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Abstract

Discovering a new cell transplantation approach for treating chronic renal insufficiency is a
goal of many nephrologists. In vitro-cultured peripheral blood mononuclear cells (PBMCs)
were reprogrammed into induced mesenchymal stem cells (iMSCs) by using natural induc-
ing agents made in our laboratory. The stem cell phenotype of the iIMSCs was then identi-
fied. Unilateral ureteral obstruction (UUQO) was used to create an animal model of chronic
renal insufficiency characterized by renal interstitial fibrosis. The induced and non-induced
PBMCs were transplanted, and the efficacy of iIMSCs in treating chronic renal insufficiency
was evaluated using a variety of methods. The ultimate goal was to explore the effects of
iIMSC transplantation on the treatment of chronic renal insufficiency, with the aim of provid-
ing a new therapeutic modality for this disease.

Introduction

Chronic kidney disease is one of the leading health problems worldwide, and the incidence of
this disease is increasing every year [1]. Common treatments for chronic kidney disease, such
as hemodialysis and peritoneal dialysis, can neither fundamentally improve renal pathological
damage nor effectively prevent the occurrence of various complications. Renal transplantation
can solve the problem, but the lack of donor organs and immune rejection following trans-
plantation limit the widespread application of this treatment method. Most patients lose
opportunities while waiting for renal transplantation. Therefore, the search for effective treat-
ments remains a key issue in treating kidney disease. Stem cell transplantation may provide
effective treatment for kidney disease. Stem or progenitor cell therapies offer an alternative
strategy for modulating complex disease processes by suppressing multiple pathogenic path-
ways and promoting pro-regenerative mechanisms. Mesenchymal stem cells (MSCs) have
shown particular promise in this regard based on their availability from adult tissues and their
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diverse mechanisms of action, including secretion of paracrine anti-inflammatory and cyto-
protective factors [2].

The unilateral ureteral obstruction (UUQO) model was implemented to study the current
technology used in the prevention and control of kidney disease. The model is characterized
by significant glomerular sclerosis and renal interstitial fibrosis. Reduced renal mass leads to
compensatory hypertrophy of the kidney, an increased filtration rate, glomerular and systemic
hypertension, and, finally, the formation of glomerular sclerosis. Studies have found that trans-
forming growth factor (TGF)-B1, angiotensin II, tumor necrosis factor (TNF)-o,, osteopontin
(OPN) and collagen I, I1I, and IV are all elevated [3]. The cytokine TGF-B1 strongly induces
fibrosis, which can lead to glomerulosclerosis and renal interstitial fibrosis [4].

At present, many studies suggest that bone marrow mesenchymal stem cells (BMSCs) can
reduce renal fibrosis by regulating immune function and tissue remodeling. Qian et al. [5]
reported that injured kidney tissue induced rat and human MSCs to differentiate into renal
tubular epithelial-like cells in vitro and in vivo and that exogenous human MSCs could home
specifically to injured regions and efficiently cure rat acute renal failure (ARF). These results
demonstrate that cell therapy has potential as a novel intervention in ARF. Some studies have
explored whether these effects can help repair the peritubular capillary plexus and improve the
status of tubular and intercellular hypoxia. These studies found that homologous BMSCs can
stimulate endothelial cells to repair the peritubular capillaries, thereby improving the status of
renal tubule and intercellular hypoxia [6, 7]. Togel et al. reported that vascular endothelial
growth factor (VEGF) is an important factor produced by BMSCs in the kidney [8]. In recent
years, there have been reports that endothelial progenitor cells also have beneficial effects on
chronic kidney disease [9]. Numerous studies have demonstrated that using BMSCs in treating
chronic renal fibrosis has a beneficial effect [10-15]. In recent years, the possible roles of other
cellular therapies (i.e., microvesicles/exosomes) have been discussed. Conforti et al. [16]
reported that compared to their cellular counterparts, microvesicles showed weaker in vitro
immunomodulatory effects on T-cell proliferation and antibody formation. Yu et al. [17]
reported that exosomes play an important role in intercellular signaling and exert a regulatory
function by transporting bioactive molecules. In particular, exosomes have been identified as a
type of cardioprotective component in MSC secretion of paracrine factors and have been dem-
onstrated to reduce myocardial injury. The advantages of MSCs are that they are multipotent
cells able to differentiate into various mature cell lineages and that they show immunomodula-
tory effects by inhibiting T-cell proliferation. However, a major disadvantage of using MSCs is
their likelihood of inducing malignant transformation. MSCs are undifferentiated cells that
possess immunomodulatory and tissue trophic properties as well as the ability to differentiate
into multiple cell types. Studies in animal models of chronic renal failure have revealed a
unique potential of these cells for regenerating the damaged kidney and improving its function
[18].

The use of induced pluripotent stem cells (iPSCs) is a recent advance in stem cell research.
By the end of 2007, Yamanaka’s [19] team used a lentiviral vector to introduce four transcrip-
tion factor genes, Oct4, Sox2, c-Myc, and Klf4, into fetal, adult, and aging somatic cells. These
transcription factors were successful in reprogramming fibroblasts into embryonic stem (ES)
cells. The use of iPSCs appears promising for kidney repair and regeneration. Using various
emerging differentiation protocols, human iPSCs can be derived from somatic cells, and iPSCs
can be converted into self-organizing kidney organoids. Several groups have successfully gen-
erated kidney organoids that produce urine upon transplantation into a mouse host. Addi-
tional advances in culturing nephron progenitors in vitro may provide another source for
kidney engineering [20].
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In this study, we utilized inducing agents that had previously been developed in our labora-
tory [21]. Adult peripheral blood mononuclear cells (PBMCs) were harvested, separated, and
purified; finally, the inducing agents were added to the culture, reprogramming the PBMCs
into induced mesenchymal stem cells (iMSCs). Surface markers for stem cells were used to
identify iMSCs at the molecular level. At the same time, the therapeutic effects of using iMSCs
were comprehensively evaluated. This study used PBMCs derived from peripheral blood
because they can be harvested more conveniently than skin- or bone marrow-derived cells.
The separation conditions were relatively stable. This study used the novel induction method
of treatment with inducing agents derived from animal oocyte extracts [21] to reprogram
PBMCs into iMSCs. This technique has several advantages: the risks involved with gene trans-
fection can be avoided, the induction efficiency can be improved, and the experiments are eas-
ier and less expensive than with other methods. The main disadvantage of this technique is
that the function of the induced PBMCs remains unclear and thus requires further study. The
use of iIMSCs may hold much promise in kidney repair and regeneration and may prove to be
comparable to iPSCs as a source of stem cells for use in these therapies.

Materials and methods

1. Establishment of experimental groups of a rabbit model of chronic
renal failure

Forty wild-type Japanese white rabbits were numbered according to body mass and randomly
divided into the following two groups: a normal control group (n = 10) of healthy rabbits not
undergoing any treatment and the unilateral ureteral obstruction (UUO) model group

(n = 30) of rabbits undergoing left ureteral ligation.

The rabbits were anesthetized with 3% sodium pentobarbital at a dose of 1 ml/kg injected
intravenously into the ear vein. Hair was removed from the surgical field, the rabbit was placed
supine on a sterile operating plate, and routine disinfection with sterile towels was conducted.
A longitudinal incision was made near the top of the left kidney along the midline, and the
incision was opened layer by layer to a depth of approximately 3-5 cm. The left kidney and
ureter were isolated, and while gently holding the middle portion of the ureter with tissue for-
ceps, a 2 cm length of the ureter was isolated and ligated with a 5-0 surgical suture. The kidney
capsule and surrounding tissue were protected, and the muscle and skin were sutured. Penicil-
lin was injected intramuscularly for 3 days to prevent infection of the wound.

The UUO group was divided into the following three subgroups: a non-induced group
(n =10) of UUO animals transplanted with non-induced PBMCs, an induced group (n = 10)
of UUO animals transplanted with induced PBMCs, and a UUO control group (n = 10) of
UUO animals that did not undergo any transplantation. The effects of treatment with induced
PBMCs (iMSCs) were comprehensively evaluated through several assays. All experimental
protocols were approved by the Experimental Animal Ethics Committee of Kunming General
Hospital of People’s Liberation Army.

2. In vitro cultivation, induction and identification of autologous PBMCs

Density gradient centrifugation with stratified Ficoll-Hypaque was used to isolate the mono-
nuclear cells from the peripheral blood. Inducing agents derived from chicken egg oocytes
[21] were used to reprogram the PBMCs into iMSCs.

Quantitative PCR methods were used to detect the relative levels of gene expression of
OCT4 and NANOG in the induced cells and the non-induced cells. Following induction, the
PBMC:s with or without exposure to the inducing agents were cultured for three days and
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collected for RNA extraction. Following reverse transcription, quantitative PCR was per-
formed to quantify the relative levels of OCT4 and NANOG gene expression, using GAPDH
as an internal control.

Flow cytometry was utilized to detect OCT4 and NANOG protein expression in the non-
induced and induced PBMCs. Again, following the addition of the inducing agents, both the
induced and non-induced PBMCs were cultured for three days, collected, and centrifuged.
The supernatant was discarded, and the cell pellets were resuspended in 200 pl of 4% parafor-
maldehyde in PBS and fixed for 10 min at room temperature. Then, 1 ml of Perm/Wash Buffer
was added, the solution was centrifuged, and the supernatant was discarded. The precipitate
was resuspended in 50 pl of Perm/Wash Buffer. Then, 1.5 ul of OCT4-PE (eBioscience) and
Rat IgG2a k Isotype Control PE were added for labeling. 20 pl of NANOG-PE (BD Biosci-
ences) and PE Mouse IgGl, k Isotype Control were added for labeling, and the samples were
incubated at room temperature for 1 h in the dark. Finally, the cells were washed with Perm/
Wash Buffer, and the precipitate was resuspended in 400 pl of PBS. The samples were then
analyzed by flow cytometry.

3. Transplantation and efficacy evaluation of autologous iIMSCs

The establishment of an animal model of chronic renal insufficiency was evaluated by compar-
ing the normal control group, the UUO control group, the non-induced UUO group and the
induced UUO group. The efficacy of using iMSCs for treating kidney disease was evaluated by
comparing the induced and non-induced groups.

Beginning two weeks after UUQ, the induced and non-induced PBMCs were transfused
into the animals via the ear vein once per week for four weeks. This protocol was based on
human stem cell treatments: humans usually receive stem cell treatments once per week for
four weeks.

Serum creatinine (Scr) and blood urea nitrogen (BUN) contents were measured in periph-
eral blood samples collected via the ear vein for each group, and the values were compared
between groups.

SPECT was used to monitor the glomerular filtration rate (GFR) and renal blood flow. The
relative content of TGF-P1 in the renal tissues was measured by semi-quantitative PCR, and
TGF-B1 expression was analyzed by immunohistochemistry. Ultrathin renal tissue sections
were prepared, and the internal cellular ultrastructure was observed by SEM.

To perform semi-quantitative PCR to quantify the expression of TGF-1, total RNA was
extracted from the kidney tissues, the gray value of the sample was measured, and the relative
expression levels of TGF-B1 were calculated according to the following formula: Relative
expression = sample gray value/internal control gray value.

The primer sequences for TGF-f1 and the internal control gene (18S rRNA) were obtained
from gene sequences in GenBank by using the primer design software Primer Premier 5.0.
The primer sequences for the target genes were also identified from the literature [22]. All
primers were synthesized by Bioengineering Co., Ltd. (Shanghai), and the primer sequences
are shown in Table 1.

Table 1. Primer sequences for the target and control genes (18S rRNA).

Gene Primer sequences Accession No.
18S rRNA F:5’-GCGGCT TTGGTGACT CTA-3' BC063166

R: 5’ -CTGCCT CCT TGG ATG TG-3"
TGF-B1 F: 5’ -TAA TGG TGG ACC GCA ACA ACG-3" A23751

R: 5’ -CTT GCT GTA CTG TGT GTC CAG-3"
https://doi.org/10.1371/journal.pone.0176273.t1001
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SPECT monitoring was performed in randomly selected rabbits from each group using
radionuclide dynamic renal scanning (Discovery VH dual-head coincidence SPECT, General
Electric, USA). The Department of Nuclear Medicine at Kunming General Hospital assisted
with the imaging.

To perform SEM, the kidney tissues were rinsed in electron microscopy rinsing solution,
fixed for 2 h with 1% osmic acid, and dehydrated using an alcohol series. The samples were
then incubated at 4°C overnight in saturated uranyl acetate electron staining solution, embed-
ded in epoxy resin, and allowed to polymerize at 68°C for two days. Finally, the tissues were
thinly sliced, placed on a copper grid, and stained with lead. A CM-120 electron microscope
was used to observe the samples.

4. Statistical analyses

The experimental data are presented as the means + standard deviation. Using the statistical
software package SPSS 17.0, pairwise differences between the groups were compared using the
independent-samples t-test and the paired t-test, and values of P<0.05 were considered
significant.

Results
1. Cell culture and induction

1.1 Isolation and culture of PBMCs. Fig 1A shows freshly isolated and purified PBMCs,
which have an ovoid and slightly flat morphology. Fig 1B shows PBMCs on the third day of
primary culture; the number of cells was significantly reduced, and the cells were larger.

1.2 Induced culture of PBMCs. Fig 1C shows that the freshly isolated and purified
PBMCs were oval in shape and slightly flat. Fig 1D shows the induced PBMC:s after 72 h in cul-
ture, at which point the cells had grown into colonies and showed higher numbers and larger
sizes of cells.

1.3 Identification of the induced PBMCs. NANOG and OCT4 gene expression. Using
quantitative PCR with the relative gene expression levels of OCT4 and NANOG normalized to
the levels in the non-induced PBMCs, the relative expression levels of OCT4 and NANOG in
the induced PBMCs at 3 days after induction were 2.1 and 2.3, respectively (Fig 2). These
increases in the relative expression levels of OCT4 and NANOG in the induced PBMCs were
significant.

Flow cytometric detection of OCT4 and NANOG protein expression. The proportions of
the non-induced PBMCs expressing OCT4 and NANOG were 0.113 and 0.351%, respectively.
After 3 days, the proportions of induced PBMCs expressing OCT4 and NANOG were 15.3
and 8.97%, respectively (Fig 3). After induction, the rates of OCT4 and NANOG protein
expression were significantly increased.

2. Serum creatinine and blood urea nitrogen levels

The BUN and Scr contents after 4 weeks of cell therapy are shown in Table 2. The BUN and
Scr values in the UUO control group were significantly higher than those in the normal con-
trols. After 4 weeks of treatment, the BUN and Scr values in the non-induced group were simi-
lar to those in the UUO control group; however, the BUN and Scr values in the induced group
were significantly lower than those in the UUO control group.
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Fig 1. Peripheral blood mononuclear cells (PBMCs). A, B: Non-induced PBMCs at 0 h and 72 h, respectively. C, D:
Induced PBMCs at 0 h and 72 h, respectively. Fig 1D shows that induced PBMCs cultured for 72 h have grown into colonies
with higher numbers and larger sizes of cells.

https://doi.org/10.1371/journal.pone.0176273.g001

3. Comparison of the glomerular filtration rate (GFR) and renal blood
flow for each group

The SPECT test results showed that after the fourth week after cell transplantation, the GFR of
the normal group was 31.1. The renal blood flow was decreased in the UUO group, indicating
that the ligated side had reduced or even complete loss of kidney function; the GFR value was
reduced to 8.6. After treatment, the GFR value in the non-induced group was 15.0, and the
renal blood flow remained low. The GFR value returned to 30.9, and the renal blood flow
increased significantly in the induced group at 4 weeks. These results are shown in Fig 4.

4. Immunohistochemical results for TGF-B1 (P<0.05)

Using Image-Pro Plus multimedia color pathological image analysis software, the expression
of TGF-B1 was observed to be much lower in the normal control group than in the UUO con-
trol group. The expression of TGF-B1 was lower in the induced group than in the non-induced
group. The results are shown in Table 3 and Fig 5.

5. Semi-quantitative PCR results for TGF-1 expression

The lane labeled M is the marker, and the first lane shows the normal control group with no
expression of TGF-B1. The second lane shows the induced group, with the first band
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Fig 2. Evaluation of relative OCT4 and NANOG gene expression via quantitative PCR. The relative expression levels
of OCT4 and NANOG increased significantly in the induced PBMCs.

https://doi.org/10.1371/journal.pone.0176273.9002

indicating TGF-B1 expression and the second band indicating the control gene, 18S rRNA.
The third lane shows the non-induced group. Finally, the fourth lane shows the UUO control
group, with the first band indicating clear expression of TGF-B1 and the second band showing
the 18S rRNA control gene. The results are shown in Table 4 and Fig 6. TGF-B1 expression
was significantly lower in the induced group than in the UUO control group and the non-
induced group.

6. SEM observation of renal tissue fibrosis in each group

The normal control group showed normal renal tubular epithelial cells. The UUO control
group exhibited renal interstitial fibrosis with extensive proliferation of fibroblasts. The non-
induced group showed widespread renal interstitial fibrosis. Finally, in the induced group,
there was no obvious renal interstitial fibrosis, and normal tubular and tubular epithelial cells
were visible, as shown in Fig 7.

Discussion

Research on the use of stem cells for kidney disease is currently primarily focused on adult
stem cells. In particular, bone marrow stem cells are being studied for use in therapy for
chronic renal failure; however, their proliferation, differentiation, and plasticity are not as
robust as those of embryonic stem (ES) cells. To complicate matters further, there are ethical
and safety issues regarding the use of ES cells. Induced pluripotent stem cells (iPSCs) are
emerging as a new source of stem cells, and they share certain biological properties with ES
cells. If it is possible to overcome the technical challenges associated with promoting the differ-
entiation of iPSCs and their development into healthy kidney cells, these cells will provide
hope for kidney regeneration.
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Fig 3. Flow cytometric detection of OCT4 and NANOG protein expression in the non-induced and
induced PBMCs. A, B, C, D: OCT4 protein expression. E, F, G, H: NANOG protein expression. A, B, E, F:
Non-induced PBMCs. C, D, G, H: Induced PBMCs. A, C, E, G: Isotype Control. After induction, the rates of

OCT4 and NANOG protein expression were significantly increased.

https://doi.org/10.1371/journal.pone.0176273.g003
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Table 2. Changes in the BUN and Scr contents in each group four weeks after treatment (means * SD,

n=10).

Number Blood urea nitrogen (mmol/L) Serum creatinine (umol/L)
Normal group 10 3.34+2.35 105.32+10.64
UUO control group 10 10.81+1.33 155.83+£12.32
Non-induced group 10 11.18+1.34 153.5£10.48
Induced group 10 6.95+£1.61* 113.1£14.19*

*P<0.05 compared with the other groups.

https://doi.org/10.1371/journal.pone.0176273.t1002
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Fig 4. Changes in kidney function. A: Normal control group: GFRis 31.1; B: UUO control group: GFR decreases to 8.6;
C: non-induced group: GFRis 15.0; D: induced group: GFR returns to 30.9. The renal blood flow increased significantly in
the induced group at 4 weeks.

https://doi.org/10.1371/journal.pone.0176273.g004

Currently, iPSCs can be reprogrammed by the following methods: 1) cloning technology,
wherein somatic cell nuclei are transferred into enucleated oocytes and incubated to obtain ES
cells; 2) use of early embryo extracts in conjunction with other special factors to reprogram
mature cells into stem cells; and 3) transfection of specific transcription factors into somatic
cells to directly convert them into stem cells. Several cell types can be identified in the adherent

Table 3. Immunohistochemical results for TGF-B1 expression in rabbit kidney (means * SD, n = 10).

Number Immunohistochemistry
Normal group 10 1.405+0.91
UUO control group 10 27.1544.13
Non-induced group 10 25.50+4.14
Induced group 10 19.46+1.89*

*P<0.01 compared with other groups.

https://doi.org/10.1371/journal.pone.0176273.t003
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Fig 5. Expression of TGF-1 as shown by immunohistochemistry. A: Normal control group; B: UUO control group; C:
non-induced group; D: induced group. The expression of TGF-31 was lower in the induced group than in the non-induced
and UUO control groups.

https://doi.org/10.1371/journal.pone.0176273.9g005

fraction of bone marrow mononuclear cells, including more primitive and embryonic-like
stem cells, mesenchymal stem cells (MSCs), lineage-committed progenitors, and mature cells
such as osteoblasts and fibroblasts. The accumulation of a self-renewing MSC-like subpopula-
tion with low expression levels of aging markers provides a valuable tool for regenerative medi-
cine [23]. Over the last few years, many papers have been published by research groups around
the world investigating the clinical application of stem cells for renal failure; most of this work
has used alternative sources of MSCs or sub-fractions of stem cells, which are not only useful
for kidney regeneration but also more applicable for Good Manufacturing Practice (GMP)
production, thereby avoiding the involvement of gene therapy, animal-derived supplements or

Table 4. Semi-quantitative PCR results for the relative expression of TGF-B1 (means % SD, n = 5).

Internal reference Sample Relative expression
Normal group 703.21£5.6 0£0 0£0
UUO control group 1297.4248.9 2392.8749.2 1.844+0.56
Non-induced group 1513.55+9.8 2416.4949.9 1.596+0.65
Induced group 11565.549.7 1605.5+8.9 1.389+0.54*

*P<0.01 compared with other groups.

https://doi.org/10.1371/journal.pone.0176273.t004

PLOS ONE | https://doi.org/10.1371/journal.pone.0176273  April 26, 2017

10/14


https://doi.org/10.1371/journal.pone.0176273.g005
https://doi.org/10.1371/journal.pone.0176273.t004
https://doi.org/10.1371/journal.pone.0176273

. ®
@PLOS l ONE iMSCs for treating renal insufficiency

2000bp+
1000bp+
750bp+
500bp+
250bpe’ TGF-B 1¢
18sRNA«

100bp+

Fig 6. Semi-quantitative PCR detection of TGF-1 expression. M, Marker; 1, normal control group; 2,
induced group; 3, non-induced group; 4, UUO control group. TGF-f1 expression was significantly lower in the
induced group than in the UUO control group and the non-induced group.

https://doi.org/10.1371/journal.pone.0176273.9006

Fig 7. Kidney tissue SEM results (3.81 x 1000 times). A. Normal group: normal renal tubular epithelial cells; B. UUO
control group: extensive renal interstitial fibrosis with fibroblast proliferation; C. non-induced group: renal interstitial fibrosis
remains widespread; D. induced groups: no obvious renal interstitial fibrosis and visible normal tubular and tubular

epithelial cells.

https://doi.org/10.1371/journal.pone.0176273.g007
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other additives. However, in this paper, we present a novel reprogramming strategy using a
new cell type (iMSCs) for the treatment of chronic renal insufficiency in rabbits and investigate
the efficacy and safety of this new cell type.

In this study, a laboratory-made oocyte suspension [21] was used to induce rabbit PBMCs
according to previous protocols from our laboratory. Expression of OCT4 and NANOG at the
gene and protein levels is only observed in stem cells, and these transcription factors are mark-
ers of stem cell pluripotency. Quantitative PCR and flow cytometry identified the stem cell
markers OCT4 and NANOG in the induced PBMCs. After induction, the expression levels of
both markers were elevated. In this method, unlike gene transfection with synthetic chemicals,
there was no damage to the cells, the culture conditions were simple and non-toxic, the induc-
tion efficiency was high, and there was no risk for gene transfer. The present study provides a
new method for inducing somatic cells to develop into iMSCs.

In this study, the UUO technique was used as a model of chronic renal insufficiency and
renal interstitial fibrosis. Compared with other physical methods, it is a relatively simple surgi-
cal procedure, with a small incision, a low chance of infection, and high rate of animal survival.
After ureteral obstruction, the serum creatinine and urea nitrogen levels were significantly
higher in the first eight weeks. As determined by immunohistochemistry, after 8 weeks, there
was tubular dilation or atrophy, significant interstitial fibrosis, significantly increased TGF-1
expression, and apparent glomerular sclerosis in the UUO group. Using SPECT, it was easy to
see that the GFR in the first eight weeks was significantly lower than that in the normal group,
reaching conditions of chronic renal insufficiency.

This experiment studied the use of iMSCs as a potential treatment for renal fibrosis. Based
on biochemical indexes, functional assays, histological evaluation, and molecular marker char-
acterization, stem cell therapy appears to ameliorate fibrosis and inflammation. Therefore, we
believe that we have found a new method for treating chronic kidney disease. Using a chronic
renal injury model, injection of induced PBMCs once per week for four weeks was able to
significantly improve blood biochemical parameters such as Scr and BUN levels, which
dropped significantly. Four weeks after the induced PBMC therapy, the GFR was significantly
improved, as were blood flow and other measures of kidney function. To further characterize
the improvement in renal function following the treatment with induced PBMCs, the kidney
structure was semi-quantitatively analyzed, confirming a reduction in the degree of renal
fibrosis. Because induced PBMCs are multipotent cells, they may prevent kidney damage by
differentiating into renal cells and participating in kidney repair and regeneration.

TGF-B1 expression was characterized using immunohistochemistry and semi-quantitative
PCR. After transplantation with the induced PBMCs, TGF-1 expression was significantly
reduced. Chronic kidney disease is a long-term process of tissue damage; renal tubular epi-
thelial cells become dysfunctional, resulting in varying degrees of renal tubular atrophy or
expansion. The expanded tubules are full of protein casts. Degeneration, hypertrophy and
hyperplasia of renal tubular epithelial cells, renal interstitial fibrosis, and chronic inflamma-
tion ultimately lead to more fibrosis. Therefore, three consecutive treatments with induced
PBMCs were administered in this study. By observing the ultrastructure of the renal tissue
via SEM, we could also assess whether the renal function was effectively improved. The
reduction in TGF-P1 expression may also reduce the extent of tissue fibrosis.

Conclusion

Using laboratory-made natural active substances as inducing agents, adult cells were converted
into iMSCs. These cells were identified using the significantly elevated expression levels of the
stem cell marker genes OCT4 and NANOG. In the early stages of chronic kidney injury,
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iMSCs can indeed ameliorate inflammation, reduce pathological parameters of blood bio-
chemistry, decrease kidney tissue fibrosis, increase GFR, and restore renal blood flow. For
renal cell repair and regeneration, iMSCs may become one of the most promising stem cell
therapies, comparable with iPSCs.

Acknowledgments

This work was supported by the National Support Program (2014BAI01B01, awarded to Dr.
Pan), the Yunnan Provincial Science and Technology Project (2013CA005, awarded to Dr.
Pan) and the Yunnan Province Health Science and Technology Project (2016NS012, awarded
to Dr. Ruan). We thank American Journal Experts for assisting in the preparation of this
manuscript.

Author Contributions
Conceptualization: XHP GPR.

Data curation: XY JZ JS JFL.

Formal analysis: JYY RQP.

Funding acquisition: XHP GPR.
Investigation: XY JZ JS JFL.
Methodology: XY JZ ]S JFL.

Project administration: XHP GPR.
Resources: JYY RQP.

Software: XY JZ JS JFL.

Supervision: XHP GPR.

Validation: XHP GPR.

Visualization: GPR XHP JZ XY JSJFL JYY RQP.
Writing + original draft: GPR XHP JZ.
Writing + review & editing: GPR XHP.

References

1. Zhangl., LongJ., JiangW., ShiY., He X., Zhou Z., et al. Trends in Chronic Kidney Disease in China. N
EnglJ Med, 2016. 375(9): 905+906. https://doi.org/10.1056/NEJMc1602469 PMID: 27579659

2. Griffin T.P., Martin W.P., Islam N., O'Brien T., and Griffin M.D.. The Promise of Mesenchymal Stem Cell
Therapy for Diabetic Kidney Disease. Curr Diab Rep, 2016. 16(5): 42. https://doi.org/10.1007/s11892-
016-0734-6 PMID: 27007719

3. HuZ,RenL.,WangC,, LiuB., and Song G.. Effect of chenodeoxycholic acid on fibrosis, inflammation
and oxidative stress in kidney in high-fructose-fed Wistar rats. Kidney Blood Press Res, 2012. 36(1):
85197. https://doi.org/10.1159/000341485 PMID: 22948014

4. LeeT.Y, ChinG.S., KimW.J., ChauD., Gittes G.K., and Longaker M.T.. Expression of transforming
growth factor beta 1, 2, and 3 proteins in keloids. Ann Plast Surg, 1999. 43(2): 179+184. PMID:
10454326

5. QianH.,, YangH., XuW, YanY., ChenQ., Zhu W, et al. Bone marrow mesenchymal stem cells amelio-
rate rat acute renal failure by differentiation into renal tubular epithelial-like cells. Int J Mol Med, 2008.
22(3): 325+332. PMID: 18698491

PLOS ONE | https://doi.org/10.1371/journal.pone.0176273  April 26, 2017 13/14


https://doi.org/10.1056/NEJMc1602469
http://www.ncbi.nlm.nih.gov/pubmed/27579659
https://doi.org/10.1007/s11892-016-0734-6
https://doi.org/10.1007/s11892-016-0734-6
http://www.ncbi.nlm.nih.gov/pubmed/27007719
https://doi.org/10.1159/000341485
http://www.ncbi.nlm.nih.gov/pubmed/22948014
http://www.ncbi.nlm.nih.gov/pubmed/10454326
http://www.ncbi.nlm.nih.gov/pubmed/18698491
https://doi.org/10.1371/journal.pone.0176273

@ PLOS | one

iMSCs for treating renal insufficiency

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Semedo P., Correa-Costa M., Antonio Cenedeze M., Maria Avancini Costa Malheiros D., Antonia dos
Reis M., Shimizu M.H., et al. Mesenchymal stem cells attenuate renal fibrosis through immune modula-
tion and remodeling properties in a rat remnant kidney model. Stem Cells, 2009. 27(12): 3063+3073.
https://doi.org/10.1002/stem.214 PMID: 19750536

Zou J., Feng J.M., and Li W.. [Study on homologous bone marrow mesenchymal stem cells in repairing
peri-tubular capillary cluster]. Zhongguo Zhong Xi Yi Jie He Za Zhi, 2008. 28(2): 146+151. PMID:
18386579

Togel F., Cohen A., Zhang P., Yang Y., Hu Z., and Westenfelder C.. Autologous and allogeneic marrow
stromal cells are safe and effective for the treatment of acute kidney injury. Stem Cells Dev, 2009.
18(3): 475+485. https://doi.org/10.1089/scd.2008.0092 PMID: 18564903

Bahlmann F.H., Speer T., and Fliser D.. Endothelial progenitor cells in chronic kidney disease. Nephrol
Dial Transplant, 2010. 25(2): 341+346. https://doi.org/10.1093/ndt/gfp643 PMID: 19934082

Caldas H.C., Fernandes I.M., Gerbi F., Souza A.C., Baptista M.A., Ramalho H.J., et al. Effect of whole
bone marrow cell infusion in the progression of experimental chronic renal failure. Transplant Proc,
2008. 40(3): 853+855. https://doi.org/10.1016/j.transproceed.2008.03.009 PMID: 18455035

Choi S., Park M., Kim J., Hwang S., Park S., and Lee Y.. The role of mesenchymal stem cells in the
functional improvement of chronic renal failure. Stem Cells Dev, 2009. 18(3): 521+529. https://doi.org/
10.1089/s¢d.2008.0097 PMID: 18647091

Asawa S., Saito T., Satoh A., Ohtake K., Tsuchiya T., Okada H., et al. Participation of bone marrow
cells in biliary fibrosis after bile duct ligation. J Gastroenterol Hepatol, 2007. 22(11): 2001+2008. https://
doi.org/10.1111/j.1440-1746.2006.04708.x PMID: 17914983

Imai N., Kaur T., Rosenberg M.E., and Gupta S.. Cellular therapy of kidney diseases. Semin Dial, 2009.
22(6): 629+635. https://doi.org/10.1111/.1525-139X.2009.00654.x PMID: 20017833

Sangidorj O., Yang S.H., JangH.R., Lee J.P., Cha R.H., Kim S.M., et al. Bone marrow-derived endothe-
lial progenitor cells confer renal protection in a murine chronic renal failure model. Am J Physiol Renal
Physiol, 2010. 299(2): F325+335. https://doi.org/10.1152/ajprenal.00019.2010 PMID: 20484299

Asanuma H., Meldrum D.R., and Meldrum K.K.. Therapeutic applications of mesenchymal stem cells to
repair kidney injury. J Urol, 2010. 184(1): 26+33. https://doi.org/10.1016/j.juro.2010.03.050 PMID:
20478602

Conforti A., Scarsella M., Starc N., Giorda E., Biagini S., Proia A., et al. Microvescicles derived from
mesenchymal stromal cells are not as effective as their cellular counterpart in the ability to modulate
immune responses in vitro. Stem Cells Dev, 2014. 23(21): 2591+2599. https://doi.org/10.1089/scd.
2014.0091 PMID: 24937591

Yu B., KimH.W., Gong M., Wang J., Millard R.W., Wang Y ., et al. Exosomes secreted from GATA-4
overexpressing mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for cardio-
protection. Int J Cardiol, 2015. 182: 349+360. https://doi.org/10.1016/j.ijcard.2014.12.043 PMID:
25590961

Eirin A. and Lerman L.O.. Mesenchymal stem cell treatment for chronic renal failure. Stem Cell Res
Ther, 2014. 5(4): 83. https://doi.org/10.1186/scrt472 PMID: 25158205

Yamanaka S. Strategies and new developments in the generation of patient-specific pluripotent stem
cells. Cell Stem Cell, 2007. 1(1): 39+49. https://doi.org/10.1016/j.stem.2007.05.012 PMID: 18371333

Volovelsky O. and Kopan R.. Making new kidneys: On the road from science fiction to science fact. Curr
Opin Organ Transplant, 2016. 21(6): 574+580. https://doi.org/10.1097/MOT.0000000000000362
PMID: 27805946

Ruan G.P., Wang J.X., Pang R.Q., Yao X., Cai X.M., Wang Q., et al. Treatment with chicken-egg-white
or whole-egg extracts maintains and enhances the survival and differentiation of spleen cells. Cytotech-
nology, 2012. 64(5): 541+551. https://doi.org/10.1007/s10616-012-9431-8 PMID: 22350684

Yongjun W., Qi S., and Chongjian Z.. Pueraria and Guizhi decoction regulating effect of rabbits cervical
intervertebral disc tissue IL-183, INOS, TNFa, TGF3 mRNA expression. Chinese Integrative Medicine,
2003. 1(4): 273+276.

Maijore |., Moretti P., Hass R., and Kasper C.. Identification of subpopulations in mesenchymal stem
cell-like cultures from human umbilical cord. Cell Commun Signal, 2009. 7: 6. https://doi.org/10.1186/
1478-811X-7-6 PMID: 19302702

PLOS ONE | https://doi.org/10.1371/journal.pone.0176273  April 26, 2017 14/14


https://doi.org/10.1002/stem.214
http://www.ncbi.nlm.nih.gov/pubmed/19750536
http://www.ncbi.nlm.nih.gov/pubmed/18386579
https://doi.org/10.1089/scd.2008.0092
http://www.ncbi.nlm.nih.gov/pubmed/18564903
https://doi.org/10.1093/ndt/gfp643
http://www.ncbi.nlm.nih.gov/pubmed/19934082
https://doi.org/10.1016/j.transproceed.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18455035
https://doi.org/10.1089/scd.2008.0097
https://doi.org/10.1089/scd.2008.0097
http://www.ncbi.nlm.nih.gov/pubmed/18647091
https://doi.org/10.1111/j.1440-1746.2006.04708.x
https://doi.org/10.1111/j.1440-1746.2006.04708.x
http://www.ncbi.nlm.nih.gov/pubmed/17914983
https://doi.org/10.1111/j.1525-139X.2009.00654.x
http://www.ncbi.nlm.nih.gov/pubmed/20017833
https://doi.org/10.1152/ajprenal.00019.2010
http://www.ncbi.nlm.nih.gov/pubmed/20484299
https://doi.org/10.1016/j.juro.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20478602
https://doi.org/10.1089/scd.2014.0091
https://doi.org/10.1089/scd.2014.0091
http://www.ncbi.nlm.nih.gov/pubmed/24937591
https://doi.org/10.1016/j.ijcard.2014.12.043
http://www.ncbi.nlm.nih.gov/pubmed/25590961
https://doi.org/10.1186/scrt472
http://www.ncbi.nlm.nih.gov/pubmed/25158205
https://doi.org/10.1016/j.stem.2007.05.012
http://www.ncbi.nlm.nih.gov/pubmed/18371333
https://doi.org/10.1097/MOT.0000000000000362
http://www.ncbi.nlm.nih.gov/pubmed/27805946
https://doi.org/10.1007/s10616-012-9431-8
http://www.ncbi.nlm.nih.gov/pubmed/22350684
https://doi.org/10.1186/1478-811X-7-6
https://doi.org/10.1186/1478-811X-7-6
http://www.ncbi.nlm.nih.gov/pubmed/19302702
https://doi.org/10.1371/journal.pone.0176273

