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Abstract

Acute kidney injury (AKI) is a major clinical problem that still has no established treatment. We investigated the efficacy of
cultured human peripheral blood mononuclear cells (PBMNCs) for AKI. Ischemia/reperfusion injury (IRl) was used to
induce AKI in male nonobese diabetic (NOD/severe combined immunodeficiency) mice aged 7 to 8 wk. PBMNCs were
isolated from healthy volunteers and were subjected to quality and quantity controlled (QQc) culture for 7 d in medium
containing stem cell factor, thrombopoietin, Flt-3 ligand, vascular endothelial growth factor, and interleukin 6. IRI-induced
mice were divided into 3 groups and administered (1) | x 10° PBMNCs after QQc culture (QQc PBMNCs group), (2) | x
10® PBMNCs without QQc culture (non-QQc PBMNCs group), or (3) vehicle without PBMNCs (IRl control group).
PBMNCs were injected via the tail vein 24 h after induction of IRI, followed by assessment of renal function, histological
changes, and homing of injected cells. Blood urea nitrogen and serum creatinine (Cr) 72 h after induction of IRl in the QQc
PBMNCs group dramatically improved compared with those in the IRI control and the non-QQc PBMNCs groups,
accompanied by the improvement of tubular damages. Interstitial fibrosis 14 d after induction of IRl was also significantly
improved in the QQc PBMNCs group compared with the other groups. The renoprotective effect noted in the QQc
PBMNC:s group was accompanied by reduction of peritubular capillary loss. The change of PBMNCs’ population (increase of
CD34+ cells, CDI133+ cells, and CD206+ cells) and increased endothelial progenitor cell colony-forming potential by
QQc culture might be one of the beneficial mechanisms for restoring AKI. In conclusion, an injection of human QQc
PBMNCs 24 h after induction of IRl dramatically improved AKI in mice.
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Introduction

The high prevalence of acute kidney injury (AKI) and its
impact on the prognosis of critically ill patients in the inten-
sive care unit (ICU) is one of the major problems in the
field of critical care nephrology. AKI has been reported in
6% to 36% of all ICU patients, and blood purification ther-
apy is required for 0.4% to 3.3% of ICU patients'. Regard-
ing the prognosis of ICU patients with severe AKI, a
multinational, multicenter study revealed a surprisingly
high mortality rate (>50%) of these patients in many coun-
tries all over the world>. However, there is currently no
established treatment that promotes kidney repair in
patients with severe AKI. Therefore, an effective therapy
for AKI is urgently needed.

Cell-based regenerative therapy has been studied in ani-
mal models of AKI and there have been some reports of
beneficial effects. The cells investigated so far include gran-
ulocyte colony-stimulating factor-mobilized peripheral
blood CD34+ cells® and mesenchymal stem cells (MSCs)
derived from bone marrow* ™, adipose tissue’'2, umbilical
cord blood'*'*, or amniotic fluid'®. In addition, renal pro-
genitor cells generated from human-induced pluripotent
stem (iPS) cells have been found to ameliorate AKI induced
by ischemia/reperfusion injury (IRI) in mice'®.

These cell therapies have been demonstrated to improve
the time course of kidney function in animals after AKI.
However, no clinical trials have successfully improved AKI
with regenerative therapy in humans. When translational
research is performed to apply such new clinical treatments,
easy accessibility of the cell source, ease of preparing the
cells, and cost should be considered. Autotransplantation
avoids allosensitization and thus is the safest method of
regenerative therapy at present.

Endothelial progenitor cells (EPCs) promote angio-
genesis and can be easily collected from the peripheral
blood. In the kidneys, blood supply to the nephrons and
maintenance of kidney function are regulated by the
peritubular capillary (PTC) network; and collapse of this
network is thought to be important in the pathophysiol-
ogy of IRI.

Short-term quality and quantity controlled (QQc) cul-
ture of peripheral blood mononuclear cells (PBMNCs) is
a recently established method for enhancing the number
and proliferative capacity of CD34+ EPCs'”'®. In this
study, we examined the effect of human PBMNCs incu-
bated in QQc culture medium on AKI in mice by evalu-
ating whether QQc-cultured PBMNCs could restore
kidney function and reverse tubular/PTC damage in a
mouse model of AKI. In most previous IRI studies in
animals, cells were injected immediately or shortly after
the induction of IRI*!'*!®. Delayed cell administration
studies are limited®. We conducted cell therapy 24 h after
the release of clamped renal pedicles, at which time AKI
was thoroughly induced, thereby providing useful impli-
cations for future clinical trials.

Materials and Methods
Animals

Male immune-deficient nonobese diabetic (NOD/severe com-
bined immunodeficiency [SCID]) mice aged 7 to 8 wk and
weighing 20 to 25 g (Jackson Lab, Kawasaki, Japan) were used
for all experiments. The NOD mouse is the model for type 1
diabetes mellitus; however, onset of diabetes in male NOD mice
occurs around 150 d after birth, and no mice used in this experi-
ment were diabetic during the experimental period. NOD/SCID
mice lack functional T and B cells and are immunodeficient;
therefore, rejection of human cells could be neglected, and more
pure insight into the protective potential of human cells could be
obtained without immunological modulation. Animal care and
treatment conformed to institutional guidelines and international
laws and politics. The experimental protocol was approved by
the Center for Animal Research at Juntendo University.

Human PBMNCs

Healthy male volunteers aged 20 to 30 y provided peripheral
blood (70 mL) after giving oral and written informed consent.
The procedure for obtaining informed consent was approved
by the ethics committee of Juntendo University (2013086)
and Shonan Kamakura General Hospital (TGE00352-024).

Serum-free QQc Culture

Human PBMNCs were isolated as described previously, and
1 x 10® PBMNCs were added to each well of a 24-well plate
(BD Falcon, Bedford, MA, USA) and cultured in serum-free
QQc culture medium for 7 d'"'°. Briefly, QQc culture
medium is an optimized combination of growth factors and
cytokines (20 ng/mL thrombopoietin, 20 ng/mL interleukin
(IL) 6, 100 ng/mL stem cell factor (SCF), 100 ng/mL FIt-3
ligand, and 50 ng/mL vascular endothelial growth factor; all
from Peprotech, Rocky Hills, NJ, USA) in serum-free stem
cell medium (Stemcell Technologies, Vancouver, Canada).
QQc culture was performed in this medium for 7 d, which
has been shown to dramatically and optimally expand and
enhance the vasculogenic potential of EPCs.

EPC Colony-forming Assay and Cell Population Assay

The vasculogenic potential of human PBMNCs after QQc cul-
ture was assessed by the EPC colony-forming assay as described
previously'”~'°. This colony-forming assay was designed to
separate total colony-forming units (CFUs) into 2 different types
of EPC-CFUs, which were primitive (small cells) and definitive
(large cells). The definitive EPC-CFUs (dEPC-CFUs) are a
predominantly vasculogenic cell population with greater differ-
entiation potential. Briefly, 2 x 10° human PBMNCs were
seeded into a 35-mm hydrophilic tissue culture dish. After 14
d, total EPC-CFUs, primitive EPC-CFUs, and dEPC-CFUs
were counted in a blinded manner by 2 investigators. The
experiments were performed in triplicate.
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In the cell population assay, freshly isolated non-QQc
PBMNCs and QQc PBMNCs were subjected to flow
cytometry (FCM) to detect surface antigen positivity of hema-
topoietic stem or lineage-committed cells as well as endothe-
lial lineage cells as previously reported'”'®%°. The scatter
diagram of each non-QQc PBMNC and QQc PBMNC popu-
lation was gated into 3 cell size populations of lymphocytes,
monocytes, and larger cells. The percent positivity of a hema-
topoietic cell population for each gate in non-QQc PBMNCs
and QQc PBMNCs was evaluated and then calculated relative
to that of the total cells in the 3 gates. The ratio of the percent
positivity of the total cells of QQc PBMNC:s to that of the total
cells of non-QQc PBMNCs was further calculated for each
cell population. FCM analysis was performed using the
LSRFortessa cell analyzer (BD Biosciences, San Jose, CA,
USA) and Flow Jo software, version 7.6.5 (Tomy Digital
Biology Co. Ltd., Tokyo, Japan). Antibodies recognizing the
cell populations were used as described previously'®'”.

IRI Model and Cell Therapy

Mice were kept under a 12-h light—dark cycle at a tempera-
ture of 25 °C and received water and food ad libitum. IRI
was inducted as reported previously?'. Briefly, mice were
anesthetized by intraperitoneal injection of pentobarbital and
buprenorphine hydrochloride and placed on a heating pad
(37 °C) for 30 min. The kidneys of the anesthetized mice
were exposed through flank incisions, and nontraumatic
clamps were placed across the bilateral renal pedicles. After
confirming a dusky color of both kidneys, the kidneys were
replaced in the retroperitoneum for 30 min. The clamps were
then removed and reperfusion of the kidneys was confirmed
visually. After skin closure, 0.5 mL saline was injected intra-
peritoneally and the mouse was kept on the heating pad until
it recovered fully from anesthesia.

Totest the effects of human PBMNCs, IRI mice (day 0) were
randomly divided into 3 groups. The QQc PBMNCs group
received 1 x 10° human QQc PBMNCs in 0.1 mL saline intra-
venously via the tail vein 24 h after IRI (day 1). The non-QQc
PBMNCs group received 1 x 10° human PBMNCs without
QQc culture at 24 h after IRI. Mice with injection of the vehicle
after IRI were used as a control group (IRI control), whereas
mice with sham operation plus the vehicle and sham operation
plus 1 x 10° QQc PBMNCs were used as a normal control and
homing control group, respectively.

Evaluation of Kidney Function

To assess the changes in kidney function, serial blood
samples were withdrawn from the tail vein at baseline,
24 h, 48 h, 72 h, and 7 d after IRI, and serum was kept at
—80 °C until analysis. Blood urea nitrogen (BUN) was mea-
sured using a BUN Test Wako kit (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), and serum Cr was deter-
mined by HPLC as described previously?.

Kidney Tissue Preparation and Evaluation

Kidney tissues were obtained from mice anesthetized by
intraperitoneal injection of pentobarbital and buprenorphine
hydrochloride. For light microscopy, tissues were fixed in
10% neutral-buffered formalin, transferred to 70% ethanol,
and then processed to yield paraffin sections (2 um thick).
Sections were stained with hematoxylin and eosin for anal-
ysis of tubular damage and with Masson’s trichrome stain for
calculation of the interstitial fibrosis area.

Tubular damage, including epithelial necrosis, tubular
dilatation, cast formation, and loss of the brush border, was
evaluated as described previously®>. Ten fields per mouse
incorporating the cortex and outer medulla were captured by
digital imaging (x200), and a semiquantitative evaluation
was performed by scoring for the damaged area in each field
as follows: 0: 0%; 1: <10%:; 2: 10% to 25%; 3: 25% to 50%;
4: 50% to 75%% and 5: >75%. Scores were assessed on
3 mice in each group at each time point.

Interstitial fibrosis was evaluated quantitatively with ima-
ging software (cellSens®, Olympus, Japan). Fourteen days
after IRI, Masson’s trichrome-stained kidney sections were
analyzed from 3 mice in the QQc PBMNCs, non-QQc
PBMNC s, and vehicle control groups. At x200 magnifica-
tion, the area of blue Masson’s trichrome staining (fibrosis)
was automatically captured and calculated by the software.
The interstitial fibrosis area was expressed as the blue area/
total tissue area in 10 fields per kidney in each mouse.

Homing of Injected Human Cells to the Kidney
and Other Organs

To test the homing of injected human PBMNC:s to the kid-
ney, lung, spleen, and bone marrow, QQc or non-QQc
PBMNCs were labeled with the cell tracker PKH67 before
injection (Green Fluorescent Cell Linker Kit, Sigma-
Aldrich, IL, USA). Cells were incubated with fluorescent
PKH for 5 min at 25 °C, washed 3 times, and suspended in
0.1 mL of saline before injection.

The kidneys, lungs, and spleens harvested from the
anesthetized mice were fixed overnight in 4% paraformalde-
hyde in a darkroom at 4 °C. Fixed tissues were processed in a
graded sucrose series and preserved in optimum cutting tem-
perature (—80 °C) until analysis. Four-um-thick cryosec-
tions were then cut, and the number of PKH-positive cells
per long axis slice was counted in each organ of 3 mice in
each group (4 fields per mouse) at each time point.

To count human PKH-positive cells in bone marrow,
femora harvested from the mice were immersed in 4% par-
aformaldehyde in a darkroom at 4 °C and cryosections were
prepared for analysis using the Kawamoto method**.

PTC Loss

In 4-pum-thick cryosections of the kidneys, vessels were labeled
by using a purified anti-mouse CD31 antibody (1:100, BD
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Fig. I. Changes in kidney function after cell therapy. (A) Blood urea nitrogen (BUN): BUN levels before ischemia/reperfusion injury (IRI)
were below 35 mg/dL in all mice. BUN increased at 24 h after IRI induction and remained over 90 mg/dL in the IRl control group (n = 13).
BUN in the quality and quantity control (QQc) peripheral blood mononuclear cells (PBMNCs) group (n = 13) significantly decreased 48 h
after cell injection and improved to an almost normal range. (B) Creatinine: Serum creatinine (Cr) levels before IRl induction were below 0.1
mg/dL in all mice. Serum Cr also showed significant improvement by QQc PBMNC injection 48 h after cell injection compared with that in
the IRl control group. A | x 10 injection with non-QQc PBMNCs (n = I3) did not show any beneficial effect on kidney function (on BUN or
Cr levels). (@): IRl control, (A): QQc PBMNCs group, and (Il): non-QQc PBMNC:s group. *P < 0.05 versus IRI control group. Dotted line

represents upper normal limit of BUN.

Pharmingen, San Diego, CA, USA) that did not cross-react
with human antigens. Fifteen to 20 fields incorporating the
cortex and outer medulla were captured by digital imaging
(x400). Each image was then divided into 252 squares using
a grid. Each square without a PTC (capillary loss) was scored
and the final score was represented as a percentage PTC loss.

Mouse Endothelial Antigen Expression in Homed
Human PBMNCs

Expression of mouse vascular endothelial antigen in human
PBMNCs was evaluated using an anti-mouse CD31antibody
that did not cross-react with human antigens (BD Pharmin-
gen). Four-um-thick cryosections of kidneys from the QQc
PBMNCs group taken 24 h and 14 d after induction of IRI
were stained with anti-mouse CD31 antibody.

Statistical Analysis

All data are expressed as mean + standard error. Comparison
between 2 groups was made by Mann—Whitney U test, and
comparison among 3 groups was made by analysis of variance
followed by post hoc test. SPSS statistics version 11.0 (SPSS
Inc., Chicago, IL, USA) was used for data analysis on a personal
computer, and P values < 0.05 was considered significant.

Results
QQc PBMNCs Dramatically Restored Kidney Function

Changes in kidney function are shown in Fig. 1. Twenty-four
hours after induction of IRI, the BUN levels did not differ

among the IRI control (n = 13), non-QQc PBMNCs (n =
13), and QQc PBMNC:s groups (n = 13). However, the QQc
PBMNC:s group showed dramatic improvement of BUN 48 h
after injection of 1 x 10° cells compared with that in the IRI
control group (99.5 + 39.4 mg/dL in the IRI control group
vs. 36.1 + 4.3 mg/dL in the QQc PBMNC:s group, P < 0.05;
Fig. 1A). Serum Cr also showed significant improvement 48
h after cell injection in the QQc PBMNCs group compared
with that in the IRI control group (0.89 + 0.19 vs. 0.25 +
0.06 mg/dL, respectively, P < 0.05; Fig. 1B). In contrast,
non-QQc PBMNCs did not have any beneficial effect on
BUN or Cr (Fig. 1A and 1B).

Effect of Cell Therapy on Kidney Damage

Tubular damage was evaluated semiquantitatively by the
assessment of epithelial necrosis, tubular dilatation, cast for-
mation, and loss of the brush border. As shown in Fig. 2, all
of these tubular damage parameters were significantly
improved in the QQc PBMNCs group compared with those
in the IRI control group. In contrast, some parameters (cast
formation and loss of the brush border) were worse in the
non-QQc PBMNCs group compared with those in the IRI
control group at 48 and/or 72 h after induction of IRI.

QQc PBMNCs Improve Interstitial Fibrosis
in the Recovery Phase of IRI

The extent of interstitial fibrosis was evaluated in the recovery
phase of AKI by quantitative image analysis. The sham control
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Fig. 2. Changes of tubular damage after cell therapy. Tubular damage including tubular dilatation, epithelial necrosis, cast formation, and loss
of brush border were semiquantitatively evaluated. (.) 24 h, (E) 48 h, () 72 h, (D) 7 d after ischemia/reperfusion injury (IRI)
induction, respectively. *P < 0.05, **P < 0.0l versus IRI control at the same time point.

group did not show interstitial fibrosis (0.02% + 0.005%),
whereas significant interstitial fibrosis was seen in IRI control
group 14 d after IRTinduction. As shown in Fig. 3A and B, there
was a marked decrease in the interstitial fibrosis area in the
QQc PBMNCs group compared with that in the IRI control
group (45.2% =+ 1.8% in the IRI control group vs. 21.9% +
8.0% in the QQc PBMNCs group, P < 0.01). The interstitial
fibrosis area did not differ between the non-QQc PBMNCs
group and the IRI control group, but it was significantly larger
than that in the QQc PBMNC group (P < 0.01).

Improvement of PTC Loss by QQc PBMNCs

Figure 4A demonstrates the PTCs with anti-mouse CD31
antibody stains of kidney sections. Severe PTC loss was seen
in the IRI control group, whereas there was less PTC loss in
the QQc PBMNCs group. The time courses of PTC loss in
the IRI control group, QQc PBMNCs group, and non-QQc
PBMNCs group are shown in Fig. 4B. Forty-eight hours
after induction of IRI, there was significantly less PTC loss
in the QQc PBMNCs group than in the IRI control group or
the non-QQc PBMNCs group (IRI control: 43.1% + 2.0%;
QQc PBMNCs: 21.5% + 1.0%; and non-QQc PBMNCs:
78.4% + 2.3%). Thus, injection of QQc PBMNCs had a
protective effect against PTC loss in the early phase of IRI.

Homed Human PBMNCs in Mouse Kidneys Express
Mouse Endothelial Antigen

We evaluated whether human PBMNCs in mouse kidneys
express vascular endothelial antigen. QQc PBMNCs did not
express CD31 24 h after injection, but some QQc PBMNCs
expressed CD31 14 d after induction of IRI (Fig. 5).

Homing of Injected Human Cells to the Kidney
and Other Organs

Recruitment of human PBMNCs to the kidney was investi-
gated through tracking PKH-labeled cells by immunofluor-
escence microscopy.

In a preliminary examination, only 0.2 to 2 PBMNCs (per
section) were found in IRI kidneys at 24 h after injection
with 5 x 10* QQc PBMNCs. As for I x 10° QQc PBMNCs,
only 2 to 3 QQc PBMNC:s (per section) were found in the
kidneys 24 h after cell injection in the sham operation con-
trol group. However, significant accumulation of PBMNCs
in IRI kidneys was found after injection with 1 x 10° QQc
PBMNC s as shown in Fig. 6. Injected QQc PBMNCs were
present in the spaces between tubules including in the spaces
around capillaries. Homing of QQc PBMNC:s in the kidney
peaked 24 h after injection and then gradually decreased,
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Fig. 3. Improvement of interstitial fibrosis by QQc PBMNCs. A:
Masson-Trichrome stained sections of sham control (upper left),
IRI control (upper right), QQc PBMNC:s (lower left), and non-QQc
PBMNC:s (lower right) at 14 days after IRl induction. B: Percent of
interstitial fibrosis area was quantitatively evaluated at |14 days after
IRI'induction. IRI control (black bar) showed high interstitial fibrosis
area (45.2 + 1.8%). QQc PBMNCs group (grey bar) showed sig-
nificant improvement of interstitial fibrosis compared with IRI con-
trol (p < 0.01). Non-QQc PBMNCs | x 10° did not improve
interstitial fibrosis. **p < 0.01.

with a few PKH-labeled cells still present 14 d after induc-
tion of IRI. More PBMNCs accumulated in IRI kidneys after
injection of the non-QQc PBMNCs group than did in those
of the QQc PBMNCs group (Table 1). The number of non-
QQc PBMNC:s in IRI kidneys peaked 48 h after injection and
then gradually decreased.

Recruitment of injected human PBMNCs to other organs
was also observed (Fig. 7; Table 2), with PBMNCs being
detected in the normal lung, spleen, and bone marrow of
each group. In each of these organs, accumulation of non-
QQc PBMNCs was greater than that of QQc PBMNC:s.

Effect of QQc Culture on EPC-CFU and Cell Population

The effect of QQc culture on PBMNCs was evaluated by
EPC-CFU assay and FCM analysis. QQc culture of
PBMNCs from healthy volunteers significantly increased
the number of definite and total EPC colonies compared with
uncultured PBMNCs (P < 0.05; Fig. 8). Cell population
analysis by FCM showed that 1 wk of QQc culture signifi-
cantly increased the number of EPC marker-positive cells

Fig. 4. Peritubular capillary (PTC) loss and its time course after cell
injection. (A) CD31 staining of sham control, IRl control, QQc
PBMNCs, and non-QQc PBMNC:s. (B) IRI control (®) showed
severe PTC loss at 48 hours after IRl induction. | x 10° QQc
PBMNC:s (A) significantly improved PTC loss at 24 hours after cell
injection, and continued to significantly lower PTC loss levels than
IRI control group and non-QQc PBMNCs group (H). * p < 0.01
non-QQc PBMNC:s vs. QQc PBMNCs, ** p < 0.0l IRI control vs.
QQc PBMNCs.

(CD34+ cells and CD133+-cells) and anti-inflammatory M2
macrophage marker-positive cells (CD206+ cells). As
shown in Fig. 9A, there were only a few cells in gate C
among the non-QQc PBMNCs, but 1 wk of QQc culture
significantly increased the cells in gate C (almost all of
which were M2 macrophages). CD34+- cells initially existed
in gate A (lymphocyte fraction) and increased in gate B
(monocyte fraction) after QQc culture. The ratio of the per-
centage positive cell population between the total cells of
QQc PBMNCs and non-QQc PBMNC:s is shown in Fig. 9B.
CD34+ cells, CD133+ cells, and CD206+ cells signifi-
cantly increased almost 10, 6, and 40 times, respectively,
compared with those of non-QQc PBMNCs. CCR2+ M1
macrophages almost disappeared after 1 wk of QQc culture.

Discussion

We found that human PBMNCs cultured in a vasculogenic
conditioning medium dramatically improved renal function
and reduced histological damage in a mouse model of IRI-
induced AKI, even when administered 24 h after induction
of AKI. BUN and Cr levels were significantly reduced 48 h
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100pum
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Fig. 5. Human peripheral blood mononuclear cells (PBMNCs) express CD31 antigen at 14 d after injection. (A—C) Immunofluorescent
imaging of the quality and quantity control (QQc) PBMNCs group 48 h after ischemia/reperfusion injury (IRI). (D—F) Immunofluorescent
imaging of the QQc PBMNC:s group 14 d after IRI. (A) and (D) show fluorescein isothiocyanate imaging, (B) and (E) show Texas-red imaging
(anti-mouse CD31), and (C) and (F) show merged images. Arrows indicate PKH-labeled PBMNCs. The QQc PBMNCs did not express
mouse CD31 antigen at 48 h (C). However, homed human QQc PBMNC:s in the kidney 14 d after IRI (arrow) show anti-CD31 antigen (F).

Fig. 6. Homing of quality and quantity control (QQc) peripheral blood mononuclear cells (PBMNCs) into damaged kidney. PKH-labeled
green-colored human QQc PBMNCs are seen in the spaces between tubules (arrow) 24 h after injection with | x 10® QQc PBMNCs.
(A) Lower magnification without CD31 staining. (B) PKH-labeled cells were located in the inner space of PTCs adjacent to the capillary wall
(arrow; CD3I: red color).

Table I. Homing of Injected Human PBMNC:s in the Kidney.

IRI Model Sham
Time after Cell Injection 24 h 48 h 7d 14d 24 h
QQc PBMNC:s group 86.3 + 6.4 44.1 + 34 409 + 6.8 50.8 + 6.3 1.2 + 08
Non-QQc PBMNCs group 229.0 £+ 16.0* 350.3 + 25.2% 1509 + 35.2% 409 + 5.1 ND

Note: Data indicate PBMNCs’ number in each organ slice in 3 mice at indicated time point.
Abbreviation: PBMNC, peripheral blood mononuclear cell; IRI, ischemia reperfusion injury; QQc, quality and quantity control; ND, not done.
*P < 0.0l versus post-QQc group at same time point.

after injection of QQc PBMNCs and were significantly  recovery phase of IRI were also significantly reduced in the
lower than those in the IRI control and non-QQc PBMNCs QQc PBMNC:s group compared with those in the IRI control
groups. Both acute PTC loss and interstitial fibrosis in the and the non-QQc PBMNCs groups. Asahara et al. isolated
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bone marrow

Fig. 7. Homing of quality and quantity control (QQc) peripheral blood mononuclear cells (PBMNCs) into lung, spleen, and bone marrow

24 h after injection of | x 10® QQc PBMNCs.

Table 2. Homing of Injected Human PBMNCs in Lung, Spleen, and Bone Marrow.

IRl Model Sham

Time after Cell Injection 24 h 48 h 7d 24 h
Lung

QQc PBMNC:s group 389 + 99 93+ 1.3 134 + 2.7 1.3 + 23

Non-QQc PBMNCs group 140.5 + 15.9* 133.3 + 15.9% 14.8 + 4.6% ND
Spleen

QQc PBMNCs group 157.8 + 295 746 + 15.2 289 + 6.0 293 + 44

Non-QQc PBMNCs group 4783 +|5.7* 5419 + 20.6* 379.6 + 87.3* ND
Bone marrow

QQc PBMNC:s group 195 + 3.1 25+ 08 1.3+ 0.5 33+ 1.7

Non-QQc PBMNCs group 1322 + 3.8* 140.1 + I2.1%* 788 + 32.3*% ND

Abbreviations: PBMNC, peripheral blood mononuclear cell; IRI, ischemia reperfusion injury; QQc, quality and quantity control, ND, not done.

*p < 0.05 vs. QQc PBMNCs group at same time points.
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Fig. 8. Endothelial progenitor cell (EPC) colony—forming assay.
QQc culture significantly increased the number of definite EPC
(dEPC) colonies and total EPC colonies. Open bar indicates dEPC
and closed bar indicates primitive EPC (pEPC) colonies. Abbrevia-
tion: PBMNC, peripheral blood mononuclear cell; QQc, quality and
quantity control; EPC, endothelial progenitor cell; CFU, colony-
forming unit; ns, not significant. *P < 0.05 between groups.

CD34+ EPCs from peripheral blood MNCs, and CD34+
EPCs dramatically improved hind-limb ischemia in an ani-
mal model®”. In this experiment, we proved that human QQc

PBMNCs can ameliorate kidney organ damage due to IRI.
These findings might encourage the clinical application of
cell-based therapy for AKI, which still has no established
treatment.

After injection with human QQc PBMNCs, some of these
cells were localized in the space between the tubules in the
early phase of IRI-induced AKI. Although many cells were
trapped in the lungs, bone marrow, and spleen after injection
via the tail vein, a sufficient number reached the kidney and
influenced the progression of kidney damage. Although the
same number of QQc PBMNCs (1 x 10° cells) was injected
in the sham control group, almost none of these cells were
found in the kidney. Our preliminary experiment revealed
that the number of PBMNCs used for cell therapy had an
important influence on the effect. When we injected 5 x 10*
QQc PBMNCs 24 h after induction of IRI, almost none of
the injected cells were recruited to the kidneys and neither
renal function nor pathological findings improved compared
with those in the IRI control group. Therefore, both a suffi-
cient number of cells and ischemic signaling may be neces-
sary for recruitment of MNCs to a damaged organ. In
addition, more non-QQc PBMNCs than QQc PBMNCs were
trapped in several organs including the lungs, spleen, and
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Fig. 9. Flow cytometry (FCM) analysis of non-QQc PBMNCs and
QQc PBMNCs. (A) Scatter diagrams of non-QQc PBMNCs and
QQc PBMNCs by FCM analysis. The red lines indicate the cellular-
sized gates of lymphocytes (a), monocytes (b), and the larger cells
(c). (B) The graph shows the ratio of percent (%) cell positivity in
QQc PBMNC:s to that in non-QQc PBMNCs. n = 4 healthy volun-
teers. The investigated cell surface markers were as follows: hema-
topoietic stem cell (Cd34, CDI33), endothelial cell (VEGFR-2,
CD3I, CDI05), T cell (CD3, CD3/CXCR4/CD31), monocyte
(CD14), M| macrophage (CCR2), and M2 macrophage (CD206).
Abbreviation: CCR2, CC chemokine receptor 2; FSC-A, forward
scatter—area; SSC-A, side scatter—area; PBMNCs, peripheral blood
mononuclear cells; QQc, quality and quantity control; VEGFR-2,
vasular endotheilal growth factor recepor-2. *P < 0.05, **P < 0.01.

bone marrow. QQc PBMNCs might have more potential
than non-QQc PBMNCs in targeting damaged organs in
response to ischemic signals. However, this has not been
determined, and further studies are necessary to evaluate
whether selective targeting of damaged organs by human
PBMNC:s is influenced by QQc culture.

In the first 7 d after IRI, human QQc PBMNCs recruited
to the kidneys did not express endothelial antigen markers.
Therefore, it is conceivable that human PBMNCs mediated
renal repair in the early phase of IRI by paracrine mechan-
isms rather than by replacement of damaged vessels. Local
production of various cytokines by QQc PBMNCs, including
vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), insulin-like growth factor (IGF) 1, and
angiopoietins, might be involved in promoting cellular repair
in this model. The therapeutic effect occurred despite a rel-
atively small number of injected cells and their short-term
residence in the target zone. Therefore, mechanisms other

than transdifferentiation of injected cells delivered to the
damaged organs into tissue-specific cells might play a sig-
nificant role in the observed positive outcome. Normal
human CD34+ cells not only express transcripts for but also
secrete detectable amounts of VEGF, HGF, IGF-1, fibroblast
growth factor 2, Flt-3 ligand, and IL 8. Sahoo et al. demon-
strated that the exosomes secreted from mobilized human
CD34+ cells had angiogenic paracrine activity in vitro and
in vivo*®. Masuda et al. demonstrated enhanced gene expres-
sion for vascular regeneration and anti-inflammation in QQc
PBMNC:s using quantitative real-time polymerase chain reac-
tion (QRT-PCR)"®. Gene expression of proangiogenic growth
factors (VEGF, angiopoietins, and IGF-1) and proangiogenic
cytokines (IL-8 and IL-10) was significantly higher, and
inflammatory cytokines were significantly lower in QQc
PBMNC s than in non-QQc PBMNCs. They expanded their
in vitro findings to an in vivo qRT-PCR experiment (gene
expression for tissue regeneration in murine ischemic muscle)
and confirmed the mechanism by which the cell therapy
ameliorated organ damage. Although we could not perform
gene expression experiments to examine tissue regenera-
tion in the damaged kidneys, the regenerative paracrine
activity of QQc PBMNCs might be related to the mechan-
isms that reduced tissue damage and improved function in
our study. Fourteen days after IRI, a small number of QQc
PBMNCs showed expression of CD31 antigen. Therefore, a
few of the injected human QQc PBMNCs might have col-
laborated with resident mouse endothelial cells to restore
PTC damage in the recovery phase of IRI-induced AKI.

QQc culture influenced the effects of human PBMNCs;
since non-QQc PBMNCs did not improve IRI as did QQc
PBMNC s, despite the same number of cells being injected.
In fact, some pathological parameters (including cast forma-
tion and loss of the brush border) were worse in the non-QQc
PBMNCs group compared with the IRI control group. On the
other hand, QQc PBMNCs dramatically improved IRI in the
present study. The reasons for this difference in potential for
ameliorating kidney damage between non-QQc PBMNCs
and QQc PBMNCs should be examined.

We found a significant difference in EPC colony-forming
potential (vasculogenic potential) between non-QQc
PBMNCs and QQc PBMNCs, with the latter showing more
potential to form EPC colonies. According to a previous
report'’, non-QQc PBMNCs and QQc PBMNCs had differ-
ent regenerative potentials. The total cell count decreased
during QQc culture, but there was a significant increase in
CD34+ cells and CD133+ cells. Furthermore, QQc culture
induced macrophages that were phenotypically polarized
into angiogenic, anti-inflammatory subsets: classical M1 to
alternative CD206+ M2. qRT-PCR revealed increased
expression of proangiogenic genes in QQc-PBMNCs com-
pared to that in non-QQc PBMNCs'®. Expansion of vascu-
logenic CD34+ cells and phenotypic transition of MNCs
with anti-inflammatory and angiogenic potential was also
confirmed in this study and might be important for in vivo
application of this cell therapy.
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The decrease of BUN, serum Cr, and corresponding
injury parameters in QQc PBMNCs groups was rapid and
dramatic. These findings suggest that protection could have
been largely due to rapid improvement in renal blood flow
(RBF). RBF is the major factor that influences renal injury
and function in the context of early AKI. In turn, improve-
ment of RBF could be due to protection from vasoconstric-
tion and/or protection from endothelial injury or loss.
However, we could not determine whether the protective
effect was due to the primary vasomotor effects or primary
endothelial effects. Furthermore, rapid improvement in
RBF and the consequent relief from hypoxia/ischemia will
protect the endothelium from ongoing damage. We could not
precisely determine the pathophysiological mechanisms;
however, from the results in this study, we postulate that
protection from continuing vasoconstriction and endothelial
damage are possible mechanisms of cell therapy in the IRI-
induced AKI model. Cytokines released by QQc PBMNCs
might improve RBF or stimulate regeneration of surviving
mouse endothelial cells. By relieving persistent ischemia, cell
therapy could have decreased overall injury, thereby decreas-
ing long-term injury by tubulointerstitial fibrosis. Even
delayed administration of human QQc-cultured PBMNCs
provided protection against continued acute injury.

In summary, human PBMNC:s cultured in a vasculogenic
conditioning medium dramatically improved IRI-induced
AKI in mice, even when administered 24 h after induction
of AKI. The amelioration of PTC damage by QQc PBMNCs
resulted in significant improvement of interstitial fibrosis
during the recovery phase of IRI. Microcirculatory improve-
ment and anti-inflammatory mechanisms mediating signifi-
cant changes of cell populations to cells that possess the
nature of EPCs and anti-inflammatory macrophages might
contribute to the improvement of IRI-induced AKI in this
model. Non-QQc human PBMNCs did not improve IRI-
induced AKI in this model. Therefore, whole PBMNCs
might not be appropriate for cell therapy. The phenotypic
transition of PBMNCs to cells with regenerative and anti-
inflammatory potential might be required for effective cell
therapy. More direct mechanisms why the injured kidney
tissues and functions were improved by cell therapy should
be clarified. However, the fact that human-cultured
PBMNCs could improve severe AKI in mice might be an
important step and open the next door of this cell therapy to
clinical application.
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