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Delivery of mesenchymal stem cells in
biomimetic engineered scaffolds promotes
healing of diabetic ulcers

Aim: We hypothesized that delivery of mesenchymal stem cells (MSCs) in a
biomimetic collagen scaffold improves wound healing in a diabetic mouse model.
Materials & methods: Rolled collagen scaffolds containing MSCs were implanted or
applied topically to diabetic C57BL/6 mice with excisional wounds. Results: Rolled
scaffolds were hypoxic, inducing MSC synthesis and secretion of VEGF. Diabetic
mice with wounds treated with rolled scaffolds containing MSCs showed increased
healing compared with controls. Histologic examination showed increased cellular
proliferation, increased VEGF expression and capillary density, and increased numbers
of macrophages, fibroblasts and smooth muscle cells. Addition of laminin to the
collagen scaffold enhanced these effects. Conclusion: Activated MSCs delivered in a
biomimetic-collagen scaffold enhanced wound healing in a translationally relevant

diabetic mouse model.
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One of the most important complications of
diabetes is the development of lower extrem-
ity ulcers. Approximately 2-3% of diabet-
ics develop foot ulcers each year, affecting
approximately 15-25% of diabetics during
their lifetime [1-s]. The etiology of delayed
and poor wound healing in diabetic ulcers
is complex and includes poor vascular perfu-
sion, neurological injury and trauma, as well
as limited cellular angiogenic potential, a
diminished population of mesenchymal stem
cells (MSCs) and reduction in the deposition
of appropriate extracellular matrix [2,3].
Wound healing requires multiple cell pro-
cesses, including proliferation, migration,
differentiation, matrix deposition and remod-
eling, angiogenesis, resulting in eventual re-
epithelialization of the wound [6]. Current
tissue engineering approaches to advanced
wound care therapy have been to enhance
these processes via delivery of either matrix-

based or cell-based scaffolds. Matrix-based
scaffolds include Alloderm®, dCell®, Integra®
and GraftJacket® that use matrix without
cells; cell-based scaffolds include Derma-
graft® and MySkin® that do not have signifi-
cant matrix, and Apligraft® and Epifix that
have both cells and matrix [7-9]. Although
these products promote wound healing, no
treatment paradigm has shown superior
long-term efficacy [s].

MSCs are a promising source of cells for
multiple regenerative processes, including
patches used for myocardial infarction and
skin regeneration [10-14]. MSCs give rise to
mesodermal lineages including muscle, fatand
pericytes and can transdifferentiate into epi-
dermal cells [15.16]; MSCs also enhance angio-
genesis via multiple cytokines that ameliorate
ischemic environments, including VEGF,
MCP-1 and MIP-1a. 17.18]. Culturing MSCs
in hypoxic conditions enhances their angio-
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Delivery of MSCs in biomimetic engineered scaffolds promotes healing of diabetic ulcers

Figure 1. In vitro validation of rolled collagen scaffold model (see facing page). (A) FACS analysis confirms
identity of murine mesenchymal stem cells with positive expression of CD34, CD44, Sca-1 and lack of expression
of CD117. (B) The collagen scaffold is created by compressing the collagen into a flat configuration (‘F’) and then
rolling it into a rolled configuration (‘R’). (C) Graph shows serial measurements of oxygen tension at the core of
arolled collagen scaffold. (D) Bar graph shows relative values of growth factor release into the medium after
72-h incubation from a flat or rolled collagen scaffold. VEGF: *p = 0.0006 (t-test); n = 8-9. TGF-B: p=0.9; n = 3.
FGF: p = 0.5; n = 3. (E) Left panel shows representative immunohistochemical analysis for VEGF in the core (top
row) and periphery (bottom row) of the rolled collagen scaffold at 0 h (left column) and 72 h (right column);
arrowheads show positive cells. Scale bar, 50 um. Right panel shows change in percentage of VEGF-positive cells
over time; p < 0.0001, ANOVA; *, core is significant at all time points versus time 0 (post hoc); **, periphery is

significant at all time points versus time 0 (post hoc).

genic potential 19], which is not surprising since MSCs
reside in the bone marrow niche 7z vivo that has lower
oxygen tension compared with typical atmospheric
conditions that are used for tissue culture [20].

The extracellular matrix plays a significant role
in controlling cell behavior, and the stem cell niche
directly and indirectly modulates stem cell func-
tions including self-renewal and differentiation [21).
The bone marrow MSC niche is made up of multiple
matrix proteins, including collagen I, collagen I'V, lam-
inin and fibronectin. By culturing cells within a 3D
scaffold, we can impart some physiological cues that
cells would normally be exposed to in tissues. The 3D
geometry of a biomimetic scaffold is an important fac-
tor that enhances its regenerative capacity, suggesting
the importance of mimicking the physical geometry of
the native cellular niche [22-24].

We hypothesized that use of a biomimetic scaf-
fold to deliver MSCs will enhance their therapeutic
potential. We previously showed that plastic compres-
sion of a collagen scaffold to a density approaching
that of tissue also creates a hypoxic central core that
would be of particular use as a biomimetic scaffold for
MSCs [24-26]. We used these compressed collagen scaf-
folds to deliver MSCs into a mouse model of diabetic
wounds to determine their therapeutic potential in this
translationally relevant model.

Materials & methods

Cells

Murine bone marrow-derived MSCs were obtained
from Cyagen (CA, USA). MSCs were cultured in
EGM-2 media (Lonza, Basel, Switzerland). MSC iden-
tity was confirmed with FACS analysis of passage 2
MSC using anti-CD34 (BioLegend, CA, USA), anti-
CD44 (BD Pharmingen, CA, USA), anti-Sca-1 (Bio-
Legend), and anti-CD117 (BioLegend) using an LSRII
flow cytometer (BD Biosciences, CA, USA). Cell
passages 2—6 were used for this study.

Collagen scaffolds
Collagen scaffolds were created by adding type 1 rat
tail collagen (3 ml of 5% solution; Enzo Life Sciences,

NY, USA), phosphate-buffered saline (PBS; 1 ml) and

10x DMEM (0.5 ml; Sigma-Aldrich, MO, USA) and
then pH adjusted to 7.0 using dropwise addition of
1 M NaOH according to the supplier directions. For
cellular constructs, 2 x 10° MSCs in 0.5 ml solution
were added to the collagen gel; for acellular constructs,
an equal volume PBS was added (final volume 5 ml).
MSC number was determined from previous work
showing high cell viability at this seeding density, and
the subsequent hypoxia gradient formed by cell con-
sumption of oxygen resulted in an upregulation of
the angiogenic growth factor cascade [27]. For laminin
containing scaffolds, 25 pg laminin (Corning, MA,
USA) was added. The collagen solution was allowed to
solidify within a rectangular mold (room temperature,
30 min) and then removed from the mold and com-
pressed between glass plates (5 min). The compressed
collagen sheet was then rolled tightly and placed in

media (37°C, 72 h).

Core oxygen tension

Fiberoptic fluorescent probes (Oxford Optronix Ltd,
Oxford, UK) were used to measure oxygen tension
in 3D rolled scaffolds in real time [25]. A probe was
embedded into the core of a rolled collagen scaffold,
with care taken to achieve 360 transillumination. The
scaffold was then placed into sterile media (originally
160 mmHg), and covered with parafilm. Oxygen

tension was measured at single-minute intervals.

Growth factor release

Collagen scaffolds were incubated at 37°C for 72 h and
then the medium was collected and growth factor con-
centrations were determined using mouse Quantikine
ELISA kits for VEGF, FGF or TGF-B according to
the manufacturer’s instructions (R&D Systems, MN,
USA).

Immunohistochemistry

Sections were heated in citric acid buffer (pH 6.0) at
100°C (10 min) for antigen retrieval. The sections
were treated with hydrogen peroxide (0.3%) in metha-
nol for 30 min at room temperature to block endog-
enous peroxidase activity and incubated with bovine
serum albumin (5%) in PBS containing Triton X-100
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Delivery of MSCs in biomimetic engineered scaffolds promotes healing of diabetic ulcers

Figure 2. Delivery of mesenchymal stem cells in a rolled collagen scaffold enhances wound healing in a diabetic
mouse leg wound model (see facing page). (A) Line graph shows wound size over time. *p < 0.0001 (two-way
ANOVA). Control: n = 6; MSC injection: n = 2; acellular collagen: n = 4; MSC collagen: n = 3. (B) Photographs

show representative images of wounds, days 0 and 3. Scale bar: 2 mm. (C) Bar graph shows mean wound area at
day 1in a replicate experiment with additional control group to include acellular + MSC. p = 0.0041 (ANOVA).

*p = 0.0037 versus control (post hoc) and p = 0.0347 versus acellular + MSC injection (post hoc). Control: n = 4;
acellular + MSC injection: n = 12; MSC: n = 6. (D) Representative images and bar graph showing percentage of cells
positive for Ki-67 adjacent to acellular and MSC scaffolds. *p = 0.0001 (t-test); n = 4. (E) Representative images
and bar graph showing percentage of cells positive for cleaved caspase-3 adjacent to acellular and MSC scaffolds.
p = 0.6 (t-test); n = 4. (F) Representative images and bar graph showing VEGF-positive cells adjacent to acellular
and MSC scaffolds. *p = 0.04 (t-test); n = 3-4. (G) Representative images and bar graph showing relative number
of capillaries adjacent to acellular and MSC scaffolds. *p < 0.0001 (t-test); n = 4. (D-G) Scale bars: 10 um. (H) Bar
graph showing F4/80-positive cells adjacent to acellular and MSC scaffolds. *p = 0.04 (t-test); n = 3-4. (I) Bar
graph showing smooth muscle actin-positive cells adjacent to acellular and MSC scaffolds. p = 0.2 (t-test); n = 3.

(J) Bar graph showing vimentin-positive cells adjacent to acellular and MSC scaffolds. *p = 0.003 (t-test); n = 3. Red

arrows show positive cells.
MSC: Mesenchymal stem cell.

(0.05%; T-PBS) for 1 h at room temperature to block
nonspecific protein-binding sites. Sections were then
incubated in T-PBS at 4°C with the primary antibod-
ies: anti-VEGEF (rabbit; 1:100; Santa Cruz Biotechnol-
ogy, TX, USA), Ki67 (rabbit: 1:200; Abcam, MA,
USA), anti-caspase 3 (rabbit: 1:1000; Cell signaling,
MA, USA), F4/80 (rat: 1:100; Abcam), a.-SMA (rab-
bit: 1:50; Abcam), vimentin (rabbit: 1:500; Abcam).
After overnight incubation, the sections were incubated
with either secondary anti-rabbit antibody Dako EnVi-
sion™ + Dual Link System-HRP (Dako, CA, USA)
or secondary anti-rat antibody (Dako) for 1 h at room
temperature and treated with Dako Liquid DAB+
Substrate Chromogen System (Dako) to visualize the
reaction products. Finally, the sections were coun-
terstained with Dako Mayer’s Hematoxylin (Lillie’s
Modification) Histological Staining Reagent (Dako).
Photomicrographs were then obtained of the slides
and positive staining cells were manually counted and
reported as a percentage of positive cells.

Diabetic hind limb wound model

All animal studies were performed in strict compli-
ance with Federal guidelines and approved by Yale
University’s Institutional Animal Care and Use Com-
mittee. Male C57BL/6 mice (8—12 weeks; 20-30 g;
Jackson Laboratory, ME, USA) were used for induc-
tion of diabetes with streptozotocin [28]. In brief, mice
were injected daily for 7 days with streptozotocin
(50 mg/kg IP; Tocris Biosciences, Bristol, UK). After
at least 1 week, hyperglycemia was confirmed with a
glucometer; only mice with blood glucose greater than
300 mg/dl were used.

Mice were anesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg). One of the lower extremi-
ties was removed of hair using a chemical depilatory
(Nair, NJ, USA). A full-thickness skin wound (6 mm
diameter) was then made over the anterior thigh of
the lower extremity. A subcutaneous pocket was cre-

ated with blunt dissection immediately adjacent to and
proximal to the wound, and a collagen scaffold (3 mm
length, containing 2 x 10° cells) was inserted into the
subcutaneous pocket. Control mice received either
no collagen scaffold, an acellular collagen scaffold,
and/or an injection of a matched number of MSCs
(2 x 10°) without a scaffold. For mice treated with an
MSC injection, the injection was made through the
wound into the subcutaneous space; a subcutaneous
pocket was not dissected to prevent creating additional
surgical trauma as well as avoiding leakage of MSCs
out of the injection site. Photographs of the wounds
were taken daily using a dissecting microscope and the
wound area analyzed (Image ] software, NIH). At the
completion of study, mice were euthanized and the
wounds and surrounding tissues were harvested and
processed. Paraffin embedded sections were prepared
and stained using immunohistochemistry for markers
of proliferation, apoptosis, VEGF, actin and markers
of macrophages and fibroblasts. The percentage of
positive cells was determined using manual counting
in four high power fields. Capillaries were identified
on H&E stained slides by their typical tubular mor-
phology and the presence of intraluminal red blood
cells; quantification was performed by averaging the
capillary density in four manually counted high power

fields.

MSC labeling & detection in vivo

MSCs were labeled with Molday ION Rhodamine B
(12.5 ng/ml; Biopal, MA, USA) for 18 h prior to
incorporation into the collagen scaffold. Immediately
after collagen incorporation, the mice (n = 3 for non-
labeled control and labeled groups, respectively) were
artificially ventilated (70% N,O and 30% O,) and
kept under 2% isoflurane anesthesia. The mice were
then positioned in a custom-buile MRI compatible
holder. The spin-echo MR datasets were obtained
using 11.7 T horizontal-bore spectrometer (Agilent,
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Figure 3. Retention of mesenchymal stem cells within the collagen scaffold in vivo. (A) Representative images showing detection

of nanoparticle-labeled mesenchymal stem cells in vivo; first two columns, MRI; middle two columns, histology; right two columns,
fluorescence. Top row, day 0; middle row, day 3; bottom row, day 7. Red arrows identify signal attenuation from labeled mesenchymal
stem cells, yellow arrows show corresponding region in control mice. Histology scale bar: 25 pm. (B) Left panel, representative image
showing presence of labeled cells in the collagen scaffold, and no labeled cells in adjacent tissue; red arrow shows unlabeled cells at
periphery of the collagen scaffold. Right panel, bar graph showing cell density in the core and periphery of the collagen scaffold.

*p =0.002 (t-test). n =4
HPF: High power field.

CA, USA) with a '"H RF surface coil of 1.5 cm diam-
eter positioned on top of the wound of the thigh. Axial
slices of 128 x 128 image matrix and 1-mm thickness
were acquired using a field of view of 25.6 mm? (in
plane resolution of 200 x 200 um), a recycle time of
1500 ms and echo time of 9 ms (gradient echo). The
resulting MR images were processed in Matlab (Math-
Works Inc., MA, USA). Longitudinal MR scannings
were performed on the same slice of the wounds for
the same animal at day 0, 3 and 7 for both nonlabeled

control and labeled mice. Rhodamine fluorescence was
detected using fluorescence microscopy. Iron oxide was
detected using Prussian blue staining.

Splinted back wound model

The splinted excisional wound model was created as
previously described [29]. In brief, diabetic mice were
anesthetized and removed of hair over their back using
a chemical depilatory. A full-thickness skin wound
(5 mm diameter) was created on the back. The colla-
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Delivery of MSCs in biomimetic engineered scaffolds promotes healing of diabetic ulcers

gen scaffold was divided into four pieces (7.5 mm each
containing 5 x 10° cells), and each piece implanted
into a subcutaneous pocket adjacent to the wound in
four equally spaced directions (total of 2 x 10° cells
implanted per mouse). Control mice received equiv-
alent-sized acellular collagen scaffolds. A silicone ring
(6 mm inner diameter, 0.5 mm thick) was sutured into
place surrounding the wound and a Tegaderm dressing
(3M, St Paul, MN, USA) was placed over the splinted
wound. Photographs of the wounds were taken daily
using a dissecting microscope and the wound area
analyzed (Image ] software, NIH). At the completion
of study, mice were euthanized and the wounds and
surrounding tissues were harvested and processed as
described above.

Topical application of collagen scaffolds
Acellular and MSC-containing collagen scaffolds were
created as described. Some scaffolds were then immedi-
ately unrolled back into a flat configuration (nonhypoxic)
or kept in rolled configuration (physiological hypoxia) for
the 72-h incubation 7z vitro (37°C). At the end of 72 h,
all scaffolds were unrolled into flat configuration. The
flat scaffolds were then secured on top of splinted back
wounds of diabetic mice using eight evenly spaced nylon
sutures at the wound edge; no scaffolds were implanted
in mice receiving topical scaffolds. Photographs of the
wounds were taken daily using a dissecting microscope
and the wound area analyzed (Image ] software). At
the completion of study, mice were euthanized and the
wounds and surrounding tissues were harvested and
processed as described above.

Statistical analysis

Results are presented as mean value + SEM. A two-
tailed #-test or analysis of variance was used for compari-
son between groups. Results were considered significant
when p < 0.05. The Tukey’s post hoc test was used for
correction of results that were significant by ANOVA.
GraphPad Prism 6 software (La Jolla, CA, USA) was

used for statistical analysis and creation of graphs.

Results

A collagen scaffold increases VEGF secretion
from MSC in vitro

In order to determine whether a biomimetic scaffold
enables MSC survival and function iz vitro, MSCs
were embedded into rolled collagen scaffolds as pre-
viously described [30]. FACS analysis confirmed that
the murine MSC expressed CD34, CD44 and Sca-1,
but not CD117, prior to implantation (Figure 1A), as
expected from the supplier documentation [31]. MSCs
were embedded in compressed collagen gels, which
were either left as flat sheets or rolled, to provide a com-

plex 3D geometry (Figure 1B) with a central hypoxic
core (Figure 1C). The hypoxia generated through cell
consumption of O, in rolled scaffolds resulted in a
higher level of VEGF secretion into the medium, but
this hypoxic environment did not promote the secre-
tion of TGF-B or FGF (Figure 1D), suggesting that
the geometrically complex scaffolds provided MSCs
with a microenvironment promoting secretion of the
angiogenic factor VEGF. VEGEF-positive MSCs were
detectable at baseline; within 12 h MSCs in the core
of the rolled scaffold were nearly uniformly VEGEF-
positive, whereas MSCs at the periphery required
approximately 72 h to develop near uniform VEGF
positivity (Figure 1E). These results suggest that the
hypoxic core environment of the rolled scaffold stimu-
lates MSC production of VEGF that likely stimulates
the MSCs in the periphery of the scaffold to increase
VEGF synthesis and secretion.

Activated MSC in collagen scaffolds increase
wound healing in vivo

Since MSCs have increased VEGF upregulation and
release in rolled scaffolds, compared with flat scaffolds,
in vitro, we determined whether delivery of MSCs in a
rolled scaffold enhances wound healing in a diabetic
mouse leg wound model. Preoperative age, weight and
the rate of diabetes achieved after streptozotocin therapy
were similar between all groups (data not shown). The
basal rate of wound healing was significantly reduced
in diabetic mice compared with nondiabetic mice
(p < 0.0001, ANOVA; n = 4; data not shown). In dia-
betic mice, rolled scaffolds without or with MSCs were
implanted subcutaneously just proximal to the wound
at the time of wound creation. Control diabetic mice
healed the leg wounds within approximately 7 days.
Wounds to which MSCs were delivered in a rolled
scaffold showed significant improvement in wound
healing by day 1 compared with mice receiving either
collagen scaffolds without MSCs, or MSC injected
directly into the wound (Figures 2A & B), suggesting
that the combination of a relevant cell type delivered
in a biomimetic scaffold was critical to enhance wound
healing. Mice receiving rolled scaffolds with MSCs
not only healed more quickly compared with mice
receiving both acellular collagen scaffolds and MSCs
directly injected into the wound, but closed the wound
area by a significant margin (64% closure vs 49%
with MSC injection vs 37% with acellular scaffold
on day 1, p = 0.004; Figure 2C). Examination of the
tissue immediately adjacent to the collagen scaffolds
showed that there was increased numbers of proliferat-
ing cells (Figure 2D) with no change in apoptotic cells
(Figure 2E) in scaffolds containing MSC compared with
acellular scaffolds. Since MSC-containing scaffolds
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Delivery of MSCs in biomimetic engineered scaffolds promotes healing of diabetic ulcers

Figure 4. Delivery of mesenchymal stem cells in a rolled collagen scaffold enhances wound healing in a diabetic
mouse splinted back wound model (see facing page). (A) Line graph shows wound size over time. *p < 0.0001
(two-way ANOVA); n = 6. (B) Photographs show representative images of wounds, days 0 and 5. Scale bar 2 mm.
(C) Representative images and bar graph showing percentage of cells positive for Ki-67 adjacent to acellular and
MSC scaffolds. *p = 0.003 (t-test); n = 3. (D) Representative images and bar graph showing percentage of cells
positive for cleaved caspase-3 adjacent to acellular and MSC scaffolds. p = 0.8 (t-test); n = 3. (E) Representative
images and bar graph showing VEGF-positive cells adjacent to acellular and MSC scaffolds. *p < 0.0001 (t-test);

n = 4. Scale bars (C-F), 10 um. (F) Representative images and bar graph showing relative number of capillaries
adjacent to acellular and MSC scaffolds. *p = 0.02 (t-test); n = 5-6. (G) Bar graph showing F4/80-positive cells
adjacent to acellular and MSC scaffolds. *p = 0.02 (t-test); n = 3. (H) Bar graph showing smooth muscle actin-
positive cells adjacent to acellular and MSC scaffolds. *p = 0.01 (t-test); n = 3. (I) Bar graph showing vimentin-
positive cells adjacent to acellular and MSC scaffolds. *p = 0.003 (t-test); n = 3. Red arrows show positive cells.

MSC: Mesenchymal stem cell.

secrete more VEGEF i vitro in the rolled configuration
compared with flat scaffolds (Figure 1D), we examined
VEGE secretion 7 vivo; there were increased numbers
of VEGEF-positive cells in the tissue adjacent to MSC-
containing scaffolds compared with acellular scaffolds
(Figure 2F). Similarly there were more capillaries adja-
cent to MSC-containing scaffolds compared with acel-
lular scaffolds (Figure 2G). There were more cells that
were F4/80-positive, consistent with macrophages as
well as vimentin-positive, consistent with fibroblasts,
and a trend toward increased numbers of smooth mus-
cle actin (SMA)-positive cells, consistent with myofi-
broblasts, near MSC-containing scaffolds compared
with acellular scaffolds (Figures 2H-J). These data show
that MSCs in a rolled scaffold enhance wound healing
in vivo, in multiple ways, of which enhancing wound
vascularization is one such mechanism. These findings
are consistent with our original hypothesis that by cre-
ating a biomimetic physiological environment for the
MSCs, we enhance their wound healing capability.
Since there was increased cell proliferation and
enhanced wound healing in diabetic mice with wounds
treated with MSC-containing scaffolds, we determined
whether MSCs persist in the scaffold in vivo after
implantation. MSCs were labeled with nanoparticles
containing both iron and rhodamine prior to implanta-
tion. MRI was used to detect the labeled cells 7 vivo.
Iron-labeled cells were detectable in the collagen scaf-
fold immediately after implantation as well as on post-
operative days 3 and 7 (Figure 3A; first two columns).
The MRI data from iron labeled mice showed a specific
darkening (red arrow in Figure 3A) that was absent in
the control mice (yellow arrow in Figure 3A). Simi-
latly, iron-labeled cells were also detectable with histol-
ogy through day 7 (Figure 3A; middle two columns).
In addition, the rhodamine-labeled cells were directly
detectable through day 7 (Figure 3A; last two columns).
Since labeled MSCs were detectable in the collagen
scaffold 77 vivo postoperatively, and proliferating cells
were present adjacent to the scaffold (Figure 2D), we
examined scaffolds to determine if any unlabeled cells
were also present. Unlabeled cells were present in the

scaffold, with more unlabeled cells in the periphery
of the scaffold compared with the core of the scaffold
(Figure 3B). These results suggest that cells migrate into
the scaffold after implantation, for example, biomimetic
scaffolds promote cell survival 77 vivo.

Activated MSCs increase wound healing in a
splinted back wound model

Since the diabetic mouse wound healing model is
thought to measure both wound healing as well as
wound contraction, and human wounds generally heal
with little contraction, we determined whether MSC-
containing scaffolds promote wound healing in the
splinted back wound model, as this model prevents
wound contraction [32]. Rolled collagen scaffolds with-
out and with MSCs were implanted subcutaneously
adjacent to splinted back wounds in diabetic mice.
Wounds treated with MSC-containing scaffolds had
increased wound healing compared with acellular rolled
scaffolds as early as postoperative day 4 (36 vs 31%, day
4; 51 vs 35%), day 5; 68 vs 55%, day 6; p < 0.0001;
Figures 4A & B). Similar to the diabetic leg wounds
treated with MSC-containing scaffolds, splinted dia-
betic back wounds treated with MSC-containing
scaffolds had adjacent increased proliferation without
increased apoptosis, increased VEGE-positive cells and
capillaries and increased numbers of F4/80-, SMA- and
vimentin-positive cells (Figures 4C-1). These results sug-
gest that MSC-containing scaffolds promote wound
healing in splinted diabetic back wounds, for example,
they promote wound healing in a clinically relevant
model.

Laminin improves wound healing efficiency

Since laminin promotes MSC function in tissue-
engineered constructs [33], and we have previously
shown that laminin promotes vascular network forma-
tion in 3D collagen scaffolds [34], we determined the
effects of laminin in the splinted diabetic mouse back
wound model. Relative to mice treated with acellular
laminin-containing collagen scaffolds, mice treated
with MSC in laminin-containing collagen scaffolds
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showed an increased rate of wound healing (64 vs 31%,
day 4; 52 vs 22%, day 5; p < 0.0001; Figures 5A & B).
Wounds treated with MSC + laminin-containing col-
lagen scaffolds showed increased proliferation without
increased apoptosis, increased VEGE-positive cells and
capillaries and increased numbers of F4/80-, SMA-
and vimentin-positive cells in comparison to wounds
treated with acellular laminin-containing collagen
scaffolds (Figures 5C-1).

Interestingly, wounds that were treated with MSCs
in laminin-containing collagen scaffolds (Figure 5A)
had an even further increased rate of wound healing
in comparison to treatment with MSCs in collagen
scaffolds without laminin (Figure 4A; p < 0.0001,
ANOVA). Furthermore, wounds that were treated
with MSCs in laminin-containing collagen scaf-
folds had increased VEGF-positive cells (83 vs 65%;
p = 0.002, #-test), increased numbers of F4/80-positive
cells (76 vs 60%; p = 0.0007, #-test) and a dramati-
cally increased number of vimentin-positive cells (70 vs
11%; p < 0.0001, #test) compared with treatment with
MSCs in collagen scaffolds without laminin. These
results show that addition of laminin to the collagen
scaffold augments the rate of diabetic wound heal-
ing, suggesting that the biomimetic scaffold promotes
MSC survival and/or function iz vivo.

MSC delivered topically increase wound
healing
Since biomimetic scaffolds containing MSCs heal
diabetic leg wounds as well as diabetic splinted back
wounds, we determined if scaffolds that were unrolled
prior to topical application would be similarly success-
ful, for example, the improved MSCs function would
retain its efficacy in a clinically useful model. Topical
application of collagen scaffolds containing MSCs that
were cultured in rolled configuration for 72 h in vitro
and then unrolled prior to implantation iz vivo (‘rolled
in vitro’) showed improved wound healing compared
with acellular scaffolds (Figure 6A, red line vs black
line; p < 0.0001, ANOVA). Wounds treated with topi-
cal scaffolds containing MSCs had increased prolif-
eration without increased apoptosis, increased VEGE-
positive cells and capillaries, and increased numbers of
F4/80-, SMA- and vimentin-positive cells in compari-
son to wounds treated with acellular collagen scaffolds
(Figures 6C-1). These results show that rolled biomi-
metic scaffolds contain MSCs with enhanced survival
and/or function that retain the ability to enhance
wound healing even when applied topically to the
wound, for example, without the continued hypoxic or
biomimetic environment.

Since these results suggest the importance of the
cells being in the rolled scaffold configuration during

the 7n vitro culture period to promote MSCs survival
and/or function, we hypothesized that MSCs cultured
in flat configuration would lose the enhancement of
MSCs survival and/or function. Therefore, MSCs
were seeded in scaffolds and rolled, but immediately
unrolled and cultured % vitro for 72 h in flat configu-
ration prior to topical application to the wound. These
scaffolds (‘flat in vitro’) showed reduced rates of wound
healing compared with scaffolds that were cultured in
rolled configuration in vitro (Figure 6A, blue line vs red
line; p < 0.0001, ANOVA). Furthermore, unrolling
the scaffolds immediately after creation and culturing
in a flat configuration resulted in reduced VEGF-pos-
itive cells (63 vs 82%; p < 0.05, ANOVA; Figure 6E),
reduced capillary formation (1.7 vs 2.5%; p < 0.05,
ANOVA; Figure 6F) and reduced numbers of vimentin-
positive cells (16 vs 37%; p < 0.05, ANOVA; Figure 6l)
compared with wounds treated with scaffolds cultured
in the rolled configuration. These results confirm that
culture of MSCs in a biomimetic scaffold in the rolled
configuration promotes MSC survival and/or function
to enhance wound healing and that is retained with
topical application to the wound.

Discussion

We show that MSC-seeded collagen scaffolds rapidly
develop a hypoxic core that increases VEGF secretion
(Figure 1), and that delivery of MSCs in a biomimetic
collagen scaffold increases wound healing in the dia-
betic mouse leg model (Figure 2). Interestingly, MSCs
can be found up to 1 week after implantation iz vivo,
suggesting that the collagen scaffold promotes MSC
survival (Figure 3). Use of the splinted back wound
model also shows improved wound healing with MSCs
(Figure 4), suggesting the translatability of this strat-
egy to human diabetic patients. Addition of laminin to
the scaffold improves wound healing, confirming the
importance of the scaffold in reproducing the MSCs
niche environment (Figure 5). Finally we show that
MSC:s conditioned in collagen scaffolds can be deliv-
ered topically to enhance diabetic wound healing, and
that the rolled configuration of the biomimetic scaf-
fold is important to promoting MSC survival and/or
function (Figure 6). These results show that biomi-
metic scaffolds can promote stem cell survival and
function, enabling a new therapeutic modality for
diabetic wounds.

There has been a recent appreciation for the use of
3D scaffolds to aid regeneration and healing of dis-
eased tissues. Recent work includes the use of acellular
patches made of extracellular matrix, mainly collagen
type I, to aid the regeneration process in infarcted
cardiac tissue; these patches provided superior heal-
ing compared with polymeric patches [35]. Similarly
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Figure 5. Addition of laminin to the rolled collagen scaffold further enhances wound healing in a diabetic mouse splinted back
wound model. (A) Line graph shows wound size over time.*p < 0.0001 (two-way ANOVA); n = 3. (B) Photographs show representative
images of wounds, days 0 and 4. Scale bar: 2 mm. (C) Representative images and bar graph showing percentage of cells positive for
Ki-67 adjacent to acellular + laminin and MSC + laminin collagen scaffolds. *p = 0.02 (t-test); n = 3. (D) Representative images and bar
graph showing percentage of cells positive for cleaved caspase-3 adjacent to acellular + laminin and MSC + laminin collagen scaffolds;
p = 0.8 (t-test); n = 3. (E) Representative images and bar graph showing VEGF-positive cells adjacent to acellular + laminin and MSC +
laminin collagen scaffolds; *p < 0.0001 (t-test); n = 3. (F) Representative images and bar graph showing relative number of capillaries
adjacent to acellular + laminin and MSC + laminin collagen scaffolds. *p = 0.02 (t-test); n = 3. Scale bars (C-F), 10 um. (G) Bar graph
showing F4/80-positive cells adjacent to acellular + laminin and MSC + laminin collagen scaffolds. *p < 0.0001 (t-test); n = 3. (H) Bar
graph showing smooth muscle actin-positive cells adjacent to acellular + laminin and MSC + laminin collagen scaffolds. *p = 0.01 (t-
test); n = 3. (1) Bar graph showing vimentin-positive cells adjacent to acellular + laminin and MSC + laminin collagen scaffolds.

*p = 0.0005 (t-test); n = 3. Red arrows show positive cells.

MSC: Mesenchymal stem cell.
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Figure 6. Topical application of collagen scaffolds containing mesenchymal stem cells enhances wound healing in
a diabetic mouse splinted back wound model. (A) Line graph shows wound size over time. *p < 0.0001

(two-way ANOVA); n = 3. (B) Photographs show representative images of wounds, days 0 and 5. Scale bar: 2 mm.
(C) Bar graph showing percentage of cells positive for Ki-67 adjacent to acellular and MSC collagen scaffolds
applied topically; p < 0.0001 (one-way ANOVA); n = 3. *p < 0.05 (post hoc) MSC flat versus acellular rolled and
acellular flat. **p < 0.05 (post hoc) MSC rolled versus acellular rolled and acellular flat. (D) Bar graph showing
percentage of cells positive for cleaved caspase-3 adjacent to acellular and MSC collagen scaffolds applied
topically. p = 0.7 (one-way ANOVA); n = 3. (E) Bar graph showing percentage of VEGF-positive cells adjacent to
acellular and MSC collagen scaffolds applied topically. p < 0.0001 (one-way ANOVA); n = 3. *p < 0.05 (post hoc)
MSC flat versus acellular rolled and acellular flat. **p < 0.05 (post hoc) MSC rolled versus MSC flat, acellular rolled
and acellular flat. (F) Bar graph showing relative number of capillaries adjacent to acellular and MSC collagen
scaffolds applied topically. p = 0.0003 (one-way ANOVA); n = 3. *p < 0.05 (post hoc) MSC flat versus acellular rolled
and acellular flat. **p < 0.05 (post hoc) MSC rolled versus MSC flat, acellular rolled and acellular flat. (G) Bar graph
showing F4/80-positive cells adjacent to acellular and MSC collagen scaffolds applied topically. p = 0.01 (one-way
ANOVA); n = 3. *p < 0.05 (post hoc) MSC flat versus acellular flat. **p < 0.05 (post hoc) MSC rolled versus acellular

flat. (H) Bar graph showing smooth muscle actin-positive cells adjacent to acellular and MSC collagen scaffolds
applied topically. p = 0.009 (one-way ANOVA); n = 3. *p < 0.05 (post hoc) MSC flat versus acellular flat.

**p < 0.05 (post hoc) MSC rolled versus acellular flat and acellular rolled. (1) Bar graph showing vimentin-positive
cells adjacent to acellular and MSC collagen scaffolds applied topically. p < 0.0001 (one-way ANOVA); n = 3.

*p < 0.05 (post hoc) MSC rolled versus MSC flat, acellular flat and acellular rolled.

MSC: Mesenchymal stem cell.

a 3D vicryl graft was used to deliver adipose-derived
stromal vascular fraction cells to improve cardiac func-
tion after infarct [36]. We used a biomimetic scaffold
to optimize MSC angiogenic potential, enhancing
wound healing in diabetic mice. Our approach was
to control three physiological parameters to optimize
the biomimetic nature of the environment based on
the MSC niche environment 77 vivo. These parameters
included biomimetic matrix composition, tissue-like
matrix density and physiological oxygen environment.
The matrix material tested was either collagen I only
or collagen I with laminin. Matrix density was con-
trolled and increased to approximately 10%, which
is approaching tissue density, by the process of plastic
compression [24]. Cell-embedded scaffolds were rolled
in a spiral configuration to create a hypoxic gradient
maximally at the scaffold core; we have previously
shown that this scaffold configuration stimulates mul-
tiple cell types to increase VEGF synthesis and secre-
tion [25]. Our data suggest that use of the proper matrix
components, at physiological density and configura-
tion, promotes MSC survival and function to promote
wound healing. Interestingly, diabetes is associated
with diminished subpopulations of MSCs, suggesting
that diabetic ulcers may be amenable to therapies that
restore MSC numbers and/or function [373s].

The stem cell niche provides a microenvironment
conducive for stem cell survival and maintenance of
multipotency. Within the bone marrow, the physi-
ological site of the MSCs niche environment, reported
levels of physiological pO, range between 0 and
7% [2039]. MSCs within rolled collagen scaffolds gen-
erated physiological hypoxia due to the formation of
O, consumption gradients [25]. The level of O, within
the core of our constructs dipped below 1% for the first
12 h of culture, which is nearing pathological hypoxia

(Figure 1C). We hypothesize that changes in MSC O,
metabolism then result in a lower consumption of
O,, allowing stabilization of O, levels at 50 mmHg
(6.6%) from 24 h onward (Figure 1C), since this low
O, environment does not result in loss of cell viability
of implanted scaffolds (Figure 3). Indeed, we were able
to detect persistent MSCs 77 vivo even after 1 week
(Figure 3). Interestingly, after 72 h of hypoxia, subse-
quent exposure of the MSCs to the ambient environ-
ment with topical application retains efficacy of wound
healing (Figure 6), suggesting that the hypoxic cellular
activation is not transient.

Addition of laminin to the collagen scaffold pro-
motes wound healing as well as increases the number of
VEGF-positive cells, macrophages and fibroblasts near
the implanted scaffold (Figure 5), suggesting that the
biomimetic scaffold promotes MSC survival and/or
function 7z vivo. We have also shown that inclusion
of laminin increases cell expression of integrin o6 and
VEGFR2 as well as VEGF uptake (34]. These data
suggest that the matrix composition of the scaffold
to which the cells are attached is critical for optimal
cell function and wound healing. Other groups have
shown that MSCs cultured in defined matrix scaf-
folds can direct lineage commitment, particularly true
of laminins [40]. The importance of the topographical
and mechanical properties of scaffolds in which cells
are cultured is a driver of multiple cell functions [41].
However, the optimal niche composition and physical
organization for MSCs remains to be defined [42]. For
example, the role of hydroxyapatite in promoting MSC
survival and function is yet to be determined.

We also show that topical application of the unrolled
flat MSC-containing scaffold improves wound healing
in the splinted back wound model (Figure 6). These
results suggest that delivering MSCs with a biomimetic
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scaffold may be translatable to human patients with
diabetic wounds, either via subcutaneous implantation
near the wound (Figures 2, 4 & 5) or topically on the
wound (Figure 6). Since the subcutaneous implants
were in the rolled configuration and the topical appli-
cation was in the flat configuration, these results sug-
gest that the hypoxia-activated MSCs are the key ther-
apeutic agent, rather than the scaffold, for example, the
critical aspect of the biomimetic scaffold is its ability
to activate MSCs to promote cellular survival and/or
function. One limitation of this study is the relatively
small n used in each of the individual 7 vive experi-
ments; however, the reproducibility of the results using
multiple delivery parameters suggests, in toto, that the
biomimetic scaffold improves MSC function suffi-
ciently to promote wound healing 7 vivo. Furthermore,
the consistently improved rate of early wound healing
shown in all the experiments may be translatable to
clinically meaningful results for patients.

Conclusion

In summary, we show that delivery of MSCs in bio-
mimetic scaffolds through implantation or by topi-
cal application promotes wound healing in a transla-
tionally relevant diabetic mouse model. These results
suggest that a tissue engineering approach is a viable
approach to this difficult and complex clinical prob-

lem. These results also suggest that a biomimetic
scaffold can mimic a stem cell niche environment,
promoting stem cell survival and/or function i vivo,
potentially increasing their therapeutic application.
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Executive summary

therapeutic applications.

function.

hindlimb wound and splinted back wound models.

model for stem cell treatment of wounds.

Tissue-engineered collagen scaffolds activate mesenchymal stem cells
e Collagen scaffolds, with or without laminin, can be used to both activate stem cells and to deliver them for

e Stem cells cultured in collagen scaffolds release detectable levels of angiogenic mediators including VEGF.
e Collagen scaffolds may mimic the natural stem cell niche environment promoting stem cell survival and/or

Activated mesenchymal stem cells in collagen scaffolds increase wound healing in vivo
e Lower extremity wounds remain an important clinical problem for patients with diabetes.
e Activated mesenchymal stem cells (MSCs) implanted adjacent to a wound promote healing in diabetic mouse

Topical application of activated MSCs promotes wound healing
e Activated MSCs placed topically on a wound promote healing in a diabetic mouse splinted back wound model.

e Topical application of activated stem cells with a collagen scaffold is a viable and translationally relevant

e Tissue-engineering approaches may yield solutions to management of diabetic wounds.
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Selected renal cells modulate disease
progression in rodent models of chronic
kidney disease via NF-«xB and TGF-31
pathways

Aim: Identification of mechanistic pathways for selected renal cell (SRC) therapeutic
bioactivity in rodent models of chronic kidney disease. Materials & methods: /n vivo
and in vitro functional bioassays applied to investigate regenerative outcomes
associated with delivery of SRC to diseased rodent kidney. Results: /In vivo, SRC
reduces chronic infiltration by monocytes/macrophages. SRC attenuates NF-kB and
PAI-1 responses while simultaneously promoting host tubular cell expansion through
trophic cues. In vitro, SRC-derived conditioned media attenuates TNF-a-induced NF-xB
response, TGF-B-mediated PAI-1 response and increases expression of transcripts
associated with cell cycle regulation. Observed bioactive responses were from vesicle
and nonvesicle-associated factors, including specific miRNAs. Conclusion: We identify
a paracrine mechanism for SRC immunomodulatory and trophic cues on host renal

tissues, catalyzing long-term functional benefits in vivo.

Keywords: cell therapy e chronic kidney disease e fibrosis e inflammation ¢ mechanism of
action e miRNA e NF-xB e PAI-1 e paracrine e regeneration e selected renal cell e stem cell

e tissue engineering ® vesicle

Chronic kidney disease (CKD) represents
a significant and increasing healthcare issue
in North America and the rest of the world.
Observed rates of increase are due principally
to development of renal failure secondary to
noninsulin-dependent diabetes and hyperten-
sion [1]. Modern strategies for management
of the CKD patient population are based on
pharmaceuticals for amelioration of the pri-
mary disease (i.e., glycemic control agents and
antihypertensive agents) that serve to modu-
late development of secondary renal damage
and disease. Ultimately, however, dialysis
or whole organ transplantation is indicated
as a proxy for renal filtration functionality.
Patients presenting with advanced CKD are
also controlled through pharmaceuticals to
restore other key aspects of renal bioactivity,
including erythropoiesis catalyzed by eryth-
ropoietin (EPO), and secretion of vitamin D
from tubule-specific vitamin D hydroxy-
lase [2]. Whole kidney transplantation remains
the standard of care, but the CKD patient

population advancing to end-stage renal dis-
ease (ESRD) requiring dialysis or transplant
is much greater than the number of accept-
able donor kidneys [3]. To this end, regenera-
tive medicine and tissue-engineering meth-
odologies may provide additional therapeutic
possibilities for CKD patients.

Rescue of renal functionality with cell-
based methodologies has been explored
clinically for acute renal failure (ARF) with
extracorporeal filtration units containing
renal tubular cells 4], and by transfer of allo-
geneically sourced mesenchymal stem cells
(MSCs) through the renal artery [5.6]. These
approaches mediate short-term recovery of
defined renal functionalities. Preclinical stud-
ies involving delivery of different cell popula-
tions immediately before or after establish-
ment of ARF include: intrarenal or systemic
delivery of MSC (7], fetal cells or tissue rudi-
ments (8-11] and endothelial progenitor cells
(EPC) [12,13]. Preclinical studies of cell-based
therapies for CKD are limited, with few sys-
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tematic investigations of the therapeutic potential of
cell-based treatments after onset of chronic injury. Ther-
apeutic bioactivity has been observed in rodent models
of Alport syndrome following treatment with bone mar-
row cells [14], in rodent models of partial nephrectomy
or ischemia-reperfusion injury following systemic injec-
tion with fetal kidney cells [15], and in swine models of
unilateral renal artery stenosis following treatment with
autologously sourced EPC [13].

Typically, strategies currently under consideration for
cell therapy of the kidney in response to onset of CKD
have focused on leveraging the potential paracrine-
mediated therapeutic properties of MSC, embryonic
stem cells and related cell populations (reviewed by [16]).
However, from a manufacturing and product develop-
ment perspective, primary cell types are preferable when
compared with stem and progenitor cell populations,
owing to considerable streamlining of isolation, expan-
sion, maintenance and characterization conditions
(reviewed by [17.18]). To this end, numerous studies on
regeneration of renal architecture and function follow-
ing acute kidney injury point to tubular epithelial cells
as central in restoration of renal functionality [19.20].

Tubular cells can be separated from other kidney cell
types on the basis of differential buoyant density [21].
This predominant population of tubular cells is repro-
ducibly separable from remnant cells as a well-defined
band (B2) with buoyant density between 1.045 and
1.063 g/ml and is characterized as an epithelial cell-
enriched population comprised of tubular and aquapo-
rin 2-positive collecting duct cells [21]. Upon delivery to
5/6-nephrectomized (5/6N)) rats 47 weeks postinjury,
B2 cells stimulated tissue regeneration and stabilized
renal filtration functions for 6 months post-treatment,
leading to 100% survival in treated rats versus 0% sur-
vival in untreated rats. B2 cells were therefore leveraged
to form the principal component of selected renal cells
(SRCs; see the ‘Materials & methods’ section for addi-
tional details). BI and B5 cell populations, representing
additional defined bands with distinct buoyant densities,
were observed to be therapeutically inert in rodent CKD
models, and are additionally leveraged as non-SRC cel-
lular controls in the current report [21-23]. These cell
populations (B1-B5) have been phenotypically charac-
terized in detail at the morphological, transcriptomic
and immunohistochemical (IHC) levels [21-23] and are
composed of principally E-cadherin (ECAD"), Pan-
cadherin*, cytokeratin 8/18/19 (CK8/18/19*), gamma
glutamyl transpeptidase (GGT1*) cells and oxygen
responsive EPO* (erythropoietin) subpopulations [21-23].

From a mechanism of action (MOA) perspective,
although engraftment of SRC within the treated kid-
ney has been demonstrated out to 6 months postim-
plantation [21-23], this is likely not the only therapeutic

mechanism at play for preserving nephron function
and delaying overt tissue inflammation and fibrosis.
The ability to augment renal function with SRC might
reflect a combination of the potential of the engrafted
cell to salvage cellular compartments and the auto-
crine, paracrine and perhaps endocrine factors that are
transiently and/or constitutively transferred to a recipi-
ent diseased cell from the donor cell population. Addi-
tionally, we note that SRC have not been observed to
engraft at sites other than the targeted kidney.

The development of tubulointerstitial fibrosis during
the progression of CKD is associated with TGF-f1-
mediated epithelial-mesenchymal transition (EMT) of
tubular epithelial cells [24]. Progressive fibrosis is a hall-
mark of CKD and is a clear feature of the 5/6N_model.
The accumulation of fibrotic extracellular matrix
(ECM) proteins, which include fibronectin (FN) and
type I collagen, has long been associated with persis-
tent expression of TGF-BI by injured or distressed
cells [25]. Plasmin-dependent proteolysis of ECM pro-
teins, through the increased expression of PAI-1, can
further promote the development of fibrotic lesions [26].
It has been demonstrated that TGF-B1 and PAI-1
interact within a positive feedback loop that may, in the
absence of intervention, trigger pathologies associated
with uncontrolled deposition and inadequate degrada-
tion of ECM [27]. Molecular analyses of diseased rodent
kidney tissue at the time of necropsy (3 and 6 months
after treatment) demonstrate that treatment with B2
attenuated expression of TGF-f1, PAI-1 and FN [21-23).
These observations taken together suggest that B2 cells
are communicating to host cells through paracrine
factors. This hypothesis is supported, in part, by the
observation that the reduction in profibrotic markers is
maintained even 6 months after implantation, despite
the relatively low number of donor cells as detected by
PCR-based analysis of SRY in those same tissues [21-23].

In this manuscript, we extend our previously pub-
lished observations by hypothesizing a paracrine-medi-
ated MOA for observed therapeutic bioactivity of SRC
in preclinical rodent models of CKD (5/6N_Lewis rats
and ZSF1 diabetic nephropathy model, see the ‘Mate-
rials & methods’ section below). Specific histological
observations of antifibrotic and anti-inflammatory
outcomes secondary to SRC delivery in rodent CKD
kidneys led us to investigate at a molecular level the
NF-kB and TGF-Bl-mediated PAI-1 signaling path-
ways known to drive tissue inflammation and fibro-
sis during onset of CKD [27]. We further hypothesize
that these SRC-derived paracrine factors may func-
tion through extracellular vesicle-mediated commu-
nication mechanisms. To this end, we used molecular
histologic techniques to show SRC can attenuate the
NF-kB and PAI-1 responses known to drive tissue
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inflammation and fibrosis, while simultaneously pro-
moting host tubular cell expansion through trophic
cues. As an indicator of renal-specific and NF-kB-
mediated inflammatory status, urine CCL2/MCP-1
and CCL5/RANTES protein levels were measured
by ELISA [28] and observed to at least partially be
modulated in response to SRC. Consistent with these
in vivo outcomes, we demonstrate that SRC-derived
conditioned media (CM) can attenuate the TNF-a-
induced NF-kB response, TGF-Bl-mediated PAI-1
response and increase expression of transcripts associ-
ated with cell cycle regulation in established renal cell
lines. Observed bioactive responses were from vesicle
and nonvesicle-associated factors present in SRC-CM.
These in vitro findings recapitulate our i vivo analysis
of rat SRC-treated kidneys: robust inhibition of NF-kB
activation and PAI-1 expression and increased number
of proliferative cells in targeted tissues is observed fol-
lowing direct SRC injection. Taken together, these
data identify a paracrine mechanism by which SRC
may provide immunomodulatory and trophic cues to
diseased host renal tissues.

Materials & methods

Animal models of CKD

Materials generated from rodent models of CKD were
derived from studies previously described [21-23.29]. For
characterizing the pathogenesis of CKD, 30 female
Lewis rats underwent a two-step 5/6N_ procedure as
previously described [29]. ZSF1 rats were provided by
Charles Rivers Laboratories and are a hybrid strain
generated from the zucker diabetic fatty rat (ZDF-1;
Lepr*) and the spontaneously hypertensive heart fail-
ure rat (SHHF/Mcc, Lepr*’#). The ZSF1 rat strain
provides an experimental model for translating the
potential utility of cell-based therapies for prevent-
ing or delaying renal disease progression secondary
to Type 2 diabetes. The metabolic syndrome and the
progressive diabetic nephropathy (DN) in the ZSF1
culminate from morbid obesity, severe hyperglycemia,
hyperinsulemia and hyperlipidemia, hypertension and
cardiovascular complications that also increase the risk
of congestive heart failure (3031]. An overview of study
design is presented in Tables 1 & 2. Clinical parameters
associated with entry criteria and evaluation of thera-
peutic outcomes are described in detail in [21-23,29] and
will not be repeated here. While the ZSF1 model may
survive up to 63 weeks of age, a more typical survival
time is 48 weeks of age [3031]. Within the first 8 weeks
of life, ZSF1 rats present with the hallmark indicators
of metabolic syndrome which includes Type 2 diabetes
and initial signs of renal functional impairment, and
by 32 weeks of age, ZSF1 kidney structure and func-
tion have declined significantly and are consistent with

c
o
wv
(]
©
©
+
c
()
=
=
()
o
x
()

x
=
o
~
N
i)

2
()
-
Y=
(o)
>
—
©
<
S
=)
(V2
-
©
QO
@©
'_

Selected renal cells in chronic kidney disease

Ref.

8-24 weeks
Clinical outcomes

4-7 weeks

1 week

Treatment

Entry into study

Establishment of
disease state

Model generation
two-step 5/6N
Day 0, left

kidney
2 poles

X

(22]

Slowed progression by
improving functional

Test:

Randomization

Criteria: T sCREAT

>200% T BUN
>200%

sCREAT and BUN

Day 7, right
kidney

- Intrarenal delivery of 5 x 10% SRC
(B2 + B4 cells) delivered to cortex of

remnant kidney (n = 3)

Controls:

monitored weekly
standard chow/

renal mass; 6-month

survival

removed

>2 consecutive

weeks

water ad libitum

removed

)
cE v
o
c S
©
O
=L =
il
:.:8,\ Il
o N c
.
o2 Il ~~—
= m S
>0 C
‘—'UV”E
9]
o a8
S5L28
- 08 E =
—n ¥ 0 =<
mm.._a-HQ-
c c 9 Q
v+ a8 &<
T — € C =
©mm £Ea &
=
+ v 9w
cU -2 T
—nﬁ'-n—ll
I »n O

BUN: Blood Urea Nitrogen; sCREAT: Serum creatinine; SRC: Selected renal cell.

Research Article

fsg

future science group

www.futuremedicine.com

817



Research Article Bruce, llagan, Guthrie et al.

“— o
()] faB
o
[]
©
(O]
CGL 1!:
S%Svto
=l > ]
) E_)-Q“’E>
~ 5532008
g q_.g""guo_
=]
=, S5Bgm2E
o O 5 v wv
m “:@—>"'_‘
o £ S FE 0o ©ETQ
1 O [o R - U =
N O oY wg E
m cf S5
= m~"_,.co
o gSZLQ):
= 2528 z2¢
o Qcmgeac)
= Q= T Q.
= € >c O ¢g°C
(9} =0 ® + .= 5
o C
v =
T S >
%82
(o)}
2 c 3.
©
o c £ 2
; VU o O
+ +
- .9%_9
() 0O+ ©
wv
> o
S Q
2= &
[T = -
ts520™
S5
Y =
EcoEy
ZEs53 >
O 4 Q
£S5 g
o 52
©c — .= X
Q X v 0 £
© =5
., 5 ET D
LDEN3 2O
QO — % O C 4
= 1 O > @® O
wv
3
[}
2
[} c
- o
5
-
ok
E o
o ©
c 5 c
(@)} = ]
.G F x
()
° >
—_ o
S e L
c 2 =9
[ Cd n _
S 8 ©
@ £ ©0
S > 53
x =} = c
o =
c c 5
— w U
L
wn
N .
Y= c
° wm.QE"
= E 02D
@ Y oY [¢]
° S o O.X
1S T2t c
p=d o o O
E C(DC'—Q_C)
mw""v>1‘-o>,o
XE.S [CRE al ~d
NV ch = 5.9
G)mwo'aw_o
'l = = w 0o 3.0
- 2 o caortD
Il >N © o © 0=
W T 52 22T
‘—I.I.I'UEOEq—

survival

Controls:

— Obese no treatment (n = 5)
— Lean no treatment (n = 5)

SRC: Selected renal cell; eGFR: Estimated glomerular filtration rates; sCre: Serum Creatinine; sCal: Serum calcium; sPhos: Serum phosphate; uOsmol:Urine osmolality.

DN [3031]. By 18 weeks of age, ZSF1 renal function
is significantly impaired under the study conditions
described herein. Using defined estimated glomerular
fileration rate (eGFR) staging criteria, ZSF1 rats pos-
sessed approximately 65% remaining eGFR function at
the time of SRC implant. We measured survival of the
ZSF1 rats under the conditions described herein up to
63 weeks of age (45 weeks on study). Only one of five
untreated ZSF1 rats survived the study (80% mortal-
ity) compared with six of seven surviving animals in the
treated group (1/7; <15% mortality). All of the lean ani-
mals were alive at the end of study. See [23] for additional
details. Our attempts to intervene at a later time point
(more chronic model) have been complicated by poor
survival rates of these notably sicker animals following
surgery. 18 weeks of age represents a reasonable com-
promise between development of clinically relevant dis-
ease criteria while maintaining acceptable survival out-
comes postsurgery. Ethical considerations pertinent to
the treatment of all research animals used in this study
were evaluated by the Institutional Animal Care and
Use Committee (IACUCQC) at the site of this research.

SRC renal cell culture & transplantation

The preparation of selected bioactive primary renal
cells from whole rat kidney has been previously
described in detail [21-23,29]. Briefly, whole kidneys
were harvested from 5-week-old male Lewis rats (Hill-
top Labs, PA, USA) and kidney tissue was dissociated
enzymatically in a buffer containing 4.0 units/ml
dispase (Stem Cell Technologies, Inc., BC, Canada)
and 300 units/ml collagenase IV (Worthington Bio-
chemical, NJ, USA). Red blood cells and debris were
removed by centrifugation through 15% iodixanol
(Optiprep®, Axis Shield, MA, USA). Primary renal
cells were seeded onto tissue culture-treated poly-
styrene plates (NUNC, NY, USA) and cultured in
50:50 media, a 1:1 mixture of high glucose Dulbec-
co’s Modified Eagle Medium (DMEM):keratinocyte
serum-free medium (KSFM) containing 5% fetal
bovine serum, 2.5 pg EGF, 25 mg bovine pituitary
extract, 1x ITS (insulin/transferrin/sodium selenite
medium supplement) and antibiotic/antimycotic (all
from Invitrogen, CA, USA). Prior to postculture cell
separation, primary renal cell cultures were trans-
ferred from atmospheric oxygen conditions (21%)
to a more physiologically relevant low-oxygen (2%)
environment for 24 h, to improve cell separation effi-
ciency. Separation of primary renal cell cultures, pre-
pared as 75 x 10° cells in 2 m] unsupplemented KSFM
(uKSFM), was performed by centrifugation through a
four-step iodixanol (OptiPrep; 60% w/v in uKSFM)
density gradient-layered specifically for rodent (16, 13,
11 and 7%) in 15 ml conical polypropylene tubes and

818

Regen. Med. (2015) 10(7)

fsg

future science group



Selected renal cells in chronic kidney disease Research Article

Table 3. Renal biomarker profiles for 5/6 nephrectomized rodent models of chronic kidney disease

treated with selected renal cells at 12 weeks on study.

Means + standard deviation, see also [22].
BUN: Blood urea nitrogen; SRC: Selected renal cell; T : treatment.

Clinical biomarker Sham nephrectomy  Nephrectomy (5/6) SRC treatment p-value

(12 weeks post-T) (n=5) (n=8) (n=3)

Glomerular function

Serum creatinine (mg/dl) 0.4 0.0 1.13+0.15 0.70 £ 0.10 p <0.01 and
p > 0.001

BUN (mg/dl) 18.0 £ 1.41 4571 £ 5.41 36.33+7.77 p < 0.05 and
p > 0.01

Tubular function

Serum albumin (g/dl) 4.22 +0.08 2.84 +£0.10 3.30+£0.10 p <0.001

A:G ratio (A/G) 1.19 £ 0.04 0.80 + 0.04 1.05 £ 0.12 p <0.01 and
p >0.001

centrifuged at 800 g for 20 min at room temperature
(without brake). After centrifugation, cellular sub-
fractions were extracted from the gradient via pipette
and collected as four distinct bands (B1-B4) and a
pellet (B5). All bands were washed three-times with
sterile phosphate buffered saline prior to use. Thera-
peutically bioactive renal cells were produced by com-
bining B2 and band 4 (B4) from the density gradient
centrifugation step at a ratio of 97% B2 to 3% B4.
This results in a population of tubular cell-enriched
cells previously demonstrated to significantly stabi-
lize serum creatinine and blood urea nitrogen (BUN)
and improve survival in the rodent 2-step 5/6N_ of
CKD [21-23]. B1/B5 has been previously demonstrated
to be therapeutically inert and functioned as a non-
SRC cellular control [21-23]. Bl cells are predomi-
nantly distal tubular and collecting duct cells with
trace amounts of other cell types. B5 contains vascu-
lar, endocrine and glomerular cells [21-23]. Recipient
female Lewis 5/6N_rats or male ZSF1 obese rats (all
from Charles Rivers Laboratories) were anesthetized,
and the kidneys for treatment were exposed by a ven-
tral medial-lateral incision. Cell suspensions (100 pl)
were loaded into a 1 cc syringe fitted with a half inch
23G needle (Becton Dickinson, RTP, NC, USA)
and injected directly into the kidney parenchyma at
a depth of 3-5 mm as previously described [21-23.29].
5/6N_ Lewis rats received a single dose into the rem-
nant kidney, while ZSF1 obese rats received four
doses, one at each pole of each kidney.

SRC product potency

Assays for SRC product potency were based on func-
tional characterization of B2-associated glutamyl
transpeptidase (GGT1) activity and megalin:cubilin-
mediated albumin transport as described in [22).
Specificity of albumin transport was demonstrated

by blockage with RAP, a known competitive inhibi-
tor of megalin:cubilin-mediated albumin uptake,
and by absence of transport in the nontubular B4
subpopulation as described in [22].

Conditioned media

CM was derived from cultures of human SRC collected
and centrifuged at 3500 g for 30 min at 4°C to remove
debris and supernatant collected. To identify bioactive
components, CM was subjected to ultracentrifugation
at 200,000 g for 2 h at 4°C. The ultracentrifuge pellet
(containing secreted vesicles) was resuspended in basal
media (DMEM:KSFM alone) at 1/5 of the original
volume. Supernatant media (here termed vesicle-free
media [VEM]) was collected and further fraction-
ated using Viva-spin™ semipermeable polyethersulfone
membrane concentrators (GE Healthcare, NY, USA)
with molecular weight cutoffs (MWCO) at 5, 10, 50
and 100 kDa.

Cell culture experiments & transfections

The human proximal tubule cell line, HK2 (ATCC) was
maintained in 1:1 mixture of high glucose DMEM and
KSEM containing 5% (v/v) fetal bovine serum, 2.5 pg
EGF, 25 mg bovine pituitary extract, 1x ITS (insulin/
transferrin/sodium selenite medium supplement) and
1x antibiotic/antimycotic (all from Life Technologies).
HK2 cells were transfected using NF-«B reporter plas-
mid construct, pGL4.32[/uc2P/NF-«B-RE/Hygro]
(Promega, WI, USA) using Lipofectamine™-2000
transfection reagent (Life Technologies) and single
clonal colonies subcultured through several passages in
selective growth media containing 100 pug/ml Hygro-
mycin B (Life Technologies) to generate a stable cell line.
Transcriptional activation of the NF-«kB reporter was
determined using ONE-Glo™ luciferase reagent (Pro-
mega). For proliferation experiments, near-confluent
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Table 4. Renal biomarker profiles for ZSF1 obese rats treated with selected renal cells at 16 or

24 weeks post-treatment, as percentage of baseline.

Clinical biomarker (16 or 24 weeks post-T ) ZSF (obese; n =5) ZSF (obese) + SRC (n =5) p-value
Glomerular function

Serum creatinine (umol/I) 5327 442 + 1.8 0.014
BUN (mmol/I) 11.42 £ 0.75 8.21 £ 0.61 0.029
Tubular function

Calcium (mmol/I) 3.02 £0.04 2.87 +0.03 0.020
Phosphorus (mmol/I) 2.23+0.08 1.97 £ 0.06 0.030
Loop of Henle and collecting duct

Urine osmolality (mOsmol/kg) 681 + 48.7 901 +41.6 0.007
Urine specific gravity 1.034 + 0.001 1.040 = 0.001 0.001
See also [23].

BUN: Blood urea nitrogen; SRC: Selected renal cell.

monolayers of HK2 cells were serum starved in basal
media (DMEM:KSFM) for 2 h prior to 24- and 48-h
exposures to SRC-CM. CM was prepared as described
above. CM was collected from rat and human cultures
of SRC under serum- and supplement-free conditions
and utilized for in vitro assays. Commercially avail-
able human-derived renal mesangial cells (HRMC)
were used as surrogates for host-response tissues in
the in vitro assays since mesangial cells express PAI-1
in injured/diseased kidneys. Vesicular particles shed
by cells into the culture media were collected by high-
speed centrifugation and total RNA was extracted from
the pellet with TRIzol reagent (Invitrogen, CA, USA).
RNA content of vesicles was screened using PCR-based
arrays of known miRNA sequences with a focus on
miRNAs known to be involved in fibrosis and inflam-
mation (Qiagen, CA, USA). miRNA was synthesized
(Invitrogen) for transfection using Lipofectamine-2000
according to manufacturer’s instructions.

Quantitative RT-PCR

Total RNA was extracted from cells and tissues using
the RNeasy-Plus Mini Kit/QIA-shredder (Qiagen).
cDNA was synthesized from 700 ng total RNA using
SuperScript® VILO™ ¢DNA Synthesis Kit (Life Tech-
nologies). Gene amplification was performed with
ABI-Prism 7300 real-time PCR system using the
following TagMan® primer/probe sets (Life Tech-
nologies): rat CCL5 (Rn00579590_m1), rat CDG8
(Rn01495634_gl),ratCD3(Rn01417940_m1),ratPPIB
(Rn00574762_ml), rat Serpine (Rn00561717_ml),
human CCNDI (Hs00765553_ml), human FOS
(Hs00170630_m1), human PPIA (Hs99999904_m1).
Relative gene-expression was calculated using com-
parative cycle threshold (AACt) method with PPIB
(rat tissues) or PPIA (human cells) as endogenous
control. Values were calibrated to experimental con-

trols (e.g., unmanipulated rats, unilateral N_rats, basal
media-treated cells).

Western blot

Kidney tissues were snap-frozen in liquid nitrogen and
homogenized using mortar and pestle prior to lysis. Cell
culture samples were processed directly without snap
freezing. Nuclear and cytoplasmic fractions were iso-
lated using the NE-PER extraction kit following man-
ufacturer’s protocol (Thermo Fisher Scientific, MA,
USA). Western blotting was performed as described
in [29]. Membranes were probed overnight at 4°C in 2%
(w/v) nonfat milk in TBST with the following anti-
bodies: 1:5000 anti-BActin (A5441, Sigma-Aldrich,
MO, USA), 1:500 anti-IkBo (ab32518, Abcam, MA,
USA), 1:250 anti-CD3 (ab5690, Abcam), 1:500 anti-
CD68 (ab31630, Abcam), 1:250 anti-PTEN (ab32199,
Abcam), 1:1000 anti-PCNA (ab29, Abcam), 1:500 anti-
p65 (ab7970, Abcam), 1:20 anti-PAI-1 (612025 BD),
1:40 anti-FN (MAB1918, R&D), 1:1000 anti-p50
(ab32360, Abcam), 1:200 anti-Lamin Bl (ab16048,
Abcam). For each western blot, n = 3 independent
experiments were performed, with n = 3 replicates per
protein of interest. Quantitation of western blots was
performed with NIH Image J software [32].

Enzyme-linked immunosorbent assays

Protein concentration of kidney tissue lysates was
determined by Bradford assay and normalized to
final concentration of 25 pg/ml. Urine samples
were diluted 1:200 for CCL2/MCP-1 and 1:1.5 for
CCL5/RANTES. CCL2 and CCL5 concentrations
were determined by ELISA following manufactur-
er’s instructions (Ray-Biotech, GA, USA). Absor-
bance at 450 nm was determined on the FLUO-star
Omega microplate reader (BMG Labtech, Offenburg,
Germany).
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Immunohistochemistry

Rat kidneys were fixed in formalin, processed for par-
affin embedding, sectioned and stained by immuno-
histochemistry following standard protocols (Premier
Labs, CO, USA). Primary antibodies used for immu-
nohistochemistry were: anti-p65 (ab7970, Abcam),
anti-CD3 (A0452, Dako, CA, USA), anti-CD68
(MCA341R, AbD Serotec) and anti-Ki67 (M7248,
Dako). Quantitative image analysis was performed on
anti-p65 (ab7970, Abcam) and anti-PAI-1 (ab28207,
Abcam) stained sections from SRC-treated and
untreated 5/6N_and ZSF1 obese rats at end of study
following standard protocols with Scanscope XT (Ape-
rio, IL, USA), completed slides were scanned into digi-
tal images (apparent magnification 20x). Image analy-
sis was performed with modified version of Aperio’s
positive pixel count algorithm (Premier Labs).

Immunofluorescence & image analysis

Cell immunofluorescence was as previously described
(2223]. Quantification of NF-kB bioactivity was based
on scoring the number of positive nuclei. Image
quantification was performed using IN Cell Ana-
lyzer, Multi-Target Analysis (MTA) software (GE
Healthcare).

Statistical analysis

For gene- and protein-expression data in rat
tissues/human cells, data are presented as average of
three animals/replicates (except n = 2 for cell treatment
group), with standard error of mean calculated for each
group. Statistical significances between experimental
groups were determined by unpaired, two-tailed stu-
dent’s #tests. For urinary cytokine expression (CCL2,
CCL5), multivariate models were constructed with
JMP version 7.0 software (SAS Institute, NC, USA) to
determine statistical significance of treatment effects.
Effect of SRC-CM on translocation of NF-kB was
tested using logistic regression analysis with JMP ver-
sion 7.0 software (SAS Institute). Chi-square analy-
ses were performed comparing the frequency of the
‘high” and total (‘high’ + ‘low’) activation in basal
media versus SRC-CM, with and without TNF-a

stimulation.

Results

SRC product potency

Functional assays confirmed that the observed expres-
sion of GGT1 and cubilin resulted in active pro-
teins [22]. Nitroaniline was produced by active GGT1
in B2 cells, and fluorescently tagged albumin was
actively transported into cubilin-positive B2 cells [22].
Taken together, these data confirm SRC product
potency prior to in vivo cell transplantation studies.

Selected renal cells in chronic kidney disease Research Article

Progressive NF-xB activation & interstitial
inflammation are features in the development
of CKD in the 5/6 nephrectomy model

To understand the temporal dynamics of the 5/6N_
model of CKD and to evaluate involvement of NF-xB
signaling in disease progression, we conducted a time-
course analysis of 5/6N_Lewis rats and assayed kidney
tissue at 1, 2, 4, 6 and 8 weeks postsurgery. Unmanip-
ulated control kidneys were collected at the beginning
of the study. We observed a time-dependent increase
in both expression and nuclear localization of NF-xB
p65 subunit, particularly during the chronic phase of
disease progression (2—8 weeks postnephrectomy), see
histological outcomes summarized in Table 4.

In histological sections of remnant kidneys, few cells
showed evidence of nuclear p65 at 2 weeks postnephrec-
tomy; however, increase of cytoplasmic (inactive) p65 in
distal tubular cells was observed (Figure 1A). At 6 weeks
post-nephrectomy, robust p65 nuclear localization was
observed in tubular epithelial cells and glomerular cells
(Figure 1A). Significantly higher expression of p65 was
observed in glomerular cells of 5/6N_ rats compared
with the tubular compartment (Figure 1A). Increased
NF-kB activity was confirmed semiquantitatively by
p65 western blot analysis on cytoplasmic and nuclear
extracts taken at selected time points during the 8-week
study (Figure 1E). Data were quantified by calculating
the ratio: intensity p65 (nucleus)/intensity p65 (cyto-
plasm) relative to the control sample (set as 1). As shown
in Figure 1E, this ratio increased to 6.7 at 1-week post-
nephrectomy and increased further to 9.4 by 6-week
postnephrectomy, confirming a significant transfer of
cytoplasmic p65 to the nucleus in response to injury.

Beginning at the 2-week time point, CCL5 gene-
expression was increased four- to six-fold over unma-
nipulated controls and these levels were maintained
throughout the remainder of the study (Figure 1B). Con-
comitant with the increase in CCL5 expression, a time-
dependent increase in CD68* macrophages and CD3*
T lymphocytes in the interstitial space was observed
(Figure 1A). Increased presence of macrophages and
T lymphocytes was assessed quantitatively by RT-PCR
(Figure 1C) and by western blot (Figure 1D). Expression
of CDG68 relative to B-actin increased from 0.19 to 1.31
at 1-week postinjury before dropping to 0.49 at 8 weeks
postinjury. Expression of CD3 increased much more
slowly, with a relative expression level of 0.63 at 4 weeks
postinjury, rising to 2.24 by 8 weeks postinjury.

Transplanted SRC attenuate NF-xB &

PAI-1 activation & reduce macrophage & T-cell
infiltration in the 5/6 nephrectomy model
Clinical outcomes associated with SRC treatment of
5/6N_rodents are summarized in Table 3. Statistically
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significant improvement in glomerular function was
observed at 12 weeks post-treatment, with serum creat-
inine dropping from 1.13 £ 0.15 to 0.70 + 0.10 mg/dl.
BUN dropped from 45.71 + 5.41 t0 36.33 + 7.77 mg/dl.
In addition, statistically significant improvement in
tubular function was observed at 12 weeks post-treat-

ment, with serum albumin levels rising from 2.84 + 0.10
to 3.30 £ 0.10 g/dl. A:G ratio (albumin:globulin) rose
from 0.80 + 0.04 to 1.05 + 0.12. No untreated ani-
mals survived the entire 6 month time-course. IHC
analysis at time of death revealed intense, widespread
expression and nuclear localization of p65 throughout
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Figure 1. Immunohistological and molecular characterization of 5/6 nephrectomy Lewis rat model. Immunohistochemical staining

for NF-xB subunit p65 in unmanipulated CTRL rats compared with animals subjected to 5/6 nephrectomy procedure ([A] top row).
Nuclear staining (arrows) indicates NF-kB-activated cells. Infiltration of macrophages and T lymphocytes as identified by CD68 and
CD3 immunostaining (arrows), respectively, is observed in nephrectomized animals at 2 and 6 weeks postprocedure ([A] middle and
bottom rows). Whole tissue lysates were assayed for CCL5 by quantitative real-time PCR (B). Increased presence of CD68 and CD3
expressing cells was confirmed by quantitative real-time PCR ([C]). Semiquantitative western blot analysis on whole kidney lysates at
1, 2, 4, 6 and 8 weeks postnephrectomy (D) demonstrates increased IkBa stability as well as increased presence of macrophages and

T lymphocytes (CD68, CD3) with disease progression. Analysis of cytoplasmic (‘C’) and nuclear (‘N’) lysates from kidney tissues at 1,

2, 4, 6 and 8 weeks postnephrectomy (E) reveals progressive nuclear localization of the p65 subunit. LB1 is used as a nuclear fraction
loading control. For western blots in (D), band densities were quantified relative to internal control (B-actin) and are expressed below
each band. For western blot in (E), band densities were quantified by calculating the ratio N/C (nuclear p65/cytoplasmic p65). The N/C
ratio for the control was set at 1 and all treatment conditions expressed relative to control.

CTRL: Control; D: Distal-convoluted tubule; G: glomerulus; N,: Nephrectomy; P: Proximal-convoluted tubule.
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Figure 1. Inmunohistological and molecular characterization of 5/6 nephrectomy Lewis rat model (cont.).

kidney tissue (Figure 2A). In addition, extensive infil-
tration of CD68* and CD3" leukocytes was observed
(Figure 2A). Nuclear localization of p65 subunit was
not widely observed in healthy, unilaterally nephrecto-
mized animals and CD68* and CD3* cells were scarce
in those tissues (Figure 2A). SRC-treated tissues dis-
played decreased p65 nuclear localization and reduced
numbers of both CD68* and CD3* leukocytes, while
B1/B5 (non-SRC cell control) treated animals resem-
bled untreated disease state (Figure 2A). Quantitative
IHC analysis at time of death of untreated animals in
Lewis 5/6N_ confirmed upregulation of NF-xB p65
and PAI-I expression. Treatment with SRC signifi-
cantly reduced both NFkB-p65 and PAZ-1 expression
levels (Figure 2B & C & Table 3). These observations
were confirmed by gene-expression and western blot
on whole lysates from representative tissue samples
(Figure 2D & E). Quantitative western analysis of rela-
tive (to B-actin) PAI-1 expression showed a significant
reduction from 148.2 in nephrectomized animals
at <100 days on study to 31.2 upon SRC treatment
at <100 days on study. FN (another marker of fibro-
sis) levels were also reduced in SRC-treated animals

(Figure 2E) at <100 days on study, with relative expres-
sion levels falling from 108 to 44 upon SRC treatment.
Similar results were observed >100 days on study: rela-
tive PAI-1 expression fell from 106.1 to 28.5 upon SRC
treatment and relative FN expression levels dropped
from 108.6 to 68.1.

Additional evidence demonstrating attenuation of
NF-«B signaling in SRC-treated animals was pro-
vided by gene-expression and western blot analysis of
nuclear localization of NF-«B p65. Compared with
untreated 5/6N_controls and B1/B5-treated animals,
SRC-treated tissues had reduced levels of nuclear p65
(Figure 2H). Quantitation of nuclear p65/cytoplasmic
p65 was performed relative to hemi-N_ control ani-
mals. As observed previously (Figure 1E), response to
full 5/6N_ is associated with significant cytoplasmic
to nuclear transfer of p65, with relative expression lev-
els increasing to 4.2 (Figure 2H) but reduced to 0.4
upon treatment with SRC. Treatment with B1/B5
only resulted in reduction to a relative expression
level of 2.2. In addition, treatment with SRC reduced
relative expression of CD3 from 0.70 (pre-treatment)
to 0.22, comparable to the hemi-N_ control expres-
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Figure 2. Transplantation of selected renal cell into 5/6 nephrectomy model attenuates NF-«xB activity and alters inflammatory
profile of kidney. Kidney tissue was harvested 6 month post-transplantation or at time of death, in rats treated with SRC or B1/B5
cells. Hemi-N_and 5/6N_animals were carried as healthy and diseased controls, respectively. Inmunohistochemistry for the NF-«xB
p65 subunit, CD68, CD3 was performed to assess the inflammatory state of tissues ([A], top three rows). Cellular proliferation in
tissues was determined by Ki67 immunostaining ([A], bottom row). Tissue protein levels of NF-kB p65 subunit and PAI-1 at end-of-
study were significantly reduced in 5/6N_+ SRC animals ([B], magnification 20x and 200x in-lay) compared with untreated controls
by quantitative immunohistochemistry ([C], quantitation of PAI-1 and NF-kB p65 staining, n = 3). Tissue lysates (n = 3, except n =2
for B1/B5 treatment) were assayed for CCL5 expression by quantitative real time-PCR (F) and CCL2 expression by ELISA (G). Error bars
represent standard error of mean in each experimental group. Quantitative real time-PCR was conducted on kidney tissue harvested
at necropsy and relative gene-expression values plotted against time (days) on study. 5/6N_animals (red squares) demonstrated more
robust expression of PAI-1 relative to those treated with bioactive renal cells (blue diamonds) and sham-operated controls (green
triangles) (D). Representative western blot analysis of kidney samples taken at 3 and 6 months post-treatment. Treated tissues of
5/6N, rats (N, + SRC) showed reduced accumulation of PAI-1 and FN protein, normalized to B-actin by the formula: (intensity PAI1 or
FN/intensity B-actin) x100 (E). Western blot analysis confirmed increased nuclear localization of NF-kB p65 (H) in diseased and B1/
B5-treated rats compared with healthy and SRC-treated rats. Reduction of nuclear p65 corresponded with decreased IxBa, CD3 and
CD68 (1). For western blot in 1H, band densities were quantified by calculating the ratio N/C (nuclear p65/cytoplasmic p65). The N/C
ratio for the control (hemi-Nx) was set at 1 and all treatment conditions expressed relative to control. In (), quantitation of band
density shown as (intensity marker/intensity B-actin).

C: Cytoplasm; Hemi: Unilateral; N: Nucleus; N,: Nephrectomy; Sham: Sham surgery; SRC: Selected renal cell.
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Figure 2. Transplantation of selected renal cell into 5/6 nephrectomy model attenuates NF-«B activity and alters inflammatory profile

of kidney (cont.).
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Figure 3. Immunohistochemical and molecular characterization of ZSF1 rat model. Kidney tissues from lean,
18-week-old ZSF1 rats were compared with obese ZSF1 rats at 18 and 35 weeks of age. Immunostaining for

p65, CD68 and CD3 demonstrate increased inflammatory states in diseased animals, which increases over time
([Al, arrows). Western blot analysis for nuclear p65 (B), as well CD68 and CD3 in whole lysates, confirms those
observations (C). IkBa, PTEN and PCNA also increase in diseased tissues and are dependent on age (C). For
western blot in (B), band densities were quantified by calculating the ratio N/C (nuclear p65/cytoplasmic p65). The
N/C ratio for the control (LN, 18 weeks) was set at 1 and all treatment conditions expressed relative to control. In
(C), quantitation of band density shown as (intensity marker/intensity B-actin).

C: Cytoplasm; G: Glomerulus; LN: Lean; N: Nucleus; OB: Obese.

sion level of 0.38. By contrast, treatment with B1/B5
resulted in an increase of CD3 relative expression
levels to 1.06 (Figure 21). Similarly, SRC treatment
reduced expression of CD68 from 0.89 to 0.41 (rela-
tive to f-actin), comparable to the hemi-N_ control
expression level of 0.22, whereas treatment with
B1/B5 caused an increase in CDG68 relative expression
to 0.93 (Figure 21). Finally, CCL5 gene-expression lev-
els in SRC-treated rats were comparable to untreated
healthy controls (Figure 2F), while CCL2 expression
remained unaltered (Figure 2G).

Transplanted SRC promote tubular cell
proliferation in 5/6N_rats

Rodent tissues were evaluated by immunohistochem-
istry for the cell cycle marker Ki67. SRC treatment
increased the number of proliferating cells specifically
in the tubular epithelia (Figure 2A). By comparison,
few Ki67* epithelial cells were observed in untreated

and B1/B5-treated kidneys. However, several prolifera-
tive cells were observed in the interstitial compartment
(Figure 2A), see also Table 3.

Transplanted SRC attenuate NF-«B signaling

& PAI-1 expression in ZSF1 model of DN

Clinical outcomes associated with SRC treatment
of ZSF1 rodents are summarized in Table 4. Statisti-
cally, significant improvement in glomerular func-
tion was observed at 16 weeks post-treatment, with
serum creatinine dropping from 53 + 2.7 to 44.2
+ 1.8 umol/l. BUN dropped from 11.42 + 0.75 to
8.21 + 0.61 mmol/l. In addition, statistically signifi-
cant improvement in tubular function was observed at
24 weeks post-treatment, with excreted calcium levels
dropping from 3.02 + 0.04 to 2.87 + 0.03 mmol/L
Excreted phosphorus dropped from 2.23 + 0.08 to
1.97 + 0.06 mmol/l. Finally, biomarkers associated
with function of the Loop of Henle and collecting ducts
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also showed statistically significant improvement at 16
weeks post-treatment, with urine osmolality increasing
from 681 + 48.7 to 901 + 41.6 mOsmol/kg and urine
specific gravity increasing from 1.034 + 0.001 to 1.040
+0.001. Baseline indices for all renal biomarkers in the
ZSF1 model are reported in [23].

To ascertain the involvement of NF-«B signaling in
progression of CKD in a different rodent model, we
conducted molecular analysis on tissues derived from
ZSF1 lean (i.e., nondiseased) and obese (i.e., diseased)
rats. IHC analysis of kidneys revealed that by 18 weeks
of age, obese rat kidney tissues are more highly activated
for NF-kB pathways compared with lean littermates
based on the increased expression and nuclear localiza-
tion of the p65 subunit (Figure 3A). By 35 weeks of age,
obese rats demonstrated more robust NF-xB activation
compared with 18-week-old obese rats, reflecting the
progressive nature of DN (Figure 3A). Western blot
analysis was performed on cytoplasmic and nuclear
extracts from 18-week-old lean, 18-week-old obese and
35-week-old obese rat kidneys to semiquantitatively
assess the activation levels of NF-kB. Transfer of p65
from cytoplasm to nucleus was observed during devel-
opment of the diabetic condition in the ZSF1 rodent:
By 35 weeks, the ratio p65 (nucleus)/p65 (cytoplasm) in
the obese animal had increased to 1.9 relative to the lean
rodent at 18 weeks (Figure 3B). This was accompanied
by increases in the relative expression levels of IkBa
(increased from 0.29 in lean rodents at 18 weeks to 1.28
in obese rodents at 35 weeks), CD3 (increased from 0
in lean rodents at 18 weeks to 0.63 in obese rodents at
35 weeks), CD68 (increased from 0 in lean rodents at
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18 weeks to 0.85 in obese rodents at 35 weeks), PTEN
(increased from 0.45 in lean rodents at 18 weeks to 0.78
in obese rodents at 35 weeks) and PCNA (increased
from 0.07 in lean rodents at 18 weeks to 0.55 in obese
rodents at 35 weeks) (Figure 3C). This analysis con-
firmed that expression and nuclear localization of p65
as well as other proinflammatory markers including
IoBa increased in obese rats over time.

IHC analysis on 18-week-old lean, 18-week-old
obese and 35-week-old obese rat kidneys for expres-
sion of CD68 and CD3 showed an increased presence
of monocytes/macrophages and T lymphocytes in the
peritubular and periglomerular spaces in obese kidney
tissues compared with lean control tissues (Figure 3A).
The number of leukocytes increased over time in dis-
eased animals. Tissue levels of PAI-1 were measured
at end stage of disease using quantitative IHC analy-
sis of ZSF1 obese untreated and SRC-treated ani-
mals. As observed in 5/6N_rats, SRC treatment was
associated with reduction in expression of urinary
CCL5 (but not urinary CCL2), NF-kBp65 and PAI-1
(Figures 4A & B & 5A & B).

CM from human SRC can attenuate

NF-«B activation in vitro independent of
vesicle-mediated cell signaling

To mimic the disease state, HK2 cells were cultured
for 30 min with TNF-a to drive NF-kB activation.
We tested NF-«kB activation by exposing HK2 cells
to 10 ng/ml TNF-a under serum- and supplement-
free conditions and assayed for nuclear localization
of p65 by immunofluorescence (Figures 6A & B & 7A).

Urinary CCL5 protein

-5 T T T T T T T ]
100 120 140 160 180 200 220 240 260

Days after treatment

Figure 4. Urinary cytokines in ZSF1 rats treated with selected renal cell. Urinary (A) CCL2 and (B) CCL5 as a
measure of tissue-level inflammatory states of the kidney were assayed by ELISA at regular intervals over the
course of the study. Based on these data, multivariable models were generated by JMP version 7.0 software, with
the blue-shaded regions representing modeled cytokine excretion (CCL2, CCL5) in untreated ZSF1 obese rats

(n =5) and the red-shaded region representing modeled cytokine excretion in selected renal cell-treated ZSF1

obese rats (n = 7).
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Figure 5. Immunohistochemical analysis of ZSF1 rats treated with selected renal cell. Tissue protein levels at
end of study of NF-xB-p65 subunit and PAI-1 were significantly reduced in ZSF1-obese-treated animals ([A],
magnification 20x and 200x in-lay) compared with untreated controls by quantitative immunohistochemistry

([B], n=3).
SRC: Selected renal cell; T : Treatment.

Preincubating HK2 cells with CM derived from
unfractionated renal primary cells for 2 h was effec-
tive in attenuating TNF-o-induced p65 nuclear
localization response (Figure 7A). Nuclear-localized
p65 in HK2 cells (sum of low and high activa-
tion) under basal control conditions was observed
in approximately 30% of culture and increased to
approximately 50% upon TNF-a stimulation. SRC-
CM reduced p65 nuclear localization (sum of low
and high activation) in unstimulated cells to approxi-
mately 12%, but did not alter percentage of total p65
nuclear localization after addition of TNF-a (acti-
vation remaining at approximately 50%). However,
SRC-CM reduced total percentage of highly activated
cells from 32% (basal media with TNF-a) to 16%
(SRC-CM + TNEF-a) (Figure 7B). Western blot analy-
sis confirms primary renal cell-derived CM attenu-
ated TNF-a-mediated NF-kB activation, shown by
reduced presence of both p65 and p50 subunits in
nuclear lysates (Figure 7C).

In vitro experiments were repeated using an HK2
line containing NF-«B reporter construct with lucif-
erase gene-expression under control of five tandem
repeats of NF-kB response elements (Promega).
Here, TNF-a induced robust dose-dependent lucif-
erase expression after 4 h of incubation (Figure 8A).
Cells preincubated with SRC-CM for 24 h prior to

activation showed significant reduction in basal lucif-

erase activity (Figure 8A) and this suppressive activ-
ity was maintained at TNF-o exposures of 0.1, 1.0
and 10 ng/ml. To identify bioactive component(s) of
SRC-CM responsible for NF-kB attenuation capac-
ity, media was subjected to ultracentrifugation at
200,000 g. Supernatant media was depleted of large
particles (including secreted vesicles) while still con-
taining soluble proteins and metabolites. This VEM
was sufficient to reduce NF-kB activation 772 vitro at a
magnitude comparable to noncentrifuged SRC-CM
(Figure 8A). Components of the 200,000 g pellet
were resuspended in serum- and supplement-free
media, concentrating the components by a factor
of five. This pellet was unable to attenuate NF-xB
activity (Figure 8A). These data indicate that NF-«xB
suppressor(s) contained within SRC-CM are not
directly associated with secreted vesicles.

Inorder to further identify bioactive component(s),
vesicle-free CM was fractionated by passing samples
through semipermeable polyethersulfone mem-
branes with MWCO at 5-100 kDa. This strat-
egy was employed to narrow down sizes of bioac-
tive particle(s) present in CM. Each flow-through
fraction was tested for capacity to inhibit NF-«xB
reporter activity iz vitro. 100 and 50 kDa filtrates
retained suppressive activity on TNF-o-induced
NF-kB (data not shown). However, 10 and 5 kDa
membranes did not eliminate NF-kB-suppressive

828

Regen. Med. (2015) 10(7)

fsg

future science group



component (Figure 8B), indicating that the bioactive
component is smaller than 5 kDa.

Secreted vesicles in CM from rat & human SRC
can attenuate PAI-1 expression in vitro

CM from rat and human SRC attenuated expres-
sion of PAI-1 from cultured HRMC induced (+) and
uninduced (-) with TGF-B1 (Figure 9A & B). To iden-
tify bioactive component(s) of SRC-CM responsible
for PAI-1 attenuation capacity, media was subjected
to ultracentrifugation at 200,000 g. CM superna-
tant collected postcentrifugation was less effective at

®

CTRL

CTRL + TNF-a

Selected renal cells in chronic kidney disease Research Article

attenuating PAI-1 expression relative to control CM
(Figure 9A & B), suggesting that the CM component
responsible for observed attenuation of PAI-1 protein is
associated with an insoluble cellular element.

To evaluate this hypothesis, we have examined
the miRNA profile of secreted vesicles isolated from
human and rodent SRC-CM against PCR arrays of
established miRNAs. A detailed characterization of the
SRC-CM miRNA profile will be published elsewhere
[Basu ET 4r. (2016), MANUSCRIPT IN PREPARATION]. In the cur-
rent manuscript, we analyze miRNAs specifically and
directly linked to the PAI-1/NF-«B signaling pathway.

p65

Hoechst

Phalloidin

Merged

Figure 6. Quantification of p65 nuclear localization. (A) Cells that were untreated or treated with 10 ng/ml

TNF-o were assessed for NF-kB activation by p65 immunofluorescence. Grayscale images were taken at 200x
magnification, and analyzed with a classifier filter based on nuclear intensity. Nuclear boundaries (blue lines)
were defined by Hoescht dye. Red lines identify ‘N’, yellow lines identify ‘L' and green lines identify ‘H’. (B) Higher
power view of representative cells that were categorized as ‘N’ (red), ‘L' (yellow) and ‘H’ (green). Cells were
counterstained with Hoescht dye to define nuclear boundaries and Alexa-Fluor 594-phallodin to better visualize

individual cells (B).

CTRL: Control; H: High activation; L: Low activation; N: No activation.
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Figure 7. Extracellular factors attenuate NF-kB activation in target epithelial cells. (A) Inmunofluorescence assay to determine
nuclear localization of p65 (Alexa-Fluor 488, green) in HK2 cells that were unstimulated or stimulated with 10 ng/ml TNF-a for 30 min.
Cells were counterstained with Hoechst (blue) and Alexa-Fluor 594-phalloidin (red). Cells were pretreated with basal media or CM
from selected renal cell for 2 h prior to TNF-a induction. (B) All cells from three fields of view for each condition were classified into
three categories (high activation, low activation and no activation) based on staining intensity for p65 and plotted as percentages of
the total cell populations. (C) Western blot analysis confirms that pretreating HK2 cells with selected renal cell-CM can reduce nuclear
localization of p65 as well as NF-kB-p50 subunit. LaminB1 was used as a nuclear fraction (‘N’) loading CTRL and was not detected in
cytoplasmic extracts (‘C"). Quantitation of the blot is through the formula intensity (p65/p50 N)/intensity (p65/p50 C).

C: Cytoplasm; CM

: Conditioned media; CTRL: Control; N: Nucleus; T: TNF-a.

miR-449a, a possible regulator of PAI-1 [3334], was
identified for additional functional evaluation. Other
miRNAs of interest include miR-21 (RNA rtarget:
Pellino-1), miR-146a (RNA target: IRAK/TRAFG),
miR-30b-5p (both regulators of PAI-1), miR-124 and
miR-151 (RNA target: NF-kB). To evaluate the poten-
tial functional role of miR-449a, HRMC were trans-
fected with miR-449a and exposed to 5 ng/ml TGF-1
for 24 h. The expression of PAI-1 and B-actin by was
evaluated by western blot. As shown in Figure 9C,
transfection of synthetic miR-449a reduced TGF-f3-

induced expression of PAI-1 protein (from a relative
expression level of 1.68 to 1.09, Figure 9C).

Nonvesicle components of SRC-CM induce
tubular cell proliferation

Near-confluent monolayers of HK2 cells were cul-
tured with SRC-CM or basal control media for
24 and 48 h and assayed by qRT-PCR for cell cycle
genes Cyclin D1, and FOS. SRC-CM increased
Cyclin D1 gene-expression approximately twofold
after 48 h of culture compared with basal media con-
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trols (Figure 10A). FOS gene-expression was increased
approximately twofold at 24 h, but returned to a level
comparable to control media after 48 h of culture
(Figure 10B). To determine if trophic factors were ves-
icle-associated components, we depleted SRC-CM by
ultracentrifugation at 200,000 g. As before, pelleted
vesicles were resuspended in basal media and concen-
trated fivefold. Direct comparison between vesicle-rich
and vesicle-depleted SRC media shows proliferation
(assessed by Cyclin D1 and FOS) is enhanced in target
epithelia by nonvesicular factors (Figure 10A & B).

Discussion

We have previously established the therapeutic effects
of autologous native renal cells isolated from kidney
tissue as primary cultures in progressive models of
CKD; a summary of the overall study design is pre-
sented in Tables 1 & 2, and specific clinical outcomes in
these rodent models are described in detail in [21-2329],
and will not be repeated here. However, specific mech-
anistic pathways and networks leading to observed
disease-related outcomes within these models remain
undefined, with concomitant ambiguity regard-
ing MOA of SRC-based therapies under evaluation.
Two-step 5/6 nephrectomy (5/6N ) in rodents repro-
ducibly generates terminally progressive renal failure
with characteristic systemic and histological param-
eters of CKD (e.g., hypertension, reduced glomerular

Selected renal cells in chronic kidney disease

filtration rate, elevated serum creatinine and BUN,
glomerular and tubulointerstitial fibrosis, hyperlipid-
emia, hyperphosphatemia and anemia) [21-23]. These
clinically relevant features of the 5/6N_model com-
bined with technical reproducibility and commercial
availability provide the basis for its selection as a dis-
ease model for CKD. In addition, diabetes is the most
important risk factor for CKD and ESRD. We have
previously evaluated function, structure and lifes-
pan of the ZSF1 diabetic rodents and demonstrated
clinically relevant functional outcomes from SRC-cell
therapy [23]. Extension in ZSF1 rodent survival fol-
lowing SRC treatment was accompanied by signifi-
cant improvements to renal structure and function in
multiple renal tissue niches [23].

Direct injection of these bioactive renal cell sub-
populations in the rat 5/6N_model of CKD resulted
in extended survival and enhancement of renal func-
tion for 6 month post-treatment [22]. That study also
presented evidence that a potential MOA by which
regenerative outcomes in the treated tissue occurred
was consistent with mechanistic models currently
under consideration for the therapeutic action of adult-
derived stem cells [16,35-36]. Such MOAs leverage para-
crine factors secreted by bioactive adult-derived cells to
catalyze the mobilization of resident, host-derived stem
cell populations, to ameliorate fibrosis and inflamma-
tion, to facilitate angiogenesis and neo-vascularization,
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Figure 8. Nonvesicle components of selected renal cell-conditioned media inhibit TNF-o-mediated NF-«B activation. (A) HK2 cells

transfected with an NF-«kB luciferase reporter construct were pretreated for 16 h with basal media or CM from selected renal cell then
subsequently stimulated with TNF-a for 4 h. The NF-«xB inhibitory component is associated with the nonvesicular components of the

CM. (B) Size exclusion based on MWCO of 10 and 5 kDa revealed that the NF-kB inhibitory component is smaller than 5 kDa. Error bars
represent the standard deviation of three experimental replicates.

CM: Conditioned media; CPS: Counts per second; CTRL: Control; MWCO: Molecular weight cutoffs; SUP: Supernatant.
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and to modulate the immune response. Evidence for
the mobilization of resident stem cell populations in
rodent 5/6N_CKD models following SRC treatment
has been provided by studies showing activation of
key markers associated with host stem cell popula-
tions upon SRC implant [29]. Engraftment of delivered
SRC has been established up to 6 months postimplan-

Deplete
CTRL RatCM CTRL ratCM
- + - + - + - +

~— PAI-1

TGF-B
Treatment - +
CTRL 0.99 +0.28 1.99 + 0.51
Rat CM 0.73+0.22 1.09+0.16
Deplete rat CM 0.71 £0.27 1.56 + 0.45
CTRL miR-449a
TGF-p1: = + = +
— . —_— ' : PAI-1
—— —
—
an i
4 B-actin
. TGS whe W
TGF-B
Treatment = A
CTRL 0.46 +0.23 1.68 +0.26
miR-449a 0.50+0.30 1.09 +0.07

<— B-actin

tation only in the targeted kidney [21-23]. Consistent
with paracrine-based models of MSC bioactivity and
experimental evidence that SRC produce factors that
can potentially alter the balance between fibrosis and
regenerative pathways in diseased kidney tissue are
the secretomic profiles of bioactive renal cell popula-
tions [37]. Both SRC in 2D culture and 3D culture

CTRL Human CM
TGF-g1: - + - +

50 kDa

40 kDa -~ .ﬂ | — PAI

50 kDa

40 kDa ----| <~— Pp-actin

TGF-p
Treatment - +
Control media  0.89+0.15 1.84 +£0.13

Human conditioned 0.71£0.15 1.35+0.13

Figure 9. Vesicle components of selected renal cell-conditioned media attenuate PAI-1 induced by TGF-B1 signaling. /n vitro
experiments were designed to mimic the treatment effect of selected renal cell (SRC) observed in vivo. Human-derived renal
mesangial cells (HRMC) control express increased levels of PAI-1 in the presence (+) of 5 ng/ml TGF-B1. (A) CM from rat SRC modulates
PAI-1 expression in cultured HRMC induced (+) and uninduced (-) with TGF-B1. (B) HRMC cocultured with CM derived from human

SRC attenuates TGF-B1-induced PAI-1 protein expression. Secreted vesicles from human and rat SRC-CM were collected by high-speed
centrifugation and assayed for miRNA content using PCR-based arrays of known sequences. miR-449a, a putative regulator of PAI-1
was identified. HRMC were transiently transfected with miR-449a or not (CTRL). (C) 24-h post-transfection HRMC were either exposed
to 5 ng/ml TGF-B1 (+) or not (-) for an additional 24 h. Total protein was prepared and assayed for PAI-1 and B-actin by western blot.
miR-449a reduced basal and induced PAI-1 protein expression. For (A-C), quantitation of band density shown as (intensity PAI-1/
intensity B-actin).

CM: Conditioned media; CTRL: Control.
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Figure 10. Selected renal cell-conditioned media promotes proliferation independently from secreted vesicles.
HK2 cells were cultured in selected renal cell (SRC)-CM for 24 and 48 h, and assayed by quantitative real-time

PCR for cell cycle markers Cyclin D1 (A), FOS (B). Basal media was used as a negative CTRL. Vesicle-associated
components of the media were separated from SRC-CM and concentrated by ultracentrifugation by a factor of 5
(5X). Vesicle-deplete CM was collected from the SUP. Error bars represent the standard error of the mean of three

experimental replicates.

CM: Conditioned media; CTRL: Control; SUP: Supernatant.

express genes and/or proteins of numerous therapeuti-
cally relevant cytokines and growth factors, including
PDGF-BB, VEGF, NGF, GDNF, the matrix metal-
loproteinases MMP-1, MMP-9, TIMP-1 and MCP-1,
which have been shown to mediate such paracrine
effects [37].

Here, we have characterized progressive NF-kB
activation and interstitial inflammation during
development of etiology in the 5/6N_model from
1 to 8 weeks postsurgery. A time-dependent increase
in expression and nuclear localization of NF-kB p65
was observed, particularly during chronic phases of
disease progression (2-8 weeks postnephrectomy).
At 6 weeks postnephrectomy, robust p65 nuclear
localization was observed in tubular epithelial and
glomerular cells indicating that those particular cel-
lular compartments were subjected to cellular stressors
(Figure 1A). SRC product potency prior to cell trans-
plantation was evaluated by functional characteriza-

tion of B2-associated megalin:cubilin-mediated albu-
min transport and GGT1 activity. These bioassays
demonstrated that the expression of cubilin and GGT1
was associated with functionally active protein. Inter-
ference by RAD, an established competitive inhibitor
of megalin:cubilin-mediated albumin transport and
the observed lack of albumin uptake in nontubular B4
subpopulation [22] confirmed the specificity of albumin
transport. Observed functional outcomes met previ-
ously established pass/fail criteria for SRC product
release (38, 39] and SRC was therefore found acceptable
for cell transplantation.

Transplanted SRC was observed to attenuate NF-kB
activation and reduce macrophage and T-cell infiltra-
tion. As shown in Figure 2A, SRC-treated tissues dis-
played decreased p65 nuclear localization and reduced
numbers of both CDG68* and CD3* leukocytes,
while B1/B5 (non-SRC cell control) treated animals
resembled untreated disease state. Additionally, trans-
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Table 5. Quantitative histological analysis of impact of selected renal cell and B1/B5 treatment of

5/6 nephrectomized rodents.
Group NF-xB-p65
Rat ID#
199
200
201
183
188
193
169
174
159
171
181
168
182
195
Rat treatment
Hemi-NX 1 (n=3)
5/6N, 2 (n=3)
5/6N, + SRC 3 (n=5)
5/6 + B1/B5 4 (n=3)

A DA AW W W W WNNN= =2 2
N W Ww = W w NN W DN W =2 a2 -

per high power field (HPF; 40x).
(40%).
(40x).

per HPF (40x).

(40x).

Grade 0 (absent/normal): This score reflects a focal, multifocal or diffuse distribution in which approximately 0-5 cells are staining positive
Grade 1 (minimal): This score reflects a focal, multifocal or diffuse distribution in which approximately 5-10 cells are staining positive per HPF
Grade 2 (mild): This score reflects a focal, multifocal or diffuse distribution in which approximately >10-25 cells are staining positive per HPF
Grade 3 (moderate): This score reflects a focal, multifocal or diffuse distribution in which approximately >25-40 cells are staining positive

Grade 4 (marked): This score reflects a focal, multifocal or diffuse distribution in which approximately >40 cells are staining positive per HPF

CD3 CD68 Ki-67
1 0 0
1 1 0
1 1 0
4 4 2
4 3 2
4 4 4
2 2 3
2 2 3
3 3 1
4 3 2
2 2 3
3 2 2
3 3 2
4 2 3

planted SRC promotes tubular cell proliferation in the
5/6N_model. SRC treatment specifically increased
the number of Ki67* proliferating cells specifically
in the tubular epithelia (Figure 2A & Table 5). This
compartment-specific proliferation may be a direct
indicator of therapeutic outcome: epithelial prolifera-
tion leads to replenishment of renal function, while
interstitial proliferation leads to fibrosis. Given that
proliferation occurs in a compartment-specific manner
(Figure 2A & Table 5), increase in proliferation in SRC-
treated kidneys is primarily in renal epithelium and
not interstitium. Consistent with models described
in [40,41], the simplest explanation of these data is that
these proliferative cells are endogenous tubular epithe-
lial cells that have been stimulated by SRC to divide
and migrate to the sites of cellular injury and fibrosis.
Multiple established biomarkers of renal inflam-
mation and injury may potentially be interrogated to

evaluate the disease condition. As discussed in [3839],
expression of the kidney injury marker KIMI is
currently being leveraged as a potency marker and
release criterion metric for SRC in ongoing Phase I
clinical trials. Secretomic profiling of SRC has iden-
tified additional biomarkers potentially relevant for
monitoring progress of renal disease. These include:
alMG, B2MG, calbindin, clusterin, CTGF, Cystatin
C, GST-a, NGAL, osteopontin, TFF3, TIMP-1,
VEGF, ANG2, PDGEF-§, ICAM, MCP-1, MMP-9,
PAI-1, RANTES, TIMP-1, GRO-a, IL6, MMP-1,
bNGF, FN, TGF-B1, TNF-a [377. However, for the
purposes of the current study, CCL2 and CCL5 were
selected because of their critical role in the NF-kB
signaling pathway. Transplanted SRC reduced pres-
ence of CCL5 in the ZSF1 model of DN. By 35 weeks
of age, obese rats demonstrated more robust NF-xB
activation compared with 18-week-old obese rats,
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reflecting the progressive nature of DN (Figure 3A).
Unlike the 5/6N_ model (Figure 1A), we did not
observe robust NF-«B activation in glomerular cells
at early or late time points (Figure 3A). Western analy-
sis confirmed that expression and nuclear localization
of p65 increased in obese rats over time (Figure 3B).
Increased NF-kB activation and interstitial inflam-
mation were consistent observations between the
surgical model (5/6N) and genetic model (obese
ZSFI) of CKD [42.43]. As we observed that injection
of SRC ameliorated chronic inflammation in the
5/6N_model, we hypothesized that these cells would
prove efficacious in attenuating renal inflammation
in the ZSF1 model as well. As noted in the 5/6N_
study, CCL2 expression was unaltered as a result of
SRC injection (Figure 4A). However, CCL5 moder-
ately increased over time as disease state progressed
and this rate was attenuated in SRC-injected animals
(Figure 4B).

CM from human SRC can attenuate NF-xB acti-
vation 7z vitro independent of vesicle-mediated cell
signaling. While delivery of rat SRC to chronically
diseased kidneys induced long-term benefits, there is
limited evidence for SRC engraftment upon implan-
tation 77 vive [21-23]. These observations notwith-
standing, induction of a regenerative response index
representing a composite protein expression biomarker
reflective of stem and progenitor cell bioactivity is
increased in 5/6N_model upon injection of SRC [29].
Together, these data suggest that SRC leverage indi-
rect, paracrine mechanisms to mediate observed func-
tional outcomes [37], consistent with other studies on
MOA of cell-based therapies in acute/chronic rodent
models of renal disease [44-s1]. To test this hypothesis
in vitro, CM from human SRC cultures was collected
to determine the capacity for attenuating NF-kB acti-
vation as well as enhancing cellular proliferation in
target cell types.

An important contribution to the transition of
animal studies to clinical trials is the availability
of in vitro assays that are predictive for an in vivo
response. To this end, EMT of renal epithelial tubu-
lar cell populations is believed to play a significant
role in the development of tubulointerstitial fibro-
sis during the progression of CKD {s2,53]. Cytokines
including TGF-f1 have been shown to recapitu-
late EMT within populations of tubular epithelial
cells [53,54] and TGF-B1-induced EMT of the human
primary tubular epithelial cell line HK2 is now a
well-established model system to evaluate the impact
of small molecule and protein factors on EMT [54.55].
CM derived from SRC was observed to attenuate
TGEF-B1-induced EMT in HK2 cells 377. HRMC are
pericytes derived from the peripheral, capillary loop-

Selected renal cells in chronic kidney disease Research Article

associated vasculature found within the glomerular
tufts. HRMC may potentially function to establish
mesangial ECM, internalization of plasma compo-
nents and regulation of hormonal elements associ-
ated with control of the vasculature. Uncontrolled
growth of HRMC, and therefore, of HRMC-derived
mesangial matrix, may manifest in multiple aspects of
glomerulonephritis, glomerulosclerosis and nephrop-
athies. Given that synthesis of mesangial matrix by
HRMC is a function of externally applied signaling
factors, HRMC are commonly regarded as model
platforms for fibrosis secondary to CKD [56-59]. In the
current manuscript, commercially available HRMC
were used as surrogates for host-response tissues in
the in vitro assays since mesangial cells express PAI-1
in injured/diseased kidneys [25-27:56-61]. We note also
that the use of TGF-f1 and TNF-a to mimic 7 vitro
renal disease and treatment options is well established
in the literature [56-59]. Concentration—effect curves
and time-course evaluations have also been exten-
sively reported in the literature, for an example please
see [60]. Assay conditions used in the current manu-
script are based on those previously established in the
literature [56-60].

As a functional test of the CM in the context of
kidney disease, we designed an in vitro assay using
the human proximal tubule cell line HK2 as a sur-
rogate for responding host cells. Nuclear shuttling of
p65 was inhibited by SRC-CM (Figure 6). To iden-
tify bioactive component(s) of SRC-CM responsible
for NF-kB and PAI-1 attenuation capacity, media
was subjected to ultracentrifugation at 200,000 g.
This vesicle-rich media was unable to attenuate
NF-«B activity (Figure 8A), showing that NF-kB
suppressor(s) contained within SRC-CM are not
directly associated with secreted vesicles and that the
bioactive component is smaller than 5 kDa. Prolifera-
tion was assayed by evaluation of the expression of the
cell cycle regulators CyclinD1 and FOS, both mark-
ers of cell cycle regulation [62]. Although it remains
possible that the components (<5 kDa) that induce
tubular epithelial cell proliferation are the same as
those which attenuate NF-xB activation, we have no
data currently to confirm this point. Given the low
molecular weight (<5 kDa) of the bioactive factors,
it is likely that these factors are small-molecule com-
pounds or small peptides and not proteins. However,
in the absence of further data, we cannot speculate
regarding the identity of these compounds. Attenua-
tion of the TGF-B-mediated signaling pathway regu-
lating expression of PAI-1 is associated with soluble
factors contained in vesicle rich CM (Figure 9A & B).
Finally, direct comparison between vesicle-rich and
vesicle-depleted SRC media shows proliferation is
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enhanced in target epithelia by nonvesicular fac-
tors (Figure 10). A complete cataloging of miRNAs
present in SRC-CM is the subject of a future manu-
SCI‘ipt [Basu Er 4r. (2016), MANUSCRIPT IN PREPARATION]. For
the sake of clarity, we have chosen to focus in the
current manuscript on miRNAs directly relevant
to the PAI-1/NF-kB signaling pathway for which
unambiguous functional data are available. On this
basis, miR-449a was selected for further functional
analysis. However, other relevant miRNAs identified
in the current study and their RNA targets include:
miR-30b-5p (both regulators of PAI-1), miR-21 (Pel-
lino-1), miR-146a (IRAK/TRAFG6), miR-124 and
miR-151 (NF-«B). As predicted, transfection of syn-
thetic miR-449a-reduced basal and TGF-B-induced
expression of PAI-1 protein (compare lane 1 with
lane 3, and lanes 2 and 4, Figure 9C). In addition
to its role in regulation of PAI-1, miR-449a is well
established as a potent inducer of cell death, cell cycle
arrest and/or cell differentiation [34].

Our earlier studies have demonstrated that SRC
can be identified within the implanted kidney at up
to 3 months postimplantation, albeit at reduced fre-
quency. In the 5/6N_model leveraging male donors
and female recipients, male SRC were detectable
within the remnant kidney of the N female recipi-
ent host at 4 weeks after implant, as evidenced by
visualization of PKH-26 dye-labeled cells within the
parenchyma adjacent to the injection site. Retention
of donor cells at the 3-month time point was veri-
fied in frozen tissue sections by FISH with rat Y/12
chromosome probes, confirming the presence of
male donor cells in tubular and peritubular regions,
predominantly localized within the corticomedul-
lary zone. Finally, detection of the male-specific SRY
gene by PCR in serial tissue sections supported the
Y-chromosome FISH findings, demonstrating that
the majority of SRY* donor-derived DNA persisted
in the cortical/corticomedullary junction zone at an
estimated frequency of 1:33,333 cells. SRY* DNA was
found less frequently in the medullary zone and no
SRY* DNA was detected in the papillary/pelvic zone
suggesting that SRY* cells are retained preferentially
within the CM] zone [22].

The ZSF1 model leveraged SRC labeled with SPIO
for whole organ detection by MRI and fluorescence
microscopy following intrarenal transplantation into
the anterior pole of the left kidney in obese diabetic
ZSF1-recipient rats. MRI revealed a region of nega-
tive contrast at the anterior pole of the kidney where
the cells were injected. These data are consistent
with whole organ fluorescent imaging highlighting
the injection site and iron-conjugated rhodamine
located at the upper cortex of the anterior pole. Sec-

tioning of the whole kidney indicated a bolus of
iron—rhodamine-labeled cells by fluorescent detec-
tion and by Prussian-blue for iron migrating and dis-
tributing from the cortical injection site, confirming
their presence in tubular and peritubular spaces of
the cortex and medulla. In parallel with the qualita-
tive MRI-based cell detection study, an iz vive study
was performed to trace ZSF1 renal cells labeled with
perfluorocarbon tracer Cell Sense DM-Red 19F by
NMR. The robust detection of 19F-labeled cells at
3 and 24 h following implantation confirmed their
early retention in the kidney and the diminished
yet significant detection of 19F 7 days following the
transplantation procedure. SRC retention was con-
sistent with the detection of these cells observed in
the 5/6N_nephrectomy mass reduction model using
both SRY gene detection and FISH for Y chromosome
(male donor cell detection in female recipients), and
cell-membrane PKH-26 dye-labeled studies [22, 23]. Tt
remains unclear if continued or improved persistence
of these cells would significantly improve the extent
of immunomodulation.

Conclusion

To summarize, we have demonstrated in two models
of CKD that robust NF-kB activation, PAI-1 expres-
sion and subsequent inflammation and fibrosis are
common pathological outcomes despite their disparate
etiologies. We confirm that a SRC cell-based approach
can effectively promote resolution of CKD-related eti-
ologies through influence on NF-«B signaling path-
ways in both disease models. An impact on TGF-f1
signaling is also suggested by the in vitro data but will
require additional iz vive confirmation. Finally, we
demonstrate both 77 vitro and in vive that SRC specifi-
cally promotes proliferation of target tubular epithelial
cells through secreted factors and in conjunction with
effects on NF-«B activation and PAI-1 expression may
attenuate advancement of CKD. Unequivocal proof of
the existence of microvesicles in SRC-CM will require
electron microscopic confirmation; such experiments
are currently in progress.

Future studies on optimization of SRC-based renal
cell therapy will include systematic dose-response
analysis to identify optimal SRC dosage. To this end,
a comparative evaluation of low dose (10° SRC) ver-
sus high dose (107 SRC) has been made and reported
in [22]. Briefly, essentially identical and statistically
significant stabilization of serum creatinine and BUN
was observed from transplantation of both high and
low doses of SRC in the 5/6N_model, suggesting
that 10 SRC may be acceptable for a rodent prod-
uct prototype, greatly facilitating the manufacturing
process. The potential impact of donor-specific dif-
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ferences on SRC potency and bioactivity has thus far
not been evaluated, in part because of the absence
of a noninbred rodent model for CKD. Additionally,
as SRC therapy is by definition autologous, the rel-
evance of such studies to the SRC clinical program
is minimal. Taken together, these studies extend and
complement previous work on SRC-related MOA
demonstrating mobilization of host-derived stem and
progenitor-associated markers in 5/6N_rodent mod-
els of CKD in response to treatment with SRC [29].
Identification of putative MOA(s) establishes the
foundation for potency assay development and imple-
mentation, critical for successful clinical translation
of any biologic product candidate [3839]. To this
end, Phase I/II clinical trials of Neo-Kidney Aug-
ment, a SRC/hydrogel composite cell therapeutic for
treatment of ESRD, have been initiated [63,64].

Future perspective

Identification of putative MOA(s) establishes the
foundation for potency assay development and imple-
mentation, critical for successful clinical translation
of any biologic product candidate. As we have dis-
cussed in [39.40], growth factors and miRNAs secreted
by SRC may be directly incorporated into a battery
of functional bioassays that taken together provide
a quantitative index of product potency. The devel-
opment of renal fibrosis during progressive onset of
CKD may be modeled 77 vitro by the induction of
an EMT event in certain populations of renal cells

with TGEF-B. Factors present in SRC-derived CM

Selected renal cells in chronic kidney disease Research Article

are capable of blocking or reversing this EMT event,
which may be monitored quantitatively by PCR
methods providing another index of SRC bioactiv-
ity [38, 39]. Finally, RegenMedTX LLC’s Neo-Kidney
Augment (NKA) is a SRC/hydrogel composite cell
therapeutic currently undergoing Phase I/II clinical
trials in Sweden and the USA (ClinicalTrials.gov
identifier #NCT01846715 and NCT02008851) for
patients with Type 2 diabetes and CKD (63, 64]. It is
expected that clinical data derived from these trials
will further refine our understanding of mechanistic
pathways associated with SRC therapeutic bioactivity.

Financial & competing interests disclosure
The authors declare an equity and intellectual property inter-
est in Tengion, Inc., Assets of Tengion Inc. have since been ac-
quired by RegenMedTX, LLC. The authors have no other rele-
vant affiliations or financial involvement with any organization
or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript
apart from those disclosed.

No writing assistance was utilized in the production of this
manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate institu-
tional review board approval or have followed the principles
outlined in the Declaration of Helsinki for all human or animal
experimental investigations. In addition, for investigations in-
volving human subjects, informed consent has been obtained
from the participants involved.

Executive summary

disease in the 5/6 nephrectomy (5/6N ) model.

infiltration in the 5/6 nephrectomy model.
SRC mechanism of action, ZSF model
Effect of SRC-derived conditioned media

vesicle-mediated cell signaling.
Role of vesicular component of SRC-derived CM

mediated in part by miRNAs.

Clinical trials

Molecular characterization of rodent chronic kidney disease models
¢ Progressive NF-xB activation and interstitial inflammation are features in the development of chronic kidney

Selected renal cell mechanism of action, 5/6N,_model
e Transplanted selected renal cell (SRC) attenuate NF-xB and PAI-1 activation and reduce macrophage and T-cell

e Transplanted SRC promote tubular cell proliferation in 5/6N_rats.
e Transplanted SRC attenuate NF-«B signaling and PAI-1 expression in ZSF1 model of diabetic nephropathy.

e Conditioned media (CM) from human SRC can attenuate NF-«kB activation in vitro independent of

e Secreted vesicles in CM from rat and human SRC can attenuate PAI-1 expression in vitro; bioactivity is

Role of nonvesicular component of SRC-derived CM:
¢ Nonvesicle components of SRC-CM induce tubular cell proliferation.

¢ RegenMedTX LLC's Neo-Kidney Augment is a SRC/hydrogel composite cell therapeutic currently undergoing
Phase I/11 clinical trials in Sweden and the USA for patients with Type 2 diabetes and chronic kidney disease.
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The role of pharmacogenetics and
advances in gene therapy in the treatment
of diabetic retinopathy

Diabetic retinopathy (DR) and its complications such as diabetic macular edema
continue to remain a major cause for legal blindness in the developed world. While
the introduction of anti-VEGF agents has significantly improved visual outcomes of
patients with DR, unpredictable response, largely due to genetic polymorphisms,
appears to be a challenge with this therapy. With advances in identification of various
genetic biomarkers, novel therapeutic strategies consisting of gene transfer are being
developed and tested for patients with DR. Application of pharmacogenetic principles
appears to be a promising futuristic strategy to attenuate diabetes-mediated retinal
vasculopathy. In this comprehensive review, data from recent studies in the field of

pharmacogenomics for the treatment of DR have been provided.
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Diabetes has been recognized as a major pub-
lic health problem of the 21st century. The
number of people worldwide suffering from
diabetes and its macro- and microvascular
complications may reach more than 500 mil-
lion by the year 2030. Diabetic retinopathy
(DR) and its complications such as diabetic
macular edema (DME) increase with the
duration of the disease [1]. It is estimated that
>60% of those diagnosed with Type 2 diabe-
tes develop certain stage of retinopathy after
20 years [2-4].

Despite breakthroughs in
the development of novel pharmacological
agents for DME in the last decade, a signifi-
cant proportion of patients gain suboptimal

numerous

vision. Anti-VEGF therapies and corticoste-
roids such as triamcinolone acetonide and
fluocinolone acetonide are the mainstay
in the treatment of DME in the present
day (5. However, evidence from large clini-
cal trials such as the RISE and RIDE study
suggests that with anti-VEGF therapy, <50%

patients may show a significant improvement
(23 lines visual acuity) with 0.3 mg ranibi-
zumab [6]. It has been recently recognized
that genetic influences, such as polymor-
phisms in the gene encoding VEGF, may
play a role in determining the response to
anti-VEGF therapy 7). Thus, there remains a
significant unmet need for novel, more effec-
tive therapies for DR and DME, beyond the
anti-VEGF agents.

Intraocular genesis of therapeutic pro-
teins that can treat DR and DME is now
possible by ensuring local delivery of a gene
using a suitable vector. Following early suc-
cesses of gene therapy in patients with inher-
ited retinal degenerations, trials on retinal
vascular pathologies such as DR are being
designed [8.9).

In this review, recent advances in the
identification of genetic factors, which play
a role in the pathogenesis and management
of DR and DME, have been summarized.
Contemporary pharmacogenetic principles
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and novel gene therapies in development for DR that
may enable clinician-scientists to achieve better visual
results have been highlighted. In addition, a futur-
istic perspective for the treatment of DR has been
presented.

Genetic factors in the pathogenesis of
diabetic retinopathy

To date, the genetics behind DR has not been fully
elucidated. Current research and meta-analyses focus
on either HLA associations or single-gene variations
(SNDPs). Some authors have also used linkage analy-
sis and genome-wide association studies (GWAS) in
order to attempt to find associations between various
genes, SNPs and DR [10]. Studies investigating the
genetic factors that influence the manifestations of
retinopathy have revealed HLA associations and SNPs
that may contribute to initiation or promotion of the
inflammatory cascade [11].

Human leukocyte antigen associations &
linkage analysis

There are two main types of HLA proteins in the
human body that correspond either to major histo-
compatibility complex class I or class II. Studies that
have been performed on DR in type 1 and 2 diabetic
patients focus on HLAs corresponding to major histo-
compatibility complex class II as these are the proteins
that present antigens outside of the cell to T-lympho-
cytes. Self-antigens that are presented are suppressed
by regulatory T cells. It is theorized that the pathology
behind DR may be caused by the presentation of self-
antigens by HLA molecules that is then not suppressed
by regulatory T cells [12].

According to two different studies in two differ-
ent populations of patients with Type 1 diabetes,
HLA DQBI*0201 was associated with susceptibility
to proliferative diabetic retinopathy (PDR) (n = 46;
23 healthy controls and 23 patients with Type 1 diabe-
tes) [13,14]. In Croatian patients, the DQBI*0201 has a
relative risk of 5.29 toward the development of PDR.
Although DQBI*0201 has the highest relative risk,
in a study on patients with Type 1 diabetes (n = 425
families), it was found that the DR alleles DRBI*0301
and DRBI*0402 are also associated with PDR with a
relative risk of 2.12 and 3.01, respectively [15].

Although these studies showed clear associations
between DQBI*0201 and DR, other studies did not
show such relationships. A recent meta-analysis that
pooled data from seven studies with 2707 patients with
Type 1 diabetes and 7638 healthy controls, showed
that with covariate-adjusted models, DQBI*0201
was a significant protective factor for the presence of
microvascular complications (including DR). This

meta-analysis also showed that there was a higher
frequency of HLA-B62 allele among Type 1 diabetic
patients with PDR compared with Type 1 diabetics
without PDR [1¢].

Thus, linkage analysis may help in the identification
of alleles that may predispose to development of more
aggressive form of DR, resistant to conventional form
of therapy.

SNPs identified using candidate gene studies
There have been many SNPs implicated in the devel-
opment in DR, in a number of different genes. The
main genes that have been studied are VEGF, TGF-BI
and the CEPI25 gene [10]. In addition, SNPs in certain
candidate genes that play a role in the pathogenesis of
DR, such as aldose reductase [17], endothelial nitric
oxide[18], receptor for advanced glycation end prod-
ucts [19] and erythropoietin [20] genes have been studied
extensively in various ethnic groups.

Numerous SNPs have been studied in the VEGF
gene. SNPs in VEGF gene and its polymorphisms are
of particular interest because therapy of DR largely
focuses on anti-VEGF drugs [21]. The VEGF gene is
located on chromosome 6p21.3 and is highly poly-
morphic as demonstrated in previous studies [22-24].
While significant advances have been made in iden-
tifying these polymorphisms, there is indeed a need
for continued research in confirming the role of these
polymorphisms in patients with DR and DME.

In Asian populations, the VEGF +936C/T
(rs3025039) polymorphism was found to have an odds
ratio of 3.19 in the development of DR in patients with
Type 1 diabetes. This SNP is found in the splicing
region of the VEGF gene [25]. In Japanese and Slovenian
populations, there is an association of the C-634-G
(rs2010963) polymorphism (which is in the 5-untrans-
lated region) and an increased risk of developing DME
and DR in patients with Type 2 diabetes [2627]. Yet
another SNP, -2578, this one in the promoter region,
showed an association with the development of DR
except in Caucasians with Type 1 diabetes [23].

The TGEF-P signaling pathway is implicated in the
development of DR. A meta-analysis that analyzed
a total of five studies (three studies with 521 cases
and 580 controls for -509C/T polymorphism and
two studies with 268 cases and 340 controls for
+869T/C(L10P) polymorphism) demonstrated that
+869T/C polymorphism is a potential protective factor
in the development of DR in patients with Type 2 dia-
betes 29]. The CEPI25 gene, which is expressed in the
retina and involved in the TGF- signaling pathway,
has also been studied. The rs4865047 polymorphism
was studied in the Wisconsin epidemiologic study of

DR in patients with Type 1 diabetes (n = 469). This
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study showed that the CEPI25 SNP was associated
with severe DR [30].

The SNPs discussed above are currently the most
studied SNPs, most found through GWAS. To date,
there are only a small number of primary studies and
meta-analyses that have been performed on these
SNPs. Many of the analyses have conflicting results,
showing that more research needs to be done in this
area. It appears that there is a significant genetic risk
in the development of DR, but it has yet to be fully
elucidated.

Genome-wide association studies

Compared with candidate gene study for SNPs and
HLA linkage studies, GWAS consist of high density
sampling of all the common human gene variation.
Therefore, GWAS are not limited by knowledge of
specific genes and have the potential to discover bio-
logical effects of genes that have not been reported
earlier. Using this concept, millions of common poly-
morphisms can be identified in the human genome in
a given population [311. GWAS have been employed
successfully in complex diseases such as age-related
macular degeneration (AMD), among others [32].

The challenge with GWAS is determining the sig-
nificance of the observed genotypes. Very large sample
sizes may be required to demonstrate a significant asso-
ciation. GWAS performed in Mexican (n = 103) 33],
Caucasian (n = 973) 34] and Chinese (n = 849 [35]
and n = 1007 36]) ethnicities did not identify any loci
that were genome-wide significant. In a recent study
of a group of Japanese patients with Type 2 diabetes
(n = 1986), only one SNP (rs9362054) was found to
have borderline genome-wide significance [37]. Thus,
GWAS is yet to provide significant results. Studies
with much larger sample sizes, multiple ethnicities,
and standardized patient and control population may
help to provide significant results in the future [11].

Techniques of genotype assessments

Apart from candidate gene studies and GWAS, tech-
niques such as DNA sequencing may enable identifica-
tion of causative genetic factors for DR [31]. Sequenc-
ing of the whole exome can detect disease variants in
complex polygenic diseases such as AMD, shedding
light on previously lesser studied pathogenetic path-
ways such as the ubiquitin-proteasome pathway [3s].
Such techniques appear to have a promising role in
shedding further light on genetic loci that predispose
individuals to DR [39].

Table 1 lists a summary of relevant genes that have
been shown to have an association with the develop-
ment of DR or severe disease among various ethnicities
by candidate gene studies or GWAS.

Pharmacogenetics in diabetic retinopathy

Genetic basis of variations in treatment
response

Treatment options for DR and DME include laser pho-
tocoagulation, intravitreal or periocular corticosteroids
(such as intravitreal dexamethasone, triamcinolone
acetonide and fluocinolone acetonide), and anti-VEGF
agents [56]. Currently, periodic intravitreal injections of
anti-VEGF agents such as bevacizumab, ranibizumab
and aflibercept are the standard of care for manage-
ment of DME owing to its favorable outcome [57:58].
Such therapy is aimed at antagonizing VEGF and its
downstream effects.

However, clinical trials have demonstrated marked
variation in response to anti-VEGF therapy in DME.
In the RISE study, 44.8% of patients gained >3 lines on
EDTRS chart at 24 months with 0.3 mg ranibizumab,
while 34% patients receiving 0.3 mg ranibizumab dem-
onstrated an improvement of >3 lines on ETDRS chart
in the RIDE study [6]. In both trials, there were few
patients that showed loss of >15 letters, in other words,
six of 250 patients in RISE and seven of 252 patients in
RIDE study. The BOLT study employing intravitreal
injection of bevacizumab to treat DME demonstrated
that there was >3 line improvement (ETDRS) in visual
acuity in only 39% of patients [59]. In the DA VINCI
Study using intravitreal aflibercept for DME, 34% of
the patients showed the significant level of visual acuity
improvement at the study end point [60]. Thus, there is
a large variation in the response to anti-VEGF therapy
among patients with DME.

Based on the therapeutic response to anti-VEGF
agents, patients may be termed either as responders or
incomplete/nonresponders [10,61.62]. There appears to
be significant differences in the genetic makeup and
protein expression patterns between these two cat-
egories of patients. Among patients with DR, more
than 100 genes may have altered expression, either
upregulation or downregulation, resulting in subopti-
mal response to anti-VEGF therapy [63]. In addition,
patients with reduced response to anti-VEGF therapy
may demonstrate differences in cellular proteins, such as
transcription factors (e.g., NF-kf3) [(61.64] and cytokines
(e.g., TGEF-B) [65.66] compared with patients who show
a favorable response. Variation of treatment response
may also be attributed to differences in the intraocular
expression of VEGFR (e.g., VEGFR2), which may be
modulated by a number of molecular targets [67].

Thus, the relationship between intraocular VEGF
bioactivity and its relationship to the levels of other cel-
lular proteins in patients with DR appears to be complex
and largely controlled by epigenetic and genetic influ-
ences [61]. Further research in this direction may expand
our knowledge regarding the precise mechanisms of
individual variations in treatment response.
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Gene therapies for diabetic retinopathy in
development

With continually improving understanding of the
pathogenesis of DR, several new approaches are being
investigated to treat this disease. Novel approaches based
on pharmacogenetic principles include gene therapy tar-
geting various systems such as the renin—angiotensin,
antioxidant and the complement system.

Although no human trials have been completed for
gene therapy in DR yet, animal models have proven
to be successful thus far [63]. The potential strategies
for gene therapy in DR include either attenuation of
pathogenic molecular targets that are upregulated, or
increased production of protective molecules whose
expression is abnormally low in DR. As evidenced by
the exponential rise in the use of anti-VEGFs in the
last decade, VEGF is a key factor that is upregulated
in the pathogenesis of DR and is therefore, an obvi-
ous first target. On the other hand, antiangiogenic
proteins that may be amenable to gene therapy include
angiostatin, endostatin, K5 and kallistatin. Angio-

Pharmacogenetics in diabetic retinopathy

statin has been shown to be decreased in diabetics. Its
upregulation, however, was shown to decrease neovas-
cularization in animal models [69.70]. Endostatin levels
have been shown to inversely correlate with the sever-
ity of DR and VEGF levels [71,72]. K5 and kallistatin
have been shown to decrease the formation of retinal
neovascularization in a rat model [73,74].

VEGF gene therapy

Research into gene fragments that may serve as endog-
enous inhibitors to VEGF has led to the identification
of the sFlt-1 gene. sFle-1 is a splice variant of VEGF
receptor 1 and functions to bind free-circulating VEGF
and PIGF. Thus, it serves to blunt the proangiogenic
effects of VEGF [75].

In an oxygen-induced ischemic retinopathy rat model,
lentiviral expression plasmids carrying sFlt-1 fragments
showed significant inhibition of retinal neovasculariza-
tion [76]. sFlt-1 has also been successfully transferred
in a murine model using helper-dependent adenovirus
(HD-Ad/s.Fle-1) resulting in regulated expression of

Review

Table 2. Recombinant viral vectors in development for the treatment of diabetic retinopathy.

Recombinant vector Expressed protein Mechanism of action Ref.

AAV2-sFlt-1 vector VEGFR1 Inhibition of VEGF [78,96]

Lenti.sFlt-1 [76]

HD-Ad/s.Flt-1 VEGFR1 Inhibition of VEGF 77

AAVrh.10BevMab Bevacizumab Long-term release of bevacizumab to [97]
suppress ocular neovascularization

AAV2-vasoinhibin Vasoinhibin Inhibition of angiogenesis (belongs to (98]
prolactin family)

AAV-ACE2/Ang-(1-7) ACE2 and Ang-(1-7) Reduction in retinal vascular leakage, [99]
acellular capillaries, inflammation and
oxidative damage

AAV-sGFP-TatM013 Cell penetrating form of Blockade of IL-1f secretion [100]

MO013 protein (TatMO013)

scAAV-GFAP-endostatin-FLAG and scAAV-  Endostatin Hypoxia-regulated or unregulated release [101]

HRSE-6XHRE-GFAP-endostatin-FLAG of endostatin to inhibit angiogenesis

rAAV-angiostatin Angiostatin Reduction of vascular leakage and [102)]
angiogenesis

AAV2/8-sCD59 CD59 Regulation of complement system [68]

AAV2-GFP PEDF Inhibition of intraocular angiogenesis [103]

rAAV2-CMV-hPEDF [104]

rAAV-BDNF BDNF Increase in retinal ganglion cell population [105]

rAAV2-NTF2 Nuclear transport factor 2 Promotes cytosolic functions that preserve [106)
blood-retinal-barrier functions

AAV-MnSOD Mitochondrial superoxide Reduction in reactive oxygen species [91]

dismutase damage

AAV-CAT Catalase enzyme Reduction in reactive oxygen species [92]
damage

AAV: Adeno-associated virus; Ang: Angiotensin; HD-Ad: Helper-dependent adenovirus; rAAV: Recombinant adeno-associated virus.
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VEGEF [77]. This potential therapeutic approach is being
thoroughly evaluated for its clinical use in vascular
retinal diseases such as neovascular AMD (73].

Renin-angiotensin system
ACE2 has been shown to increase diabetic complica-
tions when downregulated and be protective of these
complications when upregulated [79]. Dysregulation
of angiotensin II has been implicated in the pathogen-
esis of vascular growth, inflammation and fibrosis, by
activation of angiotensin receptors, G-protein-coupled
receptors, activation of reactive oxygen species, among
other pathways (80.81]. Angiotensin II may behave as a
proinflammatory cytokine and participate in various
steps leading to pathological microvascular changes [s2].
Several clinical trials of angiotensin II blockade in
patients with diabetes have shown favorable results [83-
8s5]. In mice models of DR, therapy with recombinant
adeno-associated virus (AAV [AAV2-Ang-(1-7) and
AAV-ACE2]) showed protective effect on the retina
with decreased macrophage activation, prevention of
basement membrane thickening and reduced overall
oxidative damage [86].

Antioxidant system

In addition to modification of signaling pathways,
patients with DR are known to have altered and miti-
gated genetic expression of antioxidant enzymes [87].
Recent studies have suggested that reactive oxygen
species contribute to the pathogenesis of DR. Trans-
genic mice, which overexpress the antioxidants super-
oxide dismutase (SOD) and lipoic acid, were shown
to decrease the progression of DR although with
significant side effects [88,.89]. Mitochondrial SOD
(MnSOD) may play an important protective role in
the retina preventing diabetes-induced abnormalities
and microvascular changes [90].

More recently, studies have shown the efficacy
of intravitreal gene therapy using AAV vectors with
MnSOD and catalase in decreasing the progression of
DR in mouse models [91]. When AAV-MnSOD was
injected intravitreally in streptozotocin-induced dia-
betic rats, there was significant reduction in the apop-
tosis of retinal capillary cells and alleviation of damage
to the retinal vascular endothelium. Similar protective
effects may be expected after therapy with recombinant
AAV containing the catalase gene (AAV-CAT) [92].

Intraocular complement system

Research has shown that normal human intraocular
fluid contains factors that inhibit the activation of the
complement system, especially the classical pathway.
However, this complement regulatory activity can be
blocked by monoclonal antibodies against membrane

cofactor protein, decay-accelerating factor and
CD59 [93]. In retinal vascular diseases such as DR, there
may be aberrant activation of intraocular complement
system, as demonstrated by deposition of CD5b-9 and
C3d in the choriocapillaris [94]. Streptozotocin-induced
diabetic rats demonstrate selective reduction in CD55
and CD59 in the wall of retinal vessels [95].

With this background, blockade of intraocular mem-
brane attack complex formation and deposition has
been attempted using gene therapy. Soluble membrane-
independent form of CD59 (sCD39) can be delivered
via gene therapy using AAV (AAV2/8-sCD359) in dia-
betic eyes. Further research is needed to explore this as
a potential therapy for advanced DR.

In addition to the four major pathways mentioned
above, recombinant vectors that express various other
intracellular proteins have been prepared. Table 2 sum-
marizes various viral vectors that have been tested in
animal models for the treatment of diabetic retinopathy.

Epigenetic modifications & microRNAs
Epigenetic factors may play an important role in the
pathogenesis of DR [39]. Epigenetic modifications can
either silence or activate genetic loci without causing a
change in the DNA sequence. These defects are poten-
tially reversible but can remain stable [107). The major
epigenetic mechanisms that are considered to regulate
gene expression include DNA methylation, histone
modifications and noncoding RNA activity [108]. All
of these mechanisms may be active in a hyperglycemic
milieu found in diabetic patients.

Reduction in the methylation of the SOD2 [109] and
matrix metalloproteinase (MMP9) [110] genes due to epi-
genetic modifications may be observed in patients with
DR. Acetylation of retinal histone may also play a role
in the pathogenesis of DR [111]. In addition, post-trans-
lational modification of proteins also appears to be rel-
evant in DR. There are a number of miRNAs, including
miR200b (a VEGF-regulating miRNA), that may con-
trol the post-transcriptional gene expression and thus,
serve as an important potential mediator and biomarker
of diabetic complications and response to conventional
therapy [112,113]. Other miRNAs such as miR146,
miR155, miR132 and miR-21 that are responsive to
NF-«f may be upregulated in diabetic patients [114].

Characterization of various epigenetic regulators
may lead to development of novel pharmacological
targets to prevent or treat diabetes and its microvascular
complications such as DR.

Identification of genetic variants from
clinical trials of diabetic retinopathy

Large, multicenter epidemiological studies and clinical
trials provide a unique opportunity to assess the genetic
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susceptibility of individuals of various ethnicities at risk
for development of severe disease and/or suboptimal
response to treatment. These subanalyses may help to
identify candidate genes and their variations associated
with poor retinal outcomes in DR. Previous epidemio-
logical studies, such as the DCCT/EDIC study, have
identified strong association between certain genes
(e.g., SODI and ACE genes) and severe nephropa-
thy [115,116]. While there has been significant progress in
the field of pharmacogenetics of diabetic nephropathy,
furcher studies are needed to identify replicable genetic
factors relevant to the pathogenesis of DR [117].

In order to expand the available knowledge regard-
ing genetic biomarkers of DR, various clinical trials
are being designed with an emphasis to evaluate gen-
otypes of patients enrolled in the study. In addition,
assay of intraocular cytokines may enable the clinicians

Pharmacogenetics in diabetic retinopathy

to identify the expression patterns of certain genes in
patients with DR. This may enable recognition of
potential future therapeutic targets and provide the
basis for development of novel pharmacological agents.

Conclusion & future perspective
Therapy with anti-VEGF agents has become the stan-
dard of care for the modern-day management of DME.
However, ununiformed response to anti-VEGF agents
and need for multiple injections are major limitations
of this approach. Research in the field of pharmacoge-
nomics has already led to the identification of several
alterations in nucleic acids and other cellular proteins
that may be associated with increased severity of DR
and suboptimal response to conventional therapy.

As summarized above, during the past few years,
significant advances have been made in the field of

Executive summary

individuals.

studied in large population cohorts.

establish significant associations.
Pharmacogenetics of treatment response

Gene therapies for diabetic retinopathy

system.

therapies for diabetic retinopathy.
Conclusion

upon the genotype of the individual.

expansion of personalized gene therapies.

Genetic factors associated with diabetic retinopathy

e There is increasing evidence in literature to illustrate the important role of pharmacogenetics in the
treatment of diabetic retinopathy to ensure consistent response among the entire patient population.

e The phenotypical manifestations of diabetic retinopathy may depend upon the genetic composition of the

¢ A number of gene polymorphisms in the VEGF, MTHFR, TGF-B1 and the CEP125 gene have been extensively

e Certain human leukocyte antigen subtypes such as DQB7*0201, DQB1*0301 and DQB1*0402 have been
implicated in the pathogenesis of severe forms of diabetic retinopathy in literature.

* Genome-wide association studies have provided preliminary evidence that genetic factors may play an
important role in the pathological expression of the disease. However, further studies are required to

 In several, large pivotal clinical trials evaluating the role of anti-VEGF agents and corticosteroids, significant
visual gain has been observed in less than 50% patients in the study cohorts.

e Itis likely that mutations in certain genes such as the VEGF and the VEGFR2 may render the angiogenic
pathway resistant to treatment with anti-VEGF agents, resulting in a suboptimal response to therapy.

¢ A number of potential gene therapies for diabetic retinopathy that are presently being evaluated in
preclinical murine diabetic models have been summarized.

e From the literature, gene therapies targeting the major intraocular pathologic systems identified include the
VEGF/sFtl-1, antioxidant pathway (superoxide dismutase), renin-angiotensin pathway and the complement

¢ Preliminary results after intraocular gene delivery using recombinant adenoviral vectors in streptozotocin-
induced diabetic rats are promising and warrant further research with human subjects.

e Pharmacogenetic strategies targeting epigenetic modifications such as DNA methylation and histone
acetylation may be of potential therapeutic benefit in diabetic retinopathy.

e Thus far, no serious ocular adverse events or genetic instability has been reported from trials of gene

e Extensive research has shown that a number of potential candidate genes and polymorphisms may be
associated with diabetes and its microvascular complications such as retinopathy. However, further research is
needed to establish the high-risk genotypes across different ethnicities.

¢ In the future, decision to treat patients with diabetic retinopathy with pharmacologic agents may be based

e Advances in pharmacogenetics and pharmacogenomics related to diabetic retinopathy may contribute to the
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pharmacogenomics in DR. However, the role of
several candidate genes is still a matter of investiga-
tion. With over 20,000 genes in the human genome,
extensive research is needed to identify the at-risk
alleles. Novel genetic analysis methods such as DNA
sequencing that allow whole genome analysis have a
major role to play in this task. Thus, in the next few
years, it is likely that a number of genetic biomarkers
associated with high-risk DR and DME may be iden-
tified. GWAS appears to be a promising technique to
identify such genotypes in the population. Genome
sequencing for DR may also find clinical applications.
This may allow prediction of natural history of the
disease, treatment response and may play a role in
treatment decision-making. In the future, it may be
possible to offer patients diagnosed with gene poly-
morphisms, such VEGF and VEGF receptor gene
SNPs that affect the response to therapy, alternate
treatment strategies. Therefore, rapid progress in the
omics-based technologies may allow individualized
treatment options for patients on the basis of their
allelic patterns in future.

Improvements in the development of drug design
and techniques of intracellular gene delivery have
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