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ABSTRACT

We previously reported the delivery of endothelial progenitor cells (EPCs) embedded in hyaluronic
acid-based (HA)-hydrogels protects renal function during acute kidney injury (AKI) and promotes
angiogenesis. We attempted to further ameliorate renal dysfunction by coembedding EPCs with
renal mesenchymal stem cells (MSCs), while examining their paracrine influence on cytokine/
chemokine release and proinflammatory macrophages. A live/dead assay determined whether
EPC-MSC coculturing improved viability during lipopolysaccharide (LPS) treatment, and HA-
hydrogel-embedded delivery of cells to LPS-induced AKI mice was assessed for effects on mean ar-
terial pressure (MAP), renal blood flow (RBF), circulating cytokines/chemokines, serum creatinine,
proteinuria, and angiogenesis (femoral ligation). Cytokine/chemokine release from embedded
stem cells was examined, including effects on macrophage polarization and release of proinflam-
matory molecules. EPC-MSC coculturing improved stem cell viability during LPS exposure, an effect
augmented by MSC hypoxic preconditioning. The delivery of coembedded EPCs with hypoxic pre-
conditioned MSCs to AKI mice demonstrated additive improvement (compared with EPC delivery
alone) in medullary RBF and proteinuria, with comparable effects on serum creatinine, MAP, and
angiogenesis. Exposure of proinflammatory M1 macrophages to EPC-MSC conditioned medium
changed their polarization to anti-inflammatory M2. Incubation of coembedded EPCs-MSCs with
macrophages altered their release of cytokines/chemokines, including enhanced release of anti-
inflammatory interleukin (IL)-4 and IL-10. EPC-MSC delivery to endotoxemic mice elevated the
levels of circulatingM2macrophages and reduced the circulating cytokines/chemokines. In conclu-
sion, coembedding EPCs-MSCs improved their resistance to stress, impelled macrophage polariza-
tion from M1 to M2 while altering their cytokine/chemokines release, reduced circulating
cytokines/chemokines, and improved renal and vascular function when MSCs were hypoxically
preconditioned. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:852–861

SIGNIFICANCE

This report provides insight into a new therapeutic approach for treatment of sepsis and pro-
vides a new and improved strategy using hydrogels for the delivery of stem cells to treat sepsis
and, potentially, other injuries and/or diseases. The delivery of two different stem cell lines
(endothelial progenitor cells and mesenchymal stem cells; delivered alone and together) em-
bedded in a protective bioengineered scaffolding (hydrogel) offers many therapeutic benefits
for the treatment of sepsis. This study shows how hydrogel-delivered stem cells elicit their
effects and how hydrogel embedding enhances the therapeutic efficacy of delivered stem
cells. Hydrogel-delivered stem cells influence the components of the overactive immune sys-
tem during sepsis and work to counterbalance the release of many proinflammatory and pro-
damage substances from immune cells, thereby improving the associated vascular and kidney
damage.

INTRODUCTION

The therapeuticdeliveryof stemcellshasbeendem-
onstrated to enhance the repair and regeneration

of the kidney after injury [1–7]. Although various
multipotent stemcells havebeenexamined for their
repair potential, endothelial progenitor cells (EPCs)
have demonstrated remarkable renoprotective
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potential. EPCs are typically found in the circulation, residing in
their niches located in the bone marrow or locally in renal vas-
cular beds. EPCs assist in homeostasis by maintaining normal
vascular function, includingmaintenance and possible replace-
ment of the endothelium [8–10]. However, during kidney and
vascular injury, the competence of endogenous EPCs is often
compromised, leading to accelerated progression of the injury
[7]. Previous studies from our laboratory and others have
shown that delivered EPCs counter the vascular impairment
that occurs during the course of acute kidney injury (AKI) [1,
6, 7, 11] and improve renal function, attenuate inflammation,
decrease tubular and vascular damage, and enhance angiogen-
esis [1, 4, 6, 7].

Despite the therapeutic advantages stem cell delivery offers
for the treatment of AKI, many problems confront current cell
therapy application. The delivery of stem cells by intravenous
(i.v.) injection, currently the most common method of stem cell
delivery, results in less than 1% of delivered cells engrafted in tar-
geted injured tissue [12]. Although this technique of cell therapy
enhances the risk of potential embolism, the delivered cells are
also subject to programmed cell death (anoikis) and are rapidly
cleared from the systemic circulation before they can elicit their
therapeutic benefits to target tissues [12]. Insufficient homing
is a major limitation of systemically delivered stem cell-based
therapies and is caused in part by inadequate expression and
activation of cell surface adhesion receptors, including integ-
rins, an effect that also inhibits their anti-inflammatory and pro-
regenerative activities [13]. Additionally, i.v. delivery of stem
cells into the circulation subjects these cells to any circulating
cytotoxins/endotoxins that might be present and responsible
for the initial renal injury. Thesemultiple drawbacks of conven-
tional i.v. delivery of stem cells highlight the inefficiency of this
delivery method.

An alternative method of stem cell therapy that we have pre-
viously shown tobe superior to the conventional i.v. route is thede-
livery of stem cells embedded in bioengineered scaffolds [1, 6].
Although a variety of bioengineered scaffolds have been used for
cell embedding [14–16], we have found that hyaluronic acid-
based (HA) hydrogel scaffolds offer significant advantages for the
delivery of stemcells. The useofHA-hydrogels for stemcell delivery
allows direct delivery and retention of embedded stem cells at
precise localities of tissue damage, avoiding the substantial side
effects associated with conventional systemic i.v. delivery.
Once delivered, the embedded stem cells can be released
“on demand” from HA-hydrogels either by endogenous release
of hyaluronidase from the injured tissues [17, 18] or by its direct
injection into the HA-hydrogel. We have previously demon-
strated the therapeutic benefits of EPCs are significantly aug-
mented when these cells are delivered in HA-hydrogels for
the treatment of kidney injury [1, 6].

In the present studies, we continued to explore the en-
hancement of the therapeutic benefits of stem cell delivery
using HA-hydrogels by coembedding EPCs with renal mesen-
chymal stem cells (MSCs). We hypothesized that coembedding
EPCs with MSCs might further stimulate the therapeutic
effects of both EPCs and MSCs once codelivered into a model
of AKI.MSCsmight offer significant advantages as a supporting
cell to EPCs because of their immunomodulatory properties;
their ability to induce neighboring cells to secret cytokines
that inhibit inflammation and pathological remodeling [19];
and their ability to improve stem cell niche quality and

cell mobilization [19]. In addition, we examined the influence
HA-hydrogel embedding has on stem cell release of cytokines/
chemokines, and the influence these cells have in modulating the
immune response of macrophages, including macrophage polariza-
tion and their subsequent release of anti- and/or proinflammatory
molecules.

MATERIALS AND METHODS

Cell Culture

For allogeneic HA-hydrogel implantation and cell culture experi-
ments, we used an established line ofmouse embryonic EPCs [20]
andMSCs that we isolated frommouse kidneys (as previously de-
scribed [21]). RAW 264.7 macrophages (American Type Culture
Collection, Manassas, VA, http://www.atcc.org) were also used
in the experiments. For hypoxic preconditioning of MSCs, the
cells were exposed to ,5% O2, 5% CO2, 90% N2 for 72 hours in
culture before use. The details of cell culturing are described in
the supplemental online data.

HA-Hydrogel Formation and Degradation

HA-hydrogels were prepared using the HyStemHydrogel Kit (Bio-
Time, Inc., Alameda, CA, http://www.esibio.com), as previously
described. ProNectin (50 mg/ml; Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com), EPCs, and MSCs were added be-
fore hydrogel solidification with cross-linker. For cell release, the
hydrogels were digested with collagenase (300 U/ml) and hyal-
uronidase (100 U/ml) (Sigma-Aldrich). The HA-hydrogel details
are described in the supplemental online data.

Live/Dead Assay

To assess the effects of LPS (1, 10, and 20mg/ml) on EPCs andMSCs
in and out of HA-hydrogels, the LIVE/DEAD Viability/Cytotoxicity
Kit (Invitrogen/Life Technologies, Grand Island, NY, http://www.
lifetechnologies.com) was used. The details of the LIVE/DEAD assay
are described in the supplemental online data.

Sepsis Models

The animal study protocol was in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and approved by the
institutional animal care and use committee. For LPS-induced
endotoxemia in male mice (C57/Bl6 age.16 weeks), a single in-
traperitoneal injection of 10 mg/kg LPS (from Escherichia coli se-
rotype 0111:B8, Sigma-Aldrich) was applied. Details of the animal
model are described in the supplemental online data.

In Vivo HA-Hydrogel Implantation

HA-hydrogels with embedded stem cells were implanted subcuta-
neously in the ears of sedatedmice. Subcutaneous implantation of
HA-hydrogels with embedded cells was conducted at the same
time as the LPS injection. A total of 1 million cells was delivered
to each mouse (5 3 105 cells were delivered to each ear). For
the coembedding studies, 5 3 105 EPCs were combined with
5 3 105 MSCs in HA-hydrogels, and mice still received a total of
1 million cells. The ear implants were injected with collagenase
and hyaluronidase to permit mobilization of the embedded cells
2 hours after LPS injection.Details of theHA-hydrogel implantation
are described in the supplemental online data. Blood pressurewas
measured using a noninvasive blood pressure monitoring system
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24 hours after sepsis induction and delivery of stem cells, as de-
scribed in the supplemental online data.

Renal Blood Flow and Function

At 24 hours after sepsis induction and delivery of the stem cells,
renal blood flow was evaluated using laser-Doppler flowmetry.
Renal functionwasevaluatedby serumcreatinineandproteinuria
measurement using commercial kits. Laser-Doppler flowmetry
and the serum creatinine and proteinuria assays are described
in the supplemental online data.

Engraftment Analysis

Engraftment of CellTracker (Invitrogen/Life Technologies) fluo-
rescently labeled stem cells was examined by microscopy in the
kidneys 24 hours after LPS injection and their delivery, as de-
scribed in detail in the supplemental online data.

Femoral Ligation

Femoral ligationwas used to examine the angiogenesis capability
of the HA-hydrogel-delivered stem cells. Details of the femoral li-
gation procedure are described in the supplemental online data.

Flow Cytometry Analysis

Polarization of circulating macrophages in the plasma of LPS-
injected mice (treated with HA-hydrogel-embedded stem cells)
was evaluated by flow cytometry, as described in detail in the
supplemental online data.

Macrophage Polarization

The polarization of macrophages cultured in stem cell-conditioned
medium was examined using real time-polymerase chain reaction
(RT-PCR), as described in detail in the supplemental online data.

Chemokine/Cytokine Release

The release of cytokines/chemokines was evaluated in the circu-
lation of endotoxemicmice 24 hours after LPS injection (with and
without HA-hydrogel-embedded stem cell treatment) and in
the cell medium from cultured cells (cultured for 48 hours in or
out of HA-hydrogels). The levels of cytokines/chemokines were
analyzed using the Luminex 100 system (Luminex Corporation,
Austin, TX, http://www.luminexcorp.com). Details of chemokine/
cytokine analysis are described in the supplemental online data.

Statistical Analysis

Dataarepresentedasthemean6SEM.Datapresentedasameanof
a limited number of replicates (n,6)were analyzed using nonpara-
metricmethods. The Kruskal-Wallis test was used to compare three
or more groups of nonparametric data, and the Mann-Whitney U
test was subsequently performed to identify significant differences
by pairwise comparison of each group. Data taken from larger sam-
pling sizes were examined using a t test for pairwise comparisons
and a one-way analysis of variancewith Dunnett’smultiple compar-
isonposthoc test todetermine thedifferencesamong threeormore
groups. The statistical analysis software used was GraphPad Prism,
version 4.00, forWindows (GraphPad Software, Inc., San Diego, CA,
http://www.graphpad.com) and NCSS, version 9 (NCSS Statistical
Software, Kaysville, UT, http://www.ncss.com). Differences were
considered significant at p # .05, unless otherwise denoted. The
animal numbers used for each experiment were 5–7 and are indi-
cated in the figure legends in regard to each specific experiment.

RESULTS

In Vitro Studies: Viability of Coembedded EPCs-MSCs

To determine whether the combination of EPCs with MSCs in HA-
hydrogels improved cell viability during endotoxemic conditions,
the cells were coembedded in HA-hydrogels (4% crosslinking) in
vitro and subject to varying concentrations of LPS for 24 hours
and subsequently evaluated for viability. At higher concentrations
of LPS (10 and 20mg/ml), nonembedded cells cultured on the sur-
face of dishes sustained a significant loss of viability (53% and 35%
EPC andMSCviability, respectively). However, coembedding these
cells in HA-hydrogels improved viability to 86% and 75%, respec-
tively (Fig. 1A). Hypoxic preconditioning of MSCs has been shown
to improve the anti-inflammatory effects of these cells and en-
hance their support of nearby cells [22–24]. Coculturing EPCs with
hypoxicpreconditionedMSCs (72hours in,5%O2) improved their
viabilitywhen cultured in 2 dimensions (2D) (70%and50% viability
in response to 10 and 20 mg/ml of LPS, respectively; Fig. 1B), with
no further improvement when embedded in hydrogels.

In Vivo Studies: Therapeutic Effects of HA-Hydrogel-
Delivered EPCs-MSCs

Wehavepreviouslyobserved thatdeliveryofEPCsembedded inHA-
hydrogels improved their therapeutic effects compared with con-
ventional i.v. delivery for treatment of AKI [1, 6]. Additionally, in
our previously published report, we demonstrated the therapeutic
benefits of HA-hydrogel-delivered stem cells were mediated by the
embeddedstemcells themselvesandnotanydirecteffectof theHA-
hydrogel components that might enter the circulation or tissues of
endotoxemic mice. This was indicated by the absence of any thera-
peuticeffectswhenHA-hydrogelsweredeliveredalonewithoutem-
bedded stem cells to endotoxemic mice [1]. In the present in vivo
studies, we sought to determine whether HA-hydrogel coembed-
ding EPCs withMSCs improved their therapeutic efficacy compared
with EPC delivery alone. HA-hydrogels with embedded stem cells
were transplanted via injection into mice (mouse ears) (Fig. 2A) at
the onset of endotoxemia (as induced by 10 mg/kg LPS intraperito-
neal injection). At 2 hours after implantation, HA-hydrogels were
digested by direct injection of the enzyme mixture (collagenase
and hyaluronidase) into the implanted HA-hydrogels, allowing for
stem cell mobilization, and monitored microscopically by imaging
the site of implantation and the disappearance of fluorescently la-
beled cells [6]. Administration of LPS typically causes systemic hypo-
tension; however, the delivery of EPCs alone and codelivered with
hypoxic preconditioned MSCs preserved systemic blood pressure
(mean arterial pressure [MAP])within 24hours (Fig. 2B). In contrast,
delivery of MSCs alone conferred the least improvement in MAP,
despite a significantly enhanced therapeutic effect observed when
these cells were preconditioned by hypoxia. We also examined
the effect of EPC and MSC codelivery on kidney function during
the course of endotoxemic kidney injury. Overall, the delivery of
stem cells either alone or in tandem improved renal function during
endotoxemia, with some minor differences associated with the
application strategy. At 24 hours after LPS injection, HA-hydrogel
delivery of EPCs alone lowered the serum creatinine levels more
effectively than the delivery of either nonhypoxic or hypoxicMSCs
(Fig. 2C). Thedelivery of coembeddedEPCswithMSCs (nonhypoxic
and hypoxic) did not further decrease the serum creatinine levels
comparedwith EPCs alone. In contrast, analysis of albuminuria dem-
onstrated that codelivery of embedded EPCs with MSCs resulted in
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a greater reduction in albuminuria 24 hours after endotoxemia in-
duction compared with EPCs or MSCs delivered alone (Fig. 2D).

In addition to systemic hypotension, endotoxemia also reduces
renal cortical andmedullarybloodflow, further impairingrenal func-
tion. Delivery of EPCs enhanced cortical blood flow (measuredusing
laser-Doppler flowmetry) (Fig. 3A, 3B). CodeliverywithMSCsdidnot
further enhance the ability of EPCs to increase cortical blood flow;
however, when MSCs were primed by hypoxic preconditioning,
EPC and MSC codelivery improved medullary blood flow (Fig. 3C).

Wehavepreviously shown thatdeliveryofEPCsbyHA-hydrogel
enhances theirengraftment in the injuredkidney [1] comparedwith
conventional i.v. delivery. We therefore questioned whether code-
livery of embedded EPCswithMSCs further improved their engraft-
ment and is a factor in their therapeutic efficacy. However, we did
notobserveanyenhancement in renalengraftmentof thedelivered
cells during coembedding (supplemental online Fig. 1).

The therapeutic qualities of EPCs include their ability to medi-
ate angiogenesis in the face of tissue and vascular damage [1, 6, 7].
We sought to determine whether codelivery of embedded EPCs
withMSCs could enhance the ability of EPCs tomediate angiogen-
esis and vascular repair. We used the femoral ligation technique
and evaluated blood flow in the ligated hindlimb of mice treated

with codelivery of HA-hydrogel-embedded EPCs and MSCs. As
previously, we implanted HA-hydrogels with embedded stem
cells during the onset of femoral ligation, followed by scaffold-
degrading enzyme administration 2 hours after implantation.
In these experiments, although EPC delivery demonstrated

Figure 2. Mean arterial pressure (MAP), serum creatinine, and albu-
minuria in endotoxemicmice treatedwith stem cells delivered by hya-
luronic acid-based (HA)-hydrogels. Endotoxemia was induced in mice
by LPS injection, and MAP, serum creatinine, and albumin were mea-
sured 24 hours later. Stem cells embedded in HA-hydrogels were de-
livered to mice and transplanted into mouse ears during induction
of endotoxemia. Stem cells were released from hydrogels by digestive
enzyme injection 2 hours after implantation. EPCs delivered alone or
codelivered with hypoxic preconditionedMSCsmediated the greatest
improvement in MAP (A) and serum creatinine (B) 24 hours after LPS
injection. Codelivery attenuated albuminuria (C) the most effectively.
n = 5 (5 different mice for each group). p, p # .05 vs. no treatment;
†, p # .05 vs.MSCs. Abbreviations: EPCs, endothelial progenitor cells;
(h), hypoxic; LPS, lipopolysaccharide; MSCs, mesenchymal stem cells.

Figure 1. In vitro LIVE/DEADassay of EPCs-MSCs cocultures exposed
to 24 hours of LPS. EPCs were coembedded in hyaluronic acid-based
(HA)-hydrogels with nonhypoxic (A, B) or hypoxic preconditioned (C,
D) MSCs and exposed to 24 hours of LPS of varying concentrations.
Subsequent cellular vitality was quantified (A, C) using a LIVE/DEAD
assay in which live cells stain with calcein (green) and dead cells with
ethidium homodimer (red) (B, D). Coembedding EPCs with MSCs in
HA-hydrogels (three-dimensional culturing) conferred improved pro-
tection against increasing LPS concentrations (compared with two-
dimensional coculturing of EPCs with MSCs on the surface of culture
dishes instead of embedded in HA-hydrogels). Hypoxic precondition-
ing of MSCs improved stem cell viability in nonembedded cells. n = 6.
p, p # .05 vs. embedded. Magnification,3150. Scale bar = 100 mm.
Abbreviations: EPCs, endothelial progenitor cells; (h), hypoxic; LPS,
lipopolysaccharide; MSCs, mesenchymal stem cells.
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significantly superior neovascularization effects, no statistically sig-
nificant difference was found between the effects of EPC delivery
alone and when these cells were codelivered with MSCs (nonhy-
poxic or hypoxic) (Fig. 4A, 4B). In contrast, delivery of MSCs alone
(nonhypoxicorhypoxic)didnot inducesignificantneoangiogenesis
and was comparable to no treatment (data not shown).

EPC-MSC Effect on Macrophage Polarization

Wequestionedwhether the paracrine effects of EPCs and/orMSCs
could alter the polarization of macrophages causing a transition of
these cells from the classic M1 proinflammatory phenotype to the
alternative anti-inflammatory M2 phenotype, an effect that could
participate in the therapeutic efficacy of these stem cells. In ani-
mals, the circulating levels of M2 macrophages were significantly
reduced 24 and 72 hours after LPS injection (Fig. 5A). However,
when EPCs and MSCs were codelivered by HA-hydrogel during
LPS injection, the level of M2 macrophages remained preserved
in thecirculation(Fig.5A),asdeterminedbyflowcytometryanalysis
using the macrophage marker F4/80 and the M2 marker CD206.

In the follow-up in vitro experiments,wecollected serum-free
conditionedmedium from EPCs andMSCs (normoxic and hypoxic
preconditioned) and subsequently treated macrophages with
the stem cell-conditioned medium for 48 hours. Before treat-
ment with the conditioned medium, the macrophages were im-
pelled to M1 polarization by 24 hours of treatment with 50 ng/ml
interferon-g. After treatmentwithstemcell-conditionedmedium,
we determinedmacrophage polarization bymeasuring themRNA
expression ratio of 2 classicmarkersofM1andM2, inducible nitric
oxide synthase (iNOS) and arginase I, respectively. The ratio of
iNOS/arginase I expression illustrates the effect the conditioned
medium treatment had on macrophage polarization. A high
iNOS/arginase I ratio indicates macrophages assumed M1 polari-
zation,whilea lowratio indicates analternativeanti-inflammatory
M2 phenotype. Although treatment with conditioned medium
from EPCs and normoxic MSCs tended to decrease the iNOS/
arginase I ratio, themost robust reductions occurredwhenmacro-
phages were treated with hypoxicMSCs or EPCs withMSCs cocul-
tured conditioned medium (Fig. 5B). The results demonstrated
stem cell-conditioned medium influenced macrophage conver-
sion fromM1 to M2, with MSCs alone and EPCs with MSCs cocul-
tured medium resulting in the most significant conversion of
macrophages to M2.

Figure3. Renal blood flowmeasuredusing LDF in endotoxemicmice
after stem cell treatment. Stem cells embedded in hyaluronic acid-
based (HA)-hydrogels were delivered tomice (via ear transplant) dur-
ing induction of endotoxemia (LPS injection). Stem cells were re-
leased from hydrogels by digestive enzyme injection 2 hours after
implantation. Renal blood flow was imaged 24 hours after LPS injec-
tion (A). EPC delivery improved cortical blood flow (B), and hypoxic
preconditioning ofMSCs enhanced their ability to improvemedullary
blood flow (C).n=5 (5differentmice for eachgroup).p,p # .05 vs. no
treatment. Scale bar = 3 mm. Abbreviations: EPCs, endothelial pro-
genitor cells; (h), hypoxic; LDF, laser-Doppler flowmetry; LPS, lipo-
polysaccharide; MSCs, mesenchymal stem cells.

Figure4. Bloodperfusion in thehindlimbofmiceafter femoralarterial
ligation. Blood perfusion, indicative of neoangiogenesis, in hindlimbs
was imaged (A) and quantified (B) using laser-Doppler flowmetry over
the course of 4 weeks after femoral ligation and delivery of stem cells
embedded inhyaluronicacid-based (HA)-hydrogels.HA-hydrogelswere
transplanted into mouse ears during femoral ligation and were subse-
quently released by digestive enzyme injection 2 hours after implanta-
tion.HindlimbperfusionwasenhancedthegreatestduringHA-hydrogel
delivery of EPCs alone. MSC (normoxic and hypoxic preconditioned)
delivery alone (data not shown) resulted in perfusion values compar-
able to that of no treatment. n = 5 (5 different mice for each group).
p,p # .05vs.no treatment;†,p # .10vs.notreatment.Abbreviations:
EPCs, endothelial progenitor cells; (h), hypoxic; LPS, lipopolysaccharide;
MSCs, mesenchymal stem cells.
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In Vitro: Coembedded EPC-MSC Secretory Profile

To further evaluate the effects of EPCs and MSCs on the innate
immune system, we examined the changes in cytokine/
chemokine release from macrophages that were cultured with

and without EPCs and MSCs coembedded in HA-hydrogels. We
first examined the cytokine/chemokine release of macrophages
cultured alone after stress inducedby 100mMhydrogen peroxide
(H2O2). We used H2O2 to induce stress for multiple reasons. For
technical reasons, we did not want to stress cells with LPS in vitro
because of the requirement for serum in the culture medium to
activate LPS (LPS requires LPS-binding protein present in serum
for its activation). Animal serum routinely contains inconsistent
levels of endogenous cytokine/chemokine levels. We wanted
to avoid adding serum to our stressed stem cell cultures to avoid
this aspect and the presence of unwanted contaminating
cytokines/chemokines at varying levels, in particular, because
the goal of our in vitro studies was to examine the release of
cytokines/chemokines from the stem cells into the culture me-
dium. Additionally, we normally culture EPCs in bovine serum,
andMSCs are cultured in horse serum. Thus, in experiments that
examined the release of cytokines/chemokines from combined
EPCs with MSC cocultures, to activate LPS, we would have to
add serum from either bovine or horse and at a variable concen-
tration, which would have changed the conditions in which these
stem cells are normally cultured. Furthermore, the use of H2O2 is
exceptionally relevant to LPS examination, because the very early
effects of LPS exposure to cells and animals includes rapidly en-
hanced upregulation of reactive oxygen species, particularly
H2O2, which has been shown tomediatemany of the devastating
effects associated with LPS and endotoxemia [25–31].

After establishing a cytokine/chemokine release baseline for
stressed macrophages cultured alone, we next cultured macro-
phages with EPCs and MSCs that were coembedded in HA-
hydrogels and exposed the 3 cell types toH2O2 stress. Coculturing
macrophageswithHA-hydrogel-embeddedEPCsandMSCs altered
the release of the 19 cytokines/chemokines examined, including
observable differences when MSCs were hypoxic preconditioned
(Fig. 6). The release of many cytokines/chemokines was reduced
when macrophages were cocultured with stem cells. However,
in contrast, somecytokines/chemokineswere enhanced, including
anti-inflammatory interleukin (IL)-10andcytokinesassociatedwith
macrophage polarization conversion fromM1 to M2, such as IL-4,
IL-6, andkeratinocyte-derivedchemokine (KC) (Fig. 6) (reviewedby
Gordon and Martinez [32]).

Wealsomeasured the releaseof cytokines/chemokines into the
cell culture from EPCs and MSCs (normoxic and hypoxic precondi-
tioned) cultured alone and in combination under control conditions
andafterH2O2stress. Stressalteredthereleaseofvariouscytokines/
chemokines fromEPCsandMSCscultured in2Donthesurfaceof the
culture dishes, as schematically illustrated in supplemental online
Figure 2.We then embedded EPCs andMSCs (alone and combined)
in HA-hydrogel and repeated the experiments to determine the ef-
fect that HA-hydrogel embedding has on the cytokine/chemokine
release from stressed stem cells. Embedding significantly altered
the release of numerous cytokine/chemokine from stem cells after
stress (supplemental online Fig. 2).

In Vivo: EPC-MSC Effect on Circulating Cytokines/
Chemokines During Endotoxemia

In additional in vivo experiments, we delivered HA-hydrogel-
coembedded EPCs with MSCs to LPS-induced endotoxemic mice
and examined the levels of circulating cytokines/chemokines
after 24 hours. Numerous cytokines/chemokines examined
were reduced in the circulation of endotoxemic mice by
stem cell treatment (Fig. 7), including many proinflammatory

Figure 5. The polarization of macrophages is influenced by stem
cells during endotoxemia. During LPS-induced endotoxemia in mice
(A, B), levels of circulatingM2macrophages remained elevatedwhen
EPCs and MSCs were codelivered by hyaluronic acid-based (HA)-
hydrogels, determined by flow cytometry analysis 24 and 72 hours
after LPS injection and stem cell delivery. MSCs were preconditioned
by 72 hours of hypoxia (,5% O2). In the flow cytometry analysis dot
plots (A), the x-axis represents F4/80 staining (total macrophages)
and the y-axis CD206 staining (mannose receptor [M2 polarization]).
The percentage of double positive cells in the upper right quadrant of
the dot plots (indicative of M2 macrophages) is presented in the
graph (B). n = 5–7 (5–7 different mice were used for each treatment
group, except for the EPCs + MSCs(h) group, which had an n value of
4). p, p # .05 vs. no treatment. In in vitro experiments (C), macro-
phages were pushed to M2 anti-inflammatory polarization after
48 hours of treatment with stem cell-conditioned culture medium.
Stem cell-conditioned medium was obtained from cultures of HA-
hydrogel-embeddedEPCs andMSCs (normoxic andhypoxic precondi-
tioned) and subsequently used for treatment of macrophages.
Macrophages treated for 48 hours with the conditioned medium
demonstrated a reduced ratio of iNOS to arginase I mRNA expression
(representative of reduced proinflammatoryM1marker iNOS and/or
enhanced anti-inflammatory M2 marker arginase I), indicative of
a phenotypical change of macrophages from M1 to M2 polarization
during their culturing in stem cell-conditionedmedium. Before cultur-
ing with stem cell-conditionedmedium,macrophages were pushed to
M1polarizationby24hours of treatmentwith interferon-g (50ng/ml).
n = 4–5 (4–5 different samples were used for each treatment group,
except for EPCsalone,whichhadannvalueof3).p,p # .05 vs. control;
†, p # .10 vs. control. Abbreviations: EPCs, endothelial progenitor
cells; (h), hypoxic; iNOS, inducible nitric oxide synthase; LPS, lipopoly-
saccharide; MSCs, mesenchymal stem cells.

Zullo, Nadel, Rabadi et al. 857

www.StemCellsTM.com ©AlphaMed Press 2015

http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2014-0111/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2014-0111/-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2014-0111/-/DC1


cytokines/chemokines, an effect that was potentiated when
MSCs were hypoxically preconditioned before their delivery. Re-
markably, when we examined the effects of EPC and/or MSC
delivery alone in HA-hydrogels, we observed the most robust
attenuation in circulating cytokines/chemokines to occur when
EPCs were delivered alone in HA-hydrogels to endotoxemic ani-
mals (supplemental online Fig. 3). EPC delivery alone was charac-
terized by a significant reduction in 15 of the 19 cytokines/
chemokines examined. Furthermore, the effects of HA-hydrogel-
delivered stem cells in altering the circulating levels of cytokines/
chemokineswere confirmed tobe the result of theembedded stem
cellsandnot theHA-hydrogel itself,whichwas illustratedbythe lack
of HA-hydrogel delivery alone mediating any reduction in the
cytokines/chemokines examined (supplemental online Fig. 3).

DISCUSSION

We previously reported that embedding EPCs in protective HA-
hydrogel scaffolding increases their viability against LPS and
Adriamycin in vitro [1, 6]. Therefore, we hypothesized that

coembedding EPCs with kidney-derived MSCs might enhance
the therapeutic effects of both these stem cells. Although in vitro
treatment with 10 mg/ml of LPS for 24 hours previously resulted
in 70% EPC viability [1], EPC and MSC coembedding increased vi-
ability to 85% at the same LPS concentration. When EPCs and
MSCs were cocultured together without the protection of
HA-hydrogel embedding, the contrast in viability was even more
pronounced during exposure to LPS (10% viability for EPCs cul-
tured alone vs. 40% viability when EPCs were cocultured with
MSCs). Additionally, it appears that the niche-supportive capabil-
ities of MSCs can be augmented by priming these cells. When
MSCs were subject to hypoxic preconditioning (,5% O2) for
72 hours before coembedding/culturing with EPCs, the viability
of LPS-treated stem cells was further enhanced.

Despite the enhanced protection against endotoxins, the deliv-
ery of EPCs embedded alone in HA-hydrogel was more therapeuti-
cally effective against LPS-induced AKI compared with when these
cells were codelivered with MSCs. This was particularly observed
when EPCs embedded and delivered alone significantly reduced
15 of the 19 cytokines/chemokines examined in the circulation of

Figure 6. Comparison of in vitro cytokine/chemokine release from macrophages cultured alone or in coculture with hyaluronic acid-based
(HA)-hydrogel-coembedded EPCs and MSCs (normoxic and hypoxic preconditioned) after stress (100 mM hydrogen peroxide [H2O2]). Cytokine/
chemokine releasewas evaluated in the cell culturemediumafter 48 hours of coculturing. Cells were treated for 4 hours with 100mMH2O2 before
the 48-hour collection period. During coculturing with embedded stem cells, macrophages were not coembedded in HA-hydrogels. After stress,
cytokine/chemokine release into the cultured medium was modified when macrophages were cocultured with HA-hydrogel-embedded EPCs and
MSCs (normoxic andhypoxic preconditioned), comparedwithwhenmacrophageswere cultured alone. Changes in cytokine/chemokine release
are represented in the graph as the percentage of increase or decrease relative to the values obtained from macrophages cultured alone.
p, p # .05 vs. Mac alone; †, p # .10 vs. Mac alone; #, p # .05 vs. Mac + EPCs +MSCs(h); ^, p # .10 vs. Mac + EPCs +MSCs(h). n = 5–6. Abbre-
viations: EPCs, endothelial progenitor cells; GM-CSF, granulocyte macrophage colony-stimulating factor; (h), hypoxic; IFN-g, interferon-g; IL,
interleukin; LIX, lipopolysaccharide-inducedCXC;Mac,macrophages;MIP-1a,macrophage-inflammatory protein1a;MSCs,mesenchymal stem
cells; VEGF, vascular endothelial growth factor.
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endotoxemic mice (supplemental online Fig. 3). However, when
MSCs were preconditioned by 72 hours of hypoxia (,5% O2), their
therapeutic efficacywas drastically improved. For instance, hypoxic
preconditioning of MSCs before their coembedding and codelivery
with EPCs led to enhanced maintenance of blood pressure, renal
blood flow, and renal function, with more prominent attenuation
of circulating cytokines/chemokines during endotoxemia, and also
improved angiogenesis after femoral ligation. This finding strongly
suggests MSCs should first be primed for their full renoprotective
potential to be activated.

Despite the improvement in renal and vascular function, renal
homing and engraftment of codelivered HA-hydrogel-embedded
stem cells by HA-hydrogels remained very low (less than 1% of total
cells delivered, comparable to that with i.v. delivery). This finding
suggests that most of the therapeutic effects offered by the deliv-
eredstemcellsaremost likelymediatedalthoughparacrinesignaling
rather than their engraftmentand transdifferentiation. In supportof
this, we observed reduced levels of cytokines/chemokines in the
circulation of endotoxemic animals after the delivery of stem
cells. Furthermore, we also observed themacrophage secretome
is influenced by EPCs and MSCs. When HA-hydrogel-embedded
EPCs and MSCs were cocultured with macrophages, IL-4, IL-6,
IL-10, and KC release was enhanced. Increased release of IL-4,
IL-6, and KC strongly suggests EPCs and MSCs interact with

macrophages, effectively altering the latter’s polarization to an
anti-inflammatory wound healing phenotype (reviewed by Shi
et al. [33]). This was confirmed by the results of our RT-PCR
analysis, which indicated in vitro coincubation with stem cells
stimulated macrophage polarization from proinflammatory M1
to anti-inflammatory M2. Similarly, in our in vivo experiments,
we observed an increase in circulating M2 macrophages during
endotoxemia when EPCs and MSCs were codelivered by HA-
hydrogels. These findings are in concert with data from other
laboratories, who have reported that stromal cells (including bone
marrow-derived MSCs) promote M2 macrophage polarization in
both in vitro and in vivo settings [34–40]. The stem cell-induced
“push” of macrophage polarization would be very beneficial for
injury repair, because M2 macrophages not only secrete anti-
inflammatory molecules [41–43] but also produce growth factors
and control extracellular matrix degradation, thereby effectively
promoting tissue repair and regeneration [44, 45]. Thus, it appears
that at least a part of the therapeutic benefits of EPCs andMSCsare
promoted through their paracrine interactionwith components of
the innate immune system, in particular, through modulation of
monocyte/macrophage phenotype.

As indicated in the present study, HA-hydrogel embedding
altered the secretome of both EPCs and MSCs. It appears
the HA-hydrogel embedding-induced changes in EPC and MSC

Figure 7. Cytokine/chemokine release into the circulation of endotoxemic mice was measured 24 hours after injection of LPS and treatment
with hyaluronic acid-based (HA)-hydrogel-coembedded EPCs andMSCs (normoxic andhypoxic preconditioned). Delivery ofHA-hydrogel-coem-
bedded EPCs andMSCs (normoxic and hypoxic preconditioned) reduced the vast majority of cytokines/chemokines that were elevated during
LPS-induced endotoxemia. In the graph, changes in circulating cytokines/chemokines during endotoxemia andwith EPC andMSC treatment are
represented as the percentage of increases or decreases relative to endotoxemia without stem cell treatment. p, p # .05 vs. no treatment;
†, p # .10 vs. no treatment; #, p # .05 vs. EPCs +MSCs(h) treatment; ^, p # .10 vs. EPCs +MSCs(h) treatment. n = 5 (5 different mice for each
group). Abbreviations: EPCs, endothelial progenitor cells; GM-CSF, granulocyte macrophage colony-stimulating factor; (h), hypoxic; IFN-g,
interferon-g; IL, interleukin; LIX, lipopolysaccharide-induced CXC; LPS, lipopolysaccharide; MIP-1a, macrophage-inflammatory protein 1a;
MSCs, mesenchymal stem cells; VEGF, vascular endothelial growth factor.
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secretomes are a result of the activation of cell surface integrins
and intracellular cytoskeleton properties owing to the enhanced
rigidity (elastic module) offered by HA-hydrogel embedding [46].
In addition, the inclusion of ProNectin into the composition of
our HA-hydrogels provides an RGD sequence (an arginine-glycine-
aspartic acid-conserved motif) for integrins on the surface of stem
cells to bind to [47, 48]. When stem cell integrins bind to the RGD
sequence, cytoskeleton properties are altered and the cell’s release
of anti-inflammatory and proregenerative factors are stimulated
[13]. Activation of the EPC surface integrina4b1 plays a critical role
in stimulating the releaseof anti-inflammatoryandproregenerative
factors from EPCs, thereby enhancing the cell’s ability to medi-
ate tissue repair after injury [13]. Therefore, activation of critical
integrins and cytoskeleton properties induced in HA-hydrogel-
immobilized stemcells, alongwith the improved viability of embed-
ded stem cells during exposure to endotoxins, seems to be respon-
sible for the superior therapeutic benefits associatedwith stem cell
delivery by HA-hydrogels compared with conventional i.v. delivery.

Importantly, the therapeutic effects of stem cells are not
quenched while they remain embedded in the HA-hydrogel.
While embedded in the protective scaffold, the therapeutic para-
crine factors secreted from stem cells are able to escape from the
HA-hydrogel into the circulation. This was evident in our in vitro
experiments in which HA-hydrogel-embedded stem cells signifi-
cantly releaseda variety of cytokines/chemokines into the culture
medium. This further implies the therapeutic benefits of stem
cells for treatment of AKI are mediated through their paracrine
signaling and not specific renal homing and engraftment.

Another advantage of HA-hydrogels is that, in contrast to i.v.
delivery, HA-hydrogel stem cell delivery is not associated with
a high risk of embolism. In our previous experiences, i.v. delivery
ofMSCs tomicewas associatedwith an approximate 25%mortal-
ity rate becauseof embolism. In contrast,whenwedeliveredEPCs
and/orMSCs embedded in HA-hydrogels, we did not observe any
deaths from embolism. However, it is critical that HA-hydrogels
should not be delivered directly into large vessels, because this
would increase the risk of embolism. HA-hydrogels should be de-
livered subcutaneously or superficially to tissues that preferably
have small vessel or capillary networks, such that the paracrine
factors released by embedded stem cells can be distributed lo-
cally and systemically via the circulation.

Although MSCs reside in a variety of tissues and organs [49,
50], we used kidney-derived MSCs in the present experiments.
AlthoughMSC populations of different origins have similarmor-
phology and surface marker profiles, they also have dissimilar-
ities in their differentiation to various cell lineages [49]. Despite
such discrepancies, MSCs isolated from the bone marrow, cord
blood, amniotic fluid, and kidneys have all been much more ef-
fective than adipose-derived MSCs in alleviating kidney injury
when delivered to various models of AKI (reviewed by
Morigi and Benigni [51]) [52]. Although the transcriptome and

immunophenotype analysis by Pelekanos et al. [50] indicated
similarities between bone marrow- and kidney-derived MSCs,
the patterns of gene and protein expression strongly suggest
tissue-derivedMSCs retain unique properties specific to their tis-
sue of origin rendering themmore therapeutic for the specific tis-
sues from which they originate. This suggests kidney-derived
MSCs would be more effective in repairing kidney damage com-
pared with MSCs obtained from other tissues. However, addi-
tional studies are required to determine functional and
regenerative similarities anddifferences amongMSCsof different
origins.

CONCLUSION

HA-hydrogeldeliveryofEPCsaloneorcodeliveredwithhypoxicallypre-
conditionedMSCs offered significant protection of renal and vascular
function during endotoxemia, including reducing circulating lev-
els of cytokines/chemokines. The improvement of stem cell thera-
peutic efficacy when these cells are delivered by HA-hydrogels
appears to be a result of the alteration in the paracrine profile of
the embedded cells, which alters key responses of the innate im-
mune system that occur both on a systemic and on a local level at
specific sites of injury. One of the key effects is the ability of embed-
ded stem cells to alter the macrophage secretome and to induce
macrophage polarization to an M2 anti-inflammatory phenotype.
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