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ABSTRACT

Mesenchymal stem cells (MSC) have been experimentally used for kidney repair, but modest reten-

tion limits their efficacy. Cell-surface coating allows modulating MSC homing and interaction with

target cells. We coated mouse adipose tissue-derived MSC with antibodies directed against kidney

injury molecule-1 (ab-KIM1), which is upregulated in injured kidneys, and tested the hypothesis

that this would enhance their therapeutic effects in ischemic kidney injury. Untreated MSC, ab-

KIM1-coated MSC (KIM-MSC), or vehicle, were injected systemically into the carotid artery of

2-kidneys, 1-clip mice 2 weeks after surgery. MSC retention in different organs was explored

24 hours, 48 hours, or 2 weeks after injection. Renal volume, perfusion, and oxygenation were

studied 2 weeks after injection using magnetic resonance imaging in vivo, and renal inflammation,

apoptosis, capillary density, and fibrosis ex vivo. The ab-KIM1 coating had little effect on MSC via-

bility or proliferation. The stenotic kidney showed upregulated KIM1 expression, selective homing,

and greater retention of KIM-MSC compared to untreated MSC and compared to other organs.

KIM-MSC-injected mice improved renal perfusion and capillary density, and attenuated oxidative

damage, apoptosis, and fibrosis compared to mice treated with vehicle or with native MSC. In con-

clusion, MSC coating with ab-KIM1 increased their retention in the ischemic kidney and enhanced

their therapeutic efficacy. This novel method may be useful to selectively target injured kidneys,

and supports further development of strategies to enhance cell-based treatment of ischemic kid-

ney injury. STEM CELLS TRANSLATIONAL MEDICINE 2018;7:394–403

SIGNIFICANCE STATEMENT

Mesenchymal stem cells (MSC) surface coating allows modulating their homing and interaction
with target cells. This study coated mouse adipose tissue-derived MSC with antibodies directed
against kidney injury molecule-1, which is upregulated in injured kidneys, and injected coated
cells systemically into mice with renal artery stenosis. The stenotic kidney received coated cells
showed selective homing and greater retention of MSC, accompanied with improved renal per-
fusion, capillary density, attenuated oxidative damage, apoptosis, and fibrosis. This novel
method may be useful to selectively target injured kidneys, and supports further development
of strategies to enhance cell-based treatment of ischemic kidney.

INTRODUCTION

Mesenchymal stem cells (MSC) are potent vectors
in regeneration medicine. Systemically delivered
MSC can home to injured sites and play a thera-
peutic role primarily via paracrine effects. MSC
have also been used to treat ischemic kidney dis-
eases and conferred significant improvements in
renal functional recovery [1]. However, modest
retention of exogenously delivered MSC specifi-
cally in target organs limits the potential utility
and benefits of this approach, as the majority of
MSC are initially trapped in the lungs [2, 3].
Importantly, increased retention rate of MSC in

the infarcted myocardium and inflamed bowel is
associated with better therapeutic effects [4, 5].
Conceivably, selective MSC retention in the
injured kidney may also enhance their therapeutic
effects.

Following an ischemic insult, a change in the
actin cytoskeleton architecture of microvascular
endothelial cells can decrease the cell-cell adhe-
sion junctions and facilitates MSC transit across
the blood vessel wall [6, 7], yet retention of MSC
in target organs remains low. Overexpressing cell
trafficking-related CXC chemokine receptor-4
(CXCR4) by gene-modification has been used suc-
cessfully to increase cellular retention rate, but
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the potential for tumorigenesis associated with genetic manipula-
tion imposes limitations for clinical application [8–11]. Alterna-
tively, coating cells with antibodies alters the cell surface without
manipulating genes. For this purpose, an esterified protein, like
palpitated protein A/G, has been used to conjugate selected anti-
bodies to the cell surface [12, 13]. Thus, palpitated protein-A (PPA)
anchoring anti-IgG antibodies on the cell surface increased adhe-
siveness to IgG-positive B cells in vitro [12]. Furthermore, palmi-
tated protein-G (PPG)-coated MSC linked to anti-ICAM-1
antibodies showed increased binding rate with ICAM-1-positive
human vascular endothelial cells, and improved efficacy of MSC in
inflammatory bowel disease [14, 15]. Similarly, chondrogenic pro-
genitor cells coated with antibodies promote binding to injured
cartilage extracellular matrix [15]. However, similar approaches
have not been fully developed to target cell-based therapy to
injured kidneys.

Kidney injury molecule (KIM)-1 is a transmembrane protein
that is expressed minimally in normal kidneys, but upregulated
dramatically in damaged kidneys [16]. As tubular KIM1 expression
is specific to ongoing cell damage, it has been regarded as a
marker for kidney injury [17, 18]. Compared to the other kidney
injury markers, KIM1 rises earlier after injury and is expressed per-
sistently [19], and might therefore serve to target therapeutic
interventions specifically to injured kidney. We hypothesized that
when conjugated to antibodies directed against KIM1, MSC would
show increased retention in injured kidneys, and thereby confer
superior therapeutic benefits compared to native MSC.

METHODS

All protocols were approved by the Mayo Clinic Institutional Ani-
mal Care and Use Committee (A1609-16). Male 129-S1 mice (Jack-
son Lab, Bar Harbor, ME, 11 weeks of age) were studied for 4
weeks after induction of unilateral renal artery stenosis (RAS) or
sham surgery. Mice were randomly divided into sham (n 5 8),
RAS1 vehicle (n 5 10), RAS1MSC (n 5 10), and RAS1 KIM-MSC
(n 5 10).

RAS was induced by surgical placement of a 0.15 mm diam-
eter arterial cuff, whereas sham surgeries without placement of
a cuff were performed in the control group, as previously
described [20]. This approach leads to a fall in renal volume,
blood flow, and function. Blood pressure was measured at base-
line, 2, 3, and 4 weeks after surgery by tail-cuff (Kent Scientific,
Torrington, CT).

After 2 weeks, the carotid artery was cannulated via a vascular
cut down, and 200 ml phosphate buffered solution (PBS), MSC, or
KIM-MSC (5 3 105 cells in 200 mL PBS) slowly injected. Two weeks
later, the mice were scanned with magnetic resonance imaging
(MRI) for renal hemodynamics and oxygenation, and subsequently
euthanized with CO2. Kidneys and blood samples were collected
for in vitro studies. Additionally, the stenotic kidney (STK) and con-
tralateral kidney (CLK) obtained from MSC- or KIM-MSC-treated
mice were used for MSC tracking 1, 2, and 14 days after cell injec-
tion (n 5 5 each group per time point). Lung and liver were also
collected at the 2-day time point for distribution analysis using flu-
orescence activated cell sorter (FACS) (FlowSight, Millipore) analy-
sis of dissociated tissues.

To evaluate the effects of KIM1-MSC on the early phase of
RAS, KIM1-MSC (5 3 105 cells in 200 ml PBS, n 5 5) or 200 ml PBS
(n 5 5) were also injected through the carotid artery immediately

after induction of RAS, 24 or 48 hours later, blood samples were
collected, and kidneys saved for KIM1 immunofluorescence.

MSC Culture and Coating

Allogeneic MSC were isolated from abdominal adipose tissue
(around 1 g) of adult donor mice (129-S1, 11 weeks) that was
digested in collagenase-H for 45 minutes, filtered, and cultured in
Advanced dulbecco’s modified eagle medium (DMEM) media sup-
plied with 5% PLTMax (Mill Creek Life Science, Rochester, MN) for
about 2 weeks. The third passages of each batch was collected
and stored in cell recovery medium in 2808C. Cells from passages
3–7 were collected for phenotyping and transplantation. FACS
was used to determine the MSC cell surface markers CD90, CD73,
and Sca-1, and to exclude CD45 and CD34 expression, and an MSC
Functional Identification Kit (R&D Systems, Minneapolis, MN) for
tri-lineage differentiation capacity.

Recombinant protein-G (RPG, Sigma, MO) was derivatized
with N-hydroxysuccinimide ester of palmitic acid (Sigma, MO),
and PPG synthesized with palmitation reaction, as previously
described [15]. Sephadex G-25 column (Sigma, MO) was used to
purify the proteins, and protein concentration measured with
bicinchoninic acid (BCA) Assay. Cell coating was conducted as pre-
viously described [14]. In brief, MSC were washed with serum-free
DMEM and suspended at a density of 5 3 106/ml in DMEM. Vary-
ing concentrations of PPG were added to the cell suspension and
incubated for 1 hour at 378C. Cells were washed with DMEM and
incubated with 100 mg/ml monoclonal rat anti-mouse KIM1 anti-
body (R&D Systems, FAB1817A) for another 1 hour at 378C. To
assess the efficiency and binding rate of the antibody onto the cell
surface, DiO cell membrane dye (Molecular Probes, Eugene, OR)
was used to label MSC before coating. After incubation with PPG,
cells were incubated with the Allophycocyanin (APC)-conjugated
anti-KIM1 antibody (R&D Systems) following the same procedure
and analyzed at the flow cytometry. The percent of APC (red) and
DiO (green) positive cells was calculated. To select the PPG con-
centration appropriate for mouse MSC, the toxicity of different
concentrations of PPG was assessed using apoptosis SYTOX stain-
ing kit (Invitrogen, Molecular Probes) and quantified by FACS. Cell
proliferation rate was assessed using Cell Counting Kit-8 (Sigma-
Aldrich), by seeding 104 cells in 96 wells and incubating them for
24, 48, or 72 hours, following vendor instructions.

To assess the binding efficiency of KIM1-MSC to the KIM-1
protein, a six-well plate was coated with KIM-1 protein (0.5, 1.5,
and 3 ng/ml, R&D System, MN), then 1.2 3 106 KIM1-MSC were
seeded in each well and incubated at 378C for 1 hour. Wells were
then gently washed with PBS three times, adherent KIM1-MSC
were collected after a short digestion with trypsin, and counted
using a cell counter. Nonadhered cells that washed out in PBS
were also counted. The efficiency was calculated as the ratio of
adhered/seeded cells.

Cell Tracking

Dil cell membrane dye (Molecular, probes) was used to label MSC
for cell tracking after injection. In kidney sections (5 mm thick), the
expression of endogenous KIM1 was probed with rabbit anti-
mouse KIM1 antibody (Abcam) followed with goat anti-rabbit sec-
ond antibody (Alexa Fluor 488). 40,6-diamidino-2-phenylindole
was used to stain nuclei. Total CM-DiI-labeled MSC and MSC coloc-
alizing with endogenous KIM1 were counted in at least 8–10 ran-
dom fields in each section and averaged.
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MSC Organ Distribution Analysis

For cell bio-distribution, organs were weighted, small pieces of
each (100 mg) were cut, and then digested with collagenase-I.
Total cells from 100 mg tissue were analyzed by FACs and MSC
counted. The numbers of MSCs in the organs were then calculated
based on their total weight. Briefly, ice-cold PBS was used to flush
out blood from harvested tissues 48 hours after cell injection.
Fresh STK, CLK, lung, and liver were weighted and stored in phos-
phate buffered saline (Sigma-Aldrich). Tissues were diced and
digested with 0.05 mg/ml Liberase Thermolysin Low (Millipore-
Sigma) and 100 U/ml DNase (Thermo Fischer Scientific). The addi-
tion of Roswell Park Memorial Institute (RPMI) media (Sigma-
Aldrich), with 10% fetal bovine serum (FBS), was followed by filtra-
tion of the suspension through a cell strainer. The filtrate was then
centrifuged at 300 g for 10 minutes, and the pellet resuspended
as single cells, analyzed by the FACS for DiI-positive cells, and their
percentage in each organ calculated.

Imaging Protocol and Data Analyses

Two weeks after MSC or vehicle injection, renal volume and
hemodynamics were assessed by MRI, as previously described
[20]. Renal volume was quantified from images acquired using a
respiration-gated three-dimensional fast imaging. Renal perfusion
was measured with arterial spin labeling, and quantified from the
flow-sensitive alternating inversion-recovery sequence, with rapid
acquisition with relaxation enhancement images. Renal

oxygenation was assessed with blood oxygen level dependent-
magnetic resonance imaging (MRI). Eight images were recon-
structed after zero-filling the k-space data to 256 3 256. T2* was
quantified by pixelwise mono-exponential fitting on the averaged
magnitude of all eight images over echo times. R2* (1/T2*) was
used as an index of blood oxygenation level.

Blood Urea Nitrogen

Blood urea nitrogen (BUN) level was determined using a commer-
cial kit (DetectX Urea Nitrogen kits, Arbor assays, Ann-Arbor, MI).
Briefly, 50 ll of standards or samples were pipetted into a clear
microliter plate, an assay diluent was added, and the color-
generating reaction initiated with the Color Reagents. The concen-
tration of BUN was calculated using the delta of the optical den-
sity readings at 30 minutes compared to the standard curve.

Renal Injury Pathways

Kidneys were homogenized using a standard technique [21]. Spe-
cific antibodies against Bax (1:200, Santa Cruz), Bcl-2 (1:200,
Abcam), transforming growth-factor-b (TGF-b) (1:200, Santa
Cruz), connective tissue growth factor (CTGF) (1:200, Bio Vision),
PAI-1 (1:200, Abcam), TIMP-1 (1:200, Santa Cruz) were used with
Western blotting protocols. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as loading controls and protein expres-
sion quantified with image-pro plus 6.0 software. The expression
of KIM1 in the STK was assessed by immunofluorescence staining.
Kidney fibrosis was tested by Masson’s Trichrome staining,

Figure 1. In vitro characterization of mesenchymal stem cells (MSC). (A): Representative images showed that MSC transdifferentiated into
chondrocytes (Collagen II), osteocytes (Osteopontin), and adipocytes (FABP4). Scale bar5 50 lm. (B) MSCs were identified using flow cytom-
etry as CD34negCD45negCD901CD731Sca-11 as showed in histogram and representative single cell images. Scale bar5 20 lm.
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assessed in 5-mm sections of each kidney using a computer-aided
image-analysis program (AxioVision, Carl Zeiss Micro Imaging,
Thornwood, NY). Fibrosis area was quantified randomly in 10–15
fields each section. Apoptosis was assessed in renal sections
stained with terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL, Promega) and F4/80 (1:200, Abcam) macro-
phages stained by immunohistochemistry. In 10–15 random fields
sampled in each section, positive cells were manually counted.
Renal oxidative damage was evaluated by 8-hydroxy-20-
deoxyguanosine (8-OHDG, 1:200, Abcam) immunohistochemistry,
quantified from 10 random fields as percent of positive cells.

Statistical Analysis

Statistical analysis used the JMP software. All data are expressed
as mean6 SD or median. Statistical significance was assessed by
one-way analysis of variance followed by unpaired two-tailed t

test for normally distributed data or nonparametric (Wilcoxon and
Kruskal-Wallis) test for no-normally distributed data. A value of
p� .05 was considered significant.

RESULTS

Characterization of Mouse MSC

MSC isolated from abdominal adipose tissue of adult male mice
showed capacity for tri-lineage differentiation into chondrocytes,
osteocytes, and adipocytes (Fig. 1A). MSC markers analyzed using
flow cytometry were confirmed for the presence of CD90, CD73,
and Sca-1, but negative for the hematopoietic markers CD45 and
CD34, as shown in both intensity graphs and representative
single-cell images (Fig. 1B).

Antibodies Directed Against Kidney Injury Molecule-1

Coating on MSC Has Little Effect on Viability

PPG achieved almost 100% coating rate, compared to under 3%
using RPG (control) (Fig. 2A). Increasing concentrations showed lit-
tle effect on cell proliferation after 24, 48, or 72 hours of incuba-
tion, and the number of dead cells by SYTOX dye after coating was
not different from uncoated MSC (Fig. 2B, 2C). PPG concentration
of 50 mg/ml was used for subsequent experiments [5]. After coat-
ing with PPG, MSC were labeled with the cell membrane dye CM-
Dio (green) and incubated with APC-conjugated antibodies

Figure 2. MSC coating with anti-KIM1 antibody (ab-KIM1). (A): Flow cytometry analysis showed that there was almost 100% coating rate
using PPG, and less than 3% using RPG (control). (B, C): Increasing concentrations showed little effect on cell proliferation after 24, 48, or
72 hours of incubation, and the number of dead cells by SYTOX dye after coating was not different from uncoated MSC. (D, E): The successful
KIM-1 antibody coated MSC (scale bar5 20 lm) showed double positive to allophycocyanin (red) and Dio (green) and the coating rate was
100%. (F): KIM1-MSC successful dose-dependent binding to KIM1 protein was confirmed in vitro, reaching 93% at 3 mg of KIM1. Abbrevia-
tions: ab-KIM1, antibodies directed against kidney injury molecule-1; MSC, mesenchymal stem cells; PPG, palmitated protein-G; RPG,
recombinant protein-G.
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directed against kidney injury molecule-1 (Ab-KIM1) (red). The suc-
cessfully KIM-1 antibody-coated MSC showed double-positivity to
APC (red) and Dio (green), with coating rate of 100% (Fig. 2D, 2E).
Hence, PPG adequately anchored ab-KIM1 to MSC, with little
effects on cell viability. Furthermore, KIM1-MSC successful dose-
dependent binding to KIM1 protein was confirmed in vitro, reach-
ing 93% at 3 mg of KIM1 (Fig. 2F).

Coating with ab-KIM1 Increased MSC Delivery

to the Mouse STK

KIM1 expression was upregulated in the STK 24 hours after induc-
tion of RAS, peaked at 48 hours, and remained upregulated 2
weeks after, but remained minimal in the sham and CLK. Interest-
ingly, injection of KIM-MSC had no significant effects on KIM1
renal expression (Fig. 3A). CM-Dil (Red) labeled MSCs were
tracked in excised kidneys 24 hours, 48 hours, or 2 weeks after
injection (Fig. 3B, 3C). The STK has shown greater homing of MSC

compared to the CLK at each time point (p< .01), and almost dou-
ble the number of KIM-MSC compared to native MSC. Specifically,
the number of Dil-positive MSC adjacent to endogenous KIM1-
positive tubular cells was also greater in the STK of KIM-MSC-
treated than in native MSC-treated mice at each time point, with
a peak of cell retention at 48 hours. At 48 hours after injection, a
greater MSC fraction was found in STK injected with KIM-MSC
compared with native MSC (p 5 .01), and KIM-MSC-treated mice
also showed greater MSC retention in the STK compared to the
CLK, lung, and liver, which were not different in mice treated with
native MSCs (Fig. 3D). Overall, 8.1%6 1.7% of total injected
native MSC and 14.5%6 6.5% KIM-MSC engrafted in the STK.

The Effect of MSC on Renal Function

All mice showed a significant increase of systolic blood pressure
(BP) 2, 3, and 4 weeks after RAS compared to sham. Native MSC
did not decrease BP in RAS mice, whereas KIM-MSC tended to

Figure 3. Cell tracking and distribution in mice treated with MSC or KIM-MSC. (A): KIM1 expression was upregulated in the STK 24 hours
after induction of RAS, peaked at 48 hours, remained upregulated 2 weeks after, and was unaffected by the injection of KIM-MSC. KIM1
expression was minimal in the sham and CLK, scale bar5 100 lm. (B): Representative images of CM-DiI labeled (red) MSC in KIM1 (green)-
stained STK and CLK 48 hours after delivery into the aorta (yellow arrow shows MSC colocalizing with endogenous KIM1-positive tubules,
scale bar5 50 lm). (C): The STK consistently shows greater homing of MSC compared to the CLK, as well as about twice as many MSC coloc-
alizing with KIM1 in RAS mice injected with KIM-MSC compared to native MSC. (D): FACS analysis showing the distribution of MSC 48 hours
after injection, as a fraction of cellular content in each organ. KIM-MSC-treated mice showed the greatest MSC fraction in the STK compared
to the CLK, lung, and liver, whereas mice treated with native MSC did not show a difference. #, p< .05 versus Sham, $, p< .05 versus 24
hours, *, p< .05 versus RAS1MSC, &, p< .05 versus RAS1KIM-MSC CLK, Lung, Liver. Abbreviations: CLK, contralateral kidney; FACS, fluores-
cence-activated cell sorting; KIM1, kidney injury molecule-1; MSC, mesenchymal stem cells; RAS, renal artery stenosis; STK, stenotic kidney.
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slightly lower it at 4 weeks compared to RAS1 vehicle, but this
difference has not reached statistical significance (p 5 .1, Fig. 4A).
Body weight was lower than sham in all groups 4 weeks after
induction of RAS (Fig. 4B), while BUN was elevated 24 hours, 48
hours, and 2 weeks in RAS mice after cell injection, and remained
unchanged after either MSC or KIM-MSC treatment (Fig. 4C). STK
volume measured by MRI decreased similarly in all RAS groups 4
weeks after surgery. Conversely, a significant increase in CLK vol-
ume in RAS1 vehicle was accentuated in RAS1 KIM-MSC (Fig.
4D, 4E).

Kidney oxygenation assessed by BOLD-MRI revealed an
increase in hypoxic signals in the STK cortex and medulla com-
pared to sham (Fig. 4F). Both MSC and KIM-MSC similarly allevi-
ated STK hypoxia compared to RAS1 vehicle, whereas a decrease
in STK cortical and medullary perfusion in RAS was improved only
by KIM-MSC (Fig. 4G). There was no difference in CLK perfusion
among the groups (Fig. 4H).

MSC Reduced Renal Macrophage Infiltration, Apoptosis,

and Oxidative Stress

F4/80 staining showed macrophage infiltration in the STK in all
RAS mice compared to the sham, which was similarly attenuated
by MSC and KIM-MSC (Fig. 5A). TUNEL-positive cells in the STK

increased markedly compared to sham, while MSC-treated mice
exhibited fewer positive cells than RAS1 vehicle, which were again
further fewer in RAS1 KIM-MSC. RAS-STK had increased numbers
of 8-OHDG positive cells, which were attenuated in RAS1MSC,
and further in RAS1 KIM-MSC. Expression of the pro-apoptotic
protein B-cell lymphoma-associated-X (Bax) was similarly downre-
gulated in RAS1MSC and RAS1 KIM-MSC, whereas Bax/B-cell
lymphoma-extra-large ratio that was elevated in RAS1 vehicle
decreased in RAS1MSC and RAS1 KIM-MSC (Fig. 5B).

Pro-Angiogenic and Antifibrotic Effects of MSC

Four weeks after RAS, CD31 staining showed a decrease of STK
microvascular density, which was improved by MSC and slightly
further increased by KIM-MSC (Fig. 6A). The STK also showed
marked fibrosis by Masson’s trichrome staining. Both MSC and
KIM-MSC mitigated kidney fibrosis compared to RAS1 vehicle, yet
in RAS1 KIM-MSC renal fibrosis was further blunted compared to
RAS1MSC. Compared to Sham, the STK showed upregulated pro-
tein expression of TGF-b, while metalloproteinase inhibitor
(TIMP)-1 and plasminogen activator inhibitor (PAI)-1 expression
remained unchanged. Nevertheless, both MSC and KIM-MSC
downregulated CTGF expression, and RAS1 KIM-MSC also down-
regulated PAI1, but neither affected TGF-b expression (Fig. 6B).

Figure 4. Systolic blood pressure (SBP), body weight, and renal functional parameters. (A): SBP was measured weekly in mice after RAS
induction or sham surgery. All RAS mice showed an increase of SBP compared to Sham that remained elevated 4 weeks after surgery (i.e., 2
weeks after cell injection). (B, C): Lower body weight and higher BUN in RAS compared to Sham up to 4 weeks after surgery were unaffected
by MSC or KIM-MSC. BUN was also similarly elevated 24 and 48 hours after cell injection. (D, E): Representative coronal MRI image showing
the STK and CLK in a RAS mice, scale bar5 5 mm. STK volume fell 4 weeks after RAS, and was unaffected by MSC or KIM-MSC. CLK volume
increased after RAS, and RAS1KIM-MSC mice induced a further increase. (F, G): Significant STK cortical and medullary hypoxia in
RAS1 vehicle was alleviated by both MSC and KIM-MSC, whereas a decrease in STK cortical and medullary perfusion was improved only by
KIM-MSC. *, p< .05 versus SHAM, #, p< .05 versus RAS1Vehicle. Abbreviations: BUN, blood urea nitrogen; CLK, contralateral kidney; KIM,
kidney injury molecule; MSC, mesenchymal stem cells; RAS, renal artery stenosis; STK, stenotic kidney.
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DISCUSSION

In the present study, we tested the feasibility of increasing homing
and retention of adipose tissue-derived MSC to the ischemic kid-
ney by coating them with ab-KIM1. We found that antibody coat-
ing was efficient and had little effect on MSC function. KIM-MSC
preferentially homed to the injured kidney, and were retained
adjacent to sites of elevated KIM1 expression, in turn resulting in
increased therapeutic efficacy, such as improved renal perfusion
and capillary density, and attenuated oxidative damage, apoptosis,
and fibrosis. This novel method may thus provide a new tool to
increase the utility of cell therapy in ischemic kidney injury.

MSC treatment has been applied in various kidney diseases,
including ischemic kidney injury [21]. Direct injection of MSC into
the renal parenchyma or subcapsular space exerts therapeutic
effects [22, 23], but is limited by the technical challenge and
potential for tissue damage. On the other hand, following intrave-
nous injections, cells first pass through and lodge in the lungs,
diminishing their distribution to the kidneys, resulting in engraft-
ment rates under 3% [24, 25]. Intra-arterial injection of MSC may

overcome some of these limitations, but renal retention remains

low and amounts to few percent [24, 26]. Various methods have

been used to overcome the challenge of low engraftment of

exogenously delivered cells, including gene transfection, and

modifications of culture conditions or protein binding to manipu-

late the expression of cell surface molecules to promote MSC

homing [5, 27, 28]. Protein binding allows altering the cell surface

but not genome, avoiding tumorigenic risk and thereby expand-

ing the potential utility. Here, we used the protein cell coating

method to attach the ab-KIM1 to the cell surface. This method

showed a high binding rate and little effect on cell viability, sup-

porting the feasibility of therapeutic use of these coated MSC.
As a specific injury marker of kidney injury, KIM-1 is expressed

at a very low level in normal kidneys, but markedly upregulated
after ischemic or toxic injury. KIM1 is mainly expressed in tubular
epithelial cells and persists after ischemic injury, contributing to
renal tubulointerstitial inflammation and fibrosis [19]. We
observed upregulation of KIM1 expression in the STK as early as
24 hours after induction of RAS, which remains consistently

Figure 5. MSC and KIM-MSC decrease cell apoptosis and macrophage infiltration in stenotic kidneys 2 weeks after injection. (A): Macro-
phage (red arrows) infiltration increased 4 weeks after induction of untreated RAS (scale bar5 20 lm), but was similarly attenuated 2 weeks
after MSC and KIM-MSC injection. TUNEL-positive apoptotic signals (white arrows) increased after RAS (scale bar5 20 lm), while RAS 1MSC
mice exhibited fewer positive cells than the RAS1VEHICLE, which were again fewer in RAS1KIM-MSC mice. (B): The ratio of Bax/Bcl-XL signif-
icantly increased in RAS1Vehicle, and similarly decreased in RAS1MSC and RAS1KIM-MSC. *, p< .05 versus SHAM, #, p< .05 versus
RAS1Vehicle, &, p< .05 versus RAS1MSC. Abbreviations: 8-OHDG, 8-hydroxy-20-deoxyguanosine; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; KIM, kidney injury molecule; MSC, mesenchymal stem cells; RAS, renal artery stenosis.
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elevated by 2 weeks later, positioning KIM1 as an attractive candi-
date for cell targeting. After carotid artery injection in RAS mice,
we found about a twofold higher number of KIM-MSC in the STK
compared with native MSC in each time point, and their colocali-
zation with endogenous KIM1 was correspondingly increased, sug-
gesting more specific targeting of injured sites. Interestingly, the
unchanged KIM1 expression suggests that while targeting KIM-1,
KIM-MSCs ultimately confer their therapeutic effects by restora-
tion of the renal microcirculation and attenuation of renal oxida-
tive stress, apoptosis, and fibrosis, rather than by direct inhibition
of endogenous KIM1.

Insufficient blood supply may cause cell death and renal atro-
phy. Four weeks after RAS, STK volume decreased significantly,
whereas the CLK showed a compensatory hypertrophy. In addi-
tion, RAS reduces intra-renal perfusion pressure and renal blood
flow, which results in decreased oxygen supply and usage effi-
ciency, and eventually hypoxia [29]. In RAS1Vehicle, the STK cor-
tex and medulla both had a significant decrease in oxygenation.
We have shown in swine RAS that MSC confer potent antioxidant
and pro-angiogenic effects [30], both of which may increase renal
perfusion and oxygenation. Similarly, STK microvascular density in

mice increased in RAS1MSC, and further in RAS1 KIM-MSC,
suggesting more potent pro-angiogenic effects. This might have
resulted from a larger number of MSC leading to a greater aggre-
gate fall in oxidative stress, which contributes to renal microvascu-
lar loss [31]. Indeed, 8-OHDG expression was significantly
decreased in STKs treated with KIM-MSC compared to nonmani-
pulated MSC. Besides secreting pro-angiogenic factors, MSC can
support new vasculature by acting as pericyte-like cells [32]. KIM-
MSC retained in ischemic kidneys more extensively than
untreated MSC, and elicited a superior improvement in cortical
and medullary perfusion, although interestingly both tactics
improved renal oxygenation to a similar extent. Possibly, a compa-
rable fall in inflammation secondary to MSC and KIM-MSC might
have ameliorated the efficiency of oxygen utilization [33], resulting
in similar resolution of hypoxia. Alternatively, these cells might
have boosted the renal microenvironment through systemic
effects [34].

Inflammation plays an important role in the pathophysiology
of ischemic kidney injury, and macrophages are important media-
tors of this process [35]. Both MSC and KIM-MSC similarly
decreased STK macrophage infiltration, in line with their putative

Figure 6. MSC and KIM-MSC increase microvascular density and alleviate stenotic kidney fibrosis 2 weeks after injection. (A): After 4 weeks
of untreated RAS, CD31 staining showing decrease of microvascular density (red arrow) in the STK, which was improved 2 weeks after injec-
tion of MSC, and slightly more by KIM-MSC. Renal fibrosis increased in RAS1Vehicle, but MSC attenuated renal fibrosis compared to
RAS1Vehicle, and KIM-MSC attenuated it further compared to MSC (Scale bar5 20 lm). (B): Pro-fibrotic TGF-b protein increased after RAS.
MSC and KIM-MSC did not affect TGF-b expression, but downregulated STK expression of CTGF, and RAS1KIM-MSC also downregulated PAI-
1. *, p< .05 versus SHAM, #, p< .05 versus RAS1Vehicle, &, p< .05 versus RAS1MSC. Abbreviations: CTGF, connective tissue growth factor;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase;; KIM, kidney injury molecule; MSC, mesenchymal stem cells; PAI, plasminogen activator
inhibitor; RAS, renal artery stenosis; TGF-b, transforming growth-factor; TIMP, metalloproteinase inhibitor.
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anti-inflammatory properties, and despite the lower engraftment
of MSC compare to KIM-MSC. Possibly, this effect does not require
direct contact with inflammatory cells in the ischemic kidney, or
has a lower threshold to achieve protection. In fact, a previous
study suggested that MSC attenuate renal inflammation through
systemic mechanisms [34]. Cell apoptosis following persistent
renal ischemia involve pro-apoptotic Bax and anti-apoptotic Bcl-XL
family proteins [36], the ratio of which increased in RAS1 vehicle,
consistent with the rise in the number of apoptotic cells. MSC and
KIM-MSC reversed the Bax/Bcl ratio to a similar level, while KIM-
MSC evoked a greater decrease in the number of apoptotic cells,
implicating additional mechanisms in their anti-apoptotic effect.
For example, amplified retention of KIM-MSC in the STK might
improve cellular survival through delivery of functional mitochon-
dria via direct cell contact [37, 38].

Incomplete regeneration of injured tubular cells leads to colla-
gen deposition and progression of tissue fibrosis, which is regu-
lated by concerted expression of pro- and antifibrotic proteins.
STK fibrosis was apparent in RAS1 vehicle, accompanied by
upregulated expression of pro-fibrotic TGF-b. Both MSC and KIM-
MSC decreased fibrosis in RAS without affecting TGF-b expression,
possibly by downregulation of its downstream signaling cascade
like CTGF. Furthermore, KIM-MSC also downregulated PAI-1 pro-
tein, and was more effective than MSC in blunting fibrosis.

LIMITATIONS

In addition, a single injection of MSC and KIM-MSC did not attenu-
ate the rise in BP in RAS mice 2 weeks after treatment, which
might require multiple injections [39] or a higher dose of MSC.
Membrane dye-based cell-tracking does not lend itself to resolv-
ing the post-transplantation fate of MSC, some of which might
have lost functionality in situ. Neither did we observe a decrease
in renal atrophy and BUN in MSC-treated mice, possibly because

renal perfusion was not fully restored. Further studies will need to

investigate the increase in CLK volume in RAS1 KIM-MSC, given

the unaltered BP and CLK engraftment, and additional studies are

needed to determine the optimal frequency and persistence of

the effects of cell delivery.

CONCLUSION

This study introduces a novel approach to target exogenously

administered MSC to the injured kidney. Our data illustrate that

targeting MSC to the ischemic kidney by coating ab-KIM1 is a use-

ful method to increase retention and attenuate kidney injury in

murine RAS. This method may form the basis for cell delivery in

other diseases, and expand the prospects of cell-based therapy

research.
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