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Abstract

Autism and autism spectrum disorders (ASD) refer to a range of conditions
characterized by impaired social and communication skills and repetitive
behaviors caused by different combinations of genetic and environmental
influences. Although the pathophysiology underlying ASD is still unclear, recent
evidence suggests that immune dysregulation and neuroinflammation play a role
in the etiology of ASD. In particular, there is direct evidence supporting a role for
maternal immune activation during prenatal life in neurodevelopmental
conditions. Currently, the available options of behavioral therapies and
pharmacological and supportive nutritional treatments in ASD are only
symptomatic. Given the disturbing rise in the incidence of ASD, and the fact that
there is no effective pharmacological therapy for ASD, there is an urgent need for
new therapeutic options. Mesenchymal stem cells (MSCs) possess
immunomodulatory properties that make them relevant to several diseases
associated with inflammation and tissue damage. The paracrine regenerative
mechanisms of MSCs are also suggested to be therapeutically beneficial for ASD.
Thus the underlying pathology in ASD, including immune system dysregulation
and inflammation, represent potential targets for MSC therapy. This review will
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focus on immune dysfunction in the pathogenesis of ASD and will further
discuss the therapeutic potential for MSCs in mediating ASD-related
immunological disorders.

Key words: Autism spectrum disorders; Mesenchymal stem cells; Major
histocompatibility complex; Inflammation; Maternal immune activation; Cell therapy
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Core tip: Autism spectrum disorder (ASD) is a complex, behaviorally defined disorder
characterized by severe impairments in social communication and repetitive behavior.
Because of an incomplete understanding of the pathology of ASD, available treatment
options in ASD are only symptomatic. We discuss the role of immune dysfunction in the
etiology of ASD and function of mesenchymal stem cells. We summarize the pre-clinical
and clinical evidence for mesenchymal stem cell therapy in ASD and suggest that more
basic experiments are needed to better understand the therapeutic mechanisms of
mesenchymal stem cells in ASD.
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INTRODUCTION

Autism spectrum disorder (ASD) is a complex, behaviorally defined disorder
characterized by severe and pervasive impairments in social communication and
repetitive behavior. According to the 5th edition of the diagnostic and statistical
manual of mental disorders, ASD is diagnosed in individuals exhibiting three social
communication and interaction deficits, at least two symptoms of restricted or
repetitive behavior/interests/activities, and a variety of specific symptoms classified
within each diagnostic category. ASD is one of the most common psychiatric
disorders affecting 1 in 59 children aged 8 years based on the most recent estimates
calculated by the United States Center of Disease Control'l. There has recently been a
steady and highly significant rise in the estimated prevalence of ASD, due both to a
greater awareness of the disorder and broader diagnostic criteria’”. ASD is a complex
and heterogeneous psychiatric disorder, and early studies suggest a strong genetic
component to autism. For example, identical twin studies estimate concordance for
ASD to be between 70% and 90%""). However, growing evidence suggests that these
previous studies may have overestimated the genetic component of autism because
the heritability of autism and shared twin environment were similarl’. Meanwhile,
large numbers of ASD candidate genes have been uncovered by whole-genome
linkage studies, gene association studies, copy number variation screening, and SNP
analysis'’l. Many of the candidate genes, such as reelin (RELN), SH3 and multiple
ankyrin repeat domains 3 (SHANK3)"), neuroligin 3 (NLGN3), NLGN4X", MET"",
gamma-aminobutyric acid type-A receptor beta3 subunit (GABRB3)!"?, oxytocin
receptor (OXTR)!", serotonin transporter (SLC6A4)!'", and phosphatase and tensin
homolog (PTEN)"! have been demonstrated to be associated with ASD (Figure 1).
Furthermore, single gene mutations cause several ASD-related syndromes, including
Rett’s syndrome (methyl CpG binding protein 2, MECP2)!"", Fragile X (fragile X
mental retardation 1, FMRI)!"", and tuberous sclerosis (TSCI or TSC2)!"l. Proteins
within the phosphoinositide-3-kinase pathway, including MET, PTEN, TSC1, and
TSC2 have a major role in regulating interleukin (IL)-12 production and are involved
in both innate and adaptive immunity!"”. Additionally, some of the ASD candidate
genes, including the major histocompatibility complex class genes are traditionally
thought to play a role exclusively in the immune system™ (Figure 1). Even with the
recent advances in identifying candidate genes involved in ASD, all identified genes
account for < 20% of ASD cases!”l. Moreover, a number of these genetic risk factors
are present in individuals without ASD suggesting additional risk factors are also
necessary. For example, recent studies provided evidence for altered DNA
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environmental factors may be responsible for triggering the development of ASD in
some individuals (Figure 1). A variety of environmental risk factors have been
identified to increase ASD risk including: maternal immune activation (MIA)>-7;
prenatal or perinatal exposure to valproic acid (VPA)P**! and selective serotonin
reuptake inhibitors (SSRI)*%; early life exposure to stresst™*]; advanced parental age,
zinc deficiency, abnormal melatonin synthesis*]; and environmental toxinst! (Figure
1). MIA and maternal exposure to drugs such as SSRI and VPA are of particular
interest given evidence from clinical and animal studies supporting the role for
immune dysfunction and inflammation in the etiology of ASD.

The first part of this review discusses immune-related genetic and environmental
risk factors for ASD, from both human and animal studies, and the role of immune
activation in the etiology of ASD-related behavioral and neuropathological
abnormalities. Understanding how immune abnormalities are involved in the etiology
of ASD will provide a valuable starting point for further work towards potential stem
cell therapies for ASD. There is great potential for the use of stem cells in the future of
molecular and regenerative medicine. Amongst the various stem cell subtypes,
mesenchymal stem cells (MSCs) are the most promising clinical candidate for the
treatment of several diseases related with inflammation, tissue damage, and
subsequent regeneration and repairl*’l. Therefore, the second part of this review will
focus on underlying treatment mechanism of MSCs in ASD.

EVIDENCE FOR IMMUNE ABNORMALITIES IN ASD

Immune-related genetic risk factors for ASD

Major histocompatibility complex molecules: Major histocompatibility complex
(MHC) occurs on the short arm of chromosome 6 and is divided into three regions;
MHC class I, II, and III (MHC-I, MHC-II, and MHC-III). The human leukocyte antigen
refers to the MHC locus in humans, which contains a large number of genes involved
in integrating the innate and adaptive immune system. MHC-I molecules are found
on all nucleated cells, and present epitopes to T-cell receptor proteins on cytotoxic
CD8+ T lymphocytest™. As a result of MHC-I presentation, cytotoxic CD8+ T
lymphocytes become activated and play an important role in the clearance of bacterial
and viral infections. While MHC-I molecules have long been known for their primary
role in adaptive immunity, they also bind to inhibitory receptors on natural killer
(NK) cells, which are part of the innate immune system*!. Interestingly, some recent
studies have demonstrated novel roles of MHC-I molecules in regulating synaptic
function, plasticity of the cerebral cortex, and cortical glutamatergic connectivity™'-*1.
Several lines of evidence have indicated that abnormalities in the balance between
excitatory (glutamate-mediated) and inhibitory (gamma-Aminobutyric acid-
mediated) neurotransmission may be a key pathological mechanism in autism*-*l.
MHC may also function in social communication and the formation of social
memoriest’*l. Moreover, the class one allele of human leukocyte antigen-A2, an
important MHC-I antigen presenting molecule, is linked to higher incidence of
autism™!. Thus, it is interesting to speculate that human leukocyte antigen
polymorphisms might contribute to the abnormal social communication in ASD by
altering excitatory/inhibitory balance in the brain.

Unlike MHC-I, MHC-II molecules are expressed exclusively by the antigen
presenting cells, including B cells, dendritic cells, and macrophages, in response to
inflammation signalst’l. In general, helper CD4+ T lymphocytes can recognize
exogenous antigen presented on MHC-II through T cell receptors. Once activated,
helper CD4+ T lymphocytes promote B cell differentiation and antibody production
and secrete many cytokines and chemokines. MHC-II alleles are associated with
autoimmune disease”, and interestingly, many studies report that a family history of
autoimmune disease is a significant risk factor for ASDP?l. Moreover, in the
developing and adult brain, MHC-II molecules are expressed mainly on microglia,
astrocytes, and perivascular monocytest>*°l. In vitro experiments suggest that the
expression of MHC-II differs in astrocytes and microglia. For example, glutamate, an
excitatory neurotransmitter abundantly present in the central nervous system (CNS),
inhibits expression of MHC-II induced by interferon-gamma (IFN-y) on astrocytes,
but not on microglia cells®™!. Hellendall and Ting"™ reported that cytokine (IFN-y)
induced expression of MHC-II on astrocytes is mediated through a cAMP and protein
kinase C-dependent pathway. Whilst a mitogen-activated protein kinase (MAPK)
signal pathway including extracellular signal-regulated kinases 1/2, c-Jun N-terminal
kinase, and p38 MAPK and cyclic AMP responding element binding protein, may be
involved in lipopolysaccharide (LPS)-activated microglia!. Altered microglial
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Figure 1 Genetic and environmental risk factors for autism spectrum disorders. Genetic risk factors for autism spectrum disorder (ASD) including: important
candidate genes, immune-related genes (such as MHC), epigenetics, and family history of autoimmune disease. Prenatal infection, maternal exposure to drugs,
prenatal stress, advanced parental age, zinc deficiency, and abnormal melatonin synthesis are important environmental risk factors for ASD. ASD children exhibit
social communication deficits and repetitive behavior. Brain dysfunction and physiological abnormalities are observed in ASD patients and animal models. RELN:
Reelin; GABRB3: Gamma-aminobutyric acid type-A receptor beta3 subunit; OXTR: Oxytocin receptor; SLC6A: PTEN: Phosphatase and tensin homolog; FMR1:
Fragile X mental retardation 1; TSC1/2: Tuberous sclerosis 1/2; MECP2: Methyl CpG binding protein 2; MHC: Major histocompatibility complex; AT: Autoimmune
thyroiditis; RA: Rheumatoid arthritis; MIA: Maternal immune activation; LPS: Lipopolysaccharide; SSRI: Selective serotonin reuptake inhibitors; VPA: Valproic acid.
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activation in the brain is accompanied by the behavioral phenotype of autism (e.g.,
anxiety, abnormal social interaction, and learning impairment) in MIA animal
models**’l. Meanwhile, an increased average microglia somal volume in white matter
and microglial density in grey matter has been reported in post-mortem studies of
ASDU1, Furthermore, several studies have reported that the DRS1*04 allele of the
MHC-II region is associated with ASDI>*,

The MHC-III region encodes a cluster of proteins with immune functions including
complement proteins (C2 and C4), tumor necrosis factor (TNF)-a, and heat shock
proteins. The CB4 null allele of MHC-III has been implicated in ASDI*”l. In addition,
strong evidence has demonstrated that MHC-III molecules play an important role in
brain development and function. For example, TNF-a enhances dendrite growth and
synaptic connectivity, balances neuronal excitation and inhibition, and alters synaptic
plasticity!™.

Clearly, the MHC molecules play a vital role in the formation, refinement,
maintenance, and plasticity of the brain. Thus, disruptions in the expression of MHC
molecules in the developing brain induced by mutations and/or immune
dysregulation might contribute to the altered brain function and endophenotypes of
ASD.

Environmental risk factors in ASD

MIA and ASD: Epidemiological studies indicate that generalized activation of the
maternal immune system caused by maternal infection during prenatal life is a strong
risk factor for ASDI*7. Consistent with these reports, our research group and others
have demonstrated non-specific induction of MIA using viral analogues such as the
double stranded RNA poly(I:C), and this is sufficient to bring about neuropathologic,
neuroimaging, and behavioral phenotypic changes in the offspring, which are
analogous to those observed in human ASD*-%%7574 In addition, MIA can be induced
in both rodent and non-human primate models with influenzal™, IL-6"], maternal
anti-fetal brain antibody!”], and LPSI"l. Altogether, these large epidemiological
findings and animal experiments point to a primary role for MIA in the etiology of
ASD.

It is now well understood that shortly after maternal injection with poly(I:C), pro-
inflammatory cytokines, including IL-1p, IL-6, and TNF-a are elevated in the maternal
bloodstream, placenta, and fetal braint®*”’l. IL-6 in particular may be a crucial
immunological mediator of the link between maternal immune activation and altered
adult brain functions. This is because, unlike IL-1p and TNF-q, IL-6 may cross the
placenta and enter the fetal brain after MIAI#!l. Indeed, maternal IL-6 injection is
sufficient to precipitate offspring prepulse inhibition and latent inhibition deficits
usually consequent on poly(I:C) exposurel”.. Simultaneous injection of an anti-IL-6
antibody can prevent behavioral maldevelopment and gene expression changes
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caused by MIAI. More convincingly, IL-6 knock-out mice are resistant to the effects
of prenatal poly(I:C) exposurel™. There is also evidence that maternal IL-6 dependent
activation of the Janus kinase/signal transducer and activator of transcription 3
pathway in the placenta demonstrates a direct transfer of the MIA response from
maternal to fetal cells”’l. Interestingly, pathways downstream of the Janus
kinase/signal transducer and activator of transcription 3 signaling including the
MAPK cascade that contains Ras/Raf, mitogen-activated protein kinase kinase 1, and
phosphorylated extracellular signal-regulated kinases, have been demonstrated to
contribute to the fetal brain dysfunction observed in the MIA mice modell*?.
Moreover, several recent studies from our group and others report that MIA induces
epigenetic alterations in the brain, suggesting that stable DNA methylation is a
plausible mechanism underlying the disruption of gene transcription, brain
development, and behavioral functions in response to immune challenge in
utero[ll,&‘v—;\'?].

Maternal exposure to SSRI and ASD: Depression during pregnancy is not
uncommon; the prevalence is reported to be around 7%-12%!**"l. SSRIs are the most
frequently prescribed antidepressants during pregnancy because they are thought to
be relatively safe for the fetus compared to other antidepressants. However, recent
meta-analyses have suggested that SSRI exposure during pregnancy increases the risk
for preterm birth and low birth weight™], congenital malformation®), and unfavorable
effects on language or behavioral development in children”. SSRIs can cross the
placenta and are able to reach the fetal brain, which might have long-term
neurobehavioral and neurodevelopmental consequences in the offspring!”’l. An
imbalance of serotonin (5-HT) in prenatal life may be a risk factor for ASD.
Experimental investigations have demonstrated that SSRIs have the potential to cause
changes in brain circuitry and maladaptive behaviors, due to elevated levels of 5-
HT . In utero, exposure to an SSRI during a key developmental window lead to
dysfunctional 5-HT signaling, loss of 5-HT terminals, and behavioral abnormalities in
animals™. 5-HT levels are reported to be decreased in ASD patients!”’. Additionally,
several clinical studies have reported that the use of SSRIs during pregnancy increases
the risk of ASD in children*l. Although several reviews and meta-analyses have
recently been published addressing this issue, there are conflicting conclusions when
controlling for maternal psychiatric disease and other confounding factors, such as
genetic syndromes and congenital anomalies that are associated with ASD-like
behavior”l. To answer this question more accurately further investigation is
warranted, in particular focusing on maternal psychiatric conditions and/or SSRI
treated and untreated siblings.

Given that 5-HT plays a role as an immunomodulator, it is possible that prenatal
SSRI exposure may contribute to the pathophysiology of ASD through interactions
between an altered serotonergic system and the immune system. 5-HT modulates the
function of a wide range of immune cells, including macrophages, NK cells, dendritic
cells, T-cells, and B-cells through binding to 5-HT receptors during the immune
response!'”’. In addition, there is an association between serum 5-HT levels and the
presence of certain MHC genes in ASD children!'"!l. It is possible that abnormal
synaptic or extracellular levels of 5-HT may affect the immune system, triggering
abnormalities as seen in ASD. However, a direct experimental investigation is needed
to verify the 5-HT-mediated neuro-immune crosstalk in ASD.

Valproic acid and ASD: VPA has been used for the treatment of seizures and mood
swings for more than 30 years. Several lines of clinical evidence have suggested that
maternal exposure to VPA is associated with increased risk of ASDI'"*'*. Our research
group and others have shown that rodents exposed to VPA prenatally develop
behavioral traits and neurochemical alterations that may be relevant to ASDI'%1,
Interestingly, prenatal exposure to VPA on gestation day 9 before neural tube closure
disrupts the maturation of serotonergic neurons thereby interrupting early
development of the serotonergic system!""l. In addition, prenatal exposure to VPA on
gestation day 9 results in an elevated level of 5-HT in the hippocampus and
hyperserotonemia in blood""l. Furthermore, Dufour-Rainfray et al'*! reported that
decreased 5-HT levels in the hippocampus of rats exposed to VPA at gestation day 9
may be associated with behavioral impairments. Therefore, these results suggest
prenatal VPA exposure may play a role in the development of ASD through
disruption of the normal development of the serotonin system. However, further
research is required to elucidate the mechanisms by which this occurs. Clinical use of
VPA is often associated with hepatotoxicity and the pathology of VPA-induced
hepatotoxicity has been studied extensively. Oxidative stress and hepatic
inflammation are apparent; elevated levels of nuclear NF-«B in the liver is
accompanied by the induction of IL-1p, IL-6, and TNF-a, and these play important
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roles in the pathology of VPA-induced hepatotoxicity!'””. Moreover, moderate or high
doses of prenatal exposure to VPA can also induce toxicity and even death in the
offspring in animals?*’. However, the underlying mechanism of VPA-induced toxicity
in the CNS is not clear yet. We suspect that oxidative stress and/or
neuroinflammation may also play an important role in the altered brain function
observed in prenatal exposure to VPA. Further study is required to improve
understanding of the mechanisms by which prenatal VPA exposure may induce ASD,
through investigation of the serotoninergic system and immune responses in the fetal
brain.

Inflammation in ASD

A consistent body of data has suggested that there is active inflammation in the CNS
in ASD patients. Increased activation of astroglia and microglia has been found in the
postmortem brain and cerebrospinal fluid samples in ASD patients®'l. In addition,
elevated macrophage chemoattractant protein-1 and tumor growth factor-p1 derived
from neuroglia are the most prominent cytokines in the brain samples of ASD
patients; marked expression of a prominent inflammatory cytokine profile,
macrophage chemoattractant protein-1, IL-6, IL-8, and IFN-y is shown in the
cerebrospinal fluid of ASD patients®l. Another study further demonstrates that pro-
inflammatory cytokines including TNF-a, IL-6, IL-8, granulocyte macrophage-colony
stimulating factor, and IFN-y (Th1 cytokines) are significantly increased in the brains
of ASD patients!"'"l. However, there is no increase in IL-4 or IL-5 (Th2 cytokines), thus
Th1/Th2 ratio is significantly raised in ASD patients, suggesting that the Th1 pathway
is activated in ASD!"'.

A number of studies have shown that IL-1p, IL-12, TNF-a, and IFN-y are increased
in the peripheral blood of autistic patients!''l. Two recent large case-control studies
comparing ASD and typically developing children have further confirmed increased
levels of plasma cytokines including the Thl-like IL-12p40 and pro-inflammatory
cytokines IL-1f3, IL-6, IL-8, and granulocyte macrophage-colony stimulating factor!"'?,
and chemokines, including MCP-1, regulated on activation normal T cell expressed
and secreted, and eotaxin!'"’l. These elevated levels of cytokines and chemokines are
associated with behavioral and cognitive impairments!*'>*"l,

POTENTIAL FOR MSCS IN THE TREATMENT OF ASD
MSCs

MSCs are a population of progenitor cells of mesodermal origin found principally in
the bone marrow, which possess the capacity of self-renewal and also exhibit
multilineage differentiation!"'*'""l. In addition to bone marrow, MSC populations can
also be obtained readily from adipose tissuel"'"], placenta"'”), skin!"'*l, umbilical cord
blood!™"], umbilical cord perivascular cells!"*’], umbilical cord Wharton’s jelly!*!],
amniotic fluid"*?, synovial membranel'*’], breast milk'**], alveolar epithelium!*],
myocardium!**l, menstrual blood!"*], and endometrium!*! (Table 1). MSCs are
relatively easy to isolate and expand in culture and capable of self-renewal and
differentiation, making them a promising treatment option for a variety of clinical
conditions. Although the multipotency of MSCs is demonstrated in vitro!'*’, this is still
not definite in vivo. Until now, it is also still unclear whether MSCs isolated from

different tissue sources have similar therapeutic potentials!*"l. Furthermore, it is
uncertain whether systematic delivery (i.e., intravenous) of MSCs is sufficient to reach
the brain as compared to direct implantation of MSCs!****?l. Though intranasal

application of cells provides an alternative, non-invasive method to deliver MSCs
directly into the CNSI"*L. At present, neither intravenous nor direct injection of MSCs
have been able to yield consistent clinical results because infused cells exhibit limited
survival and transient functionality in host tissues!"****.

As well as the ability to self-renew and differentiate, MSCs can also secrete
immunomodulatory, anti-apoptotic, anti-inflammatory, pro-angiogenic, pro-
mitogenic, and antibacterial molecules that contribute to immunomodulatory and
trophic effects!"”l. Thus recent recognition of the immunomodulatory functions of
MSCs may result in the exploration and development of new therapies for ASD.

Effects of MSCs on the nervous system in health and ASD

Although the mechanism of action of MSCs on the nervous system remains largely
unknown, recent research suggests that neuroprotection, neurogenesis, and
synaptogenesis may be involved!"**l. Genetic findings linking ASD to synapse-
associated genes, such as SH3 and multiple ankyrin repeat domains 3 (SHANK3) and
mutations of other synaptic cell adhesion molecules, suggest that ASD may result, at
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Table 1 Tissue sources of mesenchymal stem cells

Tissue sources MSCs Ref.
Bone marrow BM-MSCs [T
Adipose Ad-MSCs [116]
Placenta PLMSCs [117]
Skin S-MSCs [118]
Umbilical cord blood UCB-MSCs [119]
Umbilical cord perivascular cells UCPVC-MSCs [
Umbilical cord Wharton'’s jelly WJ-MSCs )
Amniotic fluid AF-MSCs [122]
Synovial membrane SM-MSCs [123]
Breast milk M-MSCs [124]
Alveolar epithelium (lung) AE-MSCs [125]
Myocardium (heart) Myo-MSCs [126]
Menstrual blood Men-MSCs [127]
Endometrium En-MSCs [Fe]

MSCs: Mesenchymal stem cells; BM-MSCs: Bone marrow MSCs; Ad-MSCs: Adipose MSCs; UCB-MSCs:
Umbilical cord blood MSCs.

least partially, from disruption of synapse function and plasticity*’l. MSCs act
through several possible mechanisms to regulate synaptic function and plasticity, that
is, secreting survival-promoting growth factors (e.g., brain-derived neurotrophic
factor; nerve growth factor), sustaining synaptic plasticity, restoring synaptic
transmitter release by providing local re-innervations, integrating into existing
synaptic networks, and re-establishing functional afferent and efferent connec-
tions[ﬂﬁ,l 40,1 II]_

Effects of MSCs on the immune system and autoimmune diseases in health and
ASD

There is a considerable body of literature documenting the effects of MSCs on the
immune system. MSCs act on both the adaptive and innate immune system by
suppressing pro-inflammatory activities, inhibiting dendritic cell maturation,
polarizing macrophages towards anti-inflammatory M2-like state, promoting the
generation of regulatory T cells via IL-10, suppressing proliferation and cytotoxicity of
NK cells, and reducing B cell activation and proliferation. These functions of MSCs on
the immune system have been covered extensively in several reviews!"**'*l. As
discussed above in this review, ASD patients show an imbalance between Th1l and
Th2, as well as NK cells, overproduction of pro-inflammation, and reduction of anti-
inflammation. MSCs immunoregulatory effects have the potential to restore this
immune imbalance, inhibit TNF-a, IL-1 and IFN-y production, and increase IL-10
and IL-4 levels',

In addition, MSCs are capable of crossing the blood-brain-barrier and migrating to
sites of tissue injury and inflammation!**'*. MSCs act through Toll-like receptor
(TLR) signaling to initiate the clearance of pathogens and promote the repair of
injured tissue. These TLRs respond to so-called “danger signals” from microbial
invasion, such as double-stranded RNA (dsRNA), LPS, and heat shock proteins,
triggering intracellular signaling pathways. This results in the induction of
inflammatory cytokines, type I IFNs, and upregulation of co-stimulatory molecules
leading to the activation of the adaptive immune response!™’. As mentioned above,
prenatal exposure to poly(I:C), a synthetic analog of dsRNA, elicits a plethora of
intracellular signaling pathways through binding to TLR3 in a MIA model of ASD!"",
whilst LPS elicits distinct molecular profiles through binding to TLR4!"*. In TLR3-
and TLR4-mediated signaling pathways, toll-IL-1 receptor domain-containing
adaptor inducing IFN-p (TRIF) leads to activation of the transcription factors
interferon regulatory factor 3 (IRF3), which are responsible for induction of IFN-p!'*"!
(Figure 2A). TRIF-dependent signaling pathway, both downstream of TLR-3 and TLR-
4, also leads to activation of MAPKSs and production of cytokines, such as IL-6 and
TNF-al*****l, Interestingly, TLRs may polarize MSCs toward pro-inflammatory
(MSC1) or anti-inflammatory (MSC2) phenotypes. For example, TLR4 (LPS) priming
results in production of pro-inflammatory cytokines such as IL-6 or IL-8 (MSC1),
while TLR3 (dsRNA, ployl:C) priming induces secretion of anti-inflammatory
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molecules such as IL-10, IL-4, indoleamine 2,3-dioxygenase, or prostaglandin
(MSC2)t>>1% (Figure 2B). These polarizing effects of TLR priming depend on the
ligand concentration, timing, and kinetics of activation. This may also explain the
contradictory results obtained so far regarding the effects of TLRs on
immunomodulation by MSCs!"*>'*]. However, in contradiction to the reported LPS
polarizing process (MSC1 phenotype) observed in vitro, several studies have reported
beneficial effects of MSC treatment in animal models of LPS-induced tissue
injury!””*’1. Therefore, the in vivo modulation of MSCs by TLR ligands deserves
further investigation and clarification. In particular, the MIA model of prenatal
exposure to poly(I:C) represents a good animal model in which to explore the
underlying mechanism of MSC treatment in ASD.

Numerous autoimmune conditions have been associated with ASD, including
autoimmune thyroiditis, rheumatoid arthritis, ulcerative colitis, celiac disease, and
type 1 diabetes!'™! (Table 2). The potential use of MSC therapy has been investigated
in many of these conditions. Preclinical experiments and clinical trials have
demonstrated the safety and efficacy of MSC therapy in rheumatoid arthritis animal
models and patients!'*'l. In addition, MSC therapy has been reported to increase
regulatory T cells, restore Th1l/Th2 balance in blood and induce apoptosis of
infiltrated leukocytes in pancreatic islet cells in mice with type 1 diabetes!'*?l.
However, in order to translate this finding from bench to bedside, further in-depth
mechanistic studies of the therapeutic effects of MSCs on type 1 diabetes are
warranted. Recent pre-clinical research has shown the restorative effect of MSCs in
mice with autoimmune thyroiditis through the MAPK signaling pathway!'*!.
Furthermore, graft-versus-host-disease and multiple sclerosis have been targeted for
MSC treatment in both animal experiments and clinical trials!'*'*! (Table 2). However,
the use of MSCs in the treatment of graft-versus-host-disease has failed to give
consistent results in animal experiments!'*’..

Pre-clinical and clinical evidence for MSC therapy in ASD

To date, only a few pre-clinical studies have demonstrated the therapeutic potential of
MSC treatment in animal models of ASD. Ha et all'*l reported that adipose MSCs are
transplanted intraventricularly into the brains of neonatal fetal pups at a very early
stage. This early intervention reduces repetitive behavior and anxiety, and improves
social deficits in mice prenatally exposed to VPA through the rescue of decreased IL-
10 and vascular endothelial growth factor levels together with upregulation of
reduced PTEN proteins in the brain. In addition, it has been demonstrated that by
promoting the maturation of newly formed neurons in the granular cell layer of the
dentate gyrus, MSC transplantation restores post-developmental hippocampal
neurogenesis in VPA-exposed micel'*). This is associated with improvements in
cognitive and social behavior 2 wk after transplantation of the MSCs and thus may be
related to the modulation of hippocampal neurogenesis!'*’l.

A widely accepted mouse model of ASD is the BTBR T+, tf/] (Black and Tan
Brachyury, BTBR) inbred mouse strain, which display autistic-like behavior and
neuroanatomical abnormalities, including absence of corpus callosum and reduced
hippocampal commissure, analogous to the core endophenotype of autism!”*"4. It has
been shown that intracerebroventricular transplant of human MSCs into BTBR mice
results in a reduction of stereotypical behaviors and cognitive rigidity and an
improvement in social behavior!”’l. Furthermore, elevated brain-derived neurotrophic
factor levels and hippocampal neurogenesis were detected in the MSCs-transplanted
BTBR micel'\. This finding then promoted an investigation of the behavioral effects of
transplanted MSCs, which were induced to secrete a higher amount of neurotrophic
factors (NurOwn®) in BTBR micel'”l. This study demonstrated NurOwn®!'”! are
superior to MSCs without induced neurotrophic factors in several aspects. In
particular, NurOwn® contains 2 and 5 fold levels of brain-derived neurotrophic factor
and glial cell-derived neurotrophic factor, respectively, compared to MSCs from the
same donor!’’l. Moreover, NurOwn® transplantation increases male-female social
interaction, decreases repetitive behavior (changes which can be sustained for 6 mo
after treatment), and improves cognitive flexibility in BTBR mice!'*l. Exosomes
derived from MSCs serve as the main mediators of the therapeutic effect of MSC, with
an involvement in repairing damaged tissues, suppressing inflammatory responses,
and modulating the immune system!"””'”*l. Their potential as a surrogate of therapeutic
MSCs has been widely explored. Recently, it has been shown that BTBR mice treated
with exosomes derived from MSCs via intranasal administration present with
significant behavioral improvements in social interaction and ultrasonic
communication and reduced repetitive behavior. Interestingly, BTBR mothers that
were treated with exosomes derived from MSCs showed improvements in maternal
behaviors such as pup retrieval behavior!”’.

Although there have been few pre-clinical studies of MSC therapy for ASD, several
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Figure 2 Poly(l:C)-toll-like receptor 3 signaling pathway and polarization of mesenchymal stem cells. A: Poly(1:C)-induced toll-like receptor 3(TLR3) signaling
pathway. TLR3 recognizes dsRNA analog poly(l:C) in the endosomes and initiates signaling by TRIF, leading to activation of IRF3 and induction of IFN-B. TRIF-
dependent signaling pathway also induces activation of MAPKs and AP-1, and culminates in the production of inflammatory cytokines, such as IL-6 and TNF-a; B:
Polarization of MSCs into MSC1 (M1 type with a proinflammatory response) and MSC2 cells (M2 type with an anti-inflammatory response) as a result of activation of
TLR3 and TLR4 respectively. Poly(l:C): polyinosinic—polycytidylic acid; dsRNA: Double-stranded RNA; TLR3: Toll-like receptor 3; TLR4: Toll-like receptor 4; TRIF:
Toll-IL-1 receptor domain-containing adaptor inducing IFN-B; IRF3: Interferon regulatory factor 3; MAPKs: Mitogen-activated protein kinases; AP1: Activator protein 1;
IFN-B: Interferon B; IL-6: Interleukin 6; TNF-a: Tumor necrosis factor a; LPS: Lipopolysaccharide.

clinical trials on human have been conducted. Lv et all'*l performed a non-
randomized, open-label, controlled, proof-of-concept clinical trial to exam the
treatment, safety and efficacy of umbilical cord blood MSCs and/or cord blood
mononuclear cells in children with autism. At 24 wk post-treatment, significant
reductions in symptom severity are observed with the greatest improvement in the
combined group (umbilical cord blood-MSCs + cord blood mononuclear cells),
suggesting a synergic effect of dual therapy!®!. There is no significant safety issue
related to the treatment and no observed severe adverse effects.

Meanwhile, Sharma et all'"®"! conducted another open-label proof of concept study
and reported on the use of intrathecal transplantation of autologous bone marrow
mononuclear cells that contain MSCs in 32 patients with ASD. This study included
children as well as adults with ASD (age 3-33). Most of the patients showed improved
scores in various behavioral scales after a 26 mo follow up, including improvements
in social relationships and reciprocity, emotional responsiveness, speech, language,
communication, behavior patterns, sensory aspects, and cognition. Only a few
adverse events (including seizures and hyperactivity) were observed, and these were
controlled with medications!""l. It has been reported that cerebral hypoperfusion or
insufficient blood flow in the brain occurs in many brain regions in ASD!'*4, and
interestingly, their study suggested that the cell transplantation may have had a
balancing effect on the brain metabolism!*'l. Comparative Positron Emission
Tomography-Computed Tomography scans before and 6 mo after cell transplantation
showed increased '*F-fluorodeoxyglucose uptake in the areas of frontal lobe,
cerebellum, amygdala, hippocampus, parahippocampus, and mesial temporal lobel**.

Another small pilot open label study recently investigated the clinical benefits of
bone marrow aspirate concentrate stem cell with intrathecal transplantation in 10 ASD
children (4-12 years of age)!'*l. The maximal effect of cell therapy was observed within
the first 12 mo following the treatment. Interestingly they also found that
improvement decreased as the age of ASD child increased!"*]. However, there was no
control group and the number of subjects in this study was quite small. Dawson et
all*1 conducted an open-label phase I clinical trial of a single intravenous infusion of
autologous UCB (AUCB) on 25 ASD children aged between 2 and 5 years. They found
that most of the significant improvements in behavior occurred during the first 6 mo
and were sustained between 6 and 12 mo post-infusion. Thus whilst a single therapy
did not improve all autistic symptoms, this work has demonstrated that it is safe and
feasible to perform AUCB infusions for the effective treatment of ASD in young
children!"*. Dawson’s research team!"*! performed a secondary follow up study and
reported changes in electroencephalography spectral power by 12-mo post-treatment
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Table 2 Autoimmune diseases, autism spectrum disorders, and mesenchymal stem cells

Autoimmune diseases ASD MSCs

Autoimmune thyroiditis + Pre-clinical experiment
Rheumatoid arthritis F Pre-clinical experiment; Clinical trials on-going
GVHD - Pre-clinical experiment; Clinical trials

MS - Pre-clinical experiment; Clinical trials on-going
Type 1 diabetes TF Pre-clinical experiment; Clinical trials on-going

ASD: Autism spectrum disorders; MSCs: Mesenchymal stem cells; GVHD: graft-versus-host-disease; MS:
Multiple sclerosis; +: An association between ASD and a family history of autoimmune diseases; -: No or lack
of evidence of correlation between autoimmune diseases and ASD.

of AUCB on ASD children. Baseline posterior electroencephalography beta power was
positively associated with an improvement in social communication symptoms in
ASD children, suggesting the electroencephalography may be a useful biomarker to
predict the outcome of clinical trials for ASD.

Recently, the first randomized, double-blinded, placebo-controlled clinical trial
provided further evidence that AUCB was safe, but there was minimal clinical
efficacy compared to the findings of the previous open-label trial!*!. Twenty-nine
ASD children 2-6 years of age were infused with either AUCB or placebo, and
evaluated at baseline, 12 wk, and 24 wk'"*!. This study suggested that infusion of
AUCB has no serious adverse events for the treatment of ASD and potentially had an
impact on socialization for children with ASD.

While the clinical trials discussed above have generally reported a good safety
profile for MSC transplantation in ASD children, the follow-up checks are currently
only up to 12 mo after treatment. Thus caution should still prevail as no data of long-
term effects such as 5 to 20 years posttreatment are currently available.

CONCLUSION

Despite the increasing incidence of ASD, autism currently remains untreatable. The
available options of behavioral, pharmacological, and nutritional therapies are only
supportive treatments!*'¥'*I. The underlying pathology of ASD involves immune
system dysregulation, autoimmunity, and inflammation!*”), and these processes are
targetable with MSC therapy. MSCs can be transplanted directly without genetic
modification or pretreatment, differentiated according to the cues from the
surrounding tissues, and do not cause uncontrollable growth or tumors!”’l. Several
proof-of-concept clinical studies mentioned above and meta-analyses have shown the
safety and/or efficacy of MSCs treatment in autistic patients or other clinical
conditions of immune dysregulation!"®'*"'%1%1 Although MSCs have the potential for
clinical use in ASD, a number of methodological, technical, and safety challenges still
need to be considered!?"l. Additionally, their response to other pharmacological
interventions, tissue distribution upon administration, and their long-term safety
profile are key areas in need of further investigation. Currently, it is unclear how long
a single dose of MSC can sustain anti-inflammatory effects or when would be the
ideal age for intervention (the early the better?). Furthermore, the most recent
randomized, double-blinded, placebo-controlled clinical trial, which had a much more
rigorous design than other clinical trials mentioned in this review reported lack of
efficacy of AUCB for the treatment of ASD. Given that the long-term safety and
efficacy of MSC treatment cannot be fully ascertained, standardized trial design needs
to be considered when designing future clinical trials.

More importantly, our understanding of basic MSC biology and underlying
etiology of ASD is still limited. Further basic research into endogenous functions of
MSC is warranted to elucidate the mechanism by which therapeutic MSCs for the
treatment of ASD mediate their action. Animal models such as the MIA and BTBR
mouse models may be vital for this as they allow the simultaneous measurement of
peripheral and central immune function, quantitative neuronal modification, and
behavioral changes in response to MSC treatment, thus enabling a better
understanding of the therapeutic mechanisms of MSCs in ASD.
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Abstract

Umbilical cord blood (UCB) is a valuable source of hematopoietic stem cells
(HSCs) and potential alternative for bone marrow transplantation for patients
who lack human leukocyte antigen (HLA)-matched donors. The main practical
advantages of UCB over other HSC sources are the immediate availability, lower
incidence of graft-versus-host disease, minimal risk to the donor, and lower
requirement for HLA compatibility. However, the use of UCB is limited by
delayed engraftment and poor immune reconstitution, leading to a high rate of
infection-related mortality. Therefore, severe infectious complications, especially
due to viral pathogens remain the leading cause of morbidity and mortality
during the post-UCB transplantation (UCBT) period. In this context, careful
screening and excluding the viral-contaminated UCB units might be an effective
policy to reduce the rate of UCBT-related infection and mortality. Taken together,
complete prevention of the transmission of donor-derived viral pathogens in
stem cell transplantation is not possible. However, having the knowledge of the
transmission route and prevalence of viruses will improve the safety of
transplantation. To the best of our knowledge, there are few studies that focused
on the risk of virus transmission through the UCB transplant compared to other
HSC sources. This review summarizes the general aspects concerning the
prevalence, characteristics, and risk factors of viral infections with a focus on the
impact of viral pathogens on cord blood transplantation safety.
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Core tip: Severe infectious complications, especially due to viral pathogens remain the
leading cause of the post-transplantation morbidity and mortality. In this context,
excluding the viral-contaminated umbilical cord blood (UCB) units might be an effective
policy to reduce the infection rate after UCB transplantation (UCBT). Complete
prevention of the transmission of donor-derived viral pathogens via UCB is not possible.
However, having the knowledge of the transmission route and the prevalence of viruses
will improve the transplantation safety by controlled patient management. This
minireview summarizes the general aspects concerning the prevalence, characteristics
and risk factors of viral infections with a focus on the impact on UCBT safety.
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INTRODUCTION

In past years, allogeneic hematopoietic stem cell transplantation (allo-HSCT) has
made considerable progress in the treatment of a large variety of malignant and
nonmalignant disorders. Human leukocyte antigen (HLA)-identical sibling and HLA-
matched unrelated donors are typically the first choices, although it can be achieved
for only about 30% of patients. So, umbilical cord blood transplantation (UCBT) is an
alternative option for patients with no HLA-matched bone marrow donors!".

Benefits of using cord blood cells include immediate availability of banked UCB
units, lower incidence of graft-versus-host disease (GVHD), minimal risk to the donor,
and a lower requirement for HLA compatibility between the donor and the
recipientll.

Despite these advantages, UCBT is associated with delayed engraftment and poor
immune reconstitution, leading to a high rate of infection-related mortality, up to
about 50% in several historical series. Viral infections are important causes of
morbidity and mortality in patients undergoing allo-HSCT. Therefore, careful
screening and testing of UCB units seems be critical to exclude the potential UCB
units with viral contaminations and to reduce the risk of UCB-related virus
transmission”l.

Fortunately, improvements in molecular diagnostic methods, such as Multiplex
polymerase chain reaction (PCR) and Real-time quantitative PCR (RQ-PCR) have
facilitated the early diagnosis of viral infections and selection of “virus-safe” UCB
units™ (Table 1).

There have been significant strides in using UCB stem cells in cellular therapy,
particularly those for neurologicl™'"! or hematopoietic!'*'*! cell differentiation, because
of their excellent therapeutic efficacy in bone marrow recovery and regenerative
medicine. However, the necessity of increase of transplantation safety is
recommended. To the best of our knowledge, there are few studies that focused on
the risk of virus transmission through the UCB transplant compared to other HSC
sources.

Here, we reviewed the prevalence, characteristics, and risk factors of viral
infections in UCB transplantation settings.

COMMON VIRAL INFECTIONS IN HSCT RECIPIENTS
Cytomegalovirus (CMV)

Human CMYV, also known as human herpesvirus-5 (HHV-5), is a ubiquitous beta-
herpesvirus that infects 60%-95% of healthy adults worldwide!"”l. This virus is the
most common cause of congenital infection worldwide, impacting about one million
newborns annually‘.

CMV infection is a leading opportunistic infectious agent in allogeneic HSCT. It has
been noted that 30% and 5% of the recipients of allogeneic and autologous HSCT
develop CMV disease, respectively. Moreover, the risk of CMV transmission from a
seropositive donor to a seronegative recipient is about 30%!""*“l,
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Table 1 Umbilical cord blood transplantation-related viral infection

Virus type UCBT-related primary viral infection UCBT-related virus reactivation Ref.
CMV Albano et al t
Abedi et al l
[80]
Shin et al

[81]
Al-Awadhi et al

[20]
Tong et al

21]
Beck et al
| [22]
O’Connor et al
23
Sinclair et al =
[26]

Weinberg et al
41
HCV Benova et al t
“
\7A% Tomonari et al ()
45
Patrick et al t)
47
Vandenbosch et al t
53
HHV-6 D’ Agaro et al b
48
Scheurer et al ki
[49]
Yamane et al
[50]
Hill et al

51
Tomonari et al b
Sashihara et al b

8

HHV-7 Abedi et al i
HHV-8 Golchin et al v
62]
EBV Hassan et al -
[63]

Haut et al
[64]
Ohga et al
65
Reddiconto et al )
61
Auger et al e
67
Barker et al e
[69]
Blaes et al
. [70]
Brunstein et al
71
Dumas et al v
[72]
Kalra et al

79
AVs Robin et al v

UCBT: Umbilical cord blood transplantation; CMV: Cytomegalovirus; HCV: Hepatitis C virus; VZV: Varicella-zoster virus; HHV-6: Human herpesvirus-6;
HHV-7: Human herpesvirus-7; HHV-8: Human herpesvirus-8; EBV: Epstein-Barr virus; AVs: Adenoviruses.

The initial infection is generally asymptomatic or associated with mild flu-like
symptoms. In rare cases, it may cause a serious end-organ disease or systemic
syndrome, either early or late period after transplantation with a poor prognosis. In
some cases of congenital infections, CMV causes severe and permanent consequences
such as sensorineural hearing loss, growth retardation, intellectual disability, and
even death nevertheless, there are no effective interventions to interrupt the
intrauterine transmission!*'"l,

CMV infection can indirectly increase the risk of transplant-related mortality (TRM)
by mediating the immunosuppressive effects. In this context, CMV has been related to
the development of GVHD and bacterial or fungal superinfection, particularly in
CMV-seronegative patients who received seropositive allografts**l.

Despite the advances in current preventive antiviral strategies and sensitive
diagnostic techniques such as PCR-based assays, CMV remains the important cause of
serious viral infections in the recipients of UCBT, as well as in allogeneic marrow or
peripheral blood SCT. In this way, CMV reactivation rate following UCBT is noted to
be 21%-100% and is similar when compared to peripheral blood or bone marrow
SCT™,

It has been reported that up to 30%-40% of seronegative pregnant women who
infected by CMV transmit the virus to their fetus, suggesting a high incidence of cord
blood contamination by CMV!.. It has been shown that CMV can establish a lifelong
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latency in hematopoietic progenitors and monocytes. Therefore, the virus might be
transmitted by these infected cells to the immunocompromised recipient and then
become reactivated?*! (Table 1). Pergam et al*! indicated that high allograft white
blood cell count is an important risk factor associated with CMV transmission due to
the role of myeloid cells as a reservoir of latent CMV. In this context, Abedi et all’!
analyzed 825 UCB-derived buffy coat samples and reported that 17 samples have
been positive for CMV latent infection.

The serostatus of the donor and recipient is the most important risk factor for CMV
disease in allo-HSCT recipients. In this regard, CMV-seropositive recipients have been
identified to be highly susceptible to developing CMV infection and CMV
complications are primarily associated with viral reactivation. Seronegative patients
who receive seropositive allografts are also susceptible to CMV transmission. As
mentioned above, the risk for transmission of latent CMV from a CMV-seropositive
donor to a CMV-seronegative patient is relatively low, but it increases TRM, mainly
due to an increased risk for severe bacterial or fungal superinfection®*!. Therefore,
for a CMV-seronegative recipient, it is preferable to select a CMV-seronegative donor
to reduce the possibility of CMV transmission through allograft. On the contrary,
using a seropositive donor for a seropositive recipient will probably result in a better
outcome. This fact may be related to the transfer of primed CMV-specific T cells
present in the allograft to the recipient?l.

Since the pediatric recipients of UCB transplant are primarily CMV-seronegative,
CMV transmission by allograft is often of more importance than reactivation of the
latent virus in the recipient?”*l. Therefore, excluding the UCB donations from CMV
seropositive mothers might be effective to prevent UCB-related CMV transmission.

Hepatitis B virus

Hepatitis B virus (HBV) is a double-stranded DNA virus, classified in the
Hepadnaviridae family. Chronic HBV infection is a serious problem of public health
affecting over 240 million people worldwide.

In the immunocompetent host, HBV infection is responsible for acute hepatitis,
which may progress to chronic infection and lead to cirrhosis or hepatocellular
carcinoma. Most HBV carriers, however, may never experience severe liver
complications during their lifetime. While the risk of acquiring HBV infection via
blood transfusion is nowadays extremely low, allogeneic HSCT patients still represent
a high-risk group, being susceptible to be infected due to the lack of efficient
immunity given both the disease and receiving the conditioning regimen before the
transplantation. The prevalence of HBV infection in these patients ranges from 1% to
28%, according to geographic areas. The results of a multicenter study showed that
the risk of HBV reactivation, two years after HSCT was 81% for allogeneic and 66%
for autologous cases. Patients undergoing HSCT can also develop a de novo HBV
infection following the transplantation. The risk of HBV transmission to uninfected
recipients of bone marrow transplantation (BMT) is not 100% and the exact risk
remains unclear™*1,

Huang et al™ exposed UCB-derived HSCs to HBV and demonstrated that HBV not
only can infect these cells but also can replicate in them, and then suggested the
possible role of HSCs as extrahepatic HBV reservoir. On the other hand, other studies
have shown the risk of intrauterine transmission of HBV via peripheral blood
mononuclear cells in addition to transplacental leakage and placental infection. These
findings suggest the possibility of HBV transmission by UCB mononuclear cells to the
recipient and highlight the importance of routine screening of UCB unitst. To the
best of our knowledge, very little published data are available about the prevalence
and risk factors for HBV transmission by HSC transplant from UCB source.

Hepatitis C virus

Hepatitis C virus (HCV) is a double-stranded RNA virus of the Flaviviridae family.
Global incidence of chronic HCV infection is about 170 million people and
approximately 3-4 million more are infected each year” . As for HBV, patients
infected with HCV show a mild to moderate liver disease on long-term monitoring
depending on age at infection and host immune response™.

HCYV infection in HSCT recipients might be because of both virus reactivation and
de novo infection. HCV reactivation after immunosuppressive therapy has led to
fulminant hepatic failure in some cases. Accordingly, in a multicenter study by
Locasciulli et al*! the risk of HCV reactivation at 24 mo after HSCT has been 100% and
16% for allogeneic and autologous cases, respectively.

On the other hand, the rate of de novo HCV infection in HSCT recipients of donor-
cell origin is controversial. In this context, 50% of the patients receiving an infected
marrow became viraemic in a study by Locasciulli et al”°l, while Shuhart et alt*’]
observed a 100% rate of virus transmission in such cases. Moreover, it has been
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reported that HCV can infect HSCs and therefore, virus transmission from HCV-RNA
positive donor to an uninfected recipient is possiblel*l.

HSCT has not a contraindication in HCV infected recipients without any evidence
of liver damage. However, HCV-infected HSCT recipients are more prone to develop
GVHD and fatal liver failure in comparison with non-infected recipients.
Furthermore, outcomes in long-term survivors are significant, and they should be
monitored carefully by regular examinations™ 1.

Anti-HCV positive but HCV-RNA negative donors are improbable to infect the
recipients and may be selected for transplant donation for the patients without an
alternative donor. Accordingly, all anti-HCV-positive donors should be tested for
HCV-RNA. However, high-risk anti-HCV negative donors should also be tested for
HCV-RNAP,

The risk of vertical HCV transmission is lower than in HBV including 1.7% and
4.3% in children born to women positive for hepatitis C antibody or HCV-RNA,
respectively. Despite the possibility of vertical HCV transmission from mother to
fetus and possible contamination of UCB units, there is a paucity of published data
that have focused on the possibility and outcomes of HCV transmission by UCBT.
Future studies using molecular diagnostic methods and clinical monitoring will
clarify the prevalence and importance of UCB-related HCV transmission!™*!1.

Varicella-zoster virus

Varicella-zoster virus (VZV) or HHV-3 is an exclusively human alphaherpesvirus. The
primary infection occurs typically as childhood chickenpox (varicella). As a common
feature to all members of the Herpesviridae family, VZV is capable to establish latent
infection in its host. It remains in a latent form for decades in cranial nerve ganglia
and dorsal root ganglia, and then might become reactivated under the certain
conditions. Reactivation of the virus, either spontaneously or following the post-
transplant immunosuppression, may cause a painful and debilitating disease known
as herpes zoster (shingles)*.

The estimated prevalence of post-SCT VZV infection either primary infection or
reactivation in children is as high as 22% to 32% after allogeneic and 9% to 46% after
autologous transplantation. Based on previous studies, Older age, pre-transplant
irradiation, HLA-mismatched transplantation, chronic GVHD, and recipient pre-
transplant VZV seropositivity have been described as predisposing risk factors for
VZV diseasel**). Accordingly, Umezawa et al."] retrospectively analyzed the clinical
symptoms of VZV disease and risk factors for disease progression in allogeneic HSCT
patients. They suggested that gender and total body irradiation did not affect the
development of VZV dissemination, and concluded that delayed antiviral therapy is a
serious risk factor for VZV dissemination following the allogeneic HSCT.

It has also been shown that VZV disease is more frequent and more severe after
UCBT than other types of HSCT. In this regard, Tomonari"* showed 80% cumulative
incidence of VZV reactivation in adult patients who had undergone UCBT from
unrelated donors. In another study, Vandenbosch and colleagues!*’! compared the
VZV reactivation rate in the total of 114 VZV seropositive children who had received
UCBT or T-replete BMT and reported an incidence of 46% of VZV disease at 3 years
after UCBT. This higher frequency in UCBT recipients may be related to delayed
immune reconstitution after UCBT and therefore, necessitates the preemptive therapy
or prophylaxis in these patients.

On the other hand, Patrick ef al.*! conducted a retrospective study to assess the
efficacy of routine screening for identification of HSV or VZV viremia following
HSCT. They aimed to discuss whether this screening identifies any patients with
viremia who had not been identified via clinical manifestations. Finally, they
concluded in agreement with the recommendation of the European Conference on
Infections in Leukemia that routine screening for VZV is not obligatory in the
pediatric HSCT recipients but regular clinical assessment should be performed.

HHV-6

HHV-6 belongs to the beta herpesviridae subfamily and exists as two closely related
variants (A and B). Pathogenicity of HHV-6A is uncertain, whereas HHV-6B is the
most frequent causative agent of HHV-6-related human diseases!.

This virus is an opportunistic ubiquitous agent that infects most children in the
early years of life. Primary infection is mainly associated with exanthema subitum
(also called roseola infantum) and related febrile rash illnesses. Like the other
herpesviruses, HHV-6 has the ability to persist in various cells of the host, especially
in monocyte/macrophages and then become reactivated from latency during
immunodeficiency, especially in HSCT recipients*’l.

Several retrospective studies have shown the higher incidence of HHV-6
reactivation in the recipients of UCB than in patients receiving other stem cell sources,

Baishidengs WISC | https://www.wjgnet.com 77 February 26,2019 | Volume11l | Issue?2 |



Noroozi-aghideh A et al. Human cord blood-derived viral pathogens

and suggested to be related with high mortality rate and fatal complications including
acute GVHD, bone marrow suppression, and CNS disease, especially the syndrome of
post-transplantation acute limbic encephalitis called HHV-6-PALE! .. Scheurer et
alt! conducted a systematic literature review and meta-analysis to investigate the
prevalence and clinical significance of HHV-6 reactivation in UCBT recipients. They
showed that prevalence of HHV-6 reactivation and related- encephalitis were
significantly higher in UCB than non-UCB recipients, and emphasized the monitoring
of UCB recipients for HHV-6 reactivation.

However, literature focusing on HHV-6 primary infection after UCBT and
especially, HHV-6 transmission by UCB is scarce. Based on available data, HHV-6
DNA is detectable in plasma samples from 40% to 50% of HSC transplant recipients
from adult donors and up to 80% of unrelated UCB recipients within 6 wk after
transplantation™. Accordingly, Tomonari et al® have also shown the higher HHV-6
viral load using quantitative PCR in adult patients who underwent UCBT compared
with unrelated BMT.

These reports in addition to the possibility of intrauterine transmission of HHV-6
and contamination of UCB cells suggest the possibility of HHV-6 transmission by
UCB allograft and subsequent primary infection. This phenomenon might be
associated with less efficient immunity against HHV6 in cord blood"**"l. While more
studies are needed to confirm and define the importance of UCBT in HHV-6
transmission, routine screening for HHV-6 and exclusion of PCR-positive UCB units
seems to be efficient to prevent UCB-mediated virus transmission and related serious
outcomes.

HHV-7

HHV-7 is a member of the beta herpesviridae family. Like HHV-6, it causes primary
infection most commonly in infancy and childhood and is able to cause roseola.
However, symptomatic HHV-7 infection is less common and occurs at a later age than
with HHV-6. This virus remains latent in the human host and can become reactivated
after transplantation. Right now, no clinical symptoms or significant laboratory
abnormalities were found to be related to HHV-7 reactivation!™l.

Owing to its selective tropism for CD4+ T lymphocytes and possibility of
worsening the immunodeficiency state, the HHV-7 infection might be a serious threat
in transplant recipients and impair the transplant engraftment. Mirandola et all*"!
incubated cord blood CD34+ cells with HHV-7 and showed that HHV-7 affects the
differentiation and survival of CD34+ hematopoietic progenitors. Consistently,
Gonelli et al®™! showed that HHV-7 induces apoptosis of cord blood CD61+
megakaryocytic cells in vitro and may impair the development of megakaryocytic
cells. Accordingly, Chan et al’”l noted the association of HHV-7 reactivation with
delayed neutrophil engraftment following BMT. These findings are real causes for
concern in patients with high risk of HHV-7 infection, such as HSCT patients.

Abedi et al®! assayed a large number of UCB samples by quantitative real-time PCR
and reported that 3.2% and 0.48% were positive for HHV-7 DNA in buffy coat and
plasma as latent and active infections, respectively. In contrast, none of the samples
were positive for HHV-7 DNA in the study by Weinberg™!.

Based on the high seroprevalence of HHV-7 in the general population and the role
of this virus in myelopoiesis impairment, it seems that detection of HHV-7 in UCB
donors could be a useful tool for prevention of UCB- associated HHV-7
transmission.

HHV-8

HHV-8, also called Kaposi sarcoma (KS)-associated herpesvirus, is a gamma-
herpesvirus. Apart from KS, HHV-8 is the causative agent of lymphoproliferative
disorders such as primary effusion lymphoma and multicentric Castleman's disease in
immunosuppressed adults. HHV-8 has also been related to fatal hematopoiesis
impairment in an autologous stem cell recipient!™*1.

The certain ways of HHV-8 transmission are unclear. Previous studies have
suggested the sexual mode of virus transmission in homosexual men and horizontal
transmission via saliva in endemic areas. Notably, HHV-8 from seropositive donor cell
origin may be transmitted to the recipient”*.

Previous studies have indicated the minimum risk for vertical transmission of
HHV-8 from mother to child during pregnancy, and therefore, the low seroprevalence
of HHV-8 infection in UCB samples/*!. Accordingly, Golchin et al? surveyed a large
number of UCB samples by real-time PCR and reported an only 1.38% HHV-8
prevalence in UCB mononuclear cells. However, HHV-8 has the ability to infect cord
blood mononuclear cells and cause post-UCBT infection, and therefore it deserves the
attention in UCBT settings™!.

Accordingly, defining the HHV-8 serostatus and avoiding matches between HHV-
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8-positive donors and HHV-8-negative recipients appear to be effective to prevent
virus transmission by UCBT in areas of high endemicity.

Epstein-Barr virus

Epstein-Barr virus (EBV) is a widespread gammaherpesvirus that infects over 90% of
humans. In healthy individuals, EBV infection is tightly controlled by the immune
system. After primary infection, EBV establishes a lifelong asymptomatic latent
infection in B-cells of immunocompetent hosts. Later, immunosuppressive therapy
given at HSCT may lead to EBV reactivation and subsequent EBV diseases,
particularly life-threatening post-transplant lymphoproliferative disease (PTLD)“!l.
Some studies have also reported the cases of UCB-transplanted patients who
developed the EBV-related PTLD from graft-cell origin and proved the transmission
of EBV infection by donor cells!®**! (Table 1). EBV reactivation frequently occurs in
patients having allogeneic HSCT and several risk factors for the development of EBV
disease after HSCT have been reported, such as T-cell depletion, donor stem cell
source, HLA mismatch, severe acute GVHD, EBV serostatus, the presence of CMV
disease and possibly younger agel**'l.

Blood EBV DNA level has proven to be a predictive biomarker in allogeneic HSCT
patients. In a clinical follow-up project, Li et al®l evaluated the impact of EBV load on
the survival of patients who had received transplant form different sources of stem
cells, and found that patients with very low or high EBV-DNA load early after
transplantation had a poor prognosis, compared to patients with intermediate levels.

Sundin and others have demonstrated that PTLD mostly originates from donor-
derived cells, and risk for PTLD increases in positive donor/negative recipient
(D+/R-) pairs. Therefore, selection of EBV-seronegative donors could reduce the risk
of PTLD development!®~‘l. There are also reports concerning the higher incidence of
PTLD in patients who underwent UCBT compared with other HSC sources, especially
when anti-thymocyte globulin is added to conditioning regimen!*”’l. Contrary to these
findings, in a retrospective multicenter study, Dumas et all’!l studied 175 UCBT
recipients for whom EBV RQ-PCR monitoring was performed, and concluded
conversely that UCBT recipients are not more susceptible to EBV events if EBV load is
regularly monitored and preemptive treatment performed.

Despite the low incidence of congenital EBV infection, the occurrence of EBV-
associated PTLD is possible at least in unrelated UCBT setting and adds one
additional fatal complication following UCBT. Therefore, EBV screening by sensitive
and reliable tests may play an important role in the future evaluation of UCB units to
use in transplantation”"".

Human adenoviruses

Human adenoviruses (AVs) are non-enveloped double-stranded DNA viruses that
belong to the Adenoviridae family. AVs are divided into six subgroups (A through G)
based on common biologic, immunologic, morphologic and genetic features!™..

In immunocompetent individuals, AV primary infection is mostly subclinical and
self-limiting, although some severe courses have been described”. However, AV
infection is more clinically important in patients with impaired immunity, particularly
in HSCT patients and causes fatal complications. It is also more common to children
than adults following the HSCT. In this regard, two studies compared the rates of AV
isolation in children and adults after BMT and found 21% and 23% of children to be
positive compared with 9% in adults, respectively”>"l.

In the allogeneic HSCT setting, AV infection can arise from de novo infection or
reactivation of the latent endogenous virus. De novo infection can occur by
transmission of the exogenous virus in D+/R- pairs. In this context, previous studies
have demonstrated the 4-fold higher risk of primary AV infections in patients that
received HSC graft from seropositive donors compared to seronegative ones.
However, reactivation of endogenous latent AV seems to be the main cause of AV-
associated fatal complication in immunocompromised patients!””"7l.

Main risk factors predisposing an invasive AV infection include childhood, donor
AV serostatus, severe GVHD, HLA-mismatched transplantation, CMV viremia, and
T-cell depletion. Furthermore, UCBT is suggested to be an independent risk factor for
AV infection probably due to the lack of mature lymphocytes in CB, as cellular
components of antiviral defensel””l.

Runde et al" studied the prevalence and risk factors of AV infection in allo-HSCT
recipients and showed that AV antibody status of the donor had a strong impact on
the development of AV infection in the recipients. Their finding supports indirectly
the hypothesis that AV infection following HSCT is not always the result of virus
reactivation, and the virus might be transmitted by infected cells from AV
seropositive donors to the recipients. This hypothesis is proved if the same AV is
detected by molecular analyses in donors and corresponding recipients.
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To the best of our knowledge, there are few studies that have focused on the risk of
AV transmission by UCB transplant compared to other HSC sources. However, the
presence of AV DNA positive cells besides naivety of T cells serves UCB as a putative
source of AV infection in the immunocompromised recipients.

CONCLUSION

The amount of threat for transmission of infections carried with allogeneic
transplantation, notably of viruses, is largely unknown and difficult to assess. The
approach to virological screening of UCB stem cell donors varies with national and
regional regulations. Over recent years, UCBT has become a valuable alternative for
patients who lack a suitably matched bone marrow donor. However, UCBT is
associated with several limitations, in particular, the low number of mature
lymphocytes and poor immune reconstitution. Given these limitations, virus
transmission via UCB may cause serious infectious complication in the
immunocompromised recipients, and therefore, excluding the viral-contaminated
UCB units might be an effective policy to reduce the rate of UCBT-related infection
and mortality. Taken together, complete prevention of the transmission of donor-
derived viral pathogens in SCT is not possible. However, having the knowledge of the
transmission route and the prevalence of viruses will improve the safety of
transplantation.
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Abstract

BACKGROUND
An in vitro injury model mimicking a corneal surface injury was optimised using
human corneal epithelial cells (hCEC).

AIM

To investigate whether corneal-stroma derived stem cells (CSSC) seeded on an
amniotic membrane (AM) construct manifests an anti-inflammatory, healing
response.

METHODS

Treatment of hCEC with ethanol and pro-inflammatory cytokines were compared
in terms of viability loss, cytotoxicity, and pro-inflammatory cytokine release, in
order to generate the in vitro injury. This resulted in an optimal injury of 20%
(v/v) ethanol for 30 s with 1 ng/mL interleukin-1 (IL-1) beta. Co-culture
experiments were performed with CSSC alone and with CSSC-AM constructs.
The effect of injury and co-culture on viability, cytotoxicity, IL-6 and IL-8
production, and IL1B, TNF, IL6, and CXCL8 mRNA expression were assessed.

RESULTS

Co-culture with CSSC inhibited loss of hCEC viability caused by injury. Enzyme
linked immunosorbent assay and polymerase chain reaction showed a significant
reduction in the production of IL-6 and IL-8 pro-inflammatory cytokines, and
reduction in pro-inflammatory cytokine mRNA expression during co-culture
with CSSC alone and with the AM construct. These results confirmed the
therapeutic potential of the CSSC and the possible use of AM as a cell carrier for
application to the ocular surface.

CONCLUSION
CSSC were shown to have a potentially therapeutic anti-inflammatory effect
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when treating injured hCEC, demonstrating an important role in corneal
regeneration and wound healing, leading to an improved knowledge of their
potential use for research and therapeutic purposes.

Key words: Cornea; Corneal injuries; Injury model; Corneal epithelium; Corneal stroma-
derived stem cells; Amnion; Anti-inflammatory; Cell therapy

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: We designed a novel in vitro inflammation model of the human corneal surface
using human corneal epithelial cells treated with 20% (v/v) ethanol, followed by
stimulation with 1 ng/mL interleukin-1p. We then used this model to demonstrate the
anti-inflammatory and regenerative healing properties of human cornea stroma-derived
stem cells seeded on an amniotic membrane substrate in a co-culture model. This study
is the first step in building a topical regenerative therapy for the treatment of
inflammatory disorders of the front of the eye.
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INTRODUCTION

The cornea is the transparent window of the eye. It functions to provide two thirds of
the eye’s refractive power, as well as being the major barrier to the inner content of
the eye. At present, when the cornea is damaged or diseased, transplantation of a
donor cornea, known as keratoplasty, is the most effective technique to restore
vision"!. However, worldwide 8-10 million individuals have no access to a corneal
transplant. Furthermore, patients may suffer from rejection of allogeneic corneal
tissue or have to wait for long periods before finding a viable donor graft. For these
reasons, corneal research has turned to the use of stem cell-based regenerative
therapies for corneal tissue regeneration'.

Since their discovery, mesenchymal stromal cells (MSCs) have been recognised by
different characteristics: differentiation capacity into the adipogenic, chondrogenic,
and osteogenic lineages; possible isolation from several tissues; and regeneration of
myocardial tissues, tendon, and bone, amongst others in animal modelst. The interest
in MSCs has been enhanced for therapeutic applications due to their non-
immunogenic potential®l. MSCs can be obtained from autologous tissue and
expanded in culture, producing anti-inflammatory factors which participate in normal
wound repairl’. Several studies have shown that MSCs have the ability to migrate to
sites of tissue injury and stop an on going immune response by inhibiting T-cell
proliferation!®l. Additionally, MSCs secrete growth factors and cytokines with
autocrine and paracrine activities such as fibrosis inhibition and apoptosis, mitosis
stimulation, suppression of the local immune system, angiogenesis enhancement, and
stem cell differentiation. These effects can be either direct, causing intracellular
signalling, or indirect (referred to as trophic effects), causing other cells to secrete
functionally active factors which facilitate tissue regeneration!’.

In 2008, Polisetty et al®! demonstrated the presence of MSCs in the human corneal
limbus, which were shown to be similar to bone marrow-MSCs, indicating that these
cells are unique in the adult stem cell niche. In 2012, Branch ef al"”! characterised and
analysed the peripheral and limbal corneal stromal cells, later referred to as corneal-
stroma derived stem cells (CSSC), against the criteria of the International Society of
Cellular Therapy for identification of MSCs. Finding evidence of plastic adhesion,
trilineage potential differentiation, correct profile, and expression of the cell-surface
markers, revealing that > 95% of the cells expressed CD105, CD90, and CD73, but
were negative for CD11b, CD19, CD34, and HLA-DR (£ 2%). Further characterisation
of these cells was performed to demonstrate their MSC-like phenotype in different
media and the ability to differentiate back to a keratocyte-like statel*'?l,

Recent in vitro studies have shown that CSSC contribute to corneal tissue
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homeostasis, presenting an immunomodulatory response, a non-immunogenic
profile, and a regenerative role!"”'"l. From this, we can infer that these cells have
potential to control the microenvironment during local inflammation, and are
candidates for allogeneic cell-based therapies. There have been several studies
investigating the use of MSCs from other tissue (bone marrow or adipose tissue) in
treating corneal disease to differing success!'*"l. The use of MSCs from tissues other
than the cornea has shown limitations for corneal disease models. In 2015, Fuentes-
Julidn et al aimed to prevent transplant rejection with an adipose-derived MSC
treatment while increasing the length of graft survival in a rabbit corneal
inflammation model. However, the treatment had the opposite effect and increased
the inflammation. Additionally, it is well known that even if MSCs share biological
functions and molecular expression profiles across different tissues, they retain a
differentiation preference due to their tissue origins”l. Thus, corneal-derived MSCs,
such as CSSCs, may be considered a more appropriate cell source for corneal
regeneration.

The amniotic membrane (AM) is the inner most membrane encapsulating the foetus
in the amniotic cavity, and consists of a simple epithelium, avascular stroma, and
basement membranel”’. The first therapeutic application of AM was reported in 1913
as a surgical procedure for skin®l. In the 1940s, AM was first used in the
ophthalmology field as a patch to cover defects in the conjunctival epithelium®.
Subsequently, several studies have demonstrated that AM maintains an anti-scarring
and anti-inflammatory action during pregnancy!®!, providing evidence of these
properties for ocular disorders”*l. Alongside its therapeutic properties, AM has been
widely used as a cell carrier for different conditions such as chemical burns, ocular
cicatricial pemphigoid, severe pterygium, and Stevens-Johnson syndromel**’,
providing an effective cell-delivery method and a more effective therapeutic effect!™.

In this study, the optimization of an in vitro injury model based on 20% (v/v)
ethanol (EtOH) and pro-inflammatory cytokine stimulation has been performed using
an immortalised human corneal epithelial cell (hCEC) line with the aim of assessing
the therapeutic potential of both the CSSC and the AM in a co-culture system by
performing the following analyses: cell viability, cytotoxicity, interleukin (IL)-6, IL-8
production, and quantitative reverse transcription polymerase chain reaction (RT-
qPCR) for the genes IL1B, TNF, IL6, and CXCLS.

MATERIALS AND METHODS

Human tissue

Human corneoscleral rims and human AM were used with approval by the
Nottingham Research Ethics Committee (07/H0403/140 and OY110101, respectively)
and in accordance with the tenets of the Declaration of Helsinki. Informed consent
was obtained from the donors and/or their relatives.

Culture of immortalised human corneal epithelial cells

SV40-immortalised human corneal epithelial cells (hCEC)F'! were cultured in
supplemented basal epithelial cell medium EpiLife® (Gibco, ThermoFisher, United
Kingdom) containing 5 mL human keratinocyte growth supplement (Gibco,
ThermoFisher) and 1% (v/v) antibiotic-antimycotic (AbAm, Sigma-Aldrich, United
Kingdom). Cells were incubated at 37 °C, 5% CO, (standard conditions), and the
medium changed every 2-3 d. hCEC were passaged at approximately 80% confluency
using TrypLE Express dissociation reagent (ThermoFisher). hCEC were used between
passages 24-31 and seeded at 5 x 10* cell/cm? density.

Isolation and culture of CSSC

CSSC were isolated as previously described!!. Briefly, corneoscleral rims were
washed with PBS containing 1% (v/v) AbAm. Residual sclera was removed with a
scalpel and the rim was cut in small pieces, placed into 1 mg/mL collagenase type IA
(Sigma-Aldrich) solution in basal medium 199 (M199) with 1% (v/v) AbAm, before
incubation at 37 °C under slow agitation for 7 h. Digests were filtered through a 40 um
cell-strainer to remove debris and the cells seeded in appropriate culture medium.
Culture medium either consisted of M199 (Sigma-Aldrich) supplemented with 20%
(v/v) foetal bovine serum (Sigma-Aldrich), 1% (v/v) L-Glutamine (Sigma-Aldrich),
and 1% (v/v) AbAm or stem cell medium (SCM) consisting of Dulbecco’s modified
Eagle’s medium: nutrient mixture F-12 (Gibco, ThermoFisher) supplemented with
20% (v/v) knockout serum replacement (Gibco, ThermoFisher), 1% (v/v) MEM non-
essential amino acids (Gibco, ThermoFisher), 4 ng/mL basic-fibroblast growth factor
(Gibco), 5 ng/mL human leukaemia inhibitory factor (Cell Signalling Technologies,
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United Kingdom), and 1% (v/v) AbAm. Finally, the cell suspension was transferred
toa 0.1% (v/v) bovine gelatine (Sigma-Aldrich) coated T25 cm? flask and incubated at
standard conditions. Medium was changed every 3-4 d. CSSC passaging was
performed using TrypLE Express dissociation reagent and cells were used
experimentally between passages 4-6 and seeded at 2 x 10* cell/cm? density, unless
otherwise stated.

Experimental culture medium

To assess optimal growth conditions for co-culture of hCEC with CSSC, four media
were tested: M199, SCM, EpilLife supplemented as previously mentioned, and
keratinocyte-serum free medium (K-SFM, Gibco, ThermoFisher) supplemented with
keratinocyte supplement (bovine pituitary extract, epidermal growth factor) and 1%
(v/v) AbAm.

Cell viability and proliferation assay

PrestoBlue Cell Viability Reagent (Invitrogen, ThermoFisher) was used to assess cell
viability and proliferation. At each time point, culture medium was removed from the
cells and a 10% (v/v) PrestoBlue solution in Hank’s balanced salt solution was added
to each well before incubation for 30 min at 37 °C. Aliquots of 100 pL from each well
were transferred to a black 96-well plate and fluorescence readings were taken at 560
nm excitation/590 nm emission with a CLARIOstar microplate reader (BMG LabTech,
Buckinghamshire, United Kingdom). Results were corrected for background
fluorescence from blank readings.

Injury model optimisation

The effect of combinations of the following conditions were assessed on the hCEC:
treatment with 20% (v/v) absolute ethanol (EtOH) in PBS for 30 seconds; application
of 1 ng/mL human IL-1B (R and D Systems, United Kingdom) in the media and/or
application of 10 ng/mL human tumour necrosis factor (TNF)-a (R and D System:s,
United Kingdom). The effect of culturing with IL-1p and TNF-a was assessed on the
CSSC. The final injury model used in further co-culture studies consisted of treatment
of the hCEC with 20% EtOH for 30 s followed by incubation with 1 ng/mL IL-1p.
CSSC were not treated with EtOH during any experiments.

Cytotoxicity

The Pierce lactate dehydrogenase (LDH) Cytotoxicity Assay Kit (ThermoScientific,
United Kingdom) was used to quantify cytotoxicity caused by the injury model by
measuring LDH release into the culture medium. The assay was performed according
to the manufacturer’s protocol. Briefly, 50 uL of cell supernatant and 50 puL of reaction
mixture were transferred into a 96-well plate, and incubated at room temperature for
30 min. The optical absorbance was read on the plate reader at 490 nm with
background correction at 690 nm. Data was converted to a percentage using a
maximum LDH release control reading to create a percentage cytotoxicity and
corrected for cell viability.

Cytokine production

Human IL-6 and CXCL8/IL-8 DuoSet enzyme linked immunosorbent assay (R and D
Systems, Abingdon, United Kingdom) were used in combination with the appropriate
DuoSet Ancillary Reagent Kit (R and D Systems), according to manufacturer’s
instructions, to detect cytokine protein levels in a sample. Briefly, the supernatant
samples were diluted 1:20. Optical density at 450 nm with background correction at
540 nm was determined immediately after the addition of the stop solution. Cytokine
concentration was determined using 4-parameter fit standard. Data was corrected for
the number of cells using viability data.

LIVE/DEAD™ viability assay

The LIVE/DEAD viability kit for mammalian cells (Invitrogen, ThermoFisher) was
used to simultaneously stain live (green) and dead (red) cells after injury was
performed. hCEC were seeded in 8-well Permanox Lab-Tek chamber slides
(ThermoFisher Scientific). Cell monolayers were incubated with a solution containing
2 umol/L calcein AM and 4 pmol/L ethidium homodimer-1 in PBS for 30 min. After
incubation, the staining solution was discarded, chambers removed, and slides
mounted under coverslips in fluorescent mounting media (Dako, United Kingdom).
Imaging was performed using an upright fluorescence microscope (BX51, Olympus,
Southend-on-Sea, United Kingdom) with images captured with a black and white
camera (XM-10, Olympus) and Cell"F software (Olympus).

Collection of conditioned medium
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Conditioned medium was collected from CSSC at P4 cultured in SCM and SCM
supplemented with 1 ng/mL IL-1p. CSSC were seeded at 10000 cells/cm? in T75 cm?
flasks. Conditioned medium was produced by adding 12 mL appropriate media and
culturing for 72 h, before collection and filtering through a 0.22 pm filter.

Co-culture

hCEC were seeded in 12-well plates at a density of 5 x 10* cell/cm? and CSSC were
seeded separately at 2 x 10* cell/cm? into 12 mm transwells with 0.4 pm polyester
membrane insert (Corning). On the day of the injury model, hCEC were treated with
20% (v/v) EtOH for 30 s, prior to the CSSC-seeded transwells being added to the co-
culture. SCM containing 1 ng/mL IL-1p was then added to cover both cell types.
Controls for co-culture experiments included no injury, hCEC only, and CSSC only to
correct for background production.

RT-GPCR
RT-qPCR was performed as previously described!’.. Briefly, RNA was extracted from
cells using an RNeasy mini kit (Qiagen, Manchester, United Kingdom) according to
manufacturer’s instructions and quantified using an LVis-plate in a CLARIOstar plate
reader. RNA transcription to single-stranded cDNA synthesis was performed with 1
ng of the total RNA using the SuperScript III First Strand Synthesis Kit (Invitrogen,
ThermoFisher) using random hexamers. For PCR, 1 uL ¢cDNA was used with
inventoried TaqMan assays (Applied Biosystems, ThermoFisher) to detect GAPDH
(Hs99999905_m1), IL1B (Hs01555410_m1), TNF (Hs00174128_m1), IL6
(Hs00985639_m1), and CXCL8 (Hs00174103_m1). Gene amplification was performed
on an Mx3005P multi-colour 96-well PCR-system (Stratagene, Agilent Technologies).
Results were analysed with the RT-qPCR Miner algorithm. All readings were
normalised using the endogenous reference gene GAPDH.

CSSC-AM construct preparation

Preparation of the dried, vacuum-packed AM was performed as previously
described™ . Briefly, AM was separated from chorion and triple washed in sodium
chloride, before the spongy layer was removed. After incubation in 100 mmol/L
raffinose pentahydrate (Acros Organics, United Kingdom) in PBS for 2 h, the AM was
dried with main drying at a shelf temperature of 15 °C, vacuum 1.03 mbar for 30 min,
followed by a final drying phase, shelf temperature 15 °C, vacuum pressure 0.001
mbar for 15 min in a cooled freeze dryer (Alpha 1-4 LSC, Advanced Freeze Dryer,
Christ Osterode, Germany).

To culture CSSC on AM, a novel method designed in our laboratory was employed
(Figure 1). Single use 30 mm diameter Millicell tissue culture inserts (Millipore,
United Kingdom) were used without filtration membranes. A sterilisable
polytetrafluoroethylene O-ring was placed in the centre of a 5 cm diameter
rehydrated AM, epithelial side up. The AM was then trimmed to create a 1 cm frill
around the inside of the O-ring, which was subsequently firmly wrapped over the O-
ring edges creating a taut wrinkle free-surface. Forceps were used to position the O-
ring-AM construct into the Millicell insert and the O-ring-AM construct was then
gently pushed by the edges to the bottom. The AM-insert was placed in a 6-well tissue
culture plate and the AM soaked in culture medium overnight. CSSC were seeded on
the AM construct 7 d before inducing the injury model. On a separate 6-well plate,
hCEC were seeded at 5 x 10* cell/cm? density 72 h before injury. On the injury day,
the hCEC were treated with 20% (v/v) EtOH for 30 s, the CSSC-AM constructs were
moved into the wells for co-culture studies and SCM containing 1 ng/mL IL-1
added. Controls for CSSC-AM co-culture experiments included no-injury, hCEC only,
CSSC only, and AM only.

Statistical analysis
Statistical significances were calculated using GraphPad Prism v.7.00.

RESULTS

M199 and SCM support both hCEC and CSSC viability and proliferation

To determine an optimal medium for co-culturing hCEC and CSSC, both cell types
were cultured in EpiLife, K-SFM, M199, and SCM with viability assays performed at
24 h and 144 h (Figure 2). hCEC showed significant proliferation in EpiLife, SCM, and
M199 (Figure 2A). Contrary to expectations, hCEC in K-SFM did not proliferate. CSSC
only demonstrated significant proliferation in SCM, but did not lose viability in M199.
Culture in EpiLife and K-SFM significantly reduced CSSC viability (Figure 2B). As
M199 and SCM supported both cell types, both media were selected for further
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Insert ring
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Figure 1 Culture system enabling seeding of corneal-stroma derived stem cells on amniotic membrane. A: Schematic showing dimensions and arrangement

of polytetrafluoroethylene (PTFE) O-ring inside 30 mm tissue culture insert; B: The PTFE ring is placed on the epithelial side of hydrated amniotic membrane (AM); C:
The AM is firmly wrapped over the O-ring edges leaving a taut membrane surface for cell seeding; D: The O-ring containing the AM is placed within the tissue culture
insert; E: The tissue culture insert is placed within a 6-well plate and culture medium applied.

experiments.

An injury model of 20% (v/v) EtOH and 1 ng/mL IL-18 creates a balance between cell

viability reduction and pro-inflammatory cytokine production

Different combinations of EtOH injury with and without inflammatory stimulus were
tested on hCEC cultured in SCM and M199 to determine an optimised injury model
(Figure 3). Viability assays were performed 72 h after injury with/without IL-1p
and/or TNF-a supplementing the culture medium for the entire time (Figure 3A and
3B). For cells cultured in M199, all injury treatments caused significant reductions in
cell viability, with EtOH with IL-1p and TNF-a treatment causing the largest
reduction (Figure 3A). For cells cultured in SCM, there was no significant drop in
viability when cells were treated with only IL-1{3; the remaining treatments all caused
over 50% reduction in viability (Figure 3B) with EtOH with IL-1p and TNF-a
treatment causing the largest reduction.

Cytotoxicity caused by the injury was measured by levels of the LDH enzyme
within the supernatant 72 h after injury began (Figure 3C and 3D). In both M199 and
SCM, only treatment with EtOH with IL-1pB, or EtOH with IL-1p and TNF-a caused
significant levels of cytotoxicity compared with the no injury controls. Levels of
inflammation within the injury models were assessed by measuring IL-6 and IL-8
concentration within the hCEC supernatant 72 h after initial injury (Figure 3E, 3F, 3G,
and 3H). Significant concentrations of IL-6 were found with treatment of EtOH with
IL-1B, or EtOH with IL-1 and TNF-a in both M199 (Figure 3E) and SCM (Figure 3F).
IL-8 production was only significant in M199 when treated with EtOH with IL-13 and
TNF-a (Figure 3G), but in SCM was significant when treated with EtOH with IL-1(3, or
EtOH with IL-1B and TNF-a (Figure 3H). Representative LIVE/DEAD staining
images of hCEC cultured in SCM 72 h after initial injury can be seen in Figure 31.
When EtOH treatment was not used, 1 ng/mL IL-1f treatment showed an almost
comparable cell confluence to the control. All other treatments evidenced a decrease
in cell number, with EtOH with IL-1 and TNF-a being the most toxic.

These results taken as a whole suggest that combining EtOH treatment with both
IL-1B and TNF-a generates high, but unnecessary, inflammatory and toxic damage to
the cells, leaving few cells alive for further analysis. The most balanced treatment was
20% (v/v) EtOH with 1 ng/mL IL-1f, which led to significant production of pro-
inflammatory cytokines, significant cytotoxicity, and a significant but not excessive
reduction in viability. Thus, this injury model was chosen for further experiments. It
was also decided to continue co-culture experiments in SCM only.

CSSC viability remains stable after treatment with IL-18 but production of IL-6 and
IL-8 is increased
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Figure 2 Effect of culture medium on human corneal epithelial cells and corneal-stroma derived stem cells viability and proliferation. A, B: Human corneal
epithelial cells (A) and corneal-stroma derived stem cells (B) were seeded in Epilife, keratinocyte-serum free medium, stem cell medium, and M199. Presto Blue
viability assay was performed at 24 h and 144 h. Each time point is represented relative to the viability in that media type at 24 h. Data shown as mean + SEM of six
replicates (n = 6) each with 3 samples. Statistical significance compared to 24 h, analysed by two-way ANOVA, represented by *P < 0.0001. CSSC: Corneal-stroma
derived stem cells; hCEC: Human corneal epithelial cells; K-SFM: Keratinocyte-serum free medium; SCM: Stem cell medium.
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CSSC cultured in both M199 and SCM were stimulated with IL-1p and TNF-a and
assessed with identical assays to those described above, in preparation for co-culture
with hCEC (Figure 4). Viability assays were performed at 72 h of cytokine stimulation
(Figure 4A and 4B). A significant reduction in viability compared to non-injured
controls was seen when IL-13 and TNF-a together were present in the medium. LDH
concentration in the media, indicating cytotoxicity, was assessed after 72 h stimulation
(Figure 4C and 4D). Significant cytotoxicity was only seen in M199 when treated with
both IL-1p and TNF-a. Assessment of IL-6 (Figure 4E and 4F) and IL-8 (Figure 4G and
4H) production showed significant production of IL-6 in both media due to IL-1
treatment alone and with TNF-a. IL-8 was produced in significant levels in SCM due
to IL-1p treatment alone and with TNF-a but only in M199 when both cytokines were
present. Overall production of IL-6 and IL-8 by CSSC was far lower than that of
hCEC.

CSSC conditioned medium does not inhibit hCEC viability loss but shows some
inhibition of LDH, IL-6, and IL-8 production after injury.

CSSC were used to obtain conditioned SCM medium in order to determine if secreted
factors alone were adequate for producing an anti-inflammatory response. hCEC
were injured with EtOH for 30 s. Subsequently, SCM control, CSSC-conditioned
medium, or CSSC-conditioned medium pre-treated with IL-1p were applied along
with the extra IL-1p inflammatory stimulus for 72 h before analysis (Figure 5). No
inhibition in the reduction of viability due to the injury was seen in any group,
although there was significant reduction in viability of non-injured hCEC due to the
presence of conditioned medium (Figure 5A). There was significant reduction in the
levels of cytotoxicity caused by the injury with treatment with both types of
conditioned medium, however there was still significant levels of cytotoxicity
compared to non-injured controls (Figure 5B). There was significant reduction in the
production of IL-6 by injured hCEC when treated with CSSC-conditioned medium
with and without IL-1p pre-treatment; however, levels were still significantly higher
than non-injured controls (Figure 5C). IL-8 production by hCEC in response to injury
was not significant compared to the non-injured control when treated with CSSC-
conditioned medium. However, when treated with the conditioned medium from the
CSSC that had IL-1p pre-treatment, there was a significant increase in the levels of IL-
8, potentially due to the high levels of IL-1f (Figure 5D).

Co-culture of CSSC with injured hCEC improves hCEC viability and reduces post-
injury inflammation

hCEC were treated with the standard injury of EtOH for 30 s followed by IL-1f
stimulation. During the IL-1p treatment, co-cultures of CSSC were added and analysis
of viability, cytotoxicity, cytokine production, and gene expression were performed
after 72 h (Figure 6). There was a significant reduction in viability of the injured hCEC
compared to non-injured cells, as previously shown. However, the addition of the
CSSC in co-culture to the injured hCEC showed a significant inhibition of this
viability decrease, with a significantly higher viability shown in the co-culture injured
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Figure 3 Injury model optimisation for human corneal epithelial cells. Injury model optimisation was performed with human corneal epithelial cells (hCEC)
cultured in both M199 (A, C, E, G) and stem cell medium (B, D, F, H). Injuries consisted of the following treatments: 20% (v/v) ethanol (EtOH); 1 ng/mL interleukin (IL)-
1B in the medium; 20% (v/v) EtOH with 1 ng/mL IL-18 in the medium; and 20% (v/v) EtOH with 1 ng/mL IL-18 and 10 ng/mL TNF-a in the medium. A, B: PrestoBlue
viability assay performed 72 h after the different treatments. Data represented relative to reading for no injury control; C, D: LDH assay performed on supernatant 72 h
after injury. Data displayed as percentage cytotoxicity and relative to cell viability; E, F: Concentration of IL-6 in the supernatant 72 h after injury. Data displayed
relative to cell viability; G, H: Concentration of IL-8 in the supernatant 72 h after injury. Data displayed relative to cell viability. Data for all graphs shown as mean +
SEM of five independent experiments, with three to six replicates each. Statistical significance compared to no injury controls analysed by one-way ANOVA
represented by 2P < 0.05, °P < 0.01, 9P < 0.001, fP < 0.0001; I: LIVE/DEAD staining performed on hCEC cultured in stem cell medium for hCEC untreated control
(A), 20% (v/v) EtOH (B), 1 ng/mL IL-18 (C), EtOH + 1 ng/mL IL-1B8 (D), EtOH + 10 ng/mL IL-1B (E), and EtOH+ 1 ng/mL IL-18 + 10 ng/mL TNF-a (F). Live staining
(green) is shown with FITC, and dead staining (red) is shown with TRITC. Scale bar = 100 um. hCEC: Human comeal epithelial cells; IL: Interleukin; SCM: Stem cell

medium; TNF: Tumour necrosis factor.

Baishidenge WJSC | https://www.wjgnet.com

91 February 26,2019 | Volume 11 |

Issue2 |



Orozco Morales ML et al. Anti-inflammatory potential of corneal stromal stem cells

~ Viability - M199 ~ Viability - SCM
A 15 B 150
H No injury

g _ L

S 5 2 -1 + THF-o
2F 28
| o |0
S c S €

& 50+ & 50

0 0
-~ Cytotovicity - M199 ~ Cytotovicity - SCM

C =80 D s

z z i

% 60 % 60 - Hm No injury
£8 £8 - I
£ 2 g 2 B IL-1p + THF-o
55 d 559
25 25

s s

S 20 2 20

E 20000 1L-6 production - M199 F 20000 - 1L-6 production - SCM

z z .

% 15000 |- % 15000 - B No injury
23 25 . IL1p
%2 33 B IL-1B + THF-o
£ % 10000 - S8 10000 -

v 9 d © o
= £ 4

2 - <3 .

S 5000 - b S 5000 F f -

) jj )

0 0 jj
G 400000 IL-8 production - M199 H 400000 - IL-8 production - SCM

z z .

D 300000 - Z 300000 = No injury
22 - - 1B
B 32 3 IL-1B + THF-oc
= € 200000 - S F 200000 -

@ 9 o S
4 2 =
= o = 5
S 5
& 100000 - s & 100000 -
a a
H N Eaas Il  Eaan

Figure 4 Effect of treatment with pro-inflammatory cytokines on corneal-stroma derived stem cells. Treatment of corneal-stroma derived stem cells cultured in
stem cell medium or M199 with 1 ng/mL IL-1p with/without 10 ng/mL tumour necrosis factor-a was performed for 72 h. A: PrestoBlue viability assay after 72 h
stimulation. Data represented relative to reading for no injury control; B: Lactate dehydrogenase cytotoxicity assay performed on cell supernatants after 72 h
treatment. Data displayed as percentage cytotoxicity and relative to cell viability; C: Concentration of IL-6 in the supernatant 72 h after injury. Data displayed relative to
cell viability; D: Concentration of IL-8 in the supernatant 72 h after injury. Data displayed relative to cell viability. Data for all graphs shown as mean + SEM of five
independent experiments with three to six replicates each. Statistical significance compared to no injury controls analysed by one-way ANOVA represented by °P <
0.05,°P<0.01, 4P <0.001, fP < 0.0001. IL: Interleukin; TNF: Tumour necrosis factor; SCM: Stem cell medium.

group than in non-co-culture (Figure 6A). Levels of cytotoxicity were significantly
reduced in the co-culture systems when compared to hCEC only, with no significant
difference shown between no injury and injury (Figure 6B). Both IL-6 (Figure 6C) and
IL-8 (Figure 6D) production was significantly reduced when in co-culture compared
to the hCEC only injured group. Gene expression of IL1B (Figure 6E), IL6 (Figure 6G)
and CXCLS (IL-8, Figure 6H) by injured hCEC was also significantly reduced by co-
culture with CSSC. TNF expression was not significantly reduced (Figure 6F).

Co-culture of injured hCEC with the CSSC-AM construct improves hCEC viability
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Figure 5 Effect of corneal-stroma derived stem cells-conditioned medium on human corneal epithelial cells treated with the injury model. Human comneal
epithelial cells (hCEC) were treated with an injury model consisting of 30 s ethanol treatment followed by stimulation with 1 ng/mL IL-1f for 72 h. Medium conditioned
by corneal-stroma derived stem cells with and without pre-treatment with IL-18 was applied to the hCEC after ethanol treatment during stimulation with IL-1B. A:
PrestoBlue viability assay after 72 h. Data represented relative to reading for hCEC no injury control; B: Lactate dehydrogenase cytotoxicity assay performed on cell
supernatants after 72 h treatment. Data displayed as percentage cytotoxicity and relative to cell viability; C: Concentration of IL-6 in the supernatant 72 h after injury.
Data displayed relative to cell viability; D: Concentration of IL-8 in the supernatant 72 h after injury. Data displayed relative to cell viability. Data shown as mean
SEM of three independent experiments with four to six replicates each. Statistical significance analysed by two-way ANOVA. Significance compared to non-injured,
same treatment represented by P < 0.05, ®P < 0.01, 9P < 0.0001. Significance compared to hCEC, no injury represented by P < 0.05, /P < 0.01, "P < 0.0001.
Significance compared to hCEC, injury represented by P < 0.05, 1P < 0.01, "P < 0.001, 'P < 0.0001. hCEC: Human comeal epithelial cells; IL: Interleukin.

while reducing pro-inflammatory cytokines and pro-inflammatory cytokine mRNA
expression after injury

hCEC were treated with the standard injury of EtOH followed by IL-1p stimulation in
the culture medium. During the IL-1p stimulation, constructs of AM only and CSSC-
AM were added in co-culture. After 72 h, analysis of viability, cytotoxicity, cytokine
production, and mRNA expression of the hCEC were performed (Figure 7). As seen
previously, there was a loss in hCEC viability when the injury was performed without
co-culture. This loss in viability was not inhibited by the presence of AM alone, but
significant inhibition of viability loss was demonstrated when injured hCEC were co-
cultured with the CSSC-AM construct (Figure 7A). Increased cytotoxicity was seen
when hCEC were injured without co-culture; this was not inhibited by the AM
construct, but was significantly inhibited by co-culture with the CSSC-AM construct
(Figure 7B). IL-6 and IL-8 release into the media due to injury was significantly
inhibited during co-culture with the CSSC-AM construct (Figure 7C and 7D). IL-8
production was also significantly inhibited by the presence of AM only. Unlike, the
previous co-culture experiment, expression of IL1B was not significantly reduced by
either co-culture during injury (Figure 7E). Expression of TNF was also unaffected by
co-culture (Figure 7F). Expression of IL6 (Figure 7G) and CXCL8 (IL-8, Figure 7H)
mRNA were significantly reduced when injured hCEC were co-cultured with CSSC-
AM. This reduction did not occur with AM only.

DISCUSSION

In the last few decades, MSCs have been widely studied for viable medical
applications due to their therapeutic properties” ). Moreover, CSSC have a huge
potential in the ophthalmology field as these stem cells may play an important role in
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Figure 6 Effect of co-culture with corneal-stroma derived stem cells on human corneal epithelial cells response after injury. Human corneal epithelial cells
(hCEC) were treated with an injury model consisting of 30 s ethanol treatment followed by stimulation with 1 ng/mL IL-1f for 72 h. During IL-18 stimulation corneal-
stroma derived stem cells (CSSC) were co-cultured with CSSC in a transwell system. A: PrestoBlue viability assay after 72 h. Data represented relative to reading for
hCEC only, no injury control; B: Lactate dehydrogenase cytotoxicity assay performed on cell supernatants after 72 h treatment. Data displayed as percentage
cytotoxicity and relative to cell viability; C: Concentration of IL-6 in the supernatant 72 h after injury. Data displayed relative to cell viability; D: Concentration of IL-8 in
the supernatant 72 h after injury. Data displayed relative to cell viability; E-H: RT-qPCR performed to show mRNA expression of IL1B (E), TNF (F), IL6 (G), and
CXCL8 (H). Expression of each target gene normalised to GAPDH and represented relative to hCEC only, no injury. Data for all graphs shown as mean + SEM of
three independent experiments with five replicates each. Statistical significance analysed by two-way ANOVA. Significance compared to non-injured, same group,
represented by P < 0.05, °P < 0.01, 4P < 0.001, °P < 0.0001. Significance compared to hCEC only, no injury represented by °P < 0.05, "P < 0.01,/P < 0.001,'P <
0.0001. Significance compared to hCEC, injury represented by °P < 0.05, "P < 0.01, VP < 0.001, P < 0.0001. CSSC: Corneal-stroma derived stem cells; hCEC:
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corneal regeneration and wound healing!™l. Some of their important functions are the
transdifferentiation capacity from the mesenchymal to the epithelial phenotypel’**"
and the generation of progenitors with MSC potential™.

Although CSSC provide positive results as therapy for sight-threatening corneal
diseases!'’l, an optimal cell-delivery format is essential for a cell-based therapy to
succeed. The choice of the delivery method depends on both the tissue and the
disease to be treated, looking for a high cell retention and integration capacity for the
cells to repopulate, release healing factors, or help the surrounding tissues and cells to
recover their normal functions™. For corneal disease, AM shows high promise as a
biocompatible scaffold, demonstrating properties which enhance the delivery of a
cell-based therapy to the eye’s surface through a topical application"\.

Herein, a comparison between four injury models was undertaken on hCEC to
generate an in vitro model to mimic a keratitis condition in the cornea with the aim of
demonstrating the therapeutic potential of CSSC. The second stage was to build a
construct of CSSC on AM to investigate if the CSSC maintained their anti-
inflammatory properties when using the membrane as a carrier and to discern if the
AM added extra anti-inflammatory value.

Several factors had to be considered to develop a functional inflammatory model.
Firstly, the comparison between K-SFM, EpiLife, SCM, and M199 took place in order
to provide an optimal growth environment for both hCEC and CSSC when co-
cultured. EpiLife is serum-free and commercially available for human epidermal
keratinocytes, and it has been previously used and approved for hCEC culture!*!. K-
SFM is another serum-free medium for epithelial cells, supplemented with epidermal
growth factor and basic-fibroblast growth factor, which has been shown to be efficient
for keratocytel"'l and hCEC!" maintenance and proliferation. M199 was the only
serum-containing medium tested in this study and it has previously demonstrated to
maintain an MSC-like cell-surface marker profile when culturing CSSC!"'?. Finally,
SCM is mostly related with induced pluripotent stem cells and human embryonic
stem cells. It contains basic-fibroblast growth factor, human leukaemia inhibitory
factor, and knockout serum replacement and has been associated with the
maintenance of pluripotency markers in CSSC cultures!'”. In this investigation, SCM
and M199 maintained the proliferation and viability for both hCEC and CSSC,
confirming previous studies performed on CSSC by our research group. However, as
the ultimate outcome for this research is to translate the investigation into a cell-
therapy based on maintenance and viability of the CSSC to heal the cornea and
recover vision, an FBS-containing medium is not appropriate due to its variability in
composition from batch-to-batch and its animal origin!*’l. Moreover, despite the fact
that M199 accomplished the minimal criteria for maintaining an MSC phenotype it
does not share the advantages of SCM for the promotion of SC/progenitor markers
while maintaining a MSC phenotype. Therefore, SCM is the best prospect for
therapeutic applications!'’..

Four models were initially tested against the hCEC to generate an injury. The 1
ng/mL IL-1P only treatment was not potent enough to significantly reduce the cell
proliferation and it did not develop effective levels of inflammation. This response is
supported by studies showing that IL-1p promotes differentiation of progenitor cells
as well as maturation and survival of differentiated cells!*’l. Treatment of 20% (v/v)
EtOH only significantly reduced the cell viability / proliferation and caused an initial
injury as supported by previous studies!”). However, it did not activate the cells to
generate inflammation through production of pro-inflammatory cytokines. In
contrast, the IL-1p and TNF-a treatments both generated an inflammatory response.
Combining both cytokines was too aggressive, allowing only a few cells to recover for
further analysis. On the other hand, the 20% (v/v) EtOH with 1 ng/mL IL-1
treatment provided a balance between injury and inflammatory response, proving to
be the optimal injury model to mimic an in vitro keratitis model. This outcome is
consistent with the reviewed literature, as the inflammatory properties of IL-1p and
TNF-a had only been tested individually!’*!. However, to the best of the author’s
knowledge this was the first time that these combinations were used for the
generation of an in vitro injury model.

CSSC-conditioned medium was used on the hCEC injury model to assess potential
anti-inflammatory action. The conditioned medium showed no significant effect
improving hCEC viability, but did demonstrate some positive effects by reducing
cytotoxicity and IL-6/IL-8 production, demonstrating that CSSC secrete factors into
the media that have a positive anti-inflammatory effect.
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Figure 7 Effect of co-culture with corneal-stroma derived stem cells-amniotic membrane constructs on human corneal epithelial cells response after
injury. Human corneal epithelial cells (hCEC) were treated with an injury model consisting of 30 s ethanol treatment followed by stimulation with 1 ng/mL IL-1B for 72
h. During IL-1 stimulation hCEC were co-cultured with either amniotic membrane (AM) only or a corneal-stroma derived stem cells-AM construct. A: PrestoBlue
viability assay after 72 h. Data represented relative to reading for hCEC only, no injury control; B: Lactate dehydrogenase cytotoxicity assay performed on cell
supernatants after 72 h treatment. Data displayed as percentage cytotoxicity and relative to cell viability; C: Concentration of IL-6 in the supernatant 72 h after injury.
Data displayed relative to cell viability; D: Concentration of IL-8 in the supernatant 72 h after injury. Data displayed relative to cell viability; E-H: RT-qPCR performed to
show mRNA expression of IL1B (E), TNF (F), IL6 (G), and CXCL8 (H). Expression of each target gene normalised to GAPDH and represented relative to hCEC only,
no injury. Data for all graphs shown as mean + SEM of three independent experiments with five replicates each. Statistical significance analysed by two-way ANOVA.
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Significance compared to non-injured, same group, represented by *P < 0.05, *P < 0.01, 4P < 0.0001. Significance compared to hCEC only, no injury represented by
°P<0.05, P <0.01,"P < 0.001, P < 0.0001. Significance compared to hCEC, injury represented by P < 0.05, 'P < 0.01, "P < 0.001, P < 0.0001. AM: Amniotic
membrane; CSSC: Corneal-stroma derived stem cells; hCEC: Human corneal epithelial cells; IL: Interleukin.

Both the CSSC alone and the CSSC-AM constructs inhibited the hCEC viability loss
seen when the injury was performed. Furthermore, both systems showed beneficial
anti-inflammatory effects as production of pro-inflammatory cytokines, pro-
inflammatory mRNA expression, and cytotoxicity levels were significantly reduced.
The beneficial therapeutic effect of the CSSC was further evidenced by the fact that
the AM construct without CSSC had few inhibitory effects on the injury.
Investigations for similar constructs have been performed before with positive results;
Li et al*! developed a construct where corneal stroma and limbal epithelium with SCs
promoted cell proliferation. Additionally, a model using real architecture for 3D-
tissue tissue equivalents as a substrate for co-culturing limbal epithelial cells and
CSSC showed a positive impact on the expansion of the epithelial cells while
maintaining the MSC-markers CD73 and CD90, confirming the CSSC phenotypel™’.
Contrary to our findings, previous work on burned rat corneas showed that MSCs
increased IL6 expression but still reduced corneal inflammation®".

In conclusion, an in vitro injury model was developed using hCEC culture, allowing
the initial testing into the anti-inflammatory potential of CSSC. However, it is well
known that in vitro observations are not always able to reflect an in vivo phenomenon;
it would therefore be necessary to validate these findings in preclinical animal models
in order to validate efficacy to proceed to clinical trials. Nevertheless, this
investigation demonstrated that CSSC have an important role in corneal regeneration
and wound healing and is a stepping stone towards further preclinical investigation.

ARTICLE HIGHLIGHTS

Research background

The cornea provides two thirds of the eye’s refractive power as well as being the major barrier to
the inner content of the eye. At present, the most effective treatment of a diseased or damaged
cornea is transplantation of a donor cornea (keratoplasty). However, this is not feasible for 8-10
million individuals. Corneal research has turned to the use of stem cell-based regenerative
therapies for corneal tissue regeneration. Recent in vitro studies have shown that mesenchymal
stem cell-like cells from the corneal stroma (corneal-derived stromal stem cells, CSSC) contribute
to corneal tissue homeostasis, presenting an immunomodulatory response, a non-immunogenic
profile, and a regenerative role. Thus, CSS5C may be considered an appropriate cell source for the
treatment of inflammatory disorders of the cornea.

Research motivation

To investigate whether CSSC seeded on an amniotic membrane (AM) substrate have the ability
to modulate an inflamed environment, and therefore whether they were suitable candidates for
developing a cell therapy for the front of the eye.

Research objectives

The first objective was to optimise an i1 vitro injury model mimicking a corneal surface using
human corneal epithelial cells (hCEC) stimulated with various injurious agents. Once optimised
the second objective was to investigate whether CSSC conditioned media and then CSSC in co-
culture could modulate the injury environment. The final objective was to seed CSSC on AM and
investigate whether the CSSC-AM construct provided an anti-inflammatory, healing response to
the injury.

Research methods

Treatment of hCEC with ethanol and pro-inflammatory cytokines were compared in terms of
viability loss, cytotoxicity, and pro-inflammatory cytokine release in order to generate the novel
in vitro injury. Co-culture experiments were performed with CSSC alone and with CSSC-AM
constructs. The effect of injury and co-culture on viability, cytotoxicity, interleukin (IL)-6 and IL-
8 production, and IL1B, TNF, IL6, and CXCL8 mRNA expression were assessed.

Research results

An optimal injury of 20% (v/v) ethanol for 30 s with 1 ng/mL IL-1 beta was developed. Co-
culture of the injury model with CSSC inhibited loss of hCEC viability caused by injury. Enzyme
linked immunosorbent assay and PCR showed a significant reduction in the production of IL-6
and IL-8 pro-inflammatory cytokines and reduction in pro-inflammatory cytokine mRNA
expression during co-culture with CSSC alone and with the AM construct.

Research conclusions
The novel findings of this study confirm the therapeutic potential of the CSSC and the possible
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use of AM as a cell carrier for application to the ocular surface.

Research perspectives

The novel injury model developed in this study can be adapted for studying the therapeutic
effects of many different agents. The findings of this study may lead to the development of
practise changing cell therapies for treatment of inflammatory disorders of the cornea in clinic.
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Abstract

BACKGROUND

Mesenchymal stem cells (MSCs) have been widely tested for their therapeutic
efficacy in the ischemic brain and have been shown to provide several benefits. A
major obstacle to the clinical translation of these therapies has been the inability
to noninvasively monitor the best route, cell doses, and collateral effects while
ensuring the survival and effective biological functioning of the transplanted
stem cells. Technological advances in multimodal imaging have allowed in vivo
monitoring of the biodistribution and viability of transplanted stem cells due to a
combination of imaging technologies associated with multimodal nanoparticles
(MNPs) using new labels and covers to achieve low toxicity and longtime
residence in cells.

AIM
To evaluate the sensitivity of triple-modal imaging of stem cells labeled with
MNPs and applied in a stroke model.

METHODS
After the isolation and immunophenotypic characterization of human bone
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marrow MSCs (hBM-MSCs), our team carried out lentiviral transduction of these
cells for the evaluation of bioluminescent images (BLIs) in vitro and in vivo. In
addition, MNPs that were previously characterized (regarding hydrodynamic
size, zeta potential, and optical properties), and were used to label these cells,
analyze cell viability via the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide assay and BLI analysis, and quantify the internalization process and iron
load in different concentrations of MNPs vig magnetic resonance imaging (MRI),
near-infrared fluorescence (NIRF), and inductively coupled plasma-mass
spectrometry (ICP-MS). In in vivo analyses, the same labeled cells were implanted
in a sham group and a stroke group at different times and under different MNP
concentrations (after 4 h or 6 d of cell implantation) to evaluate the sensitivity of
triple-modal images.

RESULTS

hBM-MSC collection and isolation after immunophenotypic characterization
were demonstrated to be adequate in hBM samples. After transduction of these
cells with luciferase (hBM-MSC, ), we detected a maximum BLI intensity of 2.0 x
10® photons/s in samples of 10° hBM-MSCs. Analysis of the physicochemical
characteristics of the MNPs showed an average hydrodynamic diameter of 38.2 +
0.5 nm, zeta potential of 29.2 £ 1.9 mV and adequate colloidal stability without
agglomeration over 18 h. The signal of iron load internalization in hBM-MSC, .
showed a close relationship with the corresponding MNP-labeling concentrations
based on MRI, ICP-MS and NIRF. Under the highest MNP concentration, cellular
viability showed a reduction of less than 10% compared to the control.
Correlation analysis of the MNP load internalized into hBM-MSC, . determined
via the MRI, ICP-MS and NIRF techniques showed the same correlation
coefficient of 0.99. Evaluation of the BLI, NIRF, and MRI signals in vivo and ex
vivo after labeled hBM-MSC, . were implanted into animals showed differences
between different MNP concentrations and signals associated with different
techniques (MRI and NIRF; 5 and 20 pg Fe/mL; P < 0.05) in the sham groups at 4
h as well as a time effect (4 h and 6 d; P < 0.001) and differences between the
sham and stroke groups in all images signals (P < 0.001).

CONCLUSION

This study highlighted the importance of quantifying MNPs internalized into
cells and the efficacy of signal detection under the triple-image modality in a
stroke model.

Key words: Multimodal nanoparticles; Human bone marrow mesenchymal stem cells;
Near-infrared fluorescence image; Magnetic resonance image; Bioluminescence; Stroke

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Multimodal imaging techniques provide morpho-functional information for
studying pathological events following ischemia associated with new tracers. Molecular
imaging innovations will contribute to the further understanding of stem cell
transplantation, allowing an assessment of their therapeutic effects at the molecular
scale. In this study, we evaluate the sensitivity of triple-modal imaging of human bone
marrow mesenchymal stem cells labeled with multimodal nanoparticles (MNPs) to
quantify the internalized iron load and cellular viability as well as the correlation of
quantification results between the techniques. We demonstrate the importance of
quantifying the MNP load internalized into cells via triple-image evaluation and the
efficacy of signal detection in a stroke model.
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INTRODUCTION

Mesenchymal stem cells (MSCs) have been widely tested for therapeutic efficacy in
the ischemic brain. The important roles of paracrine and immune modulatory
mechanisms in the beneficial effects exerted by MSCs have been recognized in many
studies!"l. Due to the relative ease of isolation, low immunogenicity, and good
proliferation, differentiation, and paracrine potential of MSCs, these stem cells have
become the main source for tissue engineering of bone, cartilage, muscle, marrow
stroma, fat, and other connective tissues’. Moreover, we and others have shown that
cellular therapy using MSC transplantation has the potential to improve the
symptoms of various aging diseases, such as Parkinson’s disease, stroke, amyotrophic
lateral sclerosis, and multiple sclerosis!.

Several preclinical investigations have indicated that the MSCs are unable to
replace dead neurons following ischemic events; nevertheless, they provide various
other types of benefits via parallel processes, including growth factor upregulation at
the injured site, decreasing apoptosis, reducing glial scar formation, promoting axonal
outgrowth, synaptic remodeling, neurogenesis, angiogenesis, and astrocyte and
oligodendrocyte growth factors!'l. Intravenous injection is an often-used route for the
delivery of MSCs in pre-clinical and clinical trialst’. It was recently discovered that a
large proportion of MSCs injected intravenously are trapped in the pulmonary
vasculature, leading to a low delivery efficiency to target organs!”l. Nevertheless, it
remains difficult to non-invasively monitor the delivery and biodistribution of
administered cells in target organs in a quantitative way over a long period, without
relying on behavioral endpoints or tissue histology!’.

Therefore, a major obstacle to the clinical translation of these therapies has been the
inability to noninvasively monitor the best route, cell doses, and collateral or
epigenomic effects, while ensuring survival and the effective biological functioning of
the transplanted stem cellsl®l.

Consequently, there is a need for technological advances in the development of
non-invasive imaging techniques with a high spatial and temporal resolution that
allow in vivo monitoring of the biodistribution and viability of transplanted stem
cellsVl. These requirements can be met through a combination of imaging
technologies, also known as multimodal imaging!. In parallel with this increase in
technological image-based verification, multimodal nanoparticles (MNPs) have been
developed to show lower toxicity and an increased residence time in cells with the use
of new labels and coverst’.

Currently, multimodal imaging techniques provide morpho-functional information
at different times, which improves the field of diagnostic imaging, in addition to
generating detailed information on diseases from multiple images and allowing
simultaneous diagnosis and therapy!"’l. Technological innovations and the
development of new tracers and smart probes have further promoted these
multimodal imaging techniques, providing safe improvement of contrast and
multidimensional functional, structural and morphological information!”.

Superparamagnetic iron oxide nanoparticles (SPIONs), which are known for their
magnetic properties (superparamagnetic), biocompatibility, biodegradability, surface-
to-volume ratio, and greater surface area (sizes as small as 100 nm), exhibit diverse
potential applications, such as drug delivery for magnetic resonance imaging (MRI),
diagnostics, specific cell labeling and tracking of cell separation and bio-catalysis.
Surface modification with polymeric stabilizers and inorganic molecules (e.g., silica,
gold, gadolinium, fluorescent dyes) increases sensibility and specificity in certain
medical diagnoses, thus making this approach ideal for increasing accuracy in many
biomedical applications!'.

SPION labeling with near-infrared (NIR) dye, which further improves probe
capabilities, reveals deeper tissue penetration due to minimal absorbency of the
surface tissue in the spectral region”l. In vivo fluorescence imaging has undergone
remarkable growth with the use of the novel NIR fluorescence (NIRF) probes and
optical instruments that allow evaluation of the dynamic migration and distribution
of transplanted MSCs as well as the stem cell-based regeneration of tissuel'’.

The bioluminescent imaging (BLI) technique is complementary to NIRF imaging,
enhancing the monitoring of ischemic and inflammation processes and viable cells
after engraftment reduction. The BLI method requires genetic modification of cells to
express the luciferase enzyme signal. Despite the low spatial resolution, the resulting
images exhibit a good temporal resolution, and cell morphology is not altered!"l.

Promising studies have focused on engineering MSCs for targeted delivery in
specific targets. Additional efforts would benefit from imaging technologies for
quantitatively monitoring in vivo cell localization and in real time!"”!. One previous
study by our group examining in vivo dual-modal imaging techniques (MRI combined
with NIRF) and cytology demonstrated that the infused labeled cells could be
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efficiently tracked in a Parkinson's disease model. However, cellular viability could
not be assessed due to the lack of another imaging modality!'l. Therefore, the present
study aimed to evaluate two procedures: (1) we evaluate the sensitivity of triple-
modal imaging (NIRF, MRI and BLI) of stem cells labeled with multimodal
nanoparticles for quantification of the iron load internalized and cellular viability in
vitro as well as the correlation of quantification results between the techniques of
inductively coupled plasma-mass spectrometry (ICP-MS), MRI and NIRF; (2) we
verify whether the images of stem cells labeled with multimodal nanoparticles
maintain the same properties after application in a stroke model.

MATERIALS AND METHODS

In vitro study

Isolation and culture of human bone marrow MSCs: hMSCs were isolated from the
bone marrow of normal donors who had provided informed consent for the research
project (CAAE - 27665714.4.0000.0071), which was approved by the ethics committee
for research at the Instituto Israelita de Ensino e Pesquisa Albert Eisntein (Sao Paulo,
Brazil).

The aspirated bone marrow was diluted with phosphate-buffered saline (PBS)
(Gibco®, Carlsbad, CA, United States) (1:3) then centrifuged with 20 mL of
Ficoll/Hypaque (GE Healthcare) for 30 min at 500 xg and 22 °C. Following
centrifugation, the cells were removed from the plasma/Ficoll-Hypaque interface,
washed 3 times with PBS, and resuspended in Dulbecco's modified Eagle's medium -
high glucose (DMEM-HG) (Gibco®, Carlsbad, CA, United States) supplemented with
15% fetal bovine serum (FBS) (Gibco®, Carlsbad, CA, United States).

The hBM-MSCs were cultivated in 75 cm? flasks with DMEM - low glucose
(DMEM-LG) (GIBCO - Invitrogen Technologies, New York, USA), supplemented with
10% FBS, 1% de L-glutamine, 100 U/mL streptomycin and 100 U/mL penicillin
(GIBCO - Invitrogen Technologies, New York, United States) and were maintained in
humidified incubators with 5% CO, at 37 °C, to favor the attachment of cells to the
flask bottom.

Immunophenotypic characterization of hBM-MSCs: Cell-surface expression was
analyzed with a predefined set of protein markers. In brief, cells at the third passage
with 70% confluency were stained with the selected monoclonal antibodies and
incubated in the dark for 30 min at 4 °C. The cells were then washed and fixed with
1% paraformaldehyde. The following positive human marker antibodies were used:
CD29-PE (clone: MAR4; BD Pharmingen), CD44-PE (clone: 515; BD Pharmingen),
CD73-PE (clone: AD2; BD Pharmingen), CD90-APC (clone: 5E10; BD Pharmingen),
and CD105-PE (clone: 8E11; Chemicon, Temecula, CA, United States). The negative
markers were as follows: CD14-FITC (clone: M5E2; BD Pharmingen, San Diego, CA,
United States), CD19-APC (clone: SJ25C1; Biosciences), CD31-PE (clone: WM59; BD
Pharmingen), CD34-PE (clone: 581; BD Pharmingen), CD45-PerCP-Cy5 (clone: 2D1;
Biosciences, San Jose, CA, United States), CD106-FITC (clone: 51-10C9; BD
Pharmingen), and human leukocyte antigen HLA-DR-PerCPCyb5 (clone: L243;
Biosciences). The cells were analyzed using FACSARia flow cytometry equipment
(Becton Dickinson, San Jose, CA, United States), and the acquired data were analyzed
using FLOW]JO (Tree Star, Ashland, OR) software.

The hBM-MSCs were also subjected to differentiation induction to evaluate the
multipotentiality characteristics and differentiation capacity of the cells into two
cellular types: adipocytes and osteoblasts.

Lentiviral transduction of hBM-MSCs for BLI analysis: Cells were genetically
engineered to generate luciferase-expressing hBM-MSCs (hBM-MSC, ). Briefly, hBM-
MSCs were transduced with the glycoprotein of the vesicular stomatitis virus (VSV-G)
from pseudotyped viruses carrying the lentiviral vector (pMSCV_Luc2_T2A_Puro).
The vector encodes the bioluminescent reporter luciferase-2 and the puromycin
resistance gene puromycin N-acetyl-transferase under the control of a murine stem
cell virus (MSCV) promoter.

For virion production, human embryonic kidney 293FT cells grown at 80%
confluence in 150 mm Petri dishes (about 20 million cells/dish) were simultaneously
transfected with 30 pg/dish of the vector pMSCV-Luc2-T2A-Puro along with two
other helper vectors: 20 pg/dish of pCMV-dr8.91 and 10 pg/dish of pMD2.G.
Transfection was conducted with 25-kDa linear polyethylenimine (PEI, Alfa Ansar) as
previously reported!”. Two days after transfection, the viral supernatant was
collected and filtered through 0.45 um polyvinylidene fluoride (PVDF) filters and
concentrated by ultracentrifugation. As described in previous reports, the copy
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number of integrated lentiviral vector sequences was determined via quantitative real-
time polymerase chain reaction (PCR).

For lentiviral transduction, virions were added to cultures of 1 x 10° hBM-MSCs at
a multiplicity of infection of 3 (MOI = 3) in the presence of 8 pg/mL polybrene
(Sigma-Aldrich). The medium was replaced after 18 h, and the cells were cultured for
an additional 48 h. After this period, the cells were selected for incubation with 1
pg/mL puromycin every other day for 8 d.

Bioluminescence signal expression in hBM-MSC, : The expression of the
bioluminescence (BLI) signal in hBM-MSC, . was analyzed in the following cell
concentrations/well: 1 x 104, 1 x 10° and 1 x 10, in triplicate samples in a 24-well
plate, using IVIS® Lumina LT Series III equipment (Xenogen Corp. CA, EUA). Images
were captured before and after the addition of 100 pL of D-luciferin (50 mg/mL)
(XenoLight, PerkinElmer), and the intensity of the BLI signal was detected under the
following parameters: Exposure time of 2 ms with a 5 min interval between each
image acquisition, over a total of 490 min. The kinetics of BLI expression were
registered and analyzed with Living Image Software version 4.3.1 (IVIS Imaging
System) in radiation absolute units (photons/s).

MNP with magnetic and fluorescent properties: We used multimodal nanoparticles
(MNP-IR750; Molday ION™750 - BioPal) with an 8 nm iron oxide (Fe,O,) nucleus, a
hydrodynamic size of 35 nm (coated with dextran), and a zeta potential of
approximately +31 mV, which were conjugated with fluorophores that emitted
fluorescence with of NIR absorption/emission wavelengths of 755/777 nm. The
MNP-IR750 has magnetic and fluorescent properties detectable in MRI and NIR
images.

MNP-IR750 characterization: Hydrodynamic size, zeta potential and optical
properties: The hydrodynamic size and zeta potential of MNP-IR750 were measured
using the dynamic light scattering (DLS) technique with the Zetasizer Nano S system
(Malvern, United Kingdom). The hydrodynamic size distribution was obtained at an
angle of 173°, with the number of averages set at 20 and a time of 5 s per mean.
Measurements were performed in a fixed position at 25 °C with a 60 s equilibrium
period. In addition, to obtain information about possible agglomeration of
nanoparticles, we performed an analysis of the stability of MNP-IR750 using DMEM-
LG supplemented with 10% FBS over 18 h. The hydrodynamic size and zeta potential
(surface charge) measurements were performed at a concentration of 50 ug Fe/mL
and a pH of 7.4.

To verify the optical properties of MNP-IR750 excitation/emission, the
corresponding spectrum was acquired using a Shimadzu RF-6000 fluorometer at a
concentration of 100 ug Fe/mL, maintaining the temperature at 37 °C.

hBM-MSC, . labeled with MNP-IR750: For hBM-MSC, . labeling with MNP-IR750,
triplicate samples of 1 x 10* cells were placed in a 24-well plate in DMEM-LG,
supplemented with 15% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL) and
1% L-glutamine. After 24 h of hBM-MSC, . adhesion, the cells were washed twice
with 300 puL of PBS and incubated for 18 h (at 37 °C and 5% CO,), with MNP-IR750
added at the following concentrations: 5, 10, 20, 30, 40 and 50 pg Fe/mL, in DMEM-
LG supplemented with 15% FBS. After incubation, the culture medium was removed,
and the cells were washed three times with PBS.

Following the labeling of hBM-MSC, . with MNP-IR750, the evaluation of MNP-
IR750 internalized was performed via MRI, NIRF and BLI, and the viability of the
labeled cells was assessed via the 3-[4,5-dimethylthiazol-2-y1]-2,5 dipheny] tetrazolium
bromide (MTT) assay and the BLI technique.

Luc

Internalization of MNP-IR750 into hBM-MSC,: Confirmation of the labeling of
hBM-MSC, . with MPN-IR750 was performed at the following concentrations: 5, 10,
20, 30, 40 and 50 pg/mL of MNP-IR750 in culture plates, via Prussian Blue
staining!'*""l. Cells that were previously labeled and fixed in plates were washed twice
with PBS and incubated with a staining solution composed of 0.25 mg of potassium
ferrocyanide [K4Fe(CN),] (SIGMA, United States) and 5% hydrochloric acid (HCI) in a
proportion of 1:1, in a volume of 1000 pL per well over 5 min at room temperature,
protected from light. After this period, the Prussian Blue solution was removed, and
the wells containing hBM-MSC, . were washed twice with 500 uL of PBS. Thereafter,
500 pl of Nuclear Fast Red staining solution (SIGMA, United States) was added to the
wells, followed by incubation for 10 min. After staining, the cells were washed again
with PBS (2x), and light-field images were obtained under a Nikon TI® inverted
microscope.
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MRI, NIRF and BLI signals after internalization of MNP-IR750 by hBM-MSC,_:
MRI, NIRF and BLI signals were evaluated in hBM-MSC, . after labeling with MNP-
IR750 at the following concentrations: 5, 10, 20, 30, 40 and 50 ng/mL.

For MRI signal evaluation, the labeled hBM-MSC, . were mixed with 1% agarose
(Sigma-Aldrich Chemie GmbH, Germany) and plated in culture wells. Images were
acquired on a 3T RM scanner with a head coil of 32 channels (Magnetom Vision,
Siemens, Germany) using the T2-weighted imaging sequence, following the protocol
described in a previous study!".

NIRF and BLI images were acquired after the plating of labeled hBM-MSC, .. The
BLI signal was acquired after the addition of 100 pL of luciferin (1 mmol/L in PBS),
the maximum time of intensity of the BLI signal determined via kinetic BLI analysis
(section 2.4), using an exposure time of 2 ms, binning of 2 and f/stop of 4. The NIRF
signal was acquired in the same samples used for BLI, applying an excitation of 745
nm, registered in a range of emission of 810-875 nm. Both imaging analyses were
performed with IVIS® Lumina LT Series III equipment, and the signals were analyzed
in radiation absolute units (photons/s). The experiments were performed with hBM-
MSC, . between the fifth and seventh passages.

Luc

Viability of hBM-MSC,,,
the viability of hBM-MSC
and BLI assays.

In the MTT assay, hBM-MSC, ,. were grown in 96-well plates until they were
subconfluent. MPN-IR750 were then added to the cells at defined concentrations of 5,
10, 20, 30, 40 and 50 pg Fe/mL, followed by incubation overnight. After incubation,
the culture medium was discarded, and 100 pL of fresh medium per well was added
to the cells, after thorough washing with PBS. Then, 100 pL of the MTT reagent (1
mg/mL - final concentration) was added per well, and the plate was incubated for
four h in an incubator, at 37 °C in 5% CO,. Actinomycin D (Sigma-Aldrich) was used
as positive control for cell death in this assay. The “cell death dose” concentration
identified in this assay was 0.25 ng/mL. After incubation, the medium was discarded
from the wells, and 100 pL of dimethyl sulphoxide (DMSO Hybri-Max - Sigma-
Aldrich) was added to solubilize the formazan crystals that had formed. Readings
were then taken in a DTX 880 Multimode Detector reader (Beckman Coulter) at 490
nm, with subtraction for plate absorbance at 650 nm. The viability percentage of the
cells was calculated as the ratio of the mean absorbance of triplicate readings with
respect to the mean absorbance of control wells, as cell viability = (sample/control) x
100.

The viability assays were verified using the BLI technique. Similar samples to those
used in the MTT assays were used for the BLI assay, adding 100 mL of luciferin in
each well, and acquiring the BLI images using IVIS® Lumina LT Series III equipment.
For BLI intensity analysis (photons/s), a region of interest (ROI) of 2.5 cm? was
selected. The viability percentage was calculated with the formula (sample/control) x
100.

labeled with MNP-IR750 - MTT and BLI: Evaluation of
labeled with MNP-IR750 was performed using the MTT

Luc

Quantification of MNP-IR750 internalized into hBM-MSC, : Quantification of
MNP-IR750 after hBM-MSC, . labeling was performed via MRI, ICP-MS and NIR
imaging. The samples used for quantification were prepared with 1 x 10° hBM-MSC, ..
that either were not labeled (control) or were labeled with MNP-IR750 at the
following concentrations: 5, 10, 20, 30, 40 and 50 pug Fe/mL.

Quantification of MNP-IR750 internalized into hBM-MSC, , via MRI. For
quantification of the internalization process by MRI, the following equation was used:

(1) 1/ (TMBM-MSC  MNPIR750) = ] /(T hBMAMSC ) + [Fe] x r,

where [Fe] is the concentration of intracellular iron internalized into hBM-MSC, ; 1,
is the relaxivity of the MNP-IR750; and T, is the transverse relaxation time for samples
containing hBM-MSC, . labeled with MNP-IR750 and control samples (hBM-MSC, ).

For the calculation of r,, a phantom with 24 wells (culture plate) containing MNP-
IR750 suspended in the following concentrations was used: 0, 2, 4, 6, 10, 15 and 20 pg
Fe/mL, dispersed in 1% agarose. The phantom was subjected to MRI examination and
the T, values of samples were determined from the relaxivity curves. The r, values
were obtained via linear adjustment of the inverse of the transverse relaxation vs the
concentration of MNP-IR750 used for cellular labeling.

For the calculation of T,hBM-MSC  +MNPIRS0 “gamples labeled with different
concentrations of nanoparticles, as described above, were used; for the determination
of T,"MMSC only 1 x 10° hBM-MSC, . from the samples were used. In both analyses,
the samples were suspended in a 1% agarose solution and plated in a 24-well culture
plate, then subjected to MRI examination.

T,-weighted MRI images were acquired in a whole-body 3T scanner (Magneton
Vision®, Siemens, Erlangen, Germany) with a 32-channel head coil using the following
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parameters: Multicontrast turbo-spin echo sequence, repetition time (TR) of 1500 ms,
echo time (TE) of 8-256 ms, field of view of 300 mm, 256 x 256 matrix, slice thickness
of 3.0 mm and flip angle of 180°. The intensity curves of the MRI signals of the
samples as a function of TE were analyzed using a selection of regions of interest with
a fixed size. The T, of each sample was determined by adjusting the decay curve with
a monoexponential linear algorithm: Intensity (TE) = C x e(T/T2.

From the MNP-IR750 load obtained from equation 1, the number of MNP-IR750
internalized into hBM-MSC, . was calculated with the following equation:

(2) Number of MNP_IR750 = [6 x loadMNPJWSU x (at_m)]/[n X Punr_ir7s0 % M, x
(PSMNPJ[USO]

Where load,\p 75 is the internalization MNP-IR750 loaded into hBM-MSC,; at_m
is the atomic mass; pynp 1r75 1S the iron oxide density (Fe,O,); M, is the molecular
weight of iron; and @yp 75 is the diameter of MNP-IR750.

Quantification of MNP-IR750 internalized into hBM-MSC,  via ICP-MS. The
samples were diluted in 1 mL of Milli-Q® water (EMD Millipore Corporation, Bedford
MA, USA) and subjected to the digestion of organic components with 5 mL of nitric
acid (37%) using a Titan Microwave sample preparation system (Perkin Elmer, USA).
After digestion, the samples were analyzed with ICP-MS equipment (Perkin Elmer
Nexion 350x, PerkinElmer Corporation, USA) to determine the iron content of each
sample. Measurements of samples were performed in triplicate, and quantification
was based on a calibration curve using certified standard iron (NexION # N8145054)
at the following concentrations: 0, 10, 20, 30, 40 and 50 ng Fe/mL (ppb). Samples of 1
x 10° hBM-MSC, . without labeling were used as a control.

Quantification of MNP-IR750 internalized into hBM-MSC, , via NIRF imaging. NIRF
images were acquired after trypsinization of the samples and washing with PBS. The
NIRF signal was detected after excitation at 745 nm and was registered in the
emission range of 810-875 nm using IVIS® Lumina LT Series III equipment. The
absolute quantification was determined after establishing the calibration curve using
known concentrations of 1, 2, 3, 4, 5 and 6 ng Fe/mL.

In vivo study

Animals and experimental design: We used 2-month-old male Wistar rats weighing
250-300 g. The animals were maintained at the vivarium of the Experimental Surgical
Training Center (Centro de Experimentacéo e Treinamento em Cirurgia - CETEC) at
21 £2°C and 60% * 5% relative humidity with full ventilation under a 12 h light/dark
cycle (7 am. - 7 p.m.), and they had access to food and water ad libitum. This vivarium
is accredited by the Association for the Assessment and Accreditation of Laboratory
Animal Care International (AAALAC International), and the general conditions were
monitored daily. The study was approved by the Ethics in Animal Research
Committee of the Hospital Israelita Albert Einstein (HIAE) with approval number
1906-13

The experimental design of the in vivo study involved in two experiments:

Experiment 1 was conducted to analyze the sensitivity of the NIRF, BLI and MRI
signals of the labeled hBM-MSC, . implanted at different concentrations in the
animals in the sham group, after being subjected to a craniectomy procedure. These
animals were divided into 4 groups (n = 7 rats/group): Group Sham_control
(S_control) - implantation of 1 x 10° de hBM-MSC, ,; Group Sham_5 - implantation of
1 x 10° de hBM-MSC, . labeled with 5 pg Fe/mL of MPN-IR750; Group Sham_20
implantation of 1 x 10° de hBM-MSC, .. labeled with 20 ng Fe/mL of MPN-IR750; and
Group Sham_50 implantation of 1 x 10° de hBM-MSC, .. labeled with 50 pg Fe/mL of
MPN-IR750.

Experiment 2 analyzed the NIRF, BLI and MRI signals of the labeled hBM-MSC, ..
implanted in the animals after being subjected to stroke induction. These animals
were divided into 2 groups (n = 7 rats/group): Group Sham_50: implantation of 1 x
10° de hBM-MSC, . labeled with 50 pg Fe/mL of MPN-IR750; and Group Stroke_50:
implantation of 1 x 10° de hBM-MSC, .. labeled with MPN-IR750. The concentration of
nanoparticles that was used was determined from the best conditions verified in
experiment 1.

In both experiments, the animals were randomly allocated, coded and housed in
individual cages.

Evaluation of NIRF, BLI and MRI signals after the implantation of hBM-MSC, .
labeled with MNP-IR750 in animals (Experiment 1): A total of 28 Wistar rats were
used to evaluate the behavior of the signals of the labeled and unlabeled hBM-MSC, .
in the animals’ brains. The animals were anesthetized with ketamine hydrochloride
(100 mg/kg) and xylazine hydrochloride (20 mg/kg) i.p. and subjected to a
craniectomy procedure to implant the cells at the following coordinates: 2.0 mm
antero-posterior, 2.0 mm lateral to the midline and 2.5 mm deep, according to the
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atlas of Paxinos and Watson (1986)". The cells were infused at a rate of 10 pL/min
using a 10 pL Hamilton syringe.

After 4 h of cell implantation, the animals were subjected to evaluation of BLI
expression and NIRF detection in vivo using IVIS® Lumina LT Series III equipment.
The NIRF signal measurements were obtained with an excitation wavelength of 745
nm and an emission wavelength of 810-875 nm. Soon thereafter, the animals received
150 mg/kg of luciferin i.p., and the BLI images were acquired with 10 min of latency.
Both images were analyzed in radiation absolute units (photons/s).

The animals were euthanized after in vivo NIRF and BLI evaluation. Their brains
were extracted to record NIRF emissions using the same parameters employed for in
vivo image acquisition. Following ex vivo NIRF analysis, the brains were fixed with 4%
paraformaldehyde, and brain phantoms were prepared with 1% agarose for MRI
signal evaluation. The phantoms with brain tissue were analyzed by using a 3T
scanner (Siemens), to track the hBM-MSC, . labeled with MNP-IR750. The MRI
images were obtained with a 3D Fast Low Angle Shot (FLASH) sequence, a matrix of
256x160x128, TR = 200 ms, TE = 20 ms, and a range of excitation angle of 20-25°.

Induction of a focal ischemic lesion via thermocoagulation (stroke): A focal brain
ischemic lesion was induced via thermocoagulation in the pial blood vessels of the
motor and somatosensory cortex as previously described™. Briefly, animals were
anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine
hydrochloride (20 mg/kg, i.p.) and placed in a stereotaxic apparatus (Harvard
Apparatus, Holliston, United States). A craniectomy procedure was performed to
expose the left somatosensory cortex (+ 2 to -6 mm in the anterior-posterior direction
and +2 mm on the medial-lateral axis from the Bregma, according to the atlas of
Paxinos and Watson)”l. Superficial blood vessels were transdurally thermocoagulated
by approximation of a hot probe to the dura matter (about 2 mm), maintaining a
constant temperature of 400°C for 30 min. The procedure was concluded with incision
tissue suturing and the administration of a tramadol analgesic (5 mg/kg) (i.p.).
Throughout anesthesia, the rats were placed on a heating pad to maintain the rectal
temperature at 37.0 = 0.5 °C (PhysioSuite, kent Scientific Corporation, Torrington, CT,
United States).

The ischemic lesion was confirmed through local blood perfusion analysis using a
PeriCam Perfusion Speckle Imager (PSI) system (Perimed, Stockholm, Sweden) and
TTC staining after 2 h of lesion induction, as described in a previous study!”'l. The
color changes of the targeted region, from light red to dark red, were also noted!™..

Implantation of hBM-MSC, . labeled with MNP-IR750 and evaluation of the signal
in the brains of animals after focal ischemic lesion induction (Experiment 2): In
experiment 2, after 24 hs of focal brain ischemic induction, the animals were subjected
to cell implantation in the same manner described above in section 2.13. Then, 6 d
after stroke induction, we analyzed the signal behavior of the hBM-MSC, . labeled
with MNP-IR750 via BLI and NIRF imaging in vivo and MRI ex vivo, following the
same procedures described in section 2.13. The concentration of MNP-IR750
implanted in the stroke group was determined from the best result for the signal
detected in the presence of the different concentrations tested in experiment 1.

Statistical analysis

Data were presented as the mean and standard deviation in each analysis. For the in
vivo study, the quantification of the effect of the MNP-IR750 concentration in the sham
group was compared via the ANOVA test, following Bonferroni-corrected post hoc
tests for each image technique (experiment 1). For temporal analysis in the sham
groups (4 h vs 6 d, experiments 1 and 2, respectively) and group analysis for
experiment 2 (sham vs stroke at 6 d), Student’s t-test was applied, with previous
verification of a normal distribution and homoscedasticity in the two groups. Finally,
we compared the differences between NIRF and MRI via an independent samples ¢-
test.

RESULTS
Characterization of hBM-MSCs

After the isolation and culture of hBM-MSCs, immunophenotypic characterization
was performed using flow cytometry, which showed that showed positive surface
markers for CD29 (93.7%), CD44 (94.9%), CD 73 (95.0%), CD90 (94.7%) and CD105
(93.2%) as depicted in Figure 1A-E, negative surface markers for CD14 (0.17%),
CD19(0.87%), CD31(1.35%), CD34(1.47%), CD45 (0.83%) and CD106 (0.96%), as
depicted in Figure 1F-K, with low levels of HLA-DR (2.82%, Figure 1L). These results
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confirmed the immunophenotypic profile of the hBM-MSCs and demonstrated that
the collection and isolation of these cells from human bone marrow samples were
adequate.

hBM-MSC,,. bioluminescence signal
The hBM-MSC, . bioluminescence signal was analyzed as a function of the number of
cells over 490 min showing the intensity of the signal curves (Figure 2), in which we
observed a peak of intensity at 10 min, followed by a decrease in the BLI signal
intensity over time. These patterns were observed for all concentrations of cells tested,
and the highest cell concentrations corresponded to the highest amplitude curves.
Images of circular ROIs represented the BLI intensity over time for each
concentration of cells. The color variations of the ROIs were determined from the
intensity of the BLI signal for each part of the curve, as represented by a color scale of
intensity (Figure 2, blue to red scale). The BLI intensity of 10° hBM-MSC, . samples
revealed a maximum of 2.0 x 10° photons/s (Figure 2, peak of the blue curve) after
luciferin addition, but the BLI intensity was almost null under the same concentration
(10° hBM-MSC, ) without luciferin addition (inset in Figure 2, black curve). The peaks
of BLI intensity for 10* hBM-MSC, . and 10° hBM-MSC, . were 0.3 x 107 and 0.25 x 10°

Luc Luc

photons/s, respectively (Figure 2, pink and red curves).

MNP-IR750 characterization

Figure 3 shows the curves of the hydrodynamic size distribution of MPN-IR750
acquired over 18 h. The curves for a polydispersed log-normal size distribution
showed an average hydrodynamic diameter of 38.2 + 0.5 nm. The curves obtained
temporally showed a constant distribution of the hydrodynamic diameter in DMEM-
LG culture supplemented with 10% PBS. MNP-IR750 did not agglomerate in the
period of time analyzed, showing adequate stability during the analysis.

The MNP-IR750 surface charge determined from the zeta potential at pH 7.4 was §
=+29.2 £ 1.9 mV, as shown in Figure 3B, indicating a positive potential of MNP-IR750
that favors the electrostatic process with hBM-MSC, .

The fluorescence optical properties of MNP-IR750 revealed peaks of intensity in the
excitation/emission spectrum at 757.9 nm (excitation) and 779.4 nm (emission), as
shown in Figure 3C. These values correspond to the infrared spectrum, which
indicates high applicability in in vivo studies, due to low absorption of biologic
molecules in this region of the spectrum.

Evaluation of the internalization of MNP-IR750 by hBM-MSC,,,

After labeling hBM-MSC, . with MNP-IR750 at concentrations of 5, 10, 20, 30, 40 and
50 ug Fe/mL, Prussian blue staining was performed. The optical microscopy images
showed that the presence of MNP-IR750 was highlighted, due to the blue staining of
iron oxide nuclei in the hBM-MSCLuc cytoplasm (Figure 4 A-N), demonstrating the
efficacy of cellular labeling at all MNP-IR750 concentrations.

In addition to the adequate labeling intensity, the cellular morphology was
preserved under all labeling conditions. However, the intensity of labeling was
dependent on the MNP-IR750 concentration used. The cells labeled with 5 png/mL of
MNP-IR750 exhibited lower labeling in comparison to the other concentrations tested.
The difference was discrete between 10 and 20 pg/mL of MNP-IR750 (Figure 4E-H)
and between 30, 40 and 50 ng/mL of MNP-IR750 (Figure 4I-N). The contrast between
the 5 and 10 pg/mL concentrations of MNP-IR750 (Figure 4C, D and 4E, F,
respectively) and between 20 and 30 pg/mL of MNP-IR750 (Figure 4G, H and 4I, J,
respectively) was more evident than those between the other concentrations.

Evaluation of hBM-MSC, . labeled with MNP-IR750 based on fluorescent
properties was not possible via the fluorescence microscopy technique, as the
emission/absorption spectrum is within the NIR range.

Evaluation of the viability of hBM-MSC,,, labeled with MNP-IR750: MTT and BLI

assays
The cellular viability analysis of hBM-MSC, . labeled with different concentrations of
MNP-IR750 indicated a discrete increase in toxicity due to increasing concentrations
of MNP-IR750 compared to the control sample (hBM-MSC, . unlabeled) (Figure 40).
Under standard culture conditions, unlabeled hBM-MSC, . (control) showed 100%
relative cellular viability in both assays (Figure 40). Cellular viability determined via
the MTT assay decreased as the MNP-IR750 concentration rose, where the lowest
MNP-IR750 concentration (5 pg Fe/mL) resulted in a viability of 98.9%, and while a
viability of 90.5% was observed for the highest concentration of MNP-IR750 (50 pg
Fe/mL). The difference between the highest concentration of MNP-IR750 (50 pg
Fe/mL) and the control was 9.5%, with remarkable differences being found between 5
and 10 pg Fe/mL of MNP-IR750 (2.2%), 20 and 30 pg Fe/mL of MNP-IR750 (1.6%)

Luc
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and 30 and 40 pg Fe/mL of MNP-IR750 (3.0%). The lowest difference between the
concentrations was found between 40 and 50 pg Fe/mL of MNP-IR750 (0.5%) (Figure
40 - red bars).

In the BLI assay, cellular viability decreased by 7.7% from the control to the highest
concentration of MNP-IR750 (92.3% for 50 ug Fe/mL of MNP-IR750) (Figure 40O - blue
bars). The viability observed under lower MNP-IR750 concentrations showed greater
relevance (97.6% for 5 ng Fe/mL, 95.5% for 10 ug Fe/mL and 94.7% for 20 pg Fe/mL),
while for the highest concentrations, viability was more constant (93.8% for 30 pg
Fe/mL, 93.2% for 40 ug Fe/mL and 92.3% for 50 pg Fe/mL) (Figure 40O - blue bars).

The cellular viability showed dependence upon the dose applied but remained over
90% in both assays. Considering the small deviation observed for each MNP-IR750
concentrations, the viability values found in the MTT and BLI assays were highly
similar.

Evaluation of MRI, NIRF and BLI signals after internalization of MNP-IR750 by hBM-
MSC

Luc

After labeling hBM-MSC, . with MNP-IR750 at concentrations of 5, 10, 20, 30, 40 and
50 pg Fe/mL, MRI images were acquired as a function of TE (Figure 5A, first and
second phantom images). These images showed differences related to the different
cellular concentrations and between short and long TEs (93.6 and 249.6 ms), mainly
for the highest concentrations. From the MRI, it was possible to determine the T2
values presented in the gray columns of the graphic (Figure 5B), demonstrating that
the signal decayed with the increase in the MPN-IR750 concentration for both TEs
analyzed; a high signal intensity was also present when a short TE was used.

BLI and NIRF images were acquired with the same phantom used in MRI, but
comparing the intensity signal before and after luciferin addition (Figure 5A, fourth
and last phantom images). The NIRF images showed a discrete influence of the
presence of luciferin during signal analysis (Figure 5C). However, considering the
small discrepancy between the intensity values, the difference was actually practically
null. The BLI intensity signal after luciferin addition showed a reduction with the
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Figure 2 Expression of the bioluminescence signal as a function of number of human bone marrow
mesenchymal stem cells, . over 490 min. The 10 10°, and 10° hBM-MSC, . groups with Iuciferin addition and the
10¢ hBM-MSC, . group without luciferin addition are represented by curves in pink, red, blue and black, respectively.
The inset shows the amplified signals of 10* and 10° hBM-MSC; .. with luciferin addition and 10 hBM-MSC, .

without luciferin addition. hBM-MSC: Human bone marrow mesenchymal stem cells.

increase in the MNP-IR750 concentration, due to the viability effect described above
(Figure 5D).

Quantification of MNP-IR750 internalized by hBM-MSC,,, via MRI, ICP-MS and NIRF
Figure 6 shows the quantification of the iron load determined by using the MRI, ICP-
MS and NIRF techniques. The process of quantification of the iron content
internalized by hBM-MSC, , via MRI starts with relaxometry characterization, to
determine the r? relaxivity of MNP-IR750 obtained upon T2-weighted image analysis
(Figure 6A). The decay curves of the phantom signal related to the different
concentrations of MNP-IR750 were obtained from of the ROI images shown in Figure
6A-1 under the different TEs tested. The image obtained under the highest
concentration of MNP-IR750 that is shown (Figure 6A-II) exhibited greater
hypointensity in comparison with the control image; the gray image variations were
proportional to the iron concentrations in the ROI, due to magnetic perturbation
produced by the superparamagnetic properties of MNP-IR750.

The data adjustment of the relaxation rate as a function of the iron concentration
(Figure 6A) followed a directly proportional straight line, which resulted in the r?
angular coefficient value of (20.6 + 1.4) x 10* pg Fe™ ms* mL when adjusted by the
method of least squares. The obtained r? value was characteristic of MRI contrast
studies based on T2-weighted images using a 3T scanner.

Figure 6B shows the T2-weighted MRI signal intensity curves as a function of TE
samples containing hBM-MSC, . labeled in different concentrations of MNP-IR750.
The curve decay was proportional to the iron load internalized by hBM-MSC, ... The
T2 values of each sample were obtained from the adjustment of the MRI signal
exponential decay curves, as shown in Figure 6B-IV. These values matched the MRI
image of the ROI (Figure 6B-III) and were inversely proportional to the MNP-IR750
concentrations used for cellular labeling.

The MNP-IR750 load internalized by hBM-MSC, . was determined from the
obtained T2 values (Figure 6B, C) and r* values (Figure 6A) with equation 1. The
number of MNP-IR750 per cell was calculated from the MNP-IR750 load using
equation 2; these values were determined via the quantification of each labeling
concentration, as shown in Table 1. The observed internalized MNP-IR750 loads
m,,([Fe]) as a function of the labeling concentration ([Fe]) were plotted and adjusted
in an exponential curve, as shown in Figure 6C, following equation 3:

(3) my([Fe]) = m > x (1-eTFl/s)

where m_,™ is the maximum number of MNP-IR750 that could be internalized by
hBM-MSC, . during the labeling process, and ¢ is a constant equivalent to the
adequate MNP-IR750 concentration for achieving 63% of m_,™ after cellular
internalization. The obtained values of m ;™ and ¢ are shown in Table 1, (m ™ =
7.91+0.22 pg Fe/mL and ¢ = 14.46 + 1.69 pg Fe/mL).

To verify the MRI quantification results, standard ICP-MS quantification was
performed, as shown in Figure 6D. The MNP-IR750 load internalized by hBM-MSC

cell

Luc
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was determined from the calibration curve generated using known MNP-IR750
concentrations, as depicted in Figure 6D,E, in which the adjustment curve presented
correlation coefficient of R = 0.99. The number of MNP-IR750 internalized by hBM-
MSC, . at each labeling concentration was determined from the MNP-IR750 load
internalized by hBM-MSC, . as shown in Table 1. m ™ =7.91 + 0.22 pg Fe/mL and ¢
=14.46 + 1.69 pg Fe/mL were determined from equation 3, as shown in Table 1.

The determination of the load and number of MNP-IR750 internalized by hBM-
MSC, ,via NIRF (Figure 6E) followed the same procedure used for ICP-MS after the
calibration curve was generated (Figure 6E, F, R = 0.97). The values obtained for each
MNP-IR750 concentration are shown in Table 1, along with the values adjusted based
on an exponential curve with equation 3 (m,™ = 7.93 + 0.40 pg Fe/mL and ¢ = 18.90
+2.14 pg Fe/mL).

The analysis of the correlation of the results regarding the MNP-IR750 load
internalized by hBM-MSC, . between the MRI, ICP-MS and NIRF techniques showed
the same correlation coefficient of 0.99 (Figure 6F, blue dots for the correlation of ICP-
MS - NIRF; green dots for the correlation of ICP-MS - MRI; and pink dots for the
correlation of NIRF - MRI). The adjustment of the three correlation analyses is shown
in Figure 6F (red dots).

Evaluation of the sensitivity of BLI, NIRF, and MRI signals of labeled hBM-MSC,
implanted in animals

The evaluation of BLI, NIRF, and MRI signals in vivo and ex vivo after labeled hBM-
MSC, . were implanted in the animals in experiment 1 showed sensitivity in the
detection of MNP-IR750 at concentrations of 5, 20 and 50 ug Fe/mL (Figure 7), after 4
h of cell implantation.

A BLI signal acquired after the implantation of the hBM-MSCLuc was present in all
groups (S_control, S5, S20, and S50), even in the control group (1.31 £ 0.11; 107
photons/s), in which the implanted cells were not labeled with MNP-IR750 (Figure
7A-D and Figure 8]). The intensity of the BLI signal showed low variability in the S5
(1.36 £ 0.12) 107, S20 (1.23 + 0.11) 107, and S50 (1.21 + 0.10) 107 groups in relation to the
increase in the MNP-IR750 concentrations (Figure 7 B-D), without any significant
difference between all sham groups analyzed at each MNP-IR750 concentration

uc

(Figure 8], P = 0.392).

Baishidenge WJSC | https://www.wjgnet.com

111

February 26,2019 | Volume11 |

Issue2 |



da Silva HR et al. Stem cell labeled with nanoparticles in stroke model

20 ug Fe/mL 10 pg Fe/mL 5ug Fe/mL Control

30 ug Fe/mL

40 pg Fe/mL

50 ng Fe/mL

o) Viability
120 Il MTT assay
Il BLI assay
000 976 955 a7
N B8 932 923
100 : 94.0 : :

91.0

80

60

40

Relative viability (% control)

20

Control 5 10 20 30 40 50
MNP-IR750 concentration (ug Fe/mL)
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after labeling in MTT (red bars) and BLI (blue bars) assays. Internalization of MPN-IR750 was performed at the following concentrations: 5, 10, 20, 30, 40 and 50 ug
Fe/mL. hBM-MSC: Human bone marrow mesenchymal stem cells; MNP: Multimodal nanoparticles; MTT: The 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium

bromide; BLI: Bioluminescent images.

Baishidenge WJSC | https://www.wjgnet.com 112

The NIRF signal was detected in the S5 (1.09 + 0.19) pg Fe, S20 (3.10 + 0.50) pg Fe
and S50 (5.80 £ 0.73) pg Fe groups. A significant difference between MNP-IR750
concentrations was found via the ANOVA test, with a P value < 0.001(Figure 8H),
where the increase in the NIRF intensity signal was proportional to the increase in the
nanoparticle concentration (Figure 7 F-H). In the ex vivo evaluation, the NIRF signal
was also detected and remained in the same brain region indicated in the in vivo NIRF
examination (Figure 7 I-L). This evaluation also showed the same behavior with
regard to intensity, but with high evidence of contrast (Figure 7 J-L), due to the
decreased attenuation caused by the presence of tissue in in vivo images. The NIRF
signal was not detected in the S_control group when evaluated in vivo (Figure 7E) or
ex vivo (Figure 71)

The ex vivo MRI intensity signal showed sensitivity in the detection of MNP-IR750
at different concentrations (Figure 7 M-T and Figure 8H), due to the magnetic
properties of these nanoparticles. The values for each group were as follows: S5 (0.30
* 0.15) pg Fe, 525 (1.10 + 0.32) ug Fe and S50 (5.20 £ 0.78) pg Fe, and a significant
difference was found in the comparison between them (P < 0.001). The post hoc test
showed no difference between the S5 and S20 groups (P = 0.254), as shown in sagittal
(Figure 7P) and coronal slices (Figure 7T). However, a more remarkable difference
was revealed when comparing S50 with S5 or S20, and this difference remained
significant after the post hoc test (P < 0.001), as shown in graphic representation of
Figure 8H.

When the intensity quantification results were compared between techniques, a
significant difference was detected between the NIRF and MRI results in the S5 and
525 groups (P = 0.005 and P = 0.004, respectively), as shown in Figure 8.

Evaluation of the sensitivity of NIRF, BLI and MRI signals of labeled hBM-MSC,,,

implanted in animals subjected to stroke induction
Before cellular implantation, a focal ischemic lesion induced by thermocoagulation
(stroke induction) was confirmed from local blood perfusion images, which showed a
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decrease in the local blood flow intensity between the basal image and the image
acquired after 30 min of induction (Figure 8-I). This blood perfusion decrease
represented graphically revealed a reduction of 75% * 5% between the basal
measurement and that performed after 30 min of induction (Figure 8 II). TTC staining
performed 120 min after ischemic lesion induction complemented the blood perfusion
analysis and showed an ischemic lesion in the pale area (non-TTC-stained) of the left
sensorimotor cortex, extending to the corpus callosum and the subcortical brain
region in the stroke group compared to the sham group, where the latter was only
subjected to the craniectomy procedure (Figure 8 III).

The BLI intensity was found to decrease significantly in the sham_50 group (P <
0.001; Figure 8]) when the intensity of the image acquired at 4 h (1.21 + 0.10) 107
(Figure 7D, J) was compared to that at 6 d after cell implantation (0.12 £ 0.07; 107
photons/s) (Figure 8AJ), with the same nanoparticle concentration in both groups.
However, after 6 d of cell implantation, the stroke_50 group showed a significantly
high signal intensity (3.02 £ 0.12; 10” photons/s) (Figure 8D, J) in relation to the
sham_50 group (0.12 + 0.07; 10” photons/s) in experiment 2 (P < 0.001; Figure 8A, J).

The NIRF and MRI images also showed a significant intensity reduction in the
sham_50 group (P < 0.001; Figure 7H, L, P, T and 8B, C, E-H) when the two
acquisition times were compared (4 h and 6 d) under the same nanoparticle
concentration. Additionally, significant intensity increase was observed after 6 d of
cell implantation under both techniques when the sham_50 group was compared to
the stroke_50 group (P = 0.004 and P < 0.001, respectively; Figure 8H). The NIRF
image intensity between times of acquisition was reduced from 5.80 £ 0.73 pg Fe in
the S50 group (Figure 7H and Figure 8H) to 1.30 £ 0.21 pg Fe in the sham_50 group
(Figure 8B, H), and the MRI intensity decreased from 5.20 + 0.78 pg Fe in the S50
group (Figure 7P, T and Figure 8H) to 0.01 + 0.01 ug Fe in the sham_50 group (Figure
8C, H). Regarding the difference between the sham and stroke groups at the same
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Figure 6 Quantification of multimodal nanoparticles-IR750 internalized by human bone marrow mesenchymal stem cells . using magnetic resonance
imaging, inductively coupled plasma-mass spectrometry and near-infrared fluorescence images in vitro. For quantification via MRI, (A) the r, values were
determined from the intensity signal of MNP-IR750 at different concentrations as a function of TEs (I-1l); B: the T2 values of hBM-MSC_ . labeled with MNP-IR750 at
different concentrations were determined based on the adjustment of the MRI signal exponential decay curves obtained for the MRI images of ROIs (lII-IV); C: the
MNP-IR750 load and number internalized per cell as a function of different labeling concentrations were determined via MRI, and these values were adjusted based
on an exponential curve, following equation 3 and the parameters determined for this equation; D: the MNP-IR750 load and number internalized per cell as a function
of different labeling concentrations were determined via ICP-MS (V) from the calibration curve generated using known MNP-IR750 concentrations, and the values
determined via ICP-MS quantification were adjusted based on an exponential curve, following equation 3 and the parameters determined for this equation; E: the
MNP-IR750 load and number internalized per cell as a function of different labeling concentrations were determined via NIRF imaging (V) from the calibration curve
generated using known MNP-IR750 concentrations, and the values determined via NIRF quantification were adjusted with an exponential curve, following equation 3
and the parameters determined for this equation; and F: the correlation of the MNP-IR750 load internalized by hBM-MSC, . was compared between ICP-MS and
NIRF (blue dots), ICP-MS and MRI (green dots), NIRF and MRI (pink dots). hBM-MSC: Human bone marrow mesenchymal stem cells; MNP: Multimodal

nanoparticles; ICP-MS: Inductively coupled plasma-mass spectrometry; MRI: Magnetic resonance imaging; NIRF: Near-infrared fluorescence; BLI: Bioluminescent
images.
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Table 1 Quantification of the multimodal nanoparticles-IR750 load and number internalized by
human bone marrow mesenchymal stem cells, . via magnetic resonance imaging, inductively

coupled plasma-mass spectrometry magnetic resonance imaging and near-infrared
fluorescence

&lron load /cell (pg Fe/mL)

[Fe] in cell labeling (pg Fe/mL)
¥[Number MNP-IR750 per cell x 10%]

MRI ICP-MS NIRF
[5] &0.94 £ 0.26 &1.32+0.23 &2.12+0.32
¥1.19 +£0.34 ¥1.66 +0.28 ¥2.64 +0.41
[10] &2.54 +£0.23 &2.73 £0.25 &3.02+£0.39
¥3.20+0.29 ¥3.43+0.31 ¥3.77 £0.49
[20] &4.71 £0.25 &4.82+0.21 &5.14 +0.33
¥5.92 +£0.32 ¥6.06 +0.26 ¥6.41 £ 0.41
[30] &5.31 +£0.26 &6.34 +0.24 &6.52 +0.42
¥6.66 + 0.33 ¥7.97 £0.30 ¥8.17 £0.53
[40] &6.20 £0.31 &6.83 +£0.22 &7.12+0.46
¥7.79 £0.38 ¥8.58 +0.27 ¥8.79 £ 0.57
[50] &6.30 £ 0.32 &6.71£0.28 &7.3+0.47
¥7.92 +0.39 ¥8.43 +0.35 ¥9.17 £0.59

Parameter fit curve

mcell([Fe]) = mcellmax X (]-e‘[FeI/ <P)

Parameter MRI ICP-MS NIRF
m ;" (pg Fe/mL) 7.91+0.22 8.29+0.49 7.93 £ 0.40
¢ (ng Fe/mL) 14.64 +1.69 16.50 + 3.37 18.90 +2.14

MRI: Magnetic resonance image; ICP-MS: Inductively coupled plasma - mass spectrometry; NIRF: Near-
infrared fluorescence; m . ([Fe]): MNP-IR750 load values internalized as a function of the labeling
concentration; m_,;™*: maximum number of MNP-IR750 that could be internalized by hBM-MSC, ; ¢:
Constant equivalent of the adequate MNP-IR750 concentration for achieving 63% of m ;™ after the cellular
internalization process.

time point (6 d after cell implantation), the NIRF intensity increased from 1.30 + 0.21
pg Fe in the sham_50 group (Figure 8B, H) to 2.80 £ 0.45 pg Fe in the stroke_50 group
(Figure 8E,H), and the ex vivo MRI results increased from 0.01 + 0.01 pg Fe in the
sham_50 group (Figure 8C, H) to 3.20 + 0.48 pg Fe in the stroke_50 group (Figure 8F-
H). Figure 8F (yellow arrow) shows only an image of the stroke lesion, and the MRI
hypointense image is indicated with red arrows in Figures 7N-P and 8F, G.

When the intensity quantification results were compared between techniques in
experiment 2, a significant difference was detected between the NIRF and MRI results
in the sham_50 group (P < 0.001), as shown in Figure 8H.

DISCUSSION

Although meta-analyses have examined the benefits of cell transplantation in
experimental stroke™], the low viable cell retention after transplantation in ischemic
brain areas still represents the major obstacle to the successful clinical translation of
cell-based stroke repair approaches. The present study showed high hBM-MSC
viability upon transfection with luciferase and labeling with multimodal
nanoparticles. These specific nanoparticles exhibit biocompatibility, magnetic and
NIRF properties and a high positive zeta potential, which favors viability. The results
further showed sensitivity in triple-image evaluations (MRI, BLI and NIRF),
highlighting the importance of quantification of the MNP-IR750 load internalized by
cells when different concentrations are used in in vitro analyses for application to in
vivo analysis. These findings demonstrated effectiveness of signal detection under the
triple-image modality with the highest concentration tested, as an approach for
cellular therapy in a stroke lesion model.

Stem cells exhibit remarkable applicability in cellular therapy for drug discovery
and regenerative medicine. Moreover, this type of therapy has increased the
effectiveness of this approach when associated with noninvasive image modalities,
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hBM-MSC,,. hBM-MSC,,. + 5 ng Fe/mL hBM-MSC,,. + 20 ng Fe/mL hBM-MSC,. + 50 ng Fe/mL

NIRF

NIRF - ex vivo

MRI - ex vivo

Figure 7 Evaluation of bioluminescent images, near-infrared fluorescence, and magnetic resonance imaging signals of labeled human bone marrow
mesenchymal stem cells . implanted in animals (sham groups). A: BLI image of the sham_control group after luciferin addition; B-D: BLI images after luciferin
addition in the sham_S5, sham_S20 and sham_S50 groups; E: NIRF image of the sham_control group; F-H: NIRF images of the sham_S5, sham_S20 and
sham_S50 groups; |, L: ex vivo NIRF images of all groups; M-Q: Sagittal and coronal MRI of the sham_control group; N-P: Sagittal MRI of the sham_s5, sham_s20
and sham_S50 groups, showing the position of iron signal detection with red arrows; R-T: Coronal MRI of the sham_s5, sham_s20 and sham_S50 groups, showing
the position of iron signal detection with crossing green lines. (n = 7 rats/group). BLI: Bioluminescent images; hBM-MSC: Human bone marrow mesenchymal stem
cells; NIRF: Near-infrared fluorescence; MRI: Magnetic resonance imaging.

providing complementary information through the evaluation of cellular viability, the
state of differentiation, cell numbers, cell tracking and cell fate. This approach also
provides information about the behavior and function of stem cell protein expression
levels and interactions between the cells and adjacent tissue*’.

It is important to select an appropriate imaging approach, taking into account
factors such as the application, the experimental subject under study, and the goal of
the experiment. The combined image modalities have improved the accuracy of
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8 Evaluation of near-infrared fluorescence, bioluminescent images (in vivo) and magnetic resonance imaging signals (ex vivo) after 6 d of stroke

induction. (1) Local blood perfusion images of the basal condition and 30 min after stroke induction by thermocoagulation; (I1) graphic representation of local blood
perfusion showing the decrease in perfusion from 80 to 20 au, comparing the basal condition to 30 min after stroke induction; (Ill) TTC staining of the sham and stroke

groups

performed 120 min after ischemic lesion induction; A, B: In vivo BLI and NIRF images of the sham_50 group; C: Ex vivo MRI results of the sham_50 group; D,

E: In vivo BLI and NIRF images of the stroke_50 group; F, G: Ex vivo MRI results of the stroke_50 group (red arrows show the presence of nanoparticles, and a yellow
arrow shows the stroke lesion); H: Graphic representation of quantification of the iron load via NIRF (red bars) and MRI (gray bars) in different groups in experiments 1
and 2, 2P < 0.05, ®P < 0.001, MRI vs NIRF; J: Graphic representation of BLI intensity (blue bars) in different groups in experiments 1 and 2, °P < 0.05, vs sham[50]-6 d
(n =T rats/group). BLI: Bioluminescent images; NIRF: Near-infrared fluorescence;

cellular therapy by using advanced technology to develop new hybrid tracers
(multicomponent nanoparticles) containing two or more imaging contrast agents that
permit several imaging techniques to be used in a hybrid manner, which is also
known as multimodal imaging™!.

Dual-image modalities are often used in in vivo studies for homing and tracking
evaluations under different approaches!'’***1. However, triple-image modality
analyses, such as the analysis performed in this study, are currently scarce in the
literature, and such analyses require multimodal nanoparticles. In our study, the
nanoparticles exhibited near-infrared fluorescence and magnetic properties associated
with stem cell transfection with luciferase. The NIRF nanoparticle properties showed
excitation/emission fluorescence intensity peaks of 757.9 and 779.4 nm, respectively,
which correspond to the NIR wavelength range specified by the manufacturer. NIR
molecular probes offer two major advantages over those that emit visible wavelengths
for in vivo analyses: lower absorption of biological tissues compared to visible light,
allowing photon penetration through tissue to assess deeper structures; and a high
signal/noise ratio, which minimizes the effects of tissue autofluorescence”.

The magnetic nanoparticle properties showed good contrast in T,-weighted images
due to r? relaxivity characteristics, which depend on temperature, magnetic field
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intensity and the size, composition, concentration, magnetic moment, aggregation,
and coating of nanoparticles®). The T,-weighted MRI intensity signals of the samples
showed dark images in the presence of MNP-IR750. Therefore, high nanoparticle
concentrations lead to a high local inhomogeneity field, decreasing the intensity signal
and resulting in short T, values!'”. The r? value of 115.1 + 8.0 mms™ obtained for
MNP-IR750 is in accord with that of other commercial nanoparticles, such as feridex
(size = 62 nm) and Resovist (size between 80 and 180 nm), which present r* values of
93 and 143 Mm-1s-1, respectively, correlated with the hydrodynamic size of these
nanoparticlest. Thus, MNP-IR750 internalized in hBM-MSC, . presents high
potential as a contrast agent for T,-weighted MRL

Among the lines of stem cells used in therapeutic approaches, MSCs present
remarkable characteristics as neuronal markers in vivo as well as trophic factors such
as brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic factor
(GDNF), VEGEF, neurotrophin-3 (NT3), and fibroblast growth factor (FGF), in addition
to thrombospondins released by these cells in response to the local microenvironment.
These factors, associated with neurogenesis stimulation and angiogenesis
immunomodulation, promote functional recovery?!. These stem cells also stimulate
astrocytes, which were used as a therapeutic target in the past because of their roles in
maintaining neuronal function and effective endogenous repair.

Other relevant aspects of hMSCs relevant to their application in cellular therapy are
their multipotency, biological characteristics, repair capacity, immuno-
suppressiveness, ease of isolation and expansion, and safety, without any possibility
of malignant transformation after the infusion of allogeneic cells?. Bone marrow has
been the major source of these cells, which directed the choices we made in this study.

The collection, isolation and immunophenotypic profiling of hBM-MSCs showed
adequate results, confirming high levels of MSC markers (above of 93%) and low
levels or absence of hematopoietic markers (below 3%) and leukocyte antigens. Such
results are compatible with other studies on the same topicl**1.

The nanoparticles tested showed a polydispersed size distribution and an average
hydrodynamic diameter of 38.2 £ 0.5 nm, compatible with the manufacturer's
specifications. They also showed adequate stability in DMEM-LG culture
supplemented with 10% PBS over 18 h (time of incubation with the cells), avoiding
agglomeration of nanoparticles, which may occur due to their interaction with the
protein-supplemented and electrolyte-rich cell culture medium!. Another observed
advantage was maintenance of the equilibrium of existing forces involved in the
interaction between nanoparticles, such as electrostatic forces, Van der Waals forces,
steric forces, and magnetic forces modulated via the Brownian motion associated with
nanoparticles.

Another important aspect of the physical-chemical properties of nanoparticles in
the cellular internalization process during nanoparticle uptake by cells is the
electrophoretic mobility capacity of nanoparticles (zeta potential)l*’!. Cells exhibit
greater uptake of nanoparticles with a positive charge compared to those with a
negative charge, which might be attributed to the attractive interaction between the
negatively charged cell membrane and positively charged nanoparticlest™. This
phenomenon was a relevant factor in our study, due to the use of nanoparticles with a

positive zeta potential of E_, =+292+19mV.

However, studies have demonstrated that shape, size and surface charge
substantially influence nanoparticle internalization by cells**). Studies that have used
nanoparticles with a negative zeta potential or a low positive zeta potential have
included strategies for facilitating the internalization process, such as the use of
transfection agents (poly(L-lysine) - PLL, protamine sulfate lipofectamine, among
others)*!l or physical strategies (static or dynamic magnetic field) >+,

After labeling the cells with nanoparticles without any strategy for facilitating the
internalization process, it was possible to verify that the use of nanoparticles with a
positive zeta potential provided efficient labeling from the lowest nanoparticle
concentrations to the highest concentration, based on Prussian blue staining. It was
also possible to maintain the cellular morphological characteristics shown in optical
microscopy images. Cellular viability assessed via MTT and BLI analyses was above
90% in all tested concentrations of nanoparticles, which varied from 0 to 50 pg Fe/mL.
The same nanoparticle composition, with the exception of the type of fluorophore
(rhodamine), resulted in little difference in cellular viability when assessed in the
same range of nanoparticle concentrations (100% to 95%) using the MTT assay.
However, a significantly high apoptosis rate was found in 100 pg Fe/mL (78%
viability) in comparison to unlabeled cells, due to the toxic effect of a high

Luc

concentration on stem cell viability?***1. A study by Addicott (2010) also showed that
these nanoparticles maintained the immunophenotypic profile, even after labeling of
hBM-MSCs!*1.
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Quantification of the nanoparticle load in cells via different imaging modalities
(BLL, MRI and NIRF) provides indirect measurements of the load. Complementary
analysis with ICP-MS has been performed in parallel in correlation analyses between
indirect and direct measurements of nanoparticle load!"".

By analyzing the quantification results of the iron load/cell in different
nanoparticle concentrations using MRI, ICP-MS and NIRF (Table 1), we could verify
that the quantification of the iron load/cell via NIRF was over-estimated in relation to
the ICP-MS values, mainly in the lowest concentrations (61% and 11% higher for 5
and 10 pg Fe/mL, respectively, vs 7, 3, 4 and 9% higher for 20, 30, 40, and 50 ng
Fe/mL concentrations, respectively). The MRI quantification values also varied in
relation to the ICP-MS values, but were underestimated at 29, 7, 2, 16, 9 and 6% for 5,
10, 20, 30, 40 and 50 pg Fe/mL, respectively, and the largest difference occurred in the
lowest concentrations of nanoparticle tested (29% lower for 5 ug Fe/mL). This
variability of results can be explained by a difference in sensitivity under each
imaging modality, as MRI shows low sensitivity for small concentrations above 10°
moles, whereas NIRF presents good sensitivity for ranges between 10 and 10"
moles!*l. However, whether MRI and NIRF tracking of stem cells can reliably evaluate
long-term cell engraftment and cell survival remains a controversial issuel*l.

In this study, the maximum number of MNP-IR750 values adjusted based on an
exponential curve showed values that were approximately 5% lower for MRI and
NIRF in relation to ICP-MS. Under a constant value to achieve 63% of the maximum
number of nanoparticles internalized, variations that were approximately 12% greater
for NIRF and lower for MRI were detected in relation to ICP-MS values.

The correlation of the load quantification results based on images and spectrum
techniques applied in our study in vitro (MRI, NIRF and ICP-MS) helped to improve
the precision of these data and to understand the variation between the measurements
according to the tested nanoparticle concentrations. Studies on multifunctional
nanoparticles involving evaluations via multimodal images often show image
analyses in a qualitative manner”*?). However, other studies either complement
qualitative image analyses with techniques that permit nanoparticle quantification
with more precision, such as inductively coupled plasma spectrometry!*’%], or use
different approaches to quantify the nanoparticle load in cells by using image
analysis!'"'*!?l. However, none of these reported studies have included correlation
analysis of the results obtained under each technique when applied in a quantitative
way. This correlation could increase the accuracy of the obtained information,
improving the interpretation of the analysis between the techniques as well as
comparison with other studies. Therefore, the multimodal imaging analysis described
above showed that MRI and NIRF presented a high correlation with ICP-MS, which is
the in vitro gold standard for iron analysist”; the MRI results were lower than, while
those of NIRF were greater than the ICP-MS results.

The sensitivity of triple-modal imaging was also analyzed in vivo. Experiment 1
showed that the NIRF and MRI signal intensity in the sham groups after 4 h of cell
implantation was proportional to the tested nanoparticle concentrations (low,
intermediate and high concentrations) and was constant in BLI images for all
conditions analyzed. Experiment 2 also showed a difference in the triple-modal
images between sham group and the stroke group after 6 d of cells implantation,
using the same concentration of nanoparticles (50 pg Fe/mL of MNP-IR750), but in a
different physiopathological process.

The BLI intensity results for experiment 1 showed little variability between the
sham groups with labeled cells (S5, S20 and S50) and the sham group with unlabeled
cells (S_control). This result was compatible with the decreased viability found in the
in vitro study and corroborates other studies that have analyzed cell viability in the
presence of similar nanoparticles at the same range of concentrations!***7*,
Considering cell viability under a high concentration of nanoparticles, experiment 2
showed maintenance of the BLI signal in both groups, even after 6 d of surgery
procedures (craniectomy and stroke induction). The BLI intensity was high in the
stroke_50 group, mainly near the stroke area, due to ischemic status, challenging the
metabolic source for initiating the bioluminescence process!™.. The reduction of the
BLI sign in the sham_50 group most likely resulted from the progressive
biodistribution of grafted cells in the body!™!l.

Karp and Leng Teol"” described MSC homing as “the arrest of MSCs within the
vasculature of the respective tissue,” followed by transmigration across the
endothelium. These authors suggest that chemokines, cytokines, and growth factors
released upon tissue injury provide migratory cues for stem cells implanted in a
systemic or localized way. Concerning the homing capability of MSCs, many studies
have indicated that systemically infused MSCs can migrate to injured, inflamed
tissues and exert therapeutic effects”. Therefore, inflammation promotes chemotaxis
of stem cells to the region of ischemia; this potential is initiated 24 h after injury and
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stabilizes 5 to 7 d after ischemia, then decreases after 14 d*’l. Our results verified this
reported kinetic observation, with in vivo bioluminescence images being found to be
more intense after 6 d of lesion induction. Duan et all*’! verified the finding of
significant chemotaxis of viable hBM-MSCs in ischemic areas.

Another optical image modality provided complementary information on both
living and dead cells. NIRF intensity signal analysis in vivo showed high sensitivity in
the detection of differences in nanoparticle concentrations, with an even greater
difference being observed in ex vivo analysis (Experiment 1). These findings
corroborate other studies that have indicated a strong linear relationship of signals
with corresponding nanoparticle concentrations!'’. However, the signal was below the
intensity detected in the in vitro study, due to the decreased attenuation caused by the
presence of tissuel™.. Experiment 2 showed that the NIRF signal presented a good
spatial resolution because MSCs were mainly concentrated at the injury site, with a
small number of cells migrating to the periphery of the injury area; however, the NIRF
signal decreased over time, due to exocytosis and cell division, thus diluting the
signal in the target areal™.

The intensity of the MRI signal showed a remarkable region of hypointensity under
the highest nanoparticle concentration, while similar results were found between the
other lower concentrations, allowing good localization of cells labeled with SPIONSs,
due to the high structural resolution””. However, SPION-based MRI cannot provide
reliable information on longitudinal viability and might overestimate the survival of
SPION-labeled stem cells in other ischemic models. Duan et all*’l showed the dynamic
changes in a low signal volume in MRI in a preclinical stroke model, due to a
consistent pattern of change in the number of viable cells. Thus, MRI and NIRF
present some challenges in the longitudinal monitoring of stem cells. Zhang et al*!
showed that cell grafts with SPION can be detected as a hypointense signal in T2 and
T2* MRI imaging up to 6 wk after implantation; a few viable stem cells and many
grafted cells that differentiate into astrocytes at 6 wk are observed. These results
suggest that the iron-dependent signal in T2*-weighted imaging can lead to
overestimation of the real number of viable cell grafts. Considering that the number of
transplanted stem cells that home and survive in host organs in the first several h is
generally very lowP?, the gradual reduction in graft size most likely results from the
progressively decreased survival of grafted cells. The histological data showed many
extracellular iron particles and microglia/macrophages present at the implantation
site at 6 wk. Therefore, the longitudinal cell viability observed via NIRF might
represent overestimated data. The accuracy of such data can be affected by many
factors, especially by cell death and concomitant microglia/ macrophage accumulation
potentially activated by immunoreaction. Thus, the biodistribution, proliferation and
differentiation of transplanted cells decreases the NIRF signal over time and might
result in overestimation, as observed for the MRI signal.

The BLI signal analyzed in the stroke model after cell therapy remained constant
until 28 d after stroke induction, but disappeared after 6 d in the sham group. It has
also been reported that 28 d after induction, the intensity of the BLI signal is
significantly higher than following other implantations performed earlier (after 2 h or
1 wk of stroke induction)®'l. The reduction of the BLI sign observed in the sham group
most likely resulted from the progressive biodistribution of grafted cells in the body.
Our results showed that the stem cells were viable, even in a challenging
microenvironment, due to a lack of O, and adenosine triphosphate (ATP), 6 d after
ischemia induction. In conclusion, cell implantation is advised soon after stroke
induction to increase the efficiency of cellular therapy monitored via the BLI signal.

Finally, we demonstrated that MNP-IR750 could be used to monitor cell grafts
noninvasively, longitudinally, and repetitively, enabling the assessment of cell graft
conditions in vivo after stroke for multimodal imaging assessment. The BLI signal of
hBM-MSC, . showed the best imaging technique for functional and longitudinal
assessment. The applicability of multimodal imaging should always be analyzed in
accordance with the limitations and advantages of each technique involved.

ARTICLE HIGHLIGHTS

Research background

Mesenchymal stem cells (MSCs) have been widely tested for therapeutic efficacy in the ischemic
brain, providing several benefits. A major obstacle for the clinical translation of these therapies
has been the inability to noninvasively monitor the best route, cell doses, and collateral effects,
while ensuring survival and effective biological functioning of the transplanted stem cells.
Combined image modalities have improved the accuracy of cellular therapy, allowed the in vivo
monitoring of the biodistribution and viability of transplanted stem cells due to associated new
tracers such as multimodal nanoparticles with new labels and covers, resulting in low toxicity
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and longtime residence in cells.

Research motivation

Although meta-analyses have examined the benefits of cell transplantation in experimental
stroke, low viable cell retention after transplantation in ischemic brain areas still represents the
major obstacle to the successful clinical translation of cell-based stroke repair approaches. The
multimodal imaging techniques provide morpho-functional information for studying
pathological events following ischemia, associated with new tracers. These innovations will
contribute to further our comprehension of stem cell transplantation, allowing the assessment of
therapeutic effects on a molecular scale.

Research objectives

In this study, we aim to evaluate the sensitivity of triple-modal imaging of stem cells labeled
with multimodal nanoparticles with different iron concentrations and their cellular viability in
vitro as well as the correlation of the quantification of the iron load between different techniques
(ICP-MS, MRI and NIRF. In addition, we seek to verify whether these images of stem cells
labeled with multimodal nanoparticles maintain the same properties after application in a stroke
model. The results will help us to better understand the biodistribution, sensitivity and viability
of stem cells labeled with nanoparticles in sham and stroke models.

Research methods

Isolated and immunophenotypically characterized hBM-MSCs were transduced with a lentivirus
for BLI evaluation in vitro and in vivo. In addition, MNP-IR750 that had previously been
characterized (hydrodynamic size, zeta potential, and optical properties) were used for labeling
these cells and analyzing cell viability via MTT and BLI assays. The internalization process and
quantification of the iron load in different concentrations of MNP-IR750 were analyzed via MRI,
NIRF, and ICP-MS. In the in vivo study, the same labeled cells were implanted in the sham
group and stroke group at different times and MNP-IR750 concentrations (after 4 h and after 6 d
of cell implantation) to evaluate the sensitivity of triple-modal images.

Research results

The collection and isolation of hBM-MSCs after immunophenotypic characterization was
demonstrated to be adequate for human bone marrow samples. After the transduction of these
cells with luciferase, we detected a maximum BLI intensity of 2.0 x 10® photons/s in 10° hBM-
MSC samples. Evaluation of the physicochemical characteristics of MNP-IR750 showed an
average hydrodynamic diameter of 38.2 + 0.5 nm, a zeta potential of +29.2 + 1.9 mV and
adequate colloidal stability, without agglomeration over 18 h. The iron load internalization
process in hBM-MSCs showed a strong relationship of the signal with the corresponding MNP
labeling concentration based on MRI, ICP-MS and NIRF. Cellular viability in the highest MNP-
IR750 concentration showed a reduction of less than 10% compared to the control. The
correlation analysis of the MNP-IR750 load internalized by hBM-MSCs between the MRI, ICP-
MS and NIRF techniques showed the same correlation coefficient of 0.99. The evaluation of BLI,
NIRF, and MRI signals in vivo and ex vivo after labeled hBM-MSCs were implanted in the
animals showed sensitivity in the detection of MNP-IR750 concentrations of 5, 20 and 50 pg
Fe/mL at 4 h and 6 d in the sham groups, with significant results regarding the time and image
effect as well as the group effect when the sham and stroke groups were compared at 6 d.

Research conclusions

Our study demonstrates that MNP-IR750 can be used to monitor cell grafts noninvasively,
longitudinally, and repetitively, enabling the assessment of cell graft conditions in vivo after
stroke for multimodal imaging assessment. The BLI signal of hBM-MSC, . showed the best
imaging technique for functional and longitudinal assessment.

Luc

Research perspectives

In summary, we highlight the importance of quantification of multimodal nanoparticles
internalized by cells and the efficacy of signal detection under the triple-image modality in a
stroke model. However, the applicability of multimodal imaging should always be analyzed in
accordance with the limitations and advantages of each technique involved.
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Abstract

BACKGROUND

Novel strategies are needed for improving guided bone regeneration (GBR) in
oral surgery prior to implant placement, particularly in maxillary sinus
augmentation (GBR-MSA) and in lateral alveolar ridge augmentation (LRA). This
study tested the hypothesis that the combination of freshly isolated, unmodified
autologous adipose-derived regenerative cells (UA-ADRCs), fraction 2 of plasma
rich in growth factors (PRGF-2) and an osteoinductive scaffold (OIS) (UA-
ADRC/PRGF-2/0IS) is superior to the combination of PRGF-2 and the same OIS
alone (PRGF-2/0IS) in GBR-MSA /LRA.

CASE SUMMARY

A 79-year-old patient was treated with a bilateral external sinus lift procedure as
well as a bilateral lateral alveolar ridge augmentation. GBR-MSA /LRA was
performed with UA-ADRC/PRGEF-2/OIS on the right side, and with PRGF-
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2/0IS on the left side. Biopsies were collected at 6 wk and 34 wk after GBR-
MSA/LRA. At the latter time point implants were placed. Radiographs (32 mo
follow-up time) demonstrated excellent bone healing. No radiological or
histological signs of inflammation were observed. Detailed histologic,
histomorphometric, and immunohistochemical analysis of the biopsies evidenced
that UA-ADRC/PRGF-2/ OIS resulted in better and faster bone regeneration than
PRGEF-2/0IS.

CONCLUSION
GBR-MSA with UA-ADRCs, PRGF-2, and an OIS shows effectiveness without
adverse effects.

Key words: Case report; Cell-based therapy; Guided bone regeneration; Maxillary sinus
augmentation; Lateral alveolar ridge augmentation; Unmodified autologous adipose-

derived regenerative cells; Stem cells

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Novel strategies are needed in oral surgery for improving guided bone
regeneration in maxillary sinus augmentation prior to implant placement. We
demonstrate that the combination of freshly isolated, unmodified autologous adipose-
derived regenerative cells, fraction 2 of plasma rich in growth factors and an
osteoinductive scaffold is superior to the combination of fraction 2 of plasma rich in
growth factors and the same osteoinductive scaffold alone. This novel procedure may
contribute to a decreased healing period and increased bone quality in rehabilitation of
the edentulous posterior maxilla as well as in other regenerative techniques in pre-
implant bone augmentation procedures.

Citation: Solakoglu O, Goétz W, Kiessling MC, Alt C, Schmitz C, Alt EU. Improved guided
bone regeneration by combined application of unmodified, fresh autologous adipose derived
regenerative cells and plasma rich in growth factors: A first-in-human case report and
literature review. World J Stem Cells 2019; 11(2): 124-146

URL: https://www.wjgnet.com/1948-0210/full/v11/i2/124 htm

DOI: https://dx.doi.org/10.4252/wjsc.v11.i2.124

INTRODUCTION

The main causes of tooth loss are periodontal disease and dental caries!'l. Replacing
missing or lost teeth with osseointegrated dental implants has been highly successful
in the treatment of single, partial, or complete edentulism!. However, insufficient
bone volume is a common problem occurring in the rehabilitation of the edentulous
posterior maxilla with implant-supported prostheses". Both the presence of the
maxillary sinus and atrophy of the alveolar process after tooth extraction or loss
contribute to this problem. Therefore, it is often necessary to perform vertical alveolar
ridge augmentation to enable implant placement and integration. A well-studied
technique in this context is maxillary sinus membrane elevation with autologous bone
or a variety of biomaterials (i.e., a form of guided bone regeneration in maxillary sinus
augmentation; thereafter, “GBR-MSA”)!*l. However, for the following reasons there is
a need for developing novel strategies for improving GBR-MSA.

First, autologous bone is considered to be the gold standard in GBR-MSA due to its
osteogenic, osteoinductive, and osteoconductive properties including lack of
immunogenicity”*). However, autologous bone grafts may show a number of
disadvantages, such as increased operation time, donor site morbidity, post-operative
discomfort, limitations in bone quantity and volume, unpredictable bone quality,
reduced volume stability, and fast resorption rate’*’l. It may also be only effective
under good recipient conditions. Furthermore, the intraoral amount of autologous
bone is limited, and therefore extraoral donor sites are needed for larger defects.
Extraoral donor sites like the iliac crest may lead to further discomfort for the patient
and an even higher morbidity rate compared to intraoral donor sites.

Second, while allografts have osteogenic properties, their probable osteoinductive
and osteoconductive functions are still discussed contradictorily”'*!°l. Especially the
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osteoconductive property of bone allografts leads to a significant higher volume
stability compared to autologous bone, although it is still resorbable and will be
degraded into autologous bone. Demineralized freeze-dried bone allografts were
shown to be osteoinductive and osteoconductive due to the release of bone
morphogenetic proteins!'”’, although clinical outcomes comparing mineralized and
demineralized freeze-dried bone allografts were reported to be similar!"®.. Studies in
vitro and animal investigations revealed osteoinductive functions of demineralized
freeze-dried bone allografts by recruiting cells and ectopic bone formation!"’l.
Disadvantages of allogeneic materials may be a protracted vascularization, slow
remodeling and resorption or longer time for osseointegration, and the risk of
immunogenic reactions!’>'"l.

Third, several experimental studies on animal models**!, clinical studies”*, and
an earlier meta-analysis?*! indicated that platelet-rich plasma (PRP) can increase new
bone formation in maxillary sinus augmentation when used in combination with
autologous or allogeneic graft material. The use of PRP is based on the premise that it
contains large quantities of growth factors, including platelet derived growth factor,
insulin-like growth factor-1, and transforming growth factor-p that may enhance
osteogenesis*l. However, a number of recent systematic reviews and meta-analyses
came to the conclusion that PRP has no significant impact on bone formation as well
as on implant survival in maxillary sinus augmentation*-'l.

Based on multidisciplinary expert consultation the aim of the present study was to
test (using a first-in-human, split-mouth single case study design) the hypothesis that
in GBR-MSA the combination of freshly isolated, unmodified autologous adipose
derived regenerative cells (UA-ADRCsS), fraction 2 of plasma rich in growth factors
(PRGEF-2), and an osteoinductive scaffold (OIS) is superior to the combination of
PRGF-2 and the same OIS alone. Due to the fact that preliminary data were not
available, the present study tested the null hypothesis that the combination of UA-
ADRCs, PRGEF-2, and an OIS in GBR-MSA is not more effective than the combination
of PRGF-2 and the same OIS alone.

CASE PRESENTATION

Chief complaints

A 79-year-old male patient presented with a partly failing maxillary dentition to the
clinic of the principal investigator who specialized in periodontology and implant
dentistry. The patient reported that his major concern was a functional occlusion
resulting in restoration of an aesthetic smile.

History of present illness
The patient reported extensive restorative treatment in the past as well as the loss of
several premolar and molar teeth.

History of past illness

No specific past illness was reported that was directly related to the present illness.
However, the patient reported reduced oral hygiene in the past, including lack of
supragingival plaque control and limited motivation for oral hygiene.

Personal and family history
No specific personal and family history was reported that was directly related to the
present illness.

Physical examination upon admission

The clinical examination upon admission revealed a reduced vertical dimension of
occlusion and loss of several premolar and molar teeth. Furthermore, advanced
periodontal defects were present around several teeth in the anterior maxilla as well
as around maxillary and mandibular molar teeth. Most of the remaining maxillary
teeth had a guarded to hopeless prognosis.

Laboratory examinations
No laboratory examinations were performed upon admission.

Imaging examinations

A panoramic radiograph was performed upon admission (i.e., at time point TO; the
time course of the present study is summarized in Table 1) showed the loss of several
premolar and molar teeth and revealed that the residual bone height of the
edentulous posterior maxilla below the antrum and the ridge crest was less than 3
mm on both sides (Class D according tot*) (Figure 1).
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Table 1 Overview on the treatments performed in the present study.

Treatments Time point Procedures
Pre-phase TO Evaluation of the patient
Preparatory steps T1 (4 mo after TO) Preparation of plasma rich in growth factors

(PRGEF-2); isolation of unmodified, autologous
adipose derived regenerative cells (UA-ADRCs)

1 T1 (GBR-MSA) Extraction of tooth # 14; ridge preservation and
external sinus lift procedures
2 T2 (6 wk after T1) Extraction of teeth # 11, #12 and #22; collection of
the first biopsies
3 T3 (34 wk after T1) Placement of implants; collection of the second
biopsies
4 T4 (1 yr after T3) Extraction of tooth #18; placement of healing
abutments
5 T5 (6 wk after T4) Placement of the definitive prosthetic telescopic
bridge
T6 (32 mo after T1) Last radiologic follow-up

In order to prevent potential identification of the patient the timeline was coded.

MULTIDISCIPLINARY EXPERT CONSULTATION

Onder Solakoglu, DDS, Head of the Clinic for Periodontology and Implantology
(Hamburg, Germany)

The residual bone height of the edentulous posterior maxilla as well as of the alveolar
bone crest height around the remaining maxillary teeth did not justify immediate
implant placement. Therefore, extensive bone augmentation procedures (GBR-MSA)
were necessary prior to implant placement. According to the literature, residual bone
height of the edentulous posterior maxilla below the antrum and the ridge crest of less
than 3 mm shall be treated with a lateral approach involving a bone grafting material
and delayed implant placement"™.

To date, the combination of PRGF-2 instead of PRP and an OIS appears to be the
most advanced procedure for GBR-MSA. This is due to the fact that a recent
experimental study on rats showed that PRGF-2 has more availability for bone
regeneration than PRP"!. The use of a combination of PRGF-2 (prepared using the
PRGF-Endoret technology; BTI, Mifiano, Spain) and a mineralized cancellous bone
particulate allograft (MCBPA) (Puros Cancellous Particulate Allograft; Zimmer
Biomet Dental, Palm Beach Gardens, FL, United States) is the current standard
procedure for GBR-MSA at the Clinic for Periodontology and Implantology
(Hamburg, Germany).

Eckhard U. Alt, MD, PhD, Professor, Chairman of the Board of InGeneron (Houston,

TX, United States) and of Isar Klinikum (Munich, Germany)

It appears feasible to further improve GBR-MSA by the application of stem cells (for
recent reviews on the use of stem cells in regenerative dentistry”-"1). Among the
different types of mesenchymal stem cells, cells derived from adipose tissue (either
freshly isolated or culture-expanded) have emerged as a promising tool for GBRI****1,
The freshly isolated cells are named stromal vascular fraction or ADRCs, and the
cultured cells are named adipose-derived stem cells (ASCs). It should be mentioned
that some studies on animal models suggested that bone marrow stem cells (BMSCs)
may demonstrate greater differentiation into osteoblasts than ADRCs and ASCs**!]
and might be more useful than ADRCs or ASCs in GBR-MSA™1. However, bone
marrow has a significantly lower stem cell density than adipose tissue (0.01% vs 5%),
and harvesting adipose tissue is much less painful than harvesting bone marrow
because the former is less invasive than the latter*-*’l. Furthermore, focusing
exclusively on the potential to differentiate into osteoblasts would fail to take into
account the known effect of indirect stimulation of bone regeneration by ADRCs and
ASCs, which led to the same amount of measured regenerated bone volume after 6
wk in a study that compared the bone regeneration effect of BMSCs and ASCs in a
rabbit craniectomy model™’l.

Furthermore, several studies demonstrated that the combination of ADRCs or
ASCs with an OIS is a more effective strategy for GBR than the use of an OIS alone
(reviewed in***l). Moreover, it was hypothesized that the application of ADRCs or
ASCs in combination with an OIS and osteogenic/angiogenic growth factors may
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Figure 1 Panoramic radiograph at T0. The yellow arrows indicate the reduced bone height of the edentulous
posterior maxilla below the antrum and the ridge crest of less than 3 mm on both sides. R: Right; L: Left.

help to optimize clinical procedures*. In this regard the following must be kept in
mind: (1) Compared to cultured and potentially modified ASCs, freshly isolated,
unmodified ADRCs have the advantage of lower safety requirements because it is not
necessary to culture and/or modify the cells; (2) Several non-enzymatic and
enzymatic systems for isolating ADRCs were developed (reviewed in™). It was
reported that cell yield may vary considerably™. Moreover, it was shown that in
general, non-enzymatic isolation of ADRCs yielded fewer cells than enzymatic
(mechanical) isolation®?. To our knowledge, the greatest difference in cell yield
between enzymatic and non-enzymatic isolation of ADRCs was reported for the
Transpose RT system and the proprietary Matrase Reagent (both from InGeneron,
Inc., Houston, TX, United States)® (this study is discussed in detail below); and (3)
Some clinical studies on cell-based therapies reported the production of donor-
specific antibodies after application of allogeneic cells®™ ). This is not the case when
using autologous cells.

In summary, the combination of enzymatically isolated, UA-ADRCs with PRGF-2
and an OIS may be optimal for GBR-MSA.

Werner Gétz, MD, PhD, Director of the Laboratory for Orthodontic Basic Research,

University of Bonn (Bonn, Germany)

The use of a combination of UA-ADRCs, PRGF-2, and an OIS appears promising but
has not yet been reported in GBR-MSA or in guided bone regeneration in general.
Thus, it is justified to test this combination in a first-in-human, split-mouth single case
study. Furthermore, it is recommended to perform comprehensive histologic,
histomorphometric, and immunohistochemical analysis of biopsies of the newly
formed bone collected at different time points after GBR-MSA.

Christoph Schmitz, MD, PhD, Head of the Department of Neuroanatomy at LMU
Munich (Munich, Germany)

Contemporary histomorphometric analysis of bone biopsies may be insufficient to
assess the significance of a combination of UA-ADRCs, PRGF-2, and an OIS in GBR-
MSA because it does not provide a detailed analysis of the relative amount
(area/area) of bone, allograft, fibrin and connective tissue, adipocytes, arteries, and
veins in biopsies of the newly formed bone. However, the latter can be achieved with
design-based stereology™™!.

FINAL DIAGNOSIS

Loss of several premolar and molar teeth, with residual bone height of the edentulous
posterior maxilla as well as of the alveolar bone crest height around the remaining
maxillary teeth considered insufficient for implant placement. Justification for
treatment with a novel combination of UA-ADRCs, PRGF-2, and an OIS in a first-in-
human, split-mouth single case study, carefully controlled by comprehensive
histologic, design-based stereologic, and immunohistochemical analysis of biopsies of
the newly formed bone collected at different time points after GBR-MSA.

TREATMENT
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The present single-case study was approved by the ethics committee of the Federal
Dental Association Hamburg (Hamburg, Germany) (no. PV5211). Written informed
consent was obtained from the patient to participate in this study after verbal and
written information provided by the principal investigator.

During a 4 mo pre-phase the patient’s reduced oral hygiene was significantly
improved by oral hygiene advice and supragingival plaque control.

During the first treatment, venous blood (8 x 9 mL = 72 mL) was withdrawn from
the patient’s arm and was processed into PRGF using the PRGF-Endoret technology
(BTI, Mifiano, Spain) according to the manufacturer’s instructions for use. After
centrifugation, PRGF-2 was collected and activated with PRGF Activator (BTI).

Furthermore, human subcutaneous adipose tissue was obtained using liposuction.
To this end, the periumbilical abdominal area was surgically disinfected. Then, local
anesthesia was achieved by infiltrating the periumbilical subcutaneous adipose tissue
with 150 mL of modified Klein tumescent solution””!, comprising lactated Ringer
solution, adrenaline (1:1000; 1 mg/mL) and 2% lidocaine (20 mg/mL). Fifteen minutes
later a stab incision was made 15 cm lateral of the umbilicus, bilaterally.
Lipoaspiration was performed using the Coleman method?" using a 4-hole blunt
tipped cannula (3 mm x 150 mm) (part of the LCK-15 Lipoaspiration Collection Kit;
InGeneron) and a 60 cm® Luer-Lock Toomey-Syringe (also part of the LCK-15 Kit;
InGeneron). After liposuction, pressure was applied to the wounds. Then the wounds
were closed using adhesive bandage strips (Leukosilk; BSN Medical GmbH,
Hamburg, Germany). The lipoaspirate (100 mL) was divided into four aliquots of 25
mL each. Then, all aliquots were processed using the Transpose RT system
(InGeneron) for isolating UA-ADRCs from the adipose tissue. Specifically, each
aliquot was incubated together with Matrase Reagent (InGeneron) for 1 h. The latter
was performed in the processing unit under agitation at 39 °C according to the
manufacturer’s instructions for use. The total procedure time was 70 min.

Approximately 7 g (2 x 2 cubic centimeters of 0.25-1.0 mm particle size and 1 x 3
cubic centimeters of 1-2 mm particle size) of Puros Cancellous Particulate Allograft
(Zimmer Biomet Dental, Palm Beach Gardens, FL, United States) were rehydrated
with 1.5 mL of PRGF-2 and a suspension of UA-ADRCs (approximately 50 x 10° cells
in 3 mL saline) (hereafter referred to as MCBPA /PRGF-2/UA-ADRCs). This was done
within 30 min after completion of the PRGF processing and immediately after
completion of isolating the UA-ADRCs (Figure 2A). Another 7 g of the same MCBPA
were rehydrated with 1.5 ml of PRGF-2 and 3 mL of saline (hereafter referred to as
MCBPA /PRGF-2/saline).

After the patient was prepared for surgery and anesthetized via local infiltration
with Ultracain-DS Forte (Sanofi-Aventis, Frankfurt/Main, Germany), the maxillary
tooth 14 was extracted using a minimal traumatic approach with periotomes.
Following careful extraction with special emphasis on preservation of the buccal plate
of bone, the extraction sockets were examined for potential perforation and
fenestration. Curettage of the extraction site was performed to remove all soft tissue
debris as well as granulation tissue and to promote healing by stimulating bleeding
from the osseous base. Additionally, a bilateral external sinus lift procedure using the
Tatum techniquel™ was performed. The lateral window access was prepared in the
areas of the first molars on both sides using a very atraumatic piezosurgery approach
(Mectron, Cologne, Germany) to a size of approximately 10 mm x 7 mm (length x
height) in order to allow for sufficient overview into the sinus cavity and to minimize
the reduction of cortical bone for overall stability (Figure 2B). Then, the
MCBPA /PRGF-2/UA-ADRCs was loosely packed into the prepared right maxillary
sinus (Figure 2C), and the MCBPA /PRGF-2/saline into the prepared left maxillary
sinus. Afterwards, all sites were covered with a resorbable native pericardium
membrane (CopiOs Extend Membrane; Zimmer Biomet Dental) in order to promote
the ingrowth of new bone by excluding epithelial migration into the grafted sites.
Finally, a soft tissue flap extension!”*"! was surgically performed and primary closure
without tension was achieved using vertical and horizontal cross mattress sutures
using Gore-Tex Suture (W.L. Gore and Associates, Inc., Flagstaff, AZ, United States)
(Figure 2D). The anterior maxillary teeth 11, 12 and 22 were initially preserved for
aesthetic reasons and scheduled for extraction 6.5 wk later (Figure 3A).

Analgesics (Paracetamol 500 mg, t.i.d.) and prophylactic antibiotics (Amoxicillin
500 mg, t.i.d.) were prescribed for 7 d postoperatively. Tooth brushing in the surgical
area was restricted for the first 2 wk. In addition, chlorhexidine mouthwash was
prescribed to maintain the oral flora and prevent infection. Sutures were removed on
the 10" postoperative day, and routine monitoring appointments were held at
monthly intervals to evaluate healing.

Six weeks after the first treatment, the patient was reappointed and the maxillary
anterior teeth # 11, 12, and 22 were extracted (second treatment) using the same
approach as applied to the maxillary posterior tooth # 14 during the first treatment.
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Figure 2 Details of the procedures performed immediately before and during the first surgery (guided bone regeneration-maxillary sinus augmentation). A:
Rehydration of the MCBPA with PRGF-2 and UA-ADRCs; B: Preparation of the right maxillary sinus with a lateral external window after atraumatic extraction of tooth
# 14 (the Schneiderian membrane was elevated); C: Filling of the right sinus cavity with loosely packed MCBPA/PRGF-2/UA-ADRCs; D: Achievement of primary
closure without tension on the right side using horizontal mattress as well as a continuous half-hitch sutures. MCBPA: Mineralized cancellous bone particulate
allograft; PRGF-2: Fraction 2 of plasma rich in growth factors; UA-ADRCs: Unmodified autologous adipose-derived regenerative cells.

During this procedure, biopsies of the areas grafted during the first treatment with the
MCBPA/PRGF-2/UA-ADRCs (right) and the MCBPA/PRGEF-2/saline (left) were
collected using a trephine bur (length: 18 mm; inner diameter: 2.6 mm; outer
diameter: 3.2 mm; Trepan Bur 227A.204.032; Komet Dental, Lemgo, Germany).
Biopsies were fixed by immersion in 4% buffered formaldehyde at room temperature.
After at least 1 d of fixation they were prepared for histologic and immunohistological
analysis (described in detail below).

The postoperative management (prescription of analgesics, antibiotics, and
chlorhexidine mouthwash, restriction of tooth brushing in the surgical area, removal
of sutures, and routine monitoring) was the same as performed after the first
treatment.

The patient was reappointed again at 34 wk after the second treatment and
prepared for dental implant placement surgery (third treatment). Anesthesia was
induced via local infiltration of Ultracain-DS Forte (Sanofi-Aventis). Then, an
osteotomy for implant placement was initially prepared in the alveolar bone using a
trephine bur that was identical to the one used during the second treatment (Trepan
Bur 227A.204.032; Komet Dental), and biopsies of the areas grafted during the first
treatment with the MCBPA /PRGEF-2/UA-ADRC s (right side) and the MCBPA /PRGF-
2/saline (left side) were collected (these biopsies were handled and processed in the
same way as the biopsies that were collected during the second treatment). The
osteotomies for implant placement were prepared by sequential cutting to the
radiographically determined length with surgical drills in graduated diameters
according to the dental implant manufacturer’s instructions of use. Implants were
then placed according to the manufacturer’s recommendations (ASTRA TECH
implants with cover screw, Dentsply, Mannheim, Germany). Implants of the
following dimensions were inserted into the finally prepared osteotomies: regions 16
and 26: 5.0 S x 11 mm; region 14: 4.0 S x 13 mm; regions 12, 15, and 25: 4.0 S x 11 mmy;
and region 22: 3.5 S x 11 mm. All implants achieved a high primary stability of 25-30
Nem insertion torque. The implant access holes were closed with cover screws prior
to primary soft tissue closure as performed during the first treatment (Figure 3B). The
postoperative management was the same as performed after the first and second
treatments.

Twelve months after the third treatment, radiographs were taken and
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Figure 3 Clinical findings. A: Panoramic radiograph taken immediately after the first surgery (GBR-MSA). The
yellow arrows indicate the restored bone height of the edentulous posterior maxilla on both sides; B: Panoramic
radiograph taken after the third surgery (placement of implants at 34 wk after GBR-MSA); C: Panoramic radiograph
taken at 32 mo after the first treatment. R: Right; L: Left.

demonstrated excellent bone healing around the dental implants, within the
augmented sinus, and the extraction sockets (Figure 4) (fourth treatment) (note that
the long time between the third and the fourth treatment was due to constraints of
time on the side of the patient; from a medical point of view the fourth treatment
could have been performed already at 4 mo after the third treatment). No radiological
signs of inflammation were observed. The patient was reappointed again and
prepared for uncovering of the implants and implant abutment placement surgery as
well as extraction of tooth #18. Anesthesia was induced via local infiltration of
Ultracain-DS Forte (Sanofi-Aventis). Localized mucoperiosteal flaps were raised and
the cover screws were removed from the implant access holes. The implant access
holes were rinsed using 2% chlorhexidine solution and were then covered with
ASTRA Tech Implant healing abutments (‘Gingivaformer”) of the following
dimensions: regions 16 and 26: 5.5 mm X 4.0 mm; regions 12, 14, 15, and 25: 4.5 mm x
4.0 mm; and region 22: 3.5 mm x 4.0 mm.

Prior to closure of the implant access hole, the healing abutment screws were
covered with 2% chlorhexidine gel in order to minimize bacterial contamination. The
healing abutments were placed using a torque of 20 Ncm according to the
manufacturer’s recommendations. All implants were surrounded with very sufficient
three-dimensional bone volume and demonstrated excellent stability (Figure 4). No
clinical signs of inflammation were observed. Tooth # 18 was carefully extracted using
a piezosurgery device as described above. Following achievement of primary closure
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Figure 4 Digital volume tomography radiographs taken after the fourth surgery (1 year after the placement of implants and 20 mo after guided bone
regeneration-maxillary sinus augmentation). A: Panoramic view; B-E: Detailed view on selected regions 15 (B), 16 (C), 25 (D), and 26 (E). With the application of
unmodified autologous adipose-derived regenerative cells (UA-ADRCs) the bone around the implants in regions 15 and 16 appeared larger in area and denser
(arrows in B, C) than without the application of UA-ADRCs in regions 25 and 26 (arrowheads in D, E).

around the healing abutments as described for the other treatments, the same
postoperative care regimen was administered as described above and the sutures
were removed approximately 10 d postoperatively.

Six weeks after placement of the healing abutments, the definitive prosthetic
telescopic bridge (prepared by Dr. Johanna Hevelke, Winsen/Luhe, Germany) was
placed.

Histologic processing of the biopsies was performed at the Department of
Orthodontics, Center of Dento-Maxillo-Facial Medicine, University of Bonn, Bonn,
Germany. To this end, the fixed biopsies were decalcified in 4.1% EDTA solution at
room temperature for about 7 d, changing the EDTA solution every 24 h. Then, the
biopsies were hydrated, followed by rehydration in an ascending series of ethanol.
Afterwards they were embedded in paraffin and cut into 3 pm thick serial
longitudinal sections. The sections were mounted on Superfrost Plus slides (Gerhard
Menzel, Braunschweig, Germany). Sections representing positions within the biopsies
near the longitudinal axis were stained with hematoxylin and eosin stain, or were
processed by immunohistochemistry. Finally, all sections were coverslipped with
DePeX (Serva, Heidelberg, Germany).

Relative amounts (area/area) of bone, allograft, connective tissue and fibrin,
adipocytes, arteries, and veins were determined on the sections that were stained with
hematoxylin and eosin stain using point counting as described in detail in"! (Figure
1B). The distance between the points was 110 pm in XY directions, resulting in a mean
total number of 943 (range, 662-1172) points per section. Analyses were performed
with a computerized stereology workstation consisting of a modified light microscope
(Axioskop; Carl Zeiss Microscopy, Jena, Germany) with Plan-Neofluar objectives 2.5 x
(numerical aperture [NA] = 0.075) and 10 x (NA = 0.3) (Carl Zeiss Microscopy),
motorized specimen stage (BioPrecision2; Ludl Electronics, Hawthorne, NY, United
States), stage controller (MAC 6000 XY; Ludl Electronics), focus encoder (MT 1271;
Heidenhain, Traunreut, Germany), CCD color video camera (1,600 x 1,200 pixels; MBF
Bioscience, Williston, VT, United States), and stereology software (Stereo Investigator
version 10; MBF Bioscience).

After deparaffinizing and rehydrating, sections were rinsed for 10 min in TBS.
Histochemical detection of tartrate-resistant acid phosphatase was performed with a
specific Acid Phosphatase staining kit (Sigma-Aldrich, Steinheim, Germany)
according to the staining protocol of the manufacturer. For immunohistochemistry,
endogenous peroxidase was blocked in a methanol/H,O, (Merck, Darmstadst,
Germany) solution for 45 min in the dark. Then, sections were pretreated with TBS
containing 1% bovine serum albumin at room temperature for 20 min. Afterwards,
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sections were digested with 0.4% pepsin at 37 °C for 10 min, followed by incubation
with the primary antibodies in a humid chamber. Table 2 summarizes details of the
antibodies and the incubation protocols.

Antibody binding was detected with the peroxidase-conjugated EnVision anti-
mouse system (Dako, Glostrup, Denmark) or the horseradish peroxidase-conjugated
EnVision anti-rabbit/anti-goat secondary antibodies (Dako) that were diluted 1:50
and incubated at room temperature for 30 min. Visualization of peroxidase activity
was performed using diaminobenzidine resulting in a brown staining product.
Mayer’s hematoxylin was used for counterstaining the sections. In order to perform
specificity controls, primary antibodies were omitted and TBS or normal horse serum
was applied. In other control experiments, both primary and secondary antibodies
were omitted. Fetal human bone or mandibular bone (i.e., tissues carrying known
antigens) were used as positive controls. Qualitative histological evaluations were
performed blinded by one of the authors.

Digital photography was used to produce the photomicrographs shown in Figure
5A and 5B. To this end, on average 41 (range, 30-45) images were captured for each
composite using a computerized stereology workstation. The latter consisted of a
modified light microscope (Axio Imager 2; Carl Zeiss Microscopy) with an EC Plan
Neofluar 10 x objective (NA = 0.3) (Carl Zeiss Microscopy), motorized specimen stage
for automatic sampling (H101A; Prior Scientific Instruments, Cambridge, United
Kingdom), focus encoder (MT 1271; Heidenhain), CCD color video camera (1388 x
1040 pixels; AxioCam MRc; Carl Zeiss Microscopy), and stereology software (Stereo
Investigator version 10; MBF Bioscience). The Virtual Slice module of the Stereo
Investigator software (MBF Bioscience) was used to create the montages. The
photomicrographs shown in Figure 5C and 5D, Figure 6 and Figure 7 were produced
by digital photography (all components from Carl Zeiss Microscopy) using an
AxioCam MRc camera attached to an AxioScope 2 microscope and AxioVision 4.7
software using the following objectives: Epiplan 20 x (NA = 0.40) and Plan-Neofluar
40 x (NA = 0.75). Corel Photo-Paint X7 and Corel Draw X7 (both versions 17.5.0.907;
Corel, Ottawa, Canada) were used to construct the final figures. Contrast and
brightness were only marginally adjusted, which did not alter the appearance of the
original materials.

OUTCOME AND FOLLOW-UP

The patient was very satisfied with the maxillary restoration regarding aesthetics,
function, phonetics, and cleansibility (Figure 8). The last radiologic follow-up
examination took place at 32 mo after the GBR-MSA surgery (Figure 3C).

The biopsies that were collected at 6 wk after GBR-MSA showed the formation of a
network of cancellous bony trabeculae by appositional membranaceous osteogenesis
in different developmental stages around allogeneic fragments. The newly formed
bone (asterisks in Figure 5A and 5B) consisted of fibrous bone. Typically, newly
formed bone spicules contained nuclei of allogeneic remnants that showed basophilic
staining and contained empty osteocyte lacunae (arrows in Figure 5A and 5B). Most
surfaces of the newly formed trabeculae were covered by osteoblasts with underlying
osteoid (arrowheads in Figure 5A and 5B). With the application of UA-ADRCs a
higher bone lining cell density was achieved than without UA-ADRCs. No signs of
active inflammation or necrosis could be recognized in either biopsy.

The biopsies that were collected at 34 wk after GBR-MSA showed a similar
morphology as the biopsies that were collected at 6 wk after GBR-MSA. However,
bone formation seemed to be increased with a decreased percentage of allogeneic
remnants (arrows in Figure 5C and 5D) and fibrous bone. Newly formed cancellous
bone was in an advanced stage of remodeling, appearing as lamellar bone (asterisks
in Figure 5C and 5D) with fibrous bone remnants incorporated. Fewer adipocytes
developed after the application of UA-ADRCs than without UA-ADRCs (arrowheads
in Figure 5C and 5D).

At higher magnification, the biopsy that was collected at 6 wk after GBR-MSA with
the application of UA-ADRCs showed regions with early osteogenic condensations
within a highly cellular surrounding. Specifically, osteoclasts appeared on the surface
of natural and allogeneic bone (arrowheads in Figure 5E). Such regions with early
osteogenic condensations were not observed at 6 wk after GBR-MSA without
application of UA-ADRCs. Rather, osteogenesis appeared more discrete in this case
(Figure 5F). Likewise, at 34 wk after GBR-MSA a higher cell density around newly
formed cancellous bone was found after the application of UA-ADRCs (arrowheads in
Figure 5G) than without UA-ADRCs (arrowheads in Figure 5H).

The results of the histomorphometric analysis are summarized in Figure 9. The
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Table 2 Details of antibodies and incubation protocols used in the present study

Antibody Isotype Manufacturer Dilution/incubation
runX2 Goat polyclonal Santa Cruz Biotechnology (Dallas, TX, United States) 1:30, 4 °C, ON
Collagen type I Rabbit monoclonal Abcam (Cambridge, United Kingdom) 1:400, RT, 1 h
Alkaline phosphatase Rabbit polyclonal Quartett (Berlin, Germany) Ready to use, 4 °C, ON
Von Willebrand factor Rabbit polyclonal Linaris (Dossenheim, Germany) 1:200, RT, 1h
CD146 Rabbit monoclonal Abcam 1:50, RT, 1h
CD73 Mouse monoclonal Antibodies-online (Atlanta, GA, United States) 1:100, 4 °C, ON
PPARy Mouse monoclonal Santa Cruz Biotechnology 1:25,4 °C, ON

ON: Overnight; RT: Room temperature.

application of UA-ADRCs resulted in a higher relative amount (area/area) of newly
formed bone (+ 63% at 6 wk; + 44% at 34 wk), a higher relative amount of fibrin and
collagen (+ 144% at 6 wk; + 78% at 34 wk) and a lower relative amount of adipocytes
(- 83% at 34 wk) compared to the situation without application of UA-ADRCs. Besides
this, the ratio of the relative amounts (area/area) of veins to arteries was 3.5 after the
application of ADRCs and 4.7 without ADRCs at 34 wk after GBR-MSA.

Tartrate-resistant acid phosphatase immunostaining revealed middle-sized
osteoclasts on the surface of newly formed and allogeneic bone and on debris
accumulations at 6 wk after GBR-MSA, with a higher osteoclast density after the
application of UA-ADRCs than without UA-ADRCs (arrows in Figure 6A and 6B).
Only a few osteoclasts were found at 34 wk after GBR-MSA (arrows in Figure 6C and
6D).

Anti-runt-related transcription factor 2 immunoreactivity was found at 6 wk after
GBR-MSA with the application of UA-ADRCs, but not in GBR-MSA without UA-
ADRGCs, in most osteoblasts and osteoblast-like cells (arrows in Figure 6E). Only very
weak anti-runt-related transcription factor 2 immunoreactivity was found at 34 wk
after GBR-MSA (Figure 6G and 6H).

Type I collagen appeared in osteoid seams (arrows in Figure 61 and 6]) and in a
weak manner in the matrix of newly formed bone trabeculae (asterisks in Figure 61
and 6]) at 6 wk after GBR-MSA. At 34 wk after GBR-MSA the pattern of
immunoreactivity for type I collagen was similar to the pattern observed at 6 wk after
GBR-MSA but weaker (arrows and asterisks in Figure 6K and 6L).

The application of UA-ADRCs resulted in strong alkaline phosphatase (AP)
immunoreactivity in osteoblasts, osteoblast-like cells, and fibroblasts in the
intertrabecular connective tissue at 6 wk after GBR-MSA, while in GBR-MSA without
UA-ADRC S only a few osteoblasts were immunoreactive for AP (arrows in Figure 6M
and 6N). At 34 wk after GBR-MSA AP immunoreactivity appeared in some
osteoblasts and osteoblast-like cells in a weak to moderate manner (arrows in Figure
60 and 6P).

Immunohistochemical detection of factor VIII/von Willebrand factor showed dense
vascularization in all biopsies (arrows in Figure 7A-D), with the highest density at 6
wk after GBR-MSA with the application of UA-ADRCs. In GBR-MSA without UA-
ADRGC s, larger sinusoidal vessels were found at 34 wk after GBR-MSA and were
located within the intertrabecular connective tissue (arrowheads in Figure 7D).

Vessel walls were strongly immunoreactive for CD146 in all biopsies (arrows in
Figure 7E-H).

A strong intracellular, granular anti-CD 73 immunoreactivity was seen in all
biopsies in subsets of fibroblasts and osteoblasts (arrows in Figure 7I-L), as well as in
vessel walls (arrowheads in Figure 7I-L).

Nearly all osteoblasts and fibroblasts as well as a subset of osteocytes showed
immunoreactivity for PPARy at 6 wk after GBR-MSA (arrows in Figure 7M and 7N).
Furthermore, PPARy immunoreactivity was also found in vessel walls in areas with
osteogenesis (arrowheads in Figure 7M and 7N). In general, a very similar pattern
was found at 34 wk after the application of UA-ADRCs, whereas without UA-ADRCs
immunoreactivity for PPARy was restricted to vessel walls (arrows and arrowheads
in Figure 70 and 7P).

The immunohistochemically negative control specimens displayed no
immunoreactivity.
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Figure 5 Histological findings. Representative photomicrographs of 3 um thick paraffin sections stained with hematoxylin and eosin of biopsies that were collected
at 6 wk (A, B, E, F) or 34 wk (C, D, G, H) after guided bone regeneration maxillary sinus augmentation with the application of UA-ADRCs (A, C, E, G) or without UA-
ADRCs (B, D, F, H). In A-D the asterisks indicate newly formed bone and the arrows indicate empty osteocyte lacunae in allogeneic fragments. Furthermore, in A and
B the arrowheads point to osteoblasts with underlying osteoid, while in C and D the arrowheads indicate adipocytes. In E-H the arrows indicate cells on the surface of
newly formed bone. The scale bar in H represents 150 ym in A-D and 75 pym in E-H. UA-ADRCs: Unmodified autologous adipose-derived regenerative cells.

DISCUSSION

The present study is the first one in which a combination of freshly isolated UA-
ADRCs, PRGF-2, and an OIS was used for GBR-MSA. Furthermore, our study is the
first one in which cellular and histological effects of mesenchymal stem cells in human
GBR-MSA were investigated with design-based stereology, histochemistry, and
immunohistochemistry. The analysis of the biopsies that were collected at 6 wk and
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Figure 6 Histological findings. Representative photomicrographs of histochemical detection of tartrate-resistant acid phosphatase (TRAP) (A-D) as well as of
immunohistochemical detection of Runt-related transcription factor 2 (runX2) (E-H), collagen 1 (Coll 1) (I-L), and alkaline phosphatase (AP) (M-P) in 3 um thick
paraffin sections of biopsies that were collected at 6 wk (A, B, E, F, I, J, M, N) or 34 wk (C, D, G, H, K, L, O, P) after GBR-MSA with the application of UA-ADRCs (A,
C,E, G, |, K, M, O) or without UA-ADRCs (B, D, F, H, J, L, N, P). In A-D the arrows point to osteoclasts, in E to osteoblasts, in I-L to type | collagen in osteoid seams,
and in M-P to AP immunostaining found in osteoblasts, osteoblast-like cells, and fibroblasts in the intertrabecular connective tissue. Furthermore, in I-L the asterisks
indicate type | collagen in the matrix of newly formed bone trabeculae. The scale bar in P represents 200 um in A-D and I-P, and 100 pum in E-H. UA-ADRCs:
Unmodified autologous adipose-derived regenerative cells.

again at 34 wk after GBR-MSA showed that the combination of UA-ADRCs, PRGF-2,
and the OIS resulted in better and faster bone regeneration than the combination of
PRGF-2 and the same OIS alone. It is of note that our design-based stereologic finding
of a higher relative amount of newly formed bone after GBR-MSA with the
application of UA-ADRCs than without UA-ADRCs (+ 63% at 6 wk; + 44% at 34 wk)
(Figure 9) was in line with our radiologic finding of more dense bone after the
application of UA-ADRCs in regions 15 and 16 than without UA-ADRCs in regions 25
and 26 at 20 mo after GBR-MSA (Figure 4).

The results of the present study may open new horizons for the rehabilitation of the
edentulous posterior maxilla and potentially for other regenerative techniques in pre-
implant bone augmentation procedures like lateral and horizontal alveolar ridge
augmentation, socket preservation, and bone grafting following large cystectomies.
Specifically, the novel GBR-MSA approach presented here could result in a superior
bone-implant-contact due to advanced new bone formation (Figure 9) and could also
serve as the basis for reducing the time between GBR-MSA and the placement of
implants in patients with residual bone height below the antrum and the ridge crest of
less than 3 mm (Class D). Besides this, our novel approach may allow for immediate
implant placement in combination with bone augmentation procedures when the
primary stability of the implant is provided. Moreover, the harvesting of ADRCs may
result in less morbidity of the patient compared to bone marrow aspiration from the
iliac crest area (addressed in the next paragraph). However, it will be the task of
future studies to test these hypotheses.

GBR-MSA using mesenchymal stem cells (except of the use of UA-ADRCs) has
been investigated in many preclinical and clinical studies, with and without OIS, and
with and without use of PRP (reviewed in!***l). In most of these studies BMSCs,
autologous bone marrow aspirate concentrate (BMAC), or periosteal derived stem
cells were used. Histomorphometric analysis showed considerable differences in the
relative amount (area/area) of newly formed bone at 24 wk after surgery, ranging
between 13.5% using BMSCs and bovine bone material (BBM)!*! and 55.2% using
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Figure 7 Histological findings. Representative photomicrographs of immunohistochemical detection of factor VIll/von Willebrand factor (VWF) (A-D), CD146 (E-H),
CD73 (I-L), and peroxisome proliferator-activated receptor gamma (PPARY) (M-P) in 3 um thick paraffin sections of biopsies that were collected at 6 wk (A, B, E, F, |,
J, M, N) or 34 wk (C, D, G, H, K, L, O, P) after GBR-MSA with the application of UA-ADRCs (A, C, E, G, |, K, M, O) or without UA-ADRCs (B, D, F, H, J, L, N, P). In all
panels the arrows point to vessels. Furthermore, the arrowheads indicate sinusoidal vessels in D, and fibroblasts and osteoblasts in I-L, M, and O. The scale bar in P
represents 200 um in A-D and I-P, and 100 um in E-H. GBR-MSA: Guided bone regeneration maxillary sinus augmentation; UA-ADRCs: Unmodified autologous
adipose-derived regenerative cells.

BMAC and BBM!l. This considerable difference and the fact that the relative amount
(area/area) of cancellous bone in normal human bone is only approximately 25%!"!
should give reason to accept the results of related studies only after having critically
scrutinized the corresponding methodological details. For example, in a study that
reported a relative amount of newly bone of 55.2% using BMAC and BBMI"" only
small portions of the investigated specimens were shown, and histomorphometry was
performed by inspecting the specimens with a 1.25% objective, which precludes to
distinguish between empty osteocyte lacunae (representing scaffold) and cell bodies
within osteocyte lacunae (representing newly formed bone). In any case, a meta-
analysis of nine studies (seven animal and two human studies) in which the
combination of mesenchymal stem cells and OIS versus OIS alone were compared,
found a statistically significant positive effect of stem cells on the bone re-growth in
GBR-MSA™,

At first glance our design-based results (relative amount of newly formed bone of
24.2% at 34 wk after GBR-MSA) do not speak in favor of our approach compared to
the use of BMSCs (among the six studies reviewed inl*! in which BMSCs were applied
and histomorphometric analysis was performed at 24 wk after surgery, three studies
reported a relative amount of newly formed bone of more than 24%). However, our
decision to use UA-ADRC s rather than other types of cells (including ASCs, BMSCs,
periosteal derived stem cells, allogeneic and/or modified ASCs/BMSCs, dental-
derived mesenchymal stem cell-like cells (reviewed inl*l) or induced pluripotent stem
cells) was based on the fact that UA-ADRCs are the only type of cell that allows
immediate usage at point of care, with the lowest safety concerns in cell-based
therapy as no culturing or modification is required. This is fundamentally different
from all other types of cells that have been considered for cell-based therapies in
dentistry (reviewed inl"). Regarding safety concerns one must keep in mind that, e.g.,
potential oncogenesis currently limits the clinical translation of induced pluripotent
stem cells*”"], and applying allogeneic cells may cause the production of donor-
specific antibodies and cell induced immune response®*?. The only other cell-based
therapy that allows immediate usage at point of care is autologous BMAC, which was
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Figure 8 Documentation of clinical outcome. A, B: Intraoral ventral (A) and occlusal (B) views on the healing abutments in regions 12, 14, 15, 16, 22, 25, and 26
after the fourth treatment (1 year after the placement of implants and 20 mo after guided bone regeneration maxillary sinus augmentation). Note that the teeth # 13,
21, 23, and 24 are crowned; C, D: External (C) and internal (D) view of the prosthetic telescopic bridge; E: Intraoral view of the final prosthetic reconstruction.

investigated in two studies on GBR-MSA (BBM as OIS). One of these studies was a
case report on a 46-year-old partially edentulous man, showing a relative amount of
newly formed bone of 27% at 12 wk after surgery without control treatment””. The
other study”! was a randomized controlled trial (from the same lab as"”?, published in
the same year, and using exactly the same procedure for harvesting bone marrow
aspirate as used in”), reporting a mean relative amount of newly formed bone of
only 12.6% at 12 wk after surgery (n = 34 patients), with a mean relative amount of
newly formed bone of only 14.3% at 12 wk after grafting BBM and autologous bone (n
=11 patients)”l. It is of note that only in the latter study”” whole specimens were
shown and methodological details of the histomorphometric analysis were provided.
The data of the latter study” are in line with the data obtained with our control
treatment (Figure 7) and indicates that the use of UA-ADRCs may be more effective
than the use of BMAC in GBR-MSA.

Detection of factors involved in osteogenesis and bone remodeling using
histochemistry and immunohistochemistry is not frequently applied in studies on
GBR-MSA in dentistry. Mostly, only selected factors were investigated. In line with
former studies”"! we applied a broader panel of antibodies including vessel markers
like factor VIII/von Willebrand factor. The immunostaining pattern obtained revealed
similar findings as for remodeling of allografts'”. However, the direct comparison of
the immunolabeling of osteogenic factors like runt-related transcription factor 2 and
AP between both sides showed stronger immunopositivity after the application of
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Figure 9 Results of histomorphometric analyses. Relative amounts (area/area) of bone (Bo), allograft (Al), fibrin and connective tissue (F/CT), adipocytes (Ad),
arteries (Ar), veins (Ve) and artifacts (X) in 3 um thick paraffin sections stained with hematoxylin and eosin stain of biopsies that were collected at 6 wk (on the left) or
34 wk (on the right) after guided bone regeneration maxillary sinus augmentation with the application of unmodified autologous adipose-derived regenerative cells
(UA-ADRCs) or without UA-ADRCs. UA-ADRCs: Unmodified autologous adipose-derived regenerative cells.
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UA-ADRCs, which underlines better and faster bone regeneration. The finding of
middle-sized osteoclasts on the surface of newly formed and allogeneic bone and on
debris accumulations at 6 wk after GBR-MSA, with a higher osteoclast density after
the application of UA-ADRCs than without UA-ADRCs (Figure 5E, 5F, and Figure
6A-D), was in line with earlier reports in the literaturel”’”*! about osteoclasts involved
in bone remodeling (which was increased after application of UA-ADRCs compared
to the situation without UA-ADRCs). This phenomenon must not be confused with
foreign material resorption by multinucleated giant cells/””). That was not observed in
the present study. The denser vascularization on the cell treated side (detected with
both histomorphometry and anti-factor VIII/von Willebrand factor immuno-
histochemistry) that was treated with UA-ARDCs underlines the importance of the
coupling of angiogenesis and osteogenesis in bone regeneration”!.

We did not characterize the UA-ADRCs isolated from lipoaspirate with the
Transpose RT system and Matrase Reagent (both from InGeneron) in the present
study. However, a very recent study compared cell suspensions that were obtained by
isolating cells from lipoaspirate from 12 healthy donors using the Transpose RT
system and Matrase Reagent (thereafter: "TRT-MR cell suspensions") with cell
suspensions that were obtained by isolating cells from lipoaspirate from the same
donors just mechanically (i.e., using the Transpose RT system but without Matrase
Reagent) (thereafter: "TRT cell suspensions")™. It was found that the mean cell yield
(numbers of cells/g of processed lipoaspirate) was approximately twelve times higher
in TRT-MR cell suspensions than in TRT cell suspensions (P < 0.001), and cells in TRT-
MR cell suspensions formed on average 16 times more colony forming units
(considered to be an indicator of stemness) per g lipoaspirate than cells in TRT cell
suspensions (P < 0.001)"". Of note, the mean relative number of viable cells in TRT-
MR cell suspensions (85.9% + 1.1%; mean * SE) exceeded the proposed minimum
threshold for the viability of cells in the stromal vascular fraction of 70% established
by the International Federation for Adipose Therapeutics and Science®!, whereas the
mean relative number of viable cells in TRT suspensions (61.7% * 2.6%) did not (P <
0.001)F"1. On the other hand, cells in TRT-MR cell suspensions exhibited no statistically
significant differences in the expression of regenerative cell-associated genes such as
Oct4, Hesl, and Kl1f4 compared to cells in TRT cell suspensions™.

The same study demonstrated that upon stimulation with specific differentiation
media cells in TRT-MR and TRT cell suspensions were independently able to
differentiate into cells from all three germ layers (i.e., into the adipogenic, osteogenic,
hepatogenic, and neurogenic lineages)™!. The latter is in line with earlier findings that
adult stem cells may obtain any of the lineages but depend on constant induction of
differentiation and re-confirmation by signals released and communicated from the
local microenvironment®-*.. If this information and confirmation is missing or ceases,
adult stem cells stop differentiating!**!. In fact, only true stem cells are able to
continue their expected differentiation pathway as supported by the local
microenvironment®*l. This is one of several reasons why adult stem cell therapy with
UA-ARDC:s is very safel®'l. In contrast, safety concerns have been raised regarding
stem cell therapy with cultured adult stem cells because with higher passages an
increased rate of potential malignant transformation may occur®*.

A study on fresh, uncultured cells that were isolated from adipose tissue of pigs
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using the Transpose RT system and Matrase Reagent showed that approximately 40%
of cells in the stromal vascular fraction were immunopositive for CD29 (thereafter:
CD29") and CD44'"], which are markers of adipose tissue-derived stem cells"*l.
Furthermore, on average only 9% of the cells were CD45* (a marker of blood derived
cells), and on average only 11% of the cells were CD31" (a marker of endothelial
cellsP’). Another study on fresh, uncultured cells that were isolated from adipose
tissue of horses using a predecessor of the Transpose RT system (ARC system;
InGeneron) and Matrase Reagent found the highest relative gene expression of
osteocalcin (a gene associated with the osteogenic lineage”!) when investigating these
cells for the relative gene expression of CD44, CD73, CD90, CD105, CD146, and
CD166 (mesenchymal stem cell surface markers), CD34 and CD45 (hematopoietic
markers), CD31 (endothelial cell marker), type-1 collagen, PPARY2 (a gene associated
with the adipogenic lineage), and osteocalcin™. Collectively, these data underline the
osteogenic potential of the UA-ADRCs used in the present study.

We used PRGEF-2 rather than PRP because our clinical experience is in line with
data from a recent experimental study on rats that showed that PRGF-2 has more
availability for bone regeneration than PRP. The content of PRGF-2 prepared using
the PRGF-Endoret technology (BTI) was investigated in several studies in the
literature. Most relevant to the results of the present study was the demonstration of
high amounts of growth factors in PRGF-2V, i.e. on average approximately 14000
pg/mL of platelet derived growth factor-AB, 46000 pg/mL of transforming growth
factor-p 1, 220 pg/mL of vascular endothelial growth factor, 400 pg/mL hepatocyte
growth factor, 83000 pg/mL insulin-like growth factor-1, and 600 pg/mL endothelial
growth factor (note that what was named "PRGF F3" in is now named "Fraction 2 of
PRGEF" according to BTL, and the latter terminology was used in the present study).
Several pilot studies described the use of PRGF in GBR-MSADI*!I. Furthermore, it was
shown that PRGF can stimulate the proliferation, migration, and chemotaxis of
osteoblasts in vitro and enhance the osteblasts” autocrine expression of vascular
endothelial growth factor and hepatocyte growth factor that are proangiogenic
factors!”l. Both vascular endothelial growth factor and hepatocyte growth factor are
contained in PRGF-21"] and were also identified within the ASCs’ secretome
(reviewed inl'™l). A recent study showed that PRGF can induce proliferation and
migration of human-derived ASCs and reduce senescence and autophagocytosis of
these cells in vitrol'™. The same study!*! confirmed our own finding that human-
derived ASCs can efficiently differentiate into osteocytes or adipocytes when cultured
in osteogenic or adipogenic induction medium, respectivelyl>'%!, but also
demonstrated that this process is enhanced in the presence of PRGF!'”l. Accordingly,
our finding that the treatment with MCBPA /PRGF-2/UA-ADRCSs resulted in the
formation of 44% more bone and 83% fewer adipocytes in the biopsies collected at 34
wk after GBR-MSA (Figure 9) cannot be directly attributed to the action of PRGF-2 on
UA-ADRCs. Rather, it is reasonable to hypothesize that cues from the local
extracellular environment affected the properties of the UA-ADRCs in terms of
proliferation and specific osteogenic differentiation (c.f.l'”l), and this process was
enhanced by PRGF-2.

GBR-MSA has been performed using a number of grafting materials, including
autologous bone grafts, allografts, and xenografts!'”l. An earlier meta-analysis
published in 1998 found that the survival rates of implants placed in grafted maxillary
sinuses did not depend on whether autologous, allogeneic, or alloplastic grafts were
used!"””]. However, when focusing on the total bone volume, another meta-analysis
published in 2010 concluded that autologous bone should still be considered the gold
standard in MSA surgery!'”l. On the other hand, the latter study stated that the
consequence of the total bone volume for implant survival is still unknown!'*l. A
recent meta-analysis based on 16 original studies found that the implant survival rate
was 99.6% when a biomaterial was used during surgery compared to 96.0% when no
graft material was used (the follow-up period was 48 to 60 mo in this study)!'*L.
However, these data should be handled cautiously because only two studies in this
meta-analysis were performed with autologous bone grafts, and in 10 out of the 16
included studies (six out of seven studies without interpositional graft material) the
average preoperative bone height was more than 5 mm, which represents Class C
according tol” and does not resemble the situation addressed in the present study.
We used the Puros Cancellous Particulate Allograft (Zimmer Biomet Dental) because
it fulfills all of the following criteria that are considered essential for an OIS in the
literature (reviewed in!"'""l: volume stability of at least 4 mo after implantation, full
biocompatibility and resorbability, and possibility for loading with stem cells and
growth factors.

The patient who was investigated in our study was 79-years-old. The statistical life
expectancy of 80-year-old men and women has increased 7.7 years and 9.2 years,
respectively in Germany!''l. Thus, one can expect an increasing demand for the
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restoration of an aesthetic smile and a functional occlusion by patients aged 79 and
older (and of course by younger patients) in the future. On the other hand, some
authors have argued that age-related progressive decline in mechanical strength of
tissue could be due to loss of resident stem cell number and function and have raised
concerns regarding the use of autologous adult stem cell therapy in older patients!'”.
Indeed, an earlier study!""” found that the number and multilineage differentiation
potential of ASCs declined with the age of healthy volunteers, combined with
increased expression of cyclin-dependent kinase inhibitor pl6ink4a and CHEK1 (i.e.,
genes associated with senescence)!'?. These and other data reported in the literature
have motivated patients to start cryopreserving ADRCs from lipoaspiratel''l.
However, a recent pilot study showed that two samples of ADRCs collected from a
healthy person at age 72 years and again at age 84 years showed the same cell yield
and ADRC subpopulation composition without change in the proliferation rates of
ASCs (obtained by culturing the ADRCs), as well as the capability of tri-lineage
differentiation of both cell cultures!”. Another recent pilot study showed that protein
expression profiles of human umbilical vein endothelial cells that were co-cultured
under oxidative stress conditions with ADRCs from three healthy persons aged 42, 45,
and 47 years did not differ from protein expression profiles of human umbilical vein
endothelial cells that were co-cultured under identical conditions with ADRCs from
three healthy persons aged 61 and 62 (two persons) years!'“l. Collectively, these data
with the results of the present study, indicate (albeit preliminary) that using freshly
isolated UA-ADRCs from patients aged 79 years and older is a valid approach for
GBR-MSA. Effects of aging on PRGF-2 have, to our knowledge, not been reported.

There are limitations to the present study. First, only a single patient was
investigated. However, from an ethical point of view, this appears justified in a first-
in-human pilot study. It goes without saying that the efficacy and safety of our novel
approach must be confirmed in future studies (including well-designed randomized
controlled trials) on a larger number of patients. Second, only a single combination of
a certain dose of UA-ADRCs, PRGF-2, and a certain OIS was tested. However, the
same was done in most other feasibility studies on cell-based therapies for GBR-MSA.
Third, we did not investigate the combination of UA-ADRCs and MCBPA. Rather, we
used MCBPA /PRGF-2/saline as a control treatment because we wanted to compare
the effects of UA-ADRCs in GBR-MSA with an established procedure (a similar
decision was taken in an earlier study!”! that compared a combination of BMAC and
BBM with a combination of autologous bone and BBM in GBR-MSA rather than BBM
alone). Fourth, we were unable to determine whether (and, if so, how many) UA-
ADRG s differentiated into osteoblasts. This is due to the fact that UA-ADRCs can in
principle not be labeled and, thus not be quantified.

CONCLUSION

The present study suggests that GBR-MSA with a combination of UA-ADRCs, PRGF-
2, and an OIS is effective, leading to a significant increase in the relative amount of
newly formed bone and of dense fibrous tissue as well as less unwanted new adipose
tissue formation without adverse effects. The results of our study support further
evaluation of UA-ADRCs (including the isolation procedure used), dose, and
combination with PRFG-2 and an OIS in future clinical trials under strict criteria.
Besides this, the results presented here may also be of relevance to other fields of
regenerative dentistry using stem cells (reviewed in!""*'""l), as well as for GBR in
general. The results depicted in Figure 9 indicate that the addition of stem cells
induces more bone formation already after 6 wk than achieved without stem cells
after 6 mo. This clinically relevant shortening of time to implant should be evaluated
by future studies.
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