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Cell adhesion is essential for survival, it plays important roles in physiological cell functions, and it is an innovative target in
regenerative medicine. Among the molecular interactions and the pathways triggered during cell adhesion, the binding of cluster
of differentiation 44 (CD44), a cell-surface glycoprotein involved in cell-cell interactions, to hyaluronic acid (HA), a major
component of the extracellular matrix, is a crucial step. Cell therapy has emerged as a promising treatment for advanced liver
diseases; however, so far, it has led to low cell engraftment and limited cell repopulation of the target tissue. Currently, different
strategies are under investigation to improve cell grafting in the liver, including the use of organic and inorganic biomatrices
that mimic the microenvironment of the extracellular matrix. Hyaluronans, major components of stem cell niches, are attractive
candidates for coating stem cells since they improve viability, proliferation, and engraftment in damaged livers. In this review,
we will discuss the new strategies that have been adopted to improve cell grafting and track cells after transplantation.

1. Introduction

Cell adhesion plays a pivotal role in maintaining the physio-
logic functions of cells in solid organs, contributing to cellu-
lar organization and structure, proliferation, survival, and
differentiation. Cell adhesion molecules (CAMs), a family
of transmembrane proteins, are involved in cell-to-cell adhe-
sion and in the interaction between cells and the extracellular
matrix (ECM) [1, 2]. CAMs are generally characterized by
three conserved domains: an intracellular domain that inter-
acts with the cytoskeleton, a transmembrane domain that
crosses the lipid bilayers of the cell membrane, and an extra-
cellular domain that interacts either with the same CAMs by
homophilic binding or with the ECM by heterophilic binding
[3,4]. The modulation of cell adhesion is a key issue in regen-
erative medicine [5].

Although tissue engineering has so far aimed at recon-
structing organs and tissues or recellularizing natural bioma-

trices, recently, cell therapy of solid organs has attracted the
interest of many scientists and led to promising results in sev-
eral clinical trials [6-22]. However, the uncertain efficacy of
grafted cells in the target organ is the main obstacle to cell
therapy [11, 22-26]; thus, recent research has focused on
developing new strategies to tackle this issue [22, 27, 28].

Hyaluronic acid (HA) is one of the most used biomatrices
in human medicine, and multiple studies have suggested
that it improves the engraftment efficacy of transplanted cells
[9, 12, 18, 20-22, 29, 30]. Preclinical data have also
highlighted some properties of HA that are promising for
future applications in cell therapy of liver diseases. However,
clinical applications of cell therapies are hindered by the lack
of techniques that can track transplanted cells and verify
their fate after injection.

In this review, first, we will summarize recent studies
on HA and its cell receptor, cluster of differentiation 44
(CD44); second, we will give an overview of the use of HA
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Factors affecting the engraftment into the liver.
(i) Host factors [11, 22, 25, 37]
(a) Vasculature

(ii) Cell source
(a) Cell size [39]
(b) Proliferation [11, 41, 42]
(c) Immunogenicity [43-45]
(d) Tolerance to toxic and ischemia [43]
(e) Metabolic/metabolomic [46]

(b) Pathologic conditions (necrosis, transmissible factors, inflammation, and fibrosis)
(c) Extracellular matrix (major driver adhesion molecule expression; remodeling factors)

(f) Adhesion molecules and associated cytoskeleton (highly inducible by environment factors/ECM) [22, 28, 47]
(iii) Administration route: arteriosus vs. venous, hepatic artery vs. portal vein in the liver [48]

Summary of the factors that affect liver engraftment. The major factors are host characteristics, cell source, and administration route.

Box 1: The engraftment challenge: candidate modulators.

in regenerative medicine and cell therapy; and lastly, we will
discuss recent approaches to cell tracking with potential
applications in humans.

2. Engraftment Efficiency and Factors Affecting
Liver Engraftment

Human stem cell therapy is an active field of research.
Understanding how to modulate the engraftment of trans-
planted or infused cells represents an important goal to
improve the homing of grafted cells in the target organ and
to minimize ectopic colonization. Although it has been
hypothesized that cells cannot survive in ectopic sites, recent
data from athymic mouse models have shown that cells can
survive for months in ectopic sites, such as the lung, spleen,
and kidney, and that they can be followed with positron
emission tomography (PET) [22].

Several research groups are striving to find new strategies
to reduce the ectopic localization of cells, and HA, a natural
biomatrix found in most of the organs, is one of the most
investigated molecules in the field of hepatology because of
its multiple interesting properties [4, 9, 21, 31-36].

2.1. Cell Engraftment Efficiency. Experiments on different
mouse models have shown that the highest liver engraftment
efficiency of hepatic stem/progenitor cells was less than 5%
when cells were transplanted via the intraportal route or
other vascular routes [26, 37, 38]. Similar results were
obtained by infusing stem cells via vascular routes into pri-
mate livers [26] or via the intraportal route in humans [24];
however, the engraftment efficiency in patients increased to
20-25% when the cells were infused through the hepatic
artery [24].

Intrasplenic hepatocyte transplantation has been per-
formed in animal models with chronic liver failure. After
transplanting hepatocytes into the splenic parenchyma of
rats, researchers observed a transient portal hypertension
and noticed that approximately 26% of the cells remained
in the spleen, 72% colonized the liver, and 2% were
entrapped in the small capillaries of the lungs [26]. Recently,
we have shown that transplantation via the intrasplenic

route of HA-coated human biliary tree stem/progenitor cells
(hBTSCs) in mice increased the engraftment efficiency by
fivefold without significant cell distribution in ectopic sites
[27]. It is important to point out that, after cell transplanta-
tion, grafted cells were present in nontarget organs [39], but
in certain cases, most of the ectopic cells were no longer
detectable after two days [40]. Liver parenchymal repopula-
tion by exogenous cells is a prerequisite for successful cell
therapies [41]. Cell translocation from sinusoids into liver
plates requires the disruption of the sinusoidal endothelium
and the progressive proliferation of the transplanted cells
through a sequential process that involves chemokine-
activated integrins and the ECM [42].

2.2. Factors Affecting Engraftment Efficiency. Several factors
may affect the engraftment, such as the host characteristics
and response, the cell source, and the administration route
(see Box 1).

(i) Factors related to the host may be tissue vascula-
ture, alterations in the blood system, pathologic
conditions (necrosis, transmissible factors, inflam-
mation, and fibrosis), and the ECM composition
and structure (adhesion molecules, remodeling
factors) [11, 22, 25, 39]

(ii) Factors regarding the cell source may be cell size
[41], cell proliferation [11, 43, 44], intrinsic immu-
nogenicity [45-47], tolerance to toxic and ischemic
injuries [45], metabolic/metabolomic cell properties
[48], and the adhesion molecules associated with the
cytoskeleton, whose expression is affected by both
environment cues and the ECM [22, 28, 49]

(iii) The engraftment efficiency depends also on the
administration route. For instance, hepatic artery
infusion and portal vein infusion lead to different
engraftment levels [50]

Cell features associated with high engraftment efficiency
include the aggregate size [41] and the cell size: cells with
large size may cause venous thrombosis after transplantation
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components [51]

scaffold transplantation [52]

different cell types.

(i) Host preconditioning: hepatocyte cell therapy strategy [37]. Different clinical protocols available
(if) Matrix components: fibrin [26], synthetic biomatrix scaffolds, mostly cross-linked HAs [22, 28], and biomatrix scaffold

(iii) Direct injection versus a vascular route (preclinical stage) [22]
(iv) Combination strategies: evoluted grafting device+direct injection (patch grafting under development) and recellularized liver

Summary of the current strategies to improve the outcome of liver cell engraftment. Currently, there are no trials that have compared

Box 2: Current strategies to improve the outcome of liver cell engraftment.

and ischemia-related issues that can lead to loss of tissue
functions. Regarding cell proliferation, the grafted cells
should be able to proliferate more than the resident cells
and acquire organ-specific physiological functions [11, 27,
44]. With regard to immunogenicity, the host’s immune sys-
tem should not be overstimulated to avoid rejection and toxic
injuries in donor cells [45-47].

2.3. Strategies for Cell Delivery. Cell delivery techniques
should maximize regenerative benefits while minimizing side
effects [42]. In humans, both the portal vein and the hepatic
artery are considered as safe administration routes in liver
cell therapy. Although further comparative studies are
needed to define the best delivery method [51, 52], both
routes have so far shown complications, such as hepatic
artery dissection following hepatic artery infusion [53] and
increased portal hypertensive bleeding upon portal vein infu-
sion [54].

Many ongoing studies are trying to improve the outcome
of cell engraftment in the liver (Box 2). For instance,
researchers are aiming to determine the best host precondi-
tioning for hepatocyte cell therapy (i.e., the physiopathologi-
cal conditions of the receiver before cell infusion) [39], the
most appropriate matrix components to use (e.g., fibrin
[26], cross-linked HAs [22, 28], or other biomatrix scaffold
components [55]), the efficiency of direct injection as com-
pared to vascular infusion (preclinical study) [22], or the effi-
cacy of combination approaches (for instance, combining a
grafting device with direct injection or transplanting recellu-
larized liver scaffolds [56, 57]). However, there are no studies
comparing how different cell types affect liver cell therapy.

3. CD44 as an HA Receptor

In human, the CD44 gene maps to the chromosomal locus
11p13. CD44 encodes for a glycoprotein involved in cell
adhesion, and it is the best-characterized member of the hya-
luronate receptor family.

3.1. CD44 Functions. Alternative splicing of the CD44 gene
generates variants of the extracellular domain that confer
different functions to the protein. The expression of vari-
ant isoforms has been observed in breast [58] and pancreatic
ducts [59, 60].

CD44 binds to HA, and its activation is finely regulated.
While the inhibition of N-glycosylation enhances HA binding,

the mutation of specific sites converts the CD44 inducible
form to the constitutively active form [61]. The receptor is
involved in sensing the extracellular microenvironment and
in intercellular cross-talk. CD44 proteins primarily maintain
the 3D structure of organs and tissues and control the prolifer-
ation of epithelia and repairing of stressed cells. When cells
expand on specific scaffolds, the expression of both CD44
and HA is enhanced [62, 63].

3.2. CD44 and HA. HA is the main ligand of CD44, and it is
involved in cell-cell and cell-matrix adhesion, cell migration,
and signaling. HA is a polymeric linear glycosaminoglycan
that contains at least three sites that bind to CD44: a “link”
domain encoded by exon 2 [64] and another two domains
encoded by an overlapping region in exon 5 [65]. The HA
binding sites consist of amino acid clusters that include
specific arginine residues that mutation studies proved to
be required for the binding [64, 66]. A detailed mutational
analysis of amino acid clusters in the cytoplasmic domain
of CD44 has identified specific arginine and lysine residues
through which reagents stimulating protein kinase C (PKC)
differentially regulate the binding of CD44 to HA [67]. Cells
can express CD44 in an active, inducible, or inactive state
depending on HA binding [61].

3.3. Other Ligands of CD44. Besides HA, CD44 binds to other
ligands, including osteopontin, serglycin, collagen, fibronectin,
and laminin, through its extracellular N-terminal domain,
which is highly conserved (it displays about 85% homology
among mammals) [68].

3.4. Other Receptors of HA. HA is also bound by hyaluronan-
mediated motility receptor (RHAMM) and by lymphatic ves-
sel endothelial receptor-1 (LYVE-1). RHAMM and CD44 are
coexpressed, and RHAMM has similar but fewer functions
than CD44 [69]. RHAMM promotes migration and prolifer-
ation of normal and tumor cells [69]. A recent study has sug-
gested that LYVE-1 mediates leukocyte extravasation from
lymphatic vessels [70].

4. Hyaluronic Acid

HA is expressed on the cell surface of both normal and tumor
cells. It is an important component of the stem cell niches as
it preserves the multipotency of stem/progenitor cells and
prevents their differentiation; also, HA modulates stem cell
migration during embryonic development [34].
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For many years, the ECM was believed to have only
mechanical properties; however, in the last decades, multiple
studies have shown how the ECM plays a crucial and
dynamic role in regulating cell homeostasis. Indeed, the HA
matrix supports cell adhesion, growth, and differentiation,
it regulates cell trafficking, and it affects various processes,
such as development and organogenesis, inflammation,
wound healing, and tissue remodeling [4].

Among the ECM components, HA has a crucial role
because of its rheological, viscoelastic, and hygroscopic prop-
erties [4]. HA molecules interact with high efficiency and
form large polymers in combination with other molecules,
generating different complexes involved in cell motility,
proliferation, adhesion, and differentiation [9]. HA can also
adapt to variable three-dimensional configurations depend-
ing on pH, salt concentration, and associated cations. The
HA complexes can form in highly viscous solutions with
low concentrations of HA. By increasing HA concentration,
solutions become more viscous since the linear polymers
associate with each other forming bigger structures, which
are stabilized by hydrophobic bonds between the chains
[31]. HA prevents the accumulation of other macromole-
cules and delays the spread of contaminants and the migra-
tion of cells other than immune cells into tissues because of
steric hindrance, the rotation around the linkages between
sugar residues, and the dynamic and weak hydrogen bonds
between the residues [31].

4.1. Anti- and Pro-inflammatory Properties of HA. Depend-
ing on the polymer length and the ability to bind to multiple
CD44 molecules, HA can exert opposite functions. For
instance, it can either promote or inhibit inflammation and
fibrosis [9, 71]. CD44 binds to HA with low-affinity hydrogen
bonds; as a result, multiple receptors need to bind to HA to
trigger downstream signaling [72]. Two papers have sug-
gested that the binding of CD44 to HA enhances T-cell anti-
gen receptor (TCR) signaling leading to the activation of
regulatory T-cell populations [73, 74]. Other authors have
hypothesized that their binding induces the production of
anti-inflammatory cytokines, such as IL-10 [71] and TGF-p3
[71, 75, 76], and it inhibits the pro-inflammatory Toll-like
receptor (TLR) signaling and NF-«B translocation [72].
However, the pathways through which CD44 enhances
anti-inflammatory signals are unknown.

HA long-chains (HA-I) exhibit anti-inflammatory prop-
erties in many in vitro and in vivo models [35, 77]; studies
have also reported that HA-I increase the phagocytosis by
macrophages, reduce pro-inflammatory cytokine production,
and limit cell oxidative damage and apoptosis [32, 36, 78].

HA short-chains (HA-s), which are generated by HA
proteolysis, exhibit pro-inflammatory properties by modu-
lating TLR-4 and TLR-2 signaling [79]. It has also been
suggested that HA-s may play a double role during the
inflammatory process by inducing both the expression of
pro-inflammatory cytokine and TRL-4-mediated pathways
[80]. A study by Saikia et al. [81] supports this hypothesis:
the authors found that the miRNA miRNA-181b-3p was
downregulated in Kupffer cells of alcoholic liver disease
(ALD) patients. This miRNA dampens inflammation by
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inhibiting the expression of importin a5, which activates
NEF-«B. Interestingly, treating Kupffer cells with hyaluronic
acid 35 (HA35), a small specific-sized HA, restored the
expression of miRNA-181b-3p. Indeed, HA-s makes the
ECM more accessible to immune cells and induces pro-
inflammatory pathways in the surrounding cells that, in turn,
release cytokines that attract more immune cells [82].

5. Biologic Rationale for the Use of HA and Its
Derivatives in Regenerative Medicine

Currently, HA is one of the most important molecules used
to craft biomaterials, and it has been employed in different
areas because of its multiple roles [9].

5.1. HA Modifications. The carbohydroxilic groups of HA
can be modified generating two main groups of molecules
by covalent cross-linking of native HA. The first group is
created by a reaction that requires toxic reagents and harsh
conditions and that makes the resulting hydrogel unable to
bind to tissues and cells. On the other hand, the second group
can be further modified and is able to interact with cells, tis-
sues, and therapeutic agents. Therefore, this second type of
HA derivatives is useful for clinical studies [83].

5.2. Tyramine-Modified HA. Recently, a tyramine-modified
HA has been generated by in situ enzymatic cross-linking
by adding hydrogen peroxide to solutions of HA-tyramide;
further developments will allow using tyramine-modified
HA for cell delivery [84]. Tyramine-modified HA can form
hydrogels that can modulate, in vitro and in vivo, cellular
mechanisms such as delivery, recovery, and expansion.

5.3. Thiol-Modified HA. Thiol-modified HA, used for drug
evaluation and regenerative medicine, is obtained by modify-
ing the carbohydroxilic groups through hydrolysis of the
disulfide bonds [19, 85]. The biodegradation rate and specific
mechanical properties of thiol-modified HA, such as physical
form, viscosity, and transparency, can be modified [86]. For
instance, the aldehyde-modified HA has been proposed for
vocal fold wound healing because of its adjustable viscoelas-
ticity conferred by the double cross-linked networks between
HA microgels and cross-linked hydrogels [9]. Shu et al.
investigated the potential application of the thiol-modified
HA in tissue repair by using a range of HA concentrations
between 1.0 (w/v %) and 0.0 (w/v %) in order to obtain differ-
ent levels of hydrogel stiffness; they observed that cells prolif-
erated better in thiol-modified HA hydrogels than in culture
dishes [85].

5.4. Mixing HA and Soluble Signals. Turner et al. have studied
how to improve liver engraftment of human hepatic stem
cells (hHpSCs) by using a mix of soluble signals and extracel-
lular matrix biomaterials that are found in stem cell niches
(hyaluronans, type III collagen, and laminin) [22, 28]. In
their works, Turner and colleagues used different HAs with
high molecular weight (average MW: 1,500,000), and they
diluted them to obtain a range of final concentrations of 1.0
and 2.0% solution (w/v).
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Recently, a functional wound dressing composed of dif-
ferent biomaterials, including HA and collagen, and contain-
ing epidermal growth factor (EGF) and vitamin C derivative
(VC) has been developed [18, 30, 87, 88]. Niiyama and Kur-
oyanagi investigated the properties of this wound dressing as
a cultured dermal substitute (CDS), its potential to facilitate
the production of vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF) in vitro, and its ability
to enhance granulation tissue formation associated with
angiogenesis and collagen deposition in vivo [18].

5.5. Parameters of HA Hydrogels. Both the composition and
the mechanical properties of the microenvironment in which
cells are seeded are key factors to control the cell phenotype
and differentiation. Lozoya et al. discovered that they were
able to guide the differentiation of human hepatic stem cells
by changing the HA concentration from 1.0 to 2.0 (w/v %)
in hydrogels [49]. Their results may be useful to find new
strategies to expand and differentiate stem/progenitor cells
isolated from soft organs. The mechanical and biochemical
properties of cells embedded in a matrix can be analyzed sep-
arately; the combination of these properties guides the design
of parenchymal tissues for cell therapies and the develop-
ment of bioreactors [49].

The most important benefit of HA is its biocompatibility
[13, 85, 89]; indeed, Shu et al. have shown that it facilitates
tissue regeneration in nude mice [85]. HA is an attractive
candidate for stem cell grafting because of its abundance in
embryogenesis, wound repair, and organ regeneration [49].
However, a good matrix for tissue engineering needs to rep-
licate both the biochemical and the mechanical properties of
the environment where the cells are transplanted [20, 21, 90].
Lozoya and colleagues studied hHpSC grafting by using a
range of concentrations of hydrogel with thiol-modified HA
derivatives (CMHA-S) and polyethylene glycol diacrylate
(PEGDA) as a cross-linking agent. They demonstrated that
both composition and mechanical properties of the microen-
vironment regulate cellular phenotypic changes; further-
more, their model allows studying stem cell functions in 3D
cultures [49].

5.6. HA Hydrogels and Gels for Cell Delivery in Non-hepatic
Tissues. Chang et al. used human HA hydrogels to transplant
epicardial stem cells (they used high molecular weight HA at
a final concentration of 10% w/v) [12]. The authors decided
to test HA-blood hydrogels because they are easy to synthe-
size, promote stem cell survival and proliferation, and are
promising candidates for cell delivery in the epicardium
[12]. Compared to HA or PEG-based gels, HA-blood hydro-
gels offer the possibility of synthesizing hydrogels with autol-
ogous blood, which is important for a potential application
into the clinic [6, 29]. Combining autologous blood and
HA has several advantages as both components provide
adhesion motifs that activate prosurvival pathways [91].
Blood contains vitronectin and fibronectin with arginine-
glycine-aspartate motifs that activate integrins, and HA
receptors (CD44), which are expressed by many stem cells.
Moreover, blood provides growth factors to the transplanted
cells before new vasculature is established, and HA and its

degradation products promote angiogenesis, vasculogen-
esis, and cardiogenesis [20]. Hydrogels can be degraded by
enzymes such as hyaluronidases and proteases and also by
hydrolysis. Covalent cross-linking allows HA-blood hydrogel
synthesis, and adhesion to transplanted tissue without using
ultraviolet light, heat, or sutures can facilitate their clinical
translation [12]. Although pioneering, the study by Chang
et al. is limited by the fact that the researchers evaluated the
survival and the proliferation of cardiosphere-derived cells
only in vitro. Moreover, the authors suggest that additional
studies on different types of stem cells and hydrogels are
needed to assess the efficacy of blood-HA hydrogels in small
and large animal models [12].

Dietrich et al. analyzed the engraftment efficiency of
human adipose-derived stem cells (ADSCs) in HA gel when
subcutaneously injected in athymic mice [14]. The vascula-
ture that developed in the ADSC implants for two months
was probably supported by the paracrine interaction between
ADSCs, host ECM, and endothelial cells, and it was induced
by the proangiogenic signals released by HA degradation.
The authors hypothesized that ADSCs promote angiogenesis
by secreting chemotactic cytokines that attract endothelial
cells. Another factor that may have contributed to the vascu-
larization of the implants is the secretion of hyaluronidase by
ADSCs, which leads to the release of HA fragments [14].

Altman et al. implanted in a photoaged skin murine
model ADSCs seeded into a new-generation HA preparation:
the nonanimal stabilized HA, an HA entirely produced from
nonanimal sources, which provides an organized fibrovascu-
lar network able to support the implants [7].

6. Cell Tracking

Cell labeling and tracking are important tools to understand
the biological mechanisms behind cell engraftment and ver-
ify the therapeutic effects of inoculated cells in vivo. Indeed,
they allow analyzing cell behavior, engraftment efliciency,
cell localization, and cell fate. Recent negative clinical trials
have highlighted the need for new noninvasive methods of
cell tracking and markers of cell engraftment efficiency for
liver cell therapy, especially in cases of liver cirrhosis and
acute liver failure [92, 93].

Many approaches, either direct or indirect, have been
developed to visualize engrafted cells in vivo and to distin-
guish transplanted cells from host cells [7, 94-100]. In
direct labeling approaches, the target cells are labeled with
probes prior to transplantation but, once inoculated, the
biological environment hampers their tracking even with
appropriate imaging equipment. To overcome these limita-
tions, researchers have developed indirect labeling methods
that involve genetic modifications to tag and track cells
[101-103]. However, using either nonviral or viral vectors
to mutate genes may increase the risk of uncontrolled gene
expression and, therefore, of tumor formation [104, 105].

6.1. Tetra-acetylated N-Azidoacetyl-D-mannosamine Cell
Labeling. Kang et al. introduced an innovative tracking strat-
egy in vivo based on bioorthogonal chemical reporters [106].
First, they treated cells with tetra-acetylated N-azidoacetyl-
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FI1GURE 1: Our proposal for a cell therapy to treat cirrhotic patients. The figure shows a schematic representation of our protocol to treat
cirrhotic patients that are not eligible for orthotopic liver transplantation.

D-mannosamine (Ac4ManNAz) to induce the expression of
unnatural azide-modified sialic acids on the surface of target
cells. Ac4ManNAz has high reactivity and low toxicity [107-
110], and it does not affect cell viability [111]. However, it is
worth mentioning that studies have reported that sialic
acids may affect cell adhesion, cell-cell interactions, and
migration [107, 108, 110]. After transplanting the cells into
the livers of nude mice, Kang and colleagues injected intra-
venously dibenzylcyclooctyne-conjugated Cy5 (DBCO-Cy5)
to visualize the target cells in vivo. By using this strategy,
the authors were able to enhance labeling efficacy and facil-
itate cell tracking. Moreover, they reduced the false positive
signal caused by macrophages engulfing engrafted cells
since the macrophages did not express azide groups after
phagocytosis [111].

6.2. Using Nanoparticles for Cell Labeling. In order to track
cell engraftment, some research groups have used nanoparti-
cles (NPs) and visualized them with magnetic resonance
imaging (MRI). Since protein-based NPs cannot be imaged
by MRI because they do not generate enough contrast, they
need to be labeled with paramagnetic or superparamagnetic
nanomaterials (magnetically labeled nanoparticles (MLNPs))
[112]. Vera et al. have shown that MLNPs can be traced by
MRI in a rat’s brain. Even though they used a clinical MRI
machine with limited sensitivity, they were able to detect
the diffuse and global accumulation of MLNPs by imple-
menting a new histogram technique [113].

MRI was used to detect the presence of labeled human
cells transplanted into the liver of murine and rat models.

The proposed method may be used to monitor the engraft-
ment of any types of cells in any animal models.

6.3. Supermagnetic Iron Oxide Cell Labeling. MRI of super-
paramagnetic iron oxide- (SPIO-) labeled cells is a sensitive
and noninvasive method that allows tracking of cell popu-
lations inside the brain [114-119], bone marrow [120-
122], kidneys [123, 124], and myocardial tissue [125-127].
SPIO is considered as a promising labeling agent for
in vivo cell tracking because it maximizes the spatial resolu-
tion of MRI; moreover, as SPIO causes a strong susceptibil-
ity effect, it allows the detection of small amounts of labeled
cells [128, 129].

Wang et al. tracked and quantified with MRI SPIO-
labeled endothelial progenitor cells (EPCs) after transplanta-
tion into murine injured livers [130]. The results indicated
that the relaxation rates R2 and R2* depended on the number
of cells that were labeled in vitro before injection; therefore,
the authors suggested that measuring the relaxation rates,
and R2* in particular, may help to quantify cell homing
in vivo and be useful parameters to take into account for cell
transplantation therapies [130].

6.4. Cell Labeling with Antibody-Conjugated Magnetic
Microbeads. McClelland et al. tracked in vivo-transplanted
human hepatic stem/progenitor cells (hHpSCs and hHBs)
by labeling them in situ with magnetic microbeads conju-
gated to an antibody against a surface antigen that is
expressed only by hepatic progenitors. The labeled cells were

85U9D17 SUOLULLOD SAIS1D 3|0edldde 3Ly Aq pauenof ke sajoiie VO 8sn J0 3| 10j Aug13U1|uO 8|1/ UO (SUORIPUOD-pUe-SLUR} D" A8 |1 AfeIg 1 U1 |UO//SdNY) SUOIIPUOD Pue SIS | 3U3 39S *[G20e/c0/yT] uo Ariqiauliuo Ao|im *elfelpueluo0D Aq 9S029€/6T0Z/SSTT OT/I0p/wod Ao im Atelq iUl |uoy/sany wo.y papeoiumoq ‘T ‘6TOZ ‘29T



Stem Cells International

imaged both in NOD-SCID mice and in Sprague-Dawley
rats [131].

6.5. Quantum Dot Cell and Qtracker Labeling. Another
method to track cells is based on fluorescent nanoparticle
quantum dots (Qdots). These nanoparticles are excellent
tools for long-term tracking and imaging studies of living
cells. For example, Carpino et al. used Qtracker, a labeling
system based on Qdots, to isolate from human gallbladder
cells expressing the Epithelial Adhesion Molecule (EpCAM).
They noticed that the fluorescent nanocrystals were passed
on to daughter cells after replication without the need for
a specific enzyme. Moreover, the isolated cells showed
properties typical of stem cells, such as clonogenic prolif-
eration [132].

Lin et al. studied mobility, viability, proliferation, and
fusion of mouse embryonic stem cells by tagging them with
different Qtrackers (525, 565, 605, 655, 705, and 800) in
mouse models. They concluded that the labeling system did
not affect viability, proliferation, or differentiation potential
of stem cells, and they were able to detect Qtracker signals
after injecting labeled stem cells into athymic mice [133].
Another benefit of using Qtrackers is their size: as they are
larger than organic dyes, they cannot spread between cells,
unless the cells undergo cell fusion. For this reason, they are
excellent tools to study cellular interactions [134].

In conclusion, HA is of crucial importance for both the
ECM and in vitro scaffold matrices used for cell growth.
Modifying HA to generate hydrogels that can modulate
intra- and intercellular processes opens the way to pioneering
therapies. However, in order to verify the benefits of cell ther-
apy, HA scaffolds must be coupled with labeling systems that
allow characterizing cells in vitro and tracking them in vivo
after inoculation.

7. HA-Coated hBTSCs as Potential
Therapeutic Agents

The anti-inflammatory effect and the biocompatibility of HA
are among the main benefits of using this molecule for liver
engraftment [33, 85, 135, 136]. Indeed, it has been shown that
different forms of HA limit fibrosis and foster vascularization
in transplantations and that it can promote engraftment in
mice [85]. HA is also a good candidate for stem cell grafting
because of its abundance in embryogenesis, wound repair,
and organ regeneration. Importantly, HA is available in a
version that complies with ¢cGMP manufacturing require-
ments and is approved for clinical use (in particular, for
osteoarticular, cartilage, and cutaneous inflammatory dam-
ages) [13, 89]. Moreover, 90% of HAs are actively cleared
by the liver [22, 135, 137].

We have recently demonstrated that injecting HA-coated
hBTSCs into the liver increases cell engraftment; our tech-
nique is simple, feasible, and clinical-grade, and it meets all
requirements for a fast transition from bench to clinical
application (Figure 1) [27]. On the other hand, transplanta-
tion by direct injection or via a vascular route resulted in inef-
ficient engraftment and cell spreading to ectopic sites [27];

similar results were obtained in previous studies that tested
fibrin coating [22, 28, 79].

8. Conclusion

Cell therapy is an innovative approach to treat advanced liver
diseases. It is of particular importance to understand the fac-
tors that regulate cell engraftment into the liver, such as cell-
cell and cell-ECM interactions, cell proliferation, and immu-
nogenicity, as well as to define the best transplantation routes.
Several strategies have been developed to increase the effi-
ciency of engraftment, and many of them are based on HA
hydrogels with or without chemical modifications that can
improve its biological properties. The use of HA in preclinical
studies has led to promising results because of its biocompa-
tibility and its role in regenerative processes. Moreover, sev-
eral authors have shown the potential of cell tracking as a
helpful tool in determining cell localization and engraftment
rate. However, further studies are required to improve
engraftment efficiency and move forward into clinical trials.

Abbreviations

ADSC: Adipose-derived stem cell

CAM: Cell adhesion molecule

CD: Cluster of differentiation

CMHA-S: Thiol-modified hyaluronic acid derivatives
Col: Collagen

CSD: Cultured dermal substitute

ECM: Extracellular matrix

EGF: Epidermal growth factor

HA: Hyaluronic acid

HA-L Hyaluronic acid long-chain

HA-s: Hyaluronic acid short-chain

hBTSC:  Human biliary tree stem/progenitor cell
HGE: Hepatocyte growth factor

hHpSC:  Human hepatocyte stem cell

MLNP:  Magnetically labeled nanoparticle
MR: Magnetic resonance

MRI: Magnetic resonance imaging

NP: Nanoparticle

PEGDA: Polyethylene glycol diacrylate
PET: Positron emission tomography
PKC: Protein kinase C

Qdot: Quantum dot

SPIO: Superparamagnetic iron oxide
TCR: T-cell antigen receptor

TLR: Toll-like receptor

VC: Vitamin C derivate

VEGE: Vascular endothelial growth factor.

Conflicts of Interest

The authors declare that there is no conflict of interest.

Authors’ Contributions

Samira Safarikia and Sabina Di Matteo contributed equally
to this work.

85U8017 SUOWLLOD aAIIaID 8 |ealjdde ay) Aq pausenob ase sejoile YO 8sn JO S| Joy Aeid 1 8U1UO A1 UO (SUONIPUOD-PUB-SLLBWOD" A3 | 1M Ale.q 1 pul uo//SANY) SUORIPUOD pue sWe | 8y 88s *[5202/S0/7T] uo Akeiqi]aullu A3 |IM el eueiyoD Aq 9vS0Z9€/6T0Z/SSTT 0T/I0p/W0d A3 Im Aseid Ul |uo//sdny wouy pepeojumoq ‘T ‘6T0Z ‘29T



Acknowledgments

The authors thank Prof. Domenico Alvaro for his mentorship.

References

(1]

[2

_—

(10]

(11]

(12]

(13]

(14]

(15]

H. Lodish, A. Berk, S. L. Zipursky, P. Matsudaira,
D. Baltimore, and ]. Darnell, Molecular Cell Biology, W.H.
Freeman, c2000, New York: New York, 4th ed edition, 2002.

B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and
P. Walter, Molecular Biology of the Cell, Garland Science,
¢2002, United States: New York, 4th ed edition, 2002.

C. Chothia and E. Y. Jones, “The molecular structure of cell
adhesion molecules,” Annual Review of Biochemistry,
vol. 66, no. 1, pp. 823-862, 1997.

B. V. Nusgens, “Hyaluronic acid and extracellular matrix: a
primitive molecule?,” Annales de Dermatologie et de Vénéréo-
logie, vol. 137, Supplement 1, pp. S3-S8, 2010.

S. E. Winograd-Katz, R. Féssler, B. Geiger, and K. R. Legate,
“The integrin adhesome: from genes and proteins to human
disease,” Nature Reviews Molecular Cell Biology, vol. 15,
no. 4, pp. 273-288, 2014.

L. Almany and D. Seliktar, “Biosynthetic hydrogel scaffolds
made from fibrinogen and polyethylene glycol for 3D cell cul-
tures,” Biomaterials, vol. 26, no. 15, pp. 2467-2477, 2005.

A. M. Altman, F. J. Abdul Khalek, M. Seidensticker et al.,
“Human tissue-resident stem cells combined with hyaluronic
acid gel provide fibrovascular-integrated soft-tissue augmen-
tation in a murine photoaged skin model,” Plastic and Recon-
structive Surgery, vol. 125, no. 1, pp. 63-73, 2010.

I. M. Barbash, P. Chouraqui, J. Baron et al., “Systemic
delivery of bone marrow-derived mesenchymal stem cells
to the infarcted myocardium: feasibility, cell migration, and
body distribution,” Circulation, vol. 108, no. 7, pp. 863-868,
2003.

J. A. Burdick and G. D. Prestwich, “Hyaluronic acid hydro-
gels for biomedical applications,” Advanced Materials,
vol. 23, no. 12, pp. H41-H56, 2011.

A. I Caplan, “Adult mesenchymal stem cells for tissue engi-
neering versus regenerative medicine,” Journal of Cellular
Physiology, vol. 213, no. 2, pp. 341-347, 2007.

V. Cardinale, G. Carpino, R. Gentile et al., “Transplantation
of human fetal biliary tree stem/progenitor cells into two
patients with advanced liver cirrhosis,” BMC Gastroenterol-
ogy, vol. 14, no. 1, p. 204, 2014.

C.Y. Chang, A. T. Chan, P. A. Armstrong et al., “Hyaluronic
acid-human blood hydrogels for stem cell transplantation,”
Biomaterials, vol. 33, no. 32, pp. 8026-8033, 2012.

R. B. de Santana and C. M. M. de Santana, “Human intrabony
defect regeneration with rhFGF-2 and hyaluronic acid - a
randomized controlled clinical trial,” Journal of Clinical Peri-
odontology, vol. 42, no. 7, pp. 658-665, 2015.

I. Dietrich, O. Cochet, P. Villageois, and C. J. Rodrigues,
“Engraftment of human adipose derived stem cells delivered
in a hyaluronic acid preparation in mice,” Acta Cirtirgica Bra-
sileira, vol. 27, no. 4, pp. 283-289, 2012.

R. E. B. Fitzsimmons, M. S. Mazurek, A. Soos, and C. A. Sim-
mons, “Mesenchymal stromal/stem cells in regenerative
medicine and tissue engineering,” Stem Cells International,
vol. 2018, Article ID 8031718, 16 pages, 2018.

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

Stem Cells International

A. Hilfiker, C. Kasper, R. Hass, and A. Haverich, “Mesen-
chymal stem cells and progenitor cells in connective tissue
engineering and regenerative medicine: is there a future for
transplantation?,” Langenbeck's Archives of Surgery, vol. 396,
no. 4, pp. 489-497, 2011.

A. Mobasheri, C. Csaki, A.L. Clutterbuck, M. Rahmanzadeh,
and M. Shakibaei, “Mesenchymal stem cells in connective tis-
sue engineering and regenerative medicine: applications in
cartilage repair and osteoarthritis therapy,” Histology and
Histopathology, vol. 24, no. 3, pp. 347-366, 2009.

H. Niiyama and Y. Kuroyanagi, “Development of novel
wound dressing composed of hyaluronic acid and collagen
sponge containing epidermal growth factor and vitamin C
derivative,” Journal of Artificial Organs, vol. 17, no. 1,
pp. 81-87, 2014.

G. D. Prestwich, “Evaluating drug efficacy and toxicology in
three dimensions: using synthetic extracellular matrices in
drug discovery,” Accounts of Chemical Research, vol. 41,
no. 1, pp. 139-148, 2008.

G. D. Prestwich, “Engineering a clinically-useful matrix for
cell therapy,” Organogenesis, vol. 4, no. 1, pp. 42-47, 2008.

G. D. Prestwich, “Hyaluronic acid-based clinical biomaterials
derived for cell and molecule delivery in regenerative medi-
cine,” Journal of Controlled Release, vol. 155, no. 2, pp. 193
199, 2011.

R. A. Turner, E. Wauthier, O. Lozoya et al., “Successful
transplantation of human hepatic stem cells with restricted
localization to liver using hyaluronan grafts,” Hepatology,
vol. 57, no. 2, pp. 775-784, 2013.

S.J. Forbes and P. N. Newsome, “New horizons for stem cell
therapy in liver disease,” Journal of Hepatology, vol. 56, no. 2,
Pp. 496-499, 2012.

A. A. Khan, M. V. Shaik, N. Parveen et al.,, “Human fetal
liver-derived stem cell transplantation as supportive modality
in the management of end-stage decompensated liver cirrho-
sis,” Cell Transplantation, vol. 19, no. 4, pp. 409-418, 2010.

E. Schmelzer, L. Zhang, A. Bruce et al., “Human hepatic stem
cells from fetal and postnatal donors,” The Journal of Experi-
mental Medicine, vol. 204, no. 8, pp. 1973-1987, 2007.

A. Weber, M. T. Groyer-Picard, D. Franco, and I. Dagher,
“Hepatocyte transplantation in animal models,” Liver Trans-
plantation, vol. 15, no. 1, pp. 7-14, 2009.

L. Nevi, G. Carpino, D. Costantini et al., “Hyaluronan coating
improves liver engraftment of transplanted human biliary
tree stem/progenitor cells,” Stem Cell Research & Therapy,
vol. 8, no. 1, p. 68, 2017.

W. S. Turner, E. Schmelzer, R. McClelland, E. Wauthier,
W. Chen, and L. M. Reid, “Human hepatoblast phenotype
maintained by hyaluronan hydrogels,” Journal of Biomedical
Materials Research Part B: Applied Biomaterials, vol. 82B,
no. 1, pp. 156-168, 2007.

J. L. Drury and D. J. Mooney, “Hydrogels for tissue engineer-
ing: scaffold design variables and applications,” Biomaterials,
vol. 24, no. 24, pp. 4337-4351, 2003.

S. Kondo and Y. Kuroyanagi, “Development of a wound
dressing composed of hyaluronic acid and collagen sponge
with epidermal growth factor,” Journal of Biomaterials Sci-
ence Polymer Edition, vol. 23, no. 5, pp. 629-643, 2012.

T. C. Laurent and J. R. Fraser, “Hyaluronan,” The FASEB
Journal, vol. 6, no. 7, pp. 2397-2404, 1992.

85U8017 SUOWLLOD aAIIaID 8 |ealjdde ay) Aq pausenob ase sejoile YO 8sn JO S| Joy Aeid 1 8U1UO A1 UO (SUONIPUOD-PUB-SLLBWOD" A3 | 1M Ale.q 1 pul uo//SANY) SUORIPUOD pue sWe | 8y 88s *[5202/S0/7T] uo Akeiqi]aullu A3 |IM el eueiyoD Aq 9vS0Z9€/6T0Z/SSTT 0T/I0p/W0d A3 Im Aseid Ul |uo//sdny wouy pepeojumoq ‘T ‘6T0Z ‘29T



Stem Cells International

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

(44]

(45]

[46]

(47]

(48]

D. Jiang, J. Liang, and P. W. Noble, “Hyaluronan as an
immune regulator in human diseases,” Physiological Reviews,
vol. 91, no. 1, pp. 221-264, 2011.

J. Lesley, V. C. Hascall, M. Tammi, and R. Hyman, “Hyalur-
onan binding by cell surface CD44,” The Journal of Biological
Chemistry, vol. 275, no. 35, pp. 26967-26975, 2000.

B. P. Toole, “Hyaluronan in morphogenesis,” Seminars in
Cell & Developmental Biology, vol. 12, no. 2, pp. 79-87, 2001.
F. Gao, C. X. Yang, W. Mo, Y. W. Liu, and Y. Q. He,
“Hyaluronan oligosaccharides are potential stimulators to
angiogenesis via RHAMM mediated signal pathway in
wound healing,” Clinical & Investigative Medicine, vol. 31,
no. 3, pp. 106-116, 2008.

M. E. Mummert, “Immunologic roles of hyaluronan,” Immu-
nologic Research, vol. 31, no. 3, pp. 189-206, 2005.

S.J. Forbes, S. Gupta, and A. Dhawan, “Cell therapy for liver
disease: from liver transplantation to cell factory,” Journal of
Hepatology, vol. 62, no. 1, pp. S157-5169, 2015.

J. Puppi, S. C. Strom, R. D. Hughes et al., “Improving the
techniques for human hepatocyte transplantation: report
from a consensus meeting in London,” Cell Transplantation,
vol. 21, no. 1, pp. 1-10, 2012.

K. A. Soltys, K. Setoyama, E. N. Tafaleng et al., “Host condi-
tioning and rejection monitoring in hepatocyte transplanta-
tion in humans,” Journal of Hepatology, vol. 66, no. 5,
pp. 987-1000, 2017.

R. Bahde, S. Kapoor, S. Bandi, K. K. Bhargava, C. J. Palestro,
and S. Gupta, “Directly acting drugs prostacyclin or nitro-
glycerine and endothelin receptor blocker bosentan improve
cell engraftment in rodent liver,” Hepatology, vol. 57, no. 1,
pp. 320-330, 2013.

M. Muraca, “Evolving concepts in cell therapy of liver disease
and current clinical perspectives,” Digestive and Liver Dis-
ease, vol. 43, no. 3, pp. 180-187, 2011.

A. Kurtz, “Mesenchymal stem cell delivery routes and fate,”
International Journal of Stem Cells, vol. 1, no. 1, pp. 1-7, 2008.
V. Cardinale, Y. Wang, G. Carpino et al., “The biliary tree-a
reservoir of multipotent stem cells,” Nature Reviews Gastro-
enterology & Hepatology, vol. 9, no. 4, pp. 231-240, 2012.

B. Gridelli, G. Vizzini, G. Pietrosi et al., “Efficient human fetal
liver cell isolation protocol based on vascular perfusion for
liver cell-based therapy and case report on cell transplanta-
tion,” Liver Transplantation, vol. 18, no. 2, pp. 226-237, 2012.
H. Kubota and L. M. Reid, “Clonogenic hepatoblasts, com-
mon precursors for hepatocytic and biliary lineages, are lack-
ing classical major histocompatibility complex class I
antigen,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 97, no. 22, pp. 12132-
12137, 2000.

M. S. Rao, A. A. Khan, N. Parveen, M. A. Habeeb, C. M.
Habibullah, and G. Pande, “Characterization of hepatic
progenitors from human fetal liver during second trimes-
ter,” World Journal of Gastroenterology, vol. 14, no. 37,
pp. 5730-5737, 2008.

M. Riccio, G. Carnevale, V. Cardinale et al., “The Fas/Fas
ligand apoptosis pathway underlies immunomodulatory
properties of human biliary tree stem/progenitor cells,” Jour-
nal of Hepatology, vol. 61, no. 5, pp. 1097-1105, 2014.

O. Yanes, J. Clark, D. M. Wong et al., “Metabolic oxidation
regulates embryonic stem cell differentiation,” Nature Chem-
ical Biology, vol. 6, no. 6, pp. 411-417, 2010.

(49]

(50]

(51]

(52]

(53]

(54]

[55]

[56]

(57]

(62]

[63]

[64]

O. A. Lozoya, E. Wauthier, R. A. Turner et al., “Regulation of
hepatic stem/progenitor phenotype by microenvironment
stiffness in hydrogel models of the human liver stem cell
niche,” Biomaterials, vol. 32, no. 30, pp. 7389-7402, 2011.

P. McColgan, P. Sharma, and P. Bentley, “Stem cell tracking
in human trials: a meta-regression,” Stem Cell Reviews,
vol. 7, no. 4, pp. 1031-1040, 2011.

S. M. Alwahsh, H. Rashidi, and D. C. Hay, “Liver cell therapy:
is this the end of the beginning?,” Cellular and Molecular Life
Sciences, vol. 75, no. 8, pp. 1307-1324, 2018.

T. Nishimura, T. Takami, R. Sasaki et al., “Liver regeneration
therapy through the hepatic artery-infusion of cultured bone
marrow cells in a canine liver fibrosis model,” PLoS One,
vol. 14, no. 1, article €0210588, 2019.

A. L. Denys, T. De Baere, and F. Doenz, “Portal vein emboli-
zation: a plea for strict patient selection,” AJR. American Jour-
nal of Roentgenology, vol. 187, no. 1, p. W125, 2006.

E. K. Abdalla, A. Denys, P. Chevalier, R. A. Nemr, and
J. N. Vauthey, “Total and segmental liver volume variations:
implications for liver surgery,” Surgery, vol. 135, no. 4,
pp. 404-410, 2004.

Y. Wang, H. L. Yao, C. B. Cui et al., “Paracrine signals from
mesenchymal cell populations govern the expansion and dif-
ferentiation of human hepatic stem cells to adult liver fates,”
Hepatology, vol. 52, no. 4, pp. 1443-1454, 2010.

B. E. Uygun, M. L. Yarmush, and K. Uygun, “Application
of whole-organ tissue engineering in hepatology,” Nature
Reviews Gastroenterology ¢ Hepatology, vol. 9, no. 12,
pp. 738-744, 2012.

G. Mazza, K. Rombouts, A. Rennie Hall et al., “Decellularized
human liver as a natural 3D-scaffold for liver bioengineering
and transplantation,” Scientific Reports, vol. 5, no. 1, article
13079, 2015.

N.Iidaand L. Y. W. Bourguignon, “New CD44 splice variants
associated with human breast cancers,” Journal of Cellular
Physiology, vol. 162, no. 1, pp. 127-133, 1995.

F. Gansauge, S. Gansauge, A. Zobywalski et al., “Differential
expression of CD44 splice variants in human pancreatic ade-
nocarcinoma and in normal pancreas,” Cancer Research,
vol. 55, no. 23, pp. 5499-5503, 1995.

H. J. Terpe, H. Stark, P. Prehm, and U. Giinthert, “CD44 var-
iant isoforms are preferentially expressed in basal epithelial of
non-malignant human fetal and adult tissues,” Histochemis-
try, vol. 101, no. 2, pp. 79-89, 1994.

J. Lesley, N. English, A. Perschl, J. Gregoroft, and R. Hyman,
“Variant cell lines selected for alterations in the function of
the hyaluronan receptor CD44 show differences in glycosyla-
tion,” The Journal of Experimental Medicine, vol. 182, no. 2,
pp. 431-437, 1995.

A. M. Alho and C. B. Underhill, “The hyaluronate receptor is
preferentially expressed on proliferating epithelial cells,” The
Journal of Cell Biology, vol. 108, no. 4, pp. 1557-1565, 1989.

M. Jain, Q. He, W. S. Lee et al., “Role of CD44 in the reaction
of vascular smooth muscle cells to arterial wall injury,” The
Journal of Clinical Investigation, vol. 97, no. 3, pp. 596-603,
1996.

B. Yang, B. L. Yang, R. C. Savani, and E. A. Turley, “Identifi-
cation of a common hyaluronan binding motif in the hyalur-
onan binding proteins RHAMM, CD44 and link protein,”
The EMBO Journal, vol. 13, no. 2, pp. 286-296, 1994.

85U8017 SUOWLLOD aAIIaID 8 |ealjdde ay) Aq pausenob ase sejoile YO 8sn JO S| Joy Aeid 1 8U1UO A1 UO (SUONIPUOD-PUB-SLLBWOD" A3 | 1M Ale.q 1 pul uo//SANY) SUORIPUOD pue sWe | 8y 88s *[5202/S0/7T] uo Akeiqi]aullu A3 |IM el eueiyoD Aq 9vS0Z9€/6T0Z/SSTT 0T/I0p/W0d A3 Im Aseid Ul |uo//sdny wouy pepeojumoq ‘T ‘6T0Z ‘29T



10

[65]

[66]

(67]

[68]

[69]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

(78]

H. X. Liao, D. M. Lee, M. C. Levesque, and B. F. Haynes, “N-
Terminal and central regions of the human CD44 extracellu-
lar domain participate in cell surface hyaluronan binding,”
Journal of Immunology, vol. 155, no. 8, pp. 3938-3945, 1995.
R. J. Peach, D. Hollenbaugh, I. Stamenkovic, and A. Aruffo,
“Identification of hyaluronic acid binding sites in the extra-
cellular domain of CD44,” The Journal of Cell Biology,
vol. 122, no. 1, pp. 257-264, 1993.

D. Liu, T. Liu, and M. S. Sy, “Identification of two regions in
the cytoplasmic domain of CD44 through which PMA, cal-
cium, and foskolin differentially regulate the binding of
CD44 to hyaluronic acid,” Cellular Immunology, vol. 190,
no. 2, pp. 132-140, 1998.

L. A. Goldstein and E. C. Butcher, “Identification of mRNA
that encodes an alternative form of H-CAM(CD44) in lym-
phoid and nonlymphoid tissues,” Immunogenetics, vol. 32,
no. 6, pp. 389-397, 1990.

S. Nedvetzki, E. Gonen, N. Assayag et al., “RHAMM, a recep-
tor for hyaluronan-mediated motility, compensates for CD44
in inflamed CD44-knockout mice: a different interpretation
of redundancy,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 101, no. 52,
pp. 18081-18086, 2004.

W. Lawrance, S. Banerji, A. J. Day, S. Bhattacharjee, and
D. G. Jackson, “Binding of hyaluronan to the native lym-
phatic vessel endothelial receptor LYVE-1 is critically depen-
dent on receptor clustering and hyaluronan organization,”
The Journal of Biological Chemistry, vol. 291, no. 15,
pp. 8014-8030, 2016.

P. L. Bollyky, B. A. Falk, S. A. Long et al., “CD44 costimula-
tion promotes FoxP3" regulatory T cell persistence and func-
tion via production of IL-2, IL-10, and TGF-p,” The Journal
of Immunology, vol. 183, no. 4, pp. 2232-2241, 2009.

P. L. Bollyky, M. Bogdani, J. B. Bollyky, R. L. Hull, and T. N.
Wight, “The role of hyaluronan and the extracellular matrix
in islet inflammation and immune regulation,” Current Dia-
betes Reports, vol. 12, no. 5, pp. 471-480, 2012.

R. A. Gottschalk, E. Corse, and J. P. Allison, “TCR ligand den-
sity and affinity determine peripheral induction of Foxp3
in vivo,” The Journal of Experimental Medicine, vol. 207,
no. 8, pp. 1701-1711, 2010.

P. L. Bollyky, S. P. Evanko, R. P. Wu et al,, “Thl cytokines
promote T-cell binding to antigen-presenting cells via
enhanced hyaluronan production and accumulation at the
immune synapse,” Cellular ¢ Molecular Immunology, vol. 7,
no. 3, pp. 211-220, 2010.

P. S. Acharya, S. Majumdar, M. Jacob et al,, “Fibroblast
migration is mediated by CD44-dependent TGFf activa-
tion,” Journal of Cell Science, vol. 121, no. 9, pp. 1393-1402,
2008.

M. David-Raoudi, F. Tranchepain, B. Deschrevel et al,
“Differential effects of hyaluronan and its fragments on fibro-
blasts: relation to wound healing,” Wound Repair and Regen-
eration, vol. 16, no. 2, pp. 274-287, 2008.

J. Liang, D. Jiang, Y. Jung et al., “Role of hyaluronan and
hyaluronan-binding proteins in human asthma,” Journal of
Allergy and Clinical Immunology, vol. 128, no. 2, pp. 403—
411.e3, 2011.

K. R. Taylor and R. L. Gallo, “Glycosaminoglycans and their
proteoglycans: host-associated molecular patterns for initia-
tion and modulation of inflammation,” The FASEB Journal,
vol. 20, no. 1, pp. 9-22, 2006.

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

Stem Cells International

G. M. Campo, A. Avenoso, G. Nastasi et al., “Hyaluronan
reduces inflammation in experimental arthritis by modu-
lating TLR-2 and TLR-4 cartilage expression,” Biochimica
et Biophysica Acta (BBA) - Molecular Basis of Disease,
vol. 1812, no. 9, pp. 1170-1181, 2011.

M. Litwiniuk, A. Krejner, M. S. Speyrer, A. R. Gauto, and
T. Grzela, “Hyaluronic acid in inflammation and tissue
regeneration,” Wounds, vol. 28, no. 3, pp. 78-88, 2016.

P. Saikia, D. Bellos, M. R. McMullen, K. A. Pollard, C. de la
Motte, and L. E. Nagy, “MicroRNA 181b-3p and its target
importin «5 regulate toll-like receptor 4 signaling in Kupfter
cells and liver injury in mice in response to ethanol,” Hepatol-
ogy, vol. 66, no. 2, pp. 602-615, 2017.

Y. He and B. Gao, “A small specific-sized hyaluronic acid
ameliorates alcoholic liver disease by targeting a small RNA:
new hope for therapy?,” Hepatology, vol. 66, no. 2, pp. 321-
323, 2017.

X. Xu, A. K. Jha, D. A. Harrington, M. C. Farach-Carson, and
X. Jia, “Hyaluronic acid-based hydrogels: from a natural
polysaccharide to complex networks,” Soft Matter, vol. 8,
no. 12, pp. 3280-3294, 2012.

A. Darr and A. Calabro, “Synthesis and characterization of
tyramine-based hyaluronan hydrogels,” Journal of Materials
Science: Materials in Medicine, vol. 20, no. 1, pp. 33-44, 2009.

X. Z. Shu, S. Ahmad, Y. Liu, and G. D. Prestwich, “Synthesis
and evaluation of injectable, in situ crosslinkable synthetic
extracellular matrices for tissue engineering,” Journal of Bio-
medical Materials Research Part A, vol. 79, no. 4, pp. 902-
912, 2006.

J. L. Vanderhooft, M. Alcoutlabi, J. J. Magda, and G. D.
Prestwich, “Rheological properties of cross-linked hyaluronan-
gelatinhydrogels for tissue engineering,” Macromolecular Bio-
science, vol. 9, no. 1, pp. 20-28, 2009.

S. Kondo, H. Niiyama, A. Yu, and Y. Kuroyanagi, “Evaluation
of a wound dressing composed of hyaluronic acid and colla-
gen sponge containing epidermal growth factor in diabetic
mice,” Journal of Biomaterials Science, Polymer Edition,
vol. 23, no. 13, pp. 1729-1740, 2012.

A. Yu, H. Niiyama, S. Kondo, A. Yamamoto, R. Suzuki, and
Y. Kuroyanagi, “Wound dressing composed of hyaluronic
acid and collagen containing EGF or bFGF: comparative cul-
ture study,” Journal of Biomaterials Science, Polymer Edition,
vol. 24, no. 8, pp. 1015-1026, 2013.

G. D. Prestwich, I. E. Erickson, T. I. Zarembinski, M. West,
and W. P. Tew, “The translational imperative: making cell
therapy simple and effective,” Acta Biomaterialia, vol. 8,
no. 12, pp. 4200-4207, 2012.

G. D. Prestwich, T. Ghaly, P. Brudnicki, B. Ratliff, and M. S.
Goligorsky, “Chapter 16 - Bioartificial stem cell niches: engi-
neering a regenerative microenvironment,” in Regenerative
Nephrology, M. S. Goligorsky, Ed., pp. 245-256, Academic
Press, San Diego, 2011.

Z.Zhang, Y. Lai, L. Yu, and J. Ding, “Effects of immobilizing
sites of RGD peptides in amphiphilic block copolymers on
efficacy of cell adhesion,” Biomaterials, vol. 31, no. 31,
pp. 7873-7882, 2010.

P. N. Newsome, R. Fox, A. L. King et al, “Granulocyte
colony-stimulating factor and autologous CD133-positive
stem-cell therapy in liver cirrhosis (REALISTIC): an open-
label, randomised, controlled phase 2 trial,” The Lancet Gas-
troenterology ¢ Hepatology, vol. 3, no. 1, pp. 25-36, 2018.

85U8017 SUOWLLOD aAIIaID 8 |ealjdde ay) Aq pausenob ase sejoile YO 8sn JO S| Joy Aeid 1 8U1UO A1 UO (SUONIPUOD-PUB-SLLBWOD" A3 | 1M Ale.q 1 pul uo//SANY) SUORIPUOD pue sWe | 8y 88s *[5202/S0/7T] uo Akeiqi]aullu A3 |IM el eueiyoD Aq 9vS0Z9€/6T0Z/SSTT 0T/I0p/W0d A3 Im Aseid Ul |uo//sdny wouy pepeojumoq ‘T ‘6T0Z ‘29T



Stem Cells International

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

N. Lanthier, “Haemopoietic stem cell therapy in cirrhosis: the
end of the story?,” The Lancet Gastroenterology ¢ Hepatol-
ogy, vol. 3, no. 1, pp. 3-5, 2018.

H. Hong, Y. Yang, Y. Zhang, and W. Cai, “Non-invasive cell
tracking in cancer and cancer therapy,” Current Topics in
Medicinal Chemistry, vol. 10, no. 12, pp. 1237-1248, 2010.
H. Huang, Q. Xie, M. Kang et al., “Labeling transplanted mice
islet with polyvinylpyrrolidone coated superparamagnetic
iron oxide nanoparticles for in vivo detection by magnetic
resonance imaging,” Nanotechnology, vol. 20, no. 36, article
365101, 2009.

B. Y. S. Kim, W. Jiang, J. Oreopoulos, C. M. Yip, J. T. Rutka,
and W. C. W. Chan, “Biodegradable quantum dot nanocom-
posites enable live cell labeling and imaging of cytoplasmic
targets,” Nano Letters, vol. 8, no. 11, pp. 3887-3892, 2008.
Y. Li, Y. Yao, Z. Sheng, Y. Yang, and G. Ma, “Dual-modal
tracking of transplanted mesenchymal stem cells after myo-
cardial infarction,” International Journal of Nanomedicine,
vol. 6, pp. 815-823, 2011.

W. Schormann, F. J. Hammersen, M. Brulport et al., “Track-
ing of human cells in mice,” Histochemistry and Cell Biology,
vol. 130, no. 2, pp. 329-338, 2008.

M. Srinivas, P. Boehm-Sturm, C. G. Figdor, L. J. de Vries, and
M. Hoehn, “Labeling cells for in vivo tracking using (19)F
MRI,” Biomaterials, vol. 33, no. 34, pp. 8830-8840, 2012.

E.J. Sutton, T. D. Henning, B. J. Pichler, C. Bremer, and H. E.
Daldrup-Link, “Cell tracking with optical imaging,” Euro-
pean Radiology, vol. 18, no. 10, pp. 2021-2032, 2008.

V. Ponomarev, M. Doubrovin, I. Serganova et al., “A novel
triple-modality reporter gene for whole-body fluorescent,
bioluminescent, and nuclear noninvasive imaging,” European
Journal of Nuclear Medicine and Molecular Imaging, vol. 31,
no. 5, pp. 740-751, 2004.

A. K. A. Silva, C. Wilhelm, J. Kolosnjaj-Tabi, N. Luciani, and
F. Gazeau, “Cellular transfer of magnetic nanoparticles via
cell microvesicles: impact on cell tracking by magnetic reso-
nance imaging,” Pharmaceutical Research, vol. 29, no. 5,
pp. 1392-1403, 2012.

B. A. Tannous, J. Grimm, K. F. Perry, J. W. Chen,
R. Weissleder, and X. O. Breakefield, “Metabolic biotinylation
of cell surface receptors for in vivo imaging,” Nature Methods,
vol. 3, no. 5, pp. 391-396, 2006.

R. Ensefiat-Waser, A. Santana, N. Vicente-Salar et al., “Isola-
tion and characterization of residual undifferentiated mouse
embryonic stem cells from embryoid body cultures by fluo-
rescence tracking,” In Vitro Cellular ¢ Developmental Biol-
ogy. Animal, vol. 42, no. 5, pp. 115-123, 2006.

R. Weissleder, A. Moore, U. Mahmood et al., “In vivo mag-
netic resonance imaging of transgene expression,” Nature
Medicine, vol. 6, no. 3, pp. 351-354, 2000.

S. W. Kang, S. Lee, J. H. Na et al., “Cell labeling and track-
ing method without distorted signals by phagocytosis of
macrophages,” Theranostics, vol. 4, no. 4, pp. 420-431,
2014.

J. M. Baskin, J. A. Prescher, S. T. Laughlin et al., “Copper-free
click chemistry for dynamic in vivo imaging,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 104, no. 43, pp. 16793-16797, 2007.

M. D. Best, “Click chemistry and bioorthogonal reactions:
unprecedented selectivity in the labeling of biological mole-
cules,” Biochemistry, vol. 48, no. 28, pp. 6571-6584, 2009.

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

11

X. Ning, J. Guo, M. . A. Wolfert, and G. J. Boons, “Visualizing
metabolically labeled glycoconjugates of living cells by
copper-free and fast Huisgen cycloadditions,” Angewandte
Chemie (International Ed. in English), vol. 47, no. 12,
pp. 2253-2255, 2008.

J. Z. Yao, C. Uttamapinant, A. Poloukhtine et al., “Fluoro-
phore targeting to cellular proteins via enzyme-mediated
azide ligation and strain-promoted cycloaddition,” Journal
of the American Chemical Society, vol. 134, no. 8, pp. 3720-
3728, 2012.

A. Behfar, C. Perez-Terzic, R. S. Faustino et al., “Cardiopoie-
tic programming of embryonic stem cells for tumor-free
heart repair,” The Journal of Experimental Medicine,
vol. 204, no. 2, pp. 405-420, 2007.

Wahajuddin and S. Arora, “Superparamagnetic iron oxide
nanoparticles: magnetic nanoplatforms as drug carriers,”
International Journal of Nanomedicine, vol. 7, pp. 3445-
3471, 2012.

N. P. Martinez Vera, R. Schmidt, K. Langer et al., “Tracking
of magnetite labeled nanoparticles in the rat brain using
MRI,” PLoS One, vol. 9, no. 3, article €92068, 2014.

J. W. M. Bulte, I. D. Duncan, and J. A. Frank, “In vivo mag-
netic resonance tracking of magnetically labeled cells after
transplantation,” Journal of Cerebral Blood Flow & Metabo-
lism, vol. 22, no. 8, pp. 899-907, 2002.

G. Fleige, C. Nolte, M. Synowitz, F. Seeberger,
H. Kettenmann, and C. Zimmer, “Magnetic labeling of acti-
vated microglia in experimental gliomas,” Neoplasia, vol. 3,
no. 6, pp. 489-499, 2001.

M. Hoehn, E. Kustermann, J. Blunk et al., “Monitoring of
implanted stem cell migration in vivo: a highly resolved
in vivo magnetic resonance imaging investigation of experi-
mental stroke in rat,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 99, no. 25,
pp. 16267-16272, 2002.

S. Miyoshi, J. A. Flexman, D. J. Cross et al., “Transfection of
neuroprogenitor cells with iron nanoparticles for magnetic
resonance imaging tracking: cell viability, differentiation,
and intracellular localization,” Molecular Imaging and Biol-
ogy, vol. 7, no. 4, pp. 286-295, 2005.

E. Sykova and P. Jendelova, “Magnetic resonance tracking of
implanted adult and embryonic stem cells in injured brain
and spinal cord,” Annals of the New York Academy of Sci-
ences, vol. 1049, no. 1, pp. 146-160, 2005.

M. L. Zelivyanskaya, J. A. Nelson, L. Poluektova et al., “Track-
ing superparamagnetic iron oxide labeled monocytes in brain
by high-field magnetic resonance imaging,” Journal of Neuro-
science Research, vol. 73, no. 3, pp. 284-295, 2003.

K. A. Hinds, J. M. Hill, E. M. Shapiro et al., “Highly efficient
endosomal labeling of progenitor and stem cells with large
magnetic particles allows magnetic resonance imaging of sin-
gle cells,” Blood, vol. 102, no. 3, pp. 867-872, 2003.

P. Jendelova, V. Herynek, J. DeCroos et al., “Imaging the fate
of implanted bone marrow stromal cells labeled with super-
paramagnetic nanoparticles,” Magnetic Resonance in Medi-
cine, vol. 50, no. 4, pp. 767-776, 2003.

P. Jendelovd, V. Herynek, L. Urdzikovd et al., “Magnetic res-
onance tracking of transplanted bone marrow and embryonic
stem cells labeled by iron oxide nanoparticles in rat brain and
spinal cord,” Journal of Neuroscience Research, vol. 76, no. 2,
pp. 232-243, 2004.

85U8017 SUOWLLOD aAIIaID 8 |ealjdde ay) Aq pausenob ase sejoile YO 8sn JO S| Joy Aeid 1 8U1UO A1 UO (SUONIPUOD-PUB-SLLBWOD" A3 | 1M Ale.q 1 pul uo//SANY) SUORIPUOD pue sWe | 8y 88s *[5202/S0/7T] uo Akeiqi]aullu A3 |IM el eueiyoD Aq 9vS0Z9€/6T0Z/SSTT 0T/I0p/W0d A3 Im Aseid Ul |uo//sdny wouy pepeojumoq ‘T ‘6T0Z ‘29T



12

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

(132]

[133]

[134]

[135]

[136]

(137]

C. Bos, Y. Delmas, A. Desmouliére et al., “In vivo MR imag-
ing of intravascularly injected magnetically labeled mesen-
chymal stem cells in rat kidney and liver,” Radiology,
vol. 233, no. 3, pp- 781-789, 2004.

O. Hauger, E. E. Frost, R. van Heeswijk et al., “MR evaluation
of the glomerular homing of magnetically labeled mesenchy-
mal stem cells in a rat model of nephropathy,” Radiology,
vol. 238, no. 1, pp. 200-210, 2006.

N. Himes, J. Y. Min, R. Lee et al., “In vivo MRI of embryonic
stem cells in a mouse model of myocardial infarction,” Mag-
netic Resonance in Medicine, vol. 52, no. 5, pp. 1214-1219,
2004.

D. L. Kraitchman, A. W. Heldman, E. Atalar et al,
“In vivo magnetic resonance imaging of mesenchymal stem
cells in myocardial infarction,” Circulation, vol. 107, no. 18,
Pp. 2290-2293, 2003.

C. Riviére, F. P. Boudghéne, F. Gazeau et al,, “Iron oxide
nanoparticle-labeled rat smooth muscle cells: cardiac MR
imaging for cell graft monitoring and quantitation,” Radiol-
ogy, vol. 235, no. 3, pp. 959-967, 2005.

M. Lewin, N. Carlesso, C. H. Tung et al., “Tat peptide-
derivatized magnetic nanoparticles allow in vivo tracking
and recovery of progenitor cells,” Nature Biotechnology,
vol. 18, no. 4, pp- 410-414, 2000.

R. Weissleder and U. Mahmood, “Molecular imaging,” Radi-
ology, vol. 219, no. 2, pp. 316-333, 2001.

Q. Wang, K. Li, Q. Quan, and G. Zhang, “R2* and R2
mapping for quantifying recruitment of superparamagnetic
iron oxide-tagged endothelial progenitor cells to injured liver:
tracking in vitro and in vivo,” International Journal of Nano-
medicine, vol. 9, pp. 1815-1822, 2014.

R. McClelland, E. Wauthier, T. Tallheden, L. M. Reid, and
E. Hsu, “In situ labeling and magnetic resonance imaging of
transplanted human hepatic stem cells,” Molecular Imaging
and Biology, vol. 13, no. 5, pp. 911-922, 2011.

G. Carpino, V. Cardinale, R. Gentile et al., “Evidence for mul-
tipotent endodermal stem/progenitor cell populations in
human gallbladder,” Journal of Hepatology, vol. 60, no. 6,
pp. 1194-1202, 2014.

S. Lin, X. Xie, M. R. Patel et al,, “Quantum dot imaging for
embryonic stem cells,” BMC Biotechnology, vol. 7, no. 1,
p. 67, 2007.

S. Murasawa, A. Kawamoto, M. Horii, S. Nakamori, and
T. Asahara, “Niche-dependent translineage commitment
of endothelial progenitor cells, not cell fusion in general, into
myocardial lineage cells,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 25, no. 7, pp. 1388-1394, 2005.

M. Gudowska, E. Gruszewska, A. Panasiuk et al., “Hyaluronic
acid concentration in liver diseases,” Clinical and Experimen-
tal Medicine, vol. 16, no. 4, pp. 523-528, 2016.

Y. Ni, Z. Tang, W. Cao et al., “Tough and elastic hydrogel
of hyaluronic acid and chondroitin sulfate as potential cell
scaffold materials,” International Journal of Biological Mac-
romolecules, vol. 74, pp. 367-375, 2015.

J. R. E. Fraser, D. Alcorn, T. C. Laurent, A. D. Robinson, and
G. B. Ryan, “Uptake of circulating hyaluronic acid by the rat
liver: Cellular localization in situ,” Cell and Tissue Research,
vol. 242, no. 3, pp. 505-510, 1985.

Stem Cells International

35U01 SUOLLLLIOD) BAIER1D 3ol jdde U3 Aq Peussnob a1e S3 1L VO SN JO SB[ 10} ARIGIT BUIIUO ABJIA UO (SUOIPUOD-PUE-SWSYLIO" A8 1M ARG BUIIUO//'SChiL) SUOIPUOD PUe S L 84} 89S *[S202/E0/T] Uo AReiqi2U1luO A8IIM IRMBURILI0D AQ 9YS0Z9E/6TOZ/SSTT OT/I0P/LIOY" A3 1M ARIGIBU|UO//STY WO1} papeojumod T ‘6102 ‘29T





