the potential to improve clinical outcomes for
patient populations with a poor prognosis. The idea being that
early, acute care may stem some of the deleterious processes
that occur well before the patient receives targeted care in the
emergency department or operating room. Exception from
informed consent studies have historically been required to
have 30-day mortality as a primary outcome measure. This is
difficult to achieve, and several studies have been stopped for
futility (i.e., the Hypertonic Saline Trials) (145-147). Alter-
natively, in nonemergent settings, family members or legal
representatives must give consent in situations where research
is often not a priority, hindering study enrollment.

Target patient selection in trauma and critical care trials is
paramount for their success. In trauma-relevant trials, it is
difficult to identify the population at risk that has the optimal
opportunity to benefit from the planned study intervention.
Patients may either be too ill or not ill enough to benefit.
Consideration of these issues is required in trial design. Further-
more, another issue is that careful study of a population may
improve the outcome in question in both the intervention group
and the control group. These studies tend to be underpowered as
the difference between the groups narrows. ICU patients are
complex and numerous factors alter their outcomes. These
factors may overcome the benefits of a proposed study inter-
vention, resulting in a negative study. Finally, adverse events
occur commonly within a critically ill population, and it may
therefore be difficult to attribute an adverse event to a study
intervention as opposed to the underlying disease. Some of
these issues have been successfully addressed in current trauma
trials investigating novel treatment paradigms in trauma
patients; however careful thought, a better understanding of
mechanisms of action and the disease condition itself are
required to ensure future trial success.

IN SUMMARY

Cellular therapies show considerable promise in the acute
care of trauma patients, a field where there are few, if any,
effective therapeutic options that mitigate the immediate and
long-term consequences of traumatic injury.

In 2015, the military and civilian trauma communities must
lean forward to innovate new ways to improve survival and
recovery from severe injury. As part of a joint military—civilian
effort, this state-of-the-science review demonstrates the sig-
nificant potential of cell-based therapies to do just that—to
serve as a resuscitative adjunct with potential applicability in
the acute, subacute, and longer-term phases of trauma care.
Unlike any other therapy studied today, cell-based treatments
have immunomodulatory and restorative capacity and have
already been shown to be clinically feasible and, in some
settings, effective. Given the breadth and comprehensive nature
of the topic, building on this promising momentum will require
a dedicated research approach that includes strong and ideally
coordinated programs in each phase of investigation—basic,
translational, and clinical. In addition to advancing these lines
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of research with programmed and managed funding, the mili-
tary medical research and development enterprise stands to
serve in a partnership role as it pertains to regulatory, cell
procurement and processing and large-scale production efforts,
be they private, federal, or some combination of the two.
Finally, the military’s experience with clinical management
and research of HS and brain injury position it well to guide
civilian investigators and regulatory agencies in identification
of relevant and impactful endpoints to be used in clinical study
of trauma. To facilitate these efforts, it is the hope of the authors
that this structured and contemporary review will serve as a call
to action, one that culminates in knowledge and material
solutions to improve mortality and lessen the burden of survi-
vorship following trauma, including vexing injury patterns that
today seem unsolvable.
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