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Abstract
BACKGROUND
There is no established treatment to impede the progression or restore kidney function in human chronic kidney disease (CKD).

AIM
To examine the efficacy of cultured human CD34+ cells with enhanced proliferating potential in kidney injury in mice.

METHODS
Human umbilical cord blood (UCB)-derived CD34+ cells were incubated for one week in vasculogenic conditioning medium. Vasculogenic culture significantly increased the number of CD34+ cells and their ability to form endothelial progenitor cell colony-forming units. Adenine-induced tubulointerstitial injury of the kidney was induced in immunodeficient non-obese diabetic/severe combined immunodeficiency mice, and cultured human UCB-CD34+ cells were administered at a dose of 1 × 106/mouse on days 7, 14, and 21 after the start of adenine diet. 

RESULTS
Repetitive administration of cultured UCB-CD34+ cells significantly improved the time-course of kidney dysfunction in the cell therapy group compared with that in the control group. Both interstitial fibrosis and tubular damage were significantly reduced in the cell therapy group compared with those in the control group (P < 0.01). Microvasculature integrity was significantly preserved (P < 0.01) and macrophage infiltration into kidney tissue was dramatically decreased in the cell therapy group compared with those in the control group (P < 0.001).

CONCLUSION
Early intervention using human cultured CD34+ cells significantly improved the progression of tubulointerstitial kidney injury. Repetitive administration of cultured human UCB-CD34+ cells significantly improved tubulointerstitial damage in adenine-induced kidney injury in mice via vasculoprotective and anti-inflammatory effects.

Key Words: Chronic kidney disease; CD34+ cell; Adenine; Tubulointerstitial injury; Quality and quantity control culture; Umbilical cord blood

Ohtake T, Itaba S, Salybekov AA, Sheng Y, Sato T, Yanai M, Imagawa M, Fujii S, Kumagai H, Harata M, Asahara T, Kobayashi S. Repetitive administration of cultured human CD34+ cells improve adenine-induced kidney injury in mice. World J Stem Cells 2023; In press

Core Tip: There is no established treatment for retarding the progression or improving advanced chronic kidney disease (CKD). Here, we provided effectiveness of cord blood derived cultured human CD34+ cell on progressive CKD model in mice. Kidney function and pathological damage were improved by repetitive cell therapy along with the improvement of microvasculature and inhibition of inflammatory cell infiltration in the kidney. Enhanced cell potential (proliferation and increase of endothelial progenitor cell colony-forming unit) by culture might be a key factor for improving progressive kidney injury.

INTRODUCTION
Chronic kidney disease (CKD) is a progressive disease that leads to end-stage renal disease (ESRD) with increasing incidence and mortality[1]. Incomplete recovery from acute kidney injury (AKI) can also lead to CKD (AKI-CKD transition) through tubular atrophy and failed tubular recovery[2]. CKD affected nearly 750 million people globally in 2016 and constitutes a serious public health burden worldwide[3]. Several treatment strategies, including pharmaceutical therapies, such as renin-angiotensin-aldosterone blockers, and diet control, including salt and protein restriction, have been applied to impede CKD progression. However, satisfactory outcomes have not been achieved. Considering the progressive nature of CKD, which is associated with high mortality rates, especially in late-stage CKD patients, including those undergoing dialysis, there is a pressing need to develop novel therapeutic strategies to treat CKD.
The efficacy of cell-based regenerative therapy in animal models of CKD has been tested, and preclinical studies have provided favorable results[4]. Cell-based therapy has been shown to improve functional and histological parameters of kidney injury and delay the development of CKD in animal models[4]. However, clinical trials of cell-based therapy for CKD in humans are still limited, with only three clinical trials published[5-7]. These trials used single administration of autologous bone marrow-derived mesenchymal stem cells[5,6] or granulocyte colony-stimulating factor-mobilized autologous peripheral blood-derived CD34+ cells[7]. Although the safety and tolerability of cell therapy were confirmed, the efficacy in improving or stabilizing renal dysfunction was not established by these early phase trials.
Adenine-induced renal injury in mouse is used as a model of chronic kidney injury caused by 2,8-dihydroxyadenine (DHA), a metabolic product of adenine[8,9]. The primary site of adenine-induced renal injury is the tubulointerstitial region. Accumulation of DHA crystals in the renal tubules and interstitial tissue causes progressive degeneration of tubular epithelial cells and induces interstitial fibrosis. Moreover, adenine-containing diet induces chronic and progressive renal injury in mice in a dose-dependent manner. This animal model is suitable for evaluating the efficacy of cell-based therapy for progressive tubulointerstitial injuries. However, to evaluate the efficacy of xenotransplantation of human cells, the animal’s immune response has to be avoided. Therefore, we stablished an adenine-induced renal injury model in non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice, which lack mature T, B, and natural killer cells.
[bookmark: _Hlk129791202]Human CD34+ endothelial progenitor cells (EPC) have high angiogenic and anti-inflammatory potential, and thus used for this study[10,11]. However, because EPCs from patients with several diseases have impaired function and are insufficient, allogeneic sources are considered as good alternatives. We therefore used umbilical cord blood (UCB)-derived CD34+ cells. However, in our preliminary study, uncultured human UCB-derived CD34+ cell administration could not effectively retard the progression of chronic kidney injury in this model. Hence, we cultured UCB-CD34+ cells to enhance their vasculogenic potential using the quality and quantity culture (QQc) method, which was established for EPCs[12], and used in our previous report[13]. Once or twice administration of human UCB-QQc-CD34+ cells could not improve the time-course of kidney injury. However, administration of human UCB-QQc-CD34+ cells once a week for 3 consecutive weeks demonstrated a significant improvement of kidney function and reduction of renal histological damages. This is the first report of the application of human UCB-QQc-CD34+ cells as an effective regenerative therapy for CKD.

MATERIALS AND METHODS
Cell preparation
Human UCB-CD34+ cells were purchased from the RIKEN Bioresource Center (Tsukuba, Japan), plated at a density of 1 × 104 cells/well in a 24-well tissue culture plate (BD Falcon, Bedford), and cultured in QQc media for 7 d as previously described[12,13]. QQc uses a serum-free StemSpan SFEM media (Stem Cell Technologies, Vancouver, BC, Canada) with an optimized combination of growth factors as well as cytokines (20 ng/mL thyroid peroxidase, 20 ng/mL interleukine-6, 100 ng/mL SCF, 100 ng/mL Flt-3 Ligand, and 50 ng/mL vascular endothelial growth factor). All reagents were purchased from PeproTech Inc. (Rocky Hill, NJ, United States). This culture method significantly enhanced the vasculogenesis, proliferation, and colony-forming units of CD34+ cells[10]. UCB-CD34+ cells from five separate samples were cultured, and cell populations of pre- and post-QQc human UCB-CD34+ EPCs were evaluated using FACS analysis (FACSVerseTM, BD, United States). FlowJoTM (version 10.6, BD, United States) was used for data analysis.

EPC colony-forming assay
[bookmark: _Hlk129791182]EPC colony-forming units (EPC-CFUs) of pre-QQc and post-QQc human UCB-CD34+ cells were assessed using a colony-forming assay as previously described[12,13]. The EPC colony-forming assay was designed to evaluate the vasculogenic potential of EPCs and categorize total EPC-CFUs (TEPC-CFUs) into two different types of EPC-CFUs: Primitive (small cell-sized) and definitive (large cell-sized). Primitive EPC-CFUs (PEPC-CFUs) have greater potential for proliferation, whereas definitive EPC-CFUs (DEPC-CFUs) are predominantly vasculogenic populations with a greater differentiation potential. Briefly, 500 human UCB-CD34+ cells per dish were seeded into a 35-mm hydrophilic tissue culture dish. Ten to fourteen days later, total EPC colony-forming unit (TEPC-CFUs), PEPC-CFUs, and DEPC-CFUs were counted under light microscopy by two investigators who were blinded to the experimental conditions. Five samples of UCB-CD34+ cells were used for EPC colony-forming assay. All experiments were performed in triplicate.

Mice
Six-week-old male NOD/SCID mice were purchased from Charles River Laboratories Inc. (Tsukuba, Japan) and used for all experiments. All animal use was in accordance with institutional and ARRIVE guidelines (https://arriveguidelines.org). The experimental protocol was approved by the Administration Committee of Experimental Animals at Kamakura Techno-science, Inc. (No. 20-034, 20-079, Kanagawa, Japan).

Adenine-induced chronic tubulointerstitial kidney injury
The CKD animal model (adenine-induced chronic tubulointerstitial kidney injury) using NOD/SCID mouse was developed in collaboration with Kamakura Techno-science, Inc. First, several doses of adenine were used to optimize and induce progressive tubulointerstitial kidney injury. Kidney damage showed a dose-dependent pattern, and the optimized dose and period of adenine diet ingestion were finally determined as 0.14% and 3 wk, respectively.
The experimental design is shown in Figure 1. Thirty-five male NOD/SCID mice were used in this experiment. All mice had free access to tap water, and were fed a 0.14% (w/w) adenine-containing diet from day 0 to day 21. The adenine-containing diet was stopped on day 21 and changed to standard laboratory chow diet (CRF-1 powder diet, Oriental Yeast Co., Ltd., Tokyo, Japan) from days 22 to 28 in all mice. Body weight and food intake were measured weekly. Blood sampling from the tail vein was performed on days 0, 7, 14, 21, and 28. After evaluating the serum creatinine levels on day 7, the mice were divided into two groups, i.e., control group (n = 17) and the cell therapy group (n = 18). After blood sampling on day 28, mice were anesthetized using isoflurane, and kidney tissues were collected for histological analysis. All animal experiments were performed at Kamakura Techno-science, Inc. (Kanagawa, Japan).

Cell transplantation
Mice in the control group were injected with 100 µL of vehicle (Iscove’s modified Dulbecco’s medium: IMDM), and those in the cell therapy group were injected with 1 × 106 UCB-QQc-CD34+ cells in 100 µL IMDM via the tail vein. UCB-QQc-CD34+ cells were administered three times on days 7, 14, and 21. Cell purity and viability were evaluated just before cell therapy.

Kidney function and renal histology
Serial blood samples were drawn from the tail vein on days 0, 7, 14, 21, and 28, and serum creatinine levels were immediately measured using DRI-CHEM CRE-P III (FUJIFILM Co., Ltd., Tokyo, Japan). Kidney tissues were harvested and fixed in 4% paraformaldehyde, transferred to 70% ethanol, and embedded in paraffin. From these paraffin blocks, 2 μm-thick sections were prepared and stained with periodic acid-Schiff (PAS) and Masson’s trichrome (MT) stain for analysis of tubular damage and interstitial fibrosis, respectively. To examine the extent of tubulointerstitial injury, 10 non-overlapping fields from the entire cortical and outer medulla areas in PAS-stained specimens and MT-stained specimens were captured under 100 × magnification. Tubulointerstitial injury in PAS-stained sections were categorized as tubular dilatation with epithelial and tubular atrophy. The degree of injury was scored on a scale of 0 to 4 according to the percentage of the damaged area; 0: 0%, normal; 1, 0%-25%; 2, 25%-50%;3, 50%-75%; and 4, 75% or more. Interstitial fibrosis in MT-stained sections was quantified as fibrotic area per total area (%) and measured using an automatic image analyzer (cellSens, Olympus, Japan). Tubulointerstitial injury score and interstitial fibrosis area were evaluated in each mouse (n = 17 in the control group and n = 18 in the cell therapy group), and mean values in each mouse were used to calculate the group mean value for further comparison between the control group and cell therapy group.

CD31 and F4/80 immunohistochemistry
Since CD31 antigen is constitutively expressed on the endothelial cell surface, the loss of CD31-positive staining most likely reflects capillary loss. We performed CD31 immunostaining to evaluate peritubular capillary (PTC) loss using 3 μm-thick paraffin sections. PTCs were identified by immunostaining with a rabbit monoclonal anti-CD31 (PECAM-1) antibody (1:100; #77699, Cell Signaling Technology, Danvers, MA, United States). Immunostaining was performed using a BOND-III autostainer (Leica Biosystems, Wetzlar, Germany) according to the manufacturer’s protocol. Briefly, after deparaffinization of paraffin sections, heat-induced epitope retrieval was performed using BOND Epitope Retrieval Solution 2 (prediluted, pH 9.0; Leica Biosystems, Wetzlar, Germany) for 20 min at 100 °C. Sections were incubated sequentially with endogenous peroxidase block for 5 min, primary antibody for 30 min, secondary detection polymer for 10 min, diaminobenzidine for 10 min, and hematoxylin for 5 min.
PTC density was evaluated according to a previously published method with some modifications[11]. Twenty randomly selected fields encompassing the renal cortex and outer medulla were randomly captured by digital imaging (× 400). Each image was divided into 270 squares using a grid, and the number of squares with CD31-positive staining was counted. The PTC density was represented as a percentage of CD31 positive squares per total number of squares.
Macrophages were identified using a rabbit polyclonal anti-F4/80 antibody (1:100; ab100790, Abcam, Cambridge, United Kingdom). Ten non-overlapping fields in the cortical and outer medulla areas were randomly selected and captured by digital imaging (× 100). The degree of macrophage infiltration was calculated using the 270-square grid method, as described above. The rate of macrophage infiltration was represented as a percentage of F4/80- positive squares relative to the entire cortical and outer medulla areas. Macrophage infiltration rate and PTC density were assessed in the control group and cell therapy group.

Statistical analysis
All data are expressed as the mean ± SE, unless otherwise specified. Comparison between two groups were performed using the Mann-Whitney U test. Differences in time-course of serum creatinine levels during the experimental period between the control group and the cell therapy group were analyzed using repeated measures analysis of variance (ANOVA). Statistical analysis was performed using SPSS version 11.0 software (SPSS Inc., Chicago, IL, United States) and a P value < 0.05 was considered statistically significant.

RESULTS
Effect of the QQc on CD34+ cell expansion and EPC-CFUs
The QQc significantly increased the number of CD34+ cells. CD34+ positivity per the 1 × 104 initially seeded cells was significantly increased in post-QQc-CD34+ cells compared with that in pre-QQc-CD34+ cells (353821 ± 122429 vs 7341 ± 947, P < 0.001) (Figure 2A). Cell viability of QQc-CD34+ cells was higher than that of pre-QQc CD34+ cells (93.6% ± 1.3% vs 87.0% ± 0.8%, P < 0.01). After seven days of culturing using the QQc method, the number of CD34+ cells showed almost a 60-fold increase on day 7 compared with that on day 0 (59.0 ± 10.4 vs 1-fold, P < 0.001) (Figure 2B). Post-QQc CD34+ cells formed more TEPC-CFUs than did pre-QQc CD34+ cells (1138.0 ± 124.0 vs 27.0 ± 4.5, P < 0.001) (Figure 2C). Moreover, both PEPC-CFUs and DEPC-CFUs showed a significant increase after QQc compared with pre-QQc (PEPC-CFUs: 17.4 ± 3.0 vs 666.0 ± 127.5, P < 0.001; DEPC-CFUs: 9.4 ± 2.5 vs 472.0 ± 112.0, P < 0.01).

QQc-CD34+ cells improved kidney function
The body weight was not significantly different between the cell therapy and control groups on days 0, 7, 14, 21, and 28. Diet consumption was also comparable between the two groups throughout the experimental period (data not shown).
To evaluate the role of UCB-QQc-CD34+ cell therapy in renal injury, serum creatinine levels were determined in the cell therapy and control groups. The time-course in serum creatinine levels is shown in Figure 3A. Serum creatinine levels were not statistically different between the cell therapy and control groups (0.56 mg/ dL ± 0.02 mg/dL vs 0.61 mg/dL ± 0.03 mg/dL) on day 0. During adenine-containing diet feeding, serum creatinine levels showed a gradual and constant increase in the control group (1.51 mg/dL ± 0.14 mg/dL on day 21) demonstrating a state of renal dysfunction. After switching to the standard diet on day 22, serum creatinine levels in the control group decreased to 1.41 mg/dL ± 0.14 mg/dL on day 28. In the cell therapy group, serum creatinine levels increased until day 14 and then showed a gradual increasing trend on day 21 (1.29 mg/dL ± 0.09 mg/dL). After switching to the standard diet, serum creatinine levels decreased to 1.09 mg/dL ± 0.09 mg/dL on day 28 in the cell therapy group. Time-course of serum creatinine levels between the control and the cell therapy groups showed borderline significance (P = 0.06). However, the relative ratio of changes in serum creatinine levels from day 0 to day 28 showed a statistically significant difference between the control and the cell therapy groups (255.1% ± 25.9% vs 185.9% ± 18.5%, P = 0.035) (Figure 3B). Thus, repetitive administration of UCB-QQc-CD34+ cells significantly improved the time-course of adenine-induced chronic kidney injury.

QQc-CD34+ cells reduced interstitial fibrosis and tubular damage
The adenine-containing diet induced prominent tubular damage, including tubular dilatation and tubular atrophy accompanied by interstitial fibrosis (Figure 4A-D). In line with the reduced time-course of renal injury in cell therapy mice, the interstitial fibrosis area was significantly reduced in the cell therapy group compared with that in the control group (8.1% ± 5.4% vs 16.3% ± 7.0%, P < 0.01) (Figure 4E). The tubular damage score was also significantly decreased in the cell therapy group compared with that in the control group (1.48 ± 1.27 vs 2.83 ± 1.00, P < 0.01) (Figure 4F).

PTC density and macrophage infiltration
Representative images of PTC density as evaluated by CD31 immunohistochemical staining are shown in Figure 5. CD31+ staining was significantly decreased, especially around the dilated and degenerated tubules, in this model (Figure 5A). The cell therapy group showed significantly higher PTC density than did the control group (57.3% ± 6.4% vs 31.0% ± 6.1%, P < 0.01) (Figure 5B and C).
Macrophage infiltration is shown in Figure 6. Infiltration of F4/80-positive macrophages was mainly observed in the area with interstitial fibrotic changes and dilated and degenerated tubules in the control group (Figure 6A). However, macrophage infiltration was dramatically reduced in the cell therapy group compared with that in the control group (1.3% ± 0.3% vs 14.4% ± 1.1%, P < 0.001) (Figure 6B and C).

DISCUSSION
We demonstrated that repetitive administration of human UCB-QQc-CD34+ cells significantly improved the time-course of adenine-induced tubulointerstitial injury in mice. The relative changes in serum creatinine levels from baseline to day 28 were significantly improved in the cell therapy group compared with those in the control group. Interstitial fibrosis area and tubulointerstitial injury score were also significantly improved by cell therapy. The PTC network, visualized by CD31+ staining, was found to be severely damaged in adenine-induced kidney injury. However, PTC rarefaction was significantly improved by cell therapy. Furthermore, macrophage infiltration was dramatically reduced in the cell therapy group. These results might imply the significant potential of CD34+ cell-based therapy for clinical application in CKD.
CKD progression is caused by multiple factors, including diabetes, hypertension, and glomerulonephritis. Regardless of the diverse causes of CKD, tubulointerstitial damage is the final common pathway that results in its transition to ESRD[14]. Therefore, one major target of cell-based regenerative therapy for CKD is the arrest of chronic tubular and interstitial damage. Loss of integrity of the intrarenal microvasculature is also a major contributor to the progression of renal diseases[15-17]. Tubular damage, interstitial fibrosis, and microvasculature impairment are associates with each other and form a vicious cycle to promote CKD[18-24]. A close association between PTC rarefaction and tubulointerstitial fibrosis has been proven in the human kidney[20]. Hypoxia due to PTC rarefaction induces the production of local inflammatory cytokines[25], which in turn, worsen hypoxia in inflamed tissues. Thus, hypoxia also creates a vicious cycle of inflammation[26].
CD34+ cells have been used in regenerative therapy for several organ damages, including critical limb ischemia[27,28], myocardial ischemia[29], stroke[30], and acute kidney injury[31]. CD34+ cells possess two important properties that are considered necessary for regenerative therapy: Enhanced angiogenic and anti-inflammatory potential[10,11]. Externally administered CD34+ EPCs improved kidney injury such as endothelial cell damage in several animal models[13,15,19,32-35]. In cases of acute and severe renal endothelial cell injury, intrinsic repair may not function sufficiently[36]. Furthermore, endothelial disturbances related to ischemia induce permanent damage to PTCs[37]. Therefore, a strategy for vascular protection or angiogenesis might be important for the long-term preservation of kidney function. Recently, horizontal transfer of regenerative information via extracellular vesicles (EVs) between regeneration associated stem/progenitor cells and injured cells in the damaged organ was shown to be a major regenerative mechanism. Exosomes from human CD34+ cells, by themselves, have demonstrated angiogenic activity in in vivo and in vitro experiments[38,39]. Hence, CD34+ based cell therapy could be an excellent strategy to induce vasculogenesis and repair kidney function.
Regarding cell administration, frequency of transplantation as well as the number and regenerative potential of transplanted cells is thought to be very important. Multiple rather than single administration might show more advantages to improve organ damage. Lv et al[40] demonstrated that multiple administration of UCB-mesenchymal stem cells showed a superior therapeutic effect compared with that of single administration in an animal model of chemotherapy-induced premature ovarian failure. We also demonstrated that repetitive administration (3 times, once in a week) of cultured UCB-CD34+ cells significantly improved the time-course of adenine-induced chronic kidney injury. The causative signals for CKD, including oxidative stress, tissue hypoxia, and inflammatory cell infiltration with the release of inflammatory cytokines continuously injure the kidney. Therefore, multiple administration of regeneration-associated CD34+ cells at fixed time intervals might be a better treatment strategy for CKD. For the number of administered cells, 1 × 106 cells/20 g mouse is equivalent to about 50 × 106/kg in humans, an amount that is probably not achievable clinically. It is known that in cases of cell administration via the tail vein in mice, many cells are trapped in the lung, spleen, and bone marrow (extra-renal trap)[13]. Extra-renal trap might necessitate more cells to be administered in mice to deliver sufficient number of cells into the kidney. Therefore, future clinical trials should consider the route of cell administration. To get better effects in future clinical trials, cells should be designed for direct arterial administration.
Herein, we used human UCB-derived CD34+ cells. UCB-CD34+ cells can be used as an off-the-shelf treatment. Because EPCs from patients with several diseases have impaired function and are insufficient, allogeneic source is considered as a good alternative. Immune reaction against allogeneic cells might limit their use. However, a recent study reported the immunosuppressive effect of cultured human EPCs. The proliferation and activation of mouse T cells were significantly suppressed by co-culture with allogeneic human UCB-EPCs[41]. Therefore, cultured UCB-EPCs with enhanced potential might have a chance of emerging as a possible tool for allogeneic cell therapy. One major limitation to using UCB-CD34+ cells is the limited number obtained from one UCB donor. Regarding this, QQc of UCB-CD34+ cells significantly increased the number of CD34+ cells (almost 60 folds) in one week, and EPC-CFUs (total, primitive, and definite EPC-CFUs) were significantly increased. The increased UCB-CD34+ cell number enabled multiple administration. Furthermore, the enhanced vasculogenic and anti-inflammatory potential of UCB-CD34+ cells might be critical for preserving PTC integrity and reducing inflammatory cell infiltration.
There are several limitations to this study. First, the effect of tissue hypoxia was not evaluated to establish the relationship among tubular damage, interstitial fibrosis, PTC integrity, macrophage infiltration, and hypoxia in the kidney tissue of control and cell therapy-treated mice. Second, the cellular behavior of UCB-CD34+ cells (homing and staying in injured kidney) remain undetermined. Third, we could not compare the contents (mRNA, miRNA, and proteins, including growth factors and cytokines) of EVs of pre-QQc and post-QQc UCB-CD34+ cells. Therefore, the EV-mediated mechanism by which UCB-QQc-CD34+ cells showed an effective response in repairing kidney injury remains to be elucidated. We evaluated the effect of cell therapy during the progressive phase, and not the advanced ESRD stage. Therefore, it is unclear whether cell therapy might be effective at the ESRD stage. Stopping adenine diet induced recovery from dysfunction. However, it remains unknown whether stopping adenine diet without cell therapy brings kidney function completely to normal, because we did not conduct a longer follow-up after switching adenine diet to normal chow. At the same time, we could not elucidate whether the effects of cell therapy were long-lasting since the animals were sacrificed only one week after the last dose of cells. These limitations should be addressed in future research.

CONCLUSION
In conclusion, although the more precise mechanisms should be clarified, this study provides a new insight in the field of regenerative medicine. Repetitive administration of human UCB-QQc-CD34+ cells improved kidney function and reduced histological damage in adenine-induced tubulointerstitial injury. Tubular damage and interstitial fibrosis were significantly improved by cell therapy in accordance with improved PTC integrity and reduced inflammatory cell infiltration. Hence, clinical trials using repetitive administration of regenerative CD34+ cells with enhanced proliferative and angiogenic potential might be expected for patients with progressive CKD.

ARTICLE HIGHLIGHTS
Research background
Chronic kidney Disease (CKD) constitutes a serious public health burden worldwide, and there is no established treatment to impede the progression or restore kidney function in human CKD.

Research motivation
To discover and establish a new effective treatment for CKD is urgently needed. Cell-based therapy has a potential as a new effective treatment for progressive CKD.

Research objectives
To evaluate the efficacy of cultured human cord-blood-derived CD34+ cells.

Research methods
Progressive tubulointerstitial injury with kidney dysfunction was made in mice. Human umbilical cord blood (UCB)-derived CD34+ cells were incubated in vasculogenic conditioned medium for 1 wk to increase the number of CD34+ cells and ability to form endothelial progenitor cell (EPC)-colony-forming units. These cultured human CD34+ cells were administered on days 7, 14, and 21 after the start of adenine diet.

Research results
Cell therapy significantly improved the time-course of progressive kidney dysfunction. Pathological injuries including tubular injury and interstitial fibrosis were significantly reduced in the cell therapy group compared with those in the control group. Preserved microvasculature integrity and decreased macrophage infiltration were shown in the cell therapy group.

Research conclusions
Early intervention using human cultured CD34+ cells significantly improved the progression of tubulointerstitial kidney injury.

Research perspectives
In future research, the efficacy of cultured human CD34+ cells for more advanced CKD such as end-stage renal disease (ESRD), cell behavior (homing and staying in injured kidney) after cell administration, differences in extracellular vesicles from pre- and post-incubated UCB-derived CD34+ cells, should be evaluated for further analysis of the efficacy of cell therapy. A future clinical trial of cell therapy for progressive CKD might be expected.
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Figure Legends
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Figure 1 Experimental design. The adenine-containing diet was fed from day 0 to day 21, and switched to a standard laboratory diet from day 22 to day 28. Vehicle (IMDM) or UCB-CD34+ cells in IMDM were administered on days 7, 14, and 21 via the tail vein in the control group and cell therapy group, respectively. IMDM: Iscove’s modified Dulbecco’s medium; UCB: Umbilical cord blood.
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Figure 2 CD34+ cell and endothelial progenitor cell colony-forming units expansion by quality and quantity culture method. A: Number of total CD34+ cells. The plot graph demonstrates CD34+ positivity per 1 × 104 fresh UCB-CD34+ sample and post-culture CD34+ cell number per 1 × 104 initially seeded cells; B: Expansion rate of CD34+ cells. The expansion rate of CD34+ cells from fresh CD34+ cells (day 0) to cultured CD34+ cells (day 7); C: Endothelial progenitor cells (EPC) colony-forming unit. The number of TEPC-CFUs, primitive EPC-CFUs, and definitive EPC-CFUs of post- quality and quantity culture (QQc) CD34+ cells. Gray column: Significantly increased compared with that of pre-QQc CD34+ cells; black column: Statistical significances in Figure 2A-C were determined using Mann-Whitney U test. UCB: Umbilical cord blood; EPC: Endothelial progenitor cell; CFU: Colony-forming unit; QQc: Quality and quantity culture; TEPC: Total endothelial progenitor cell; PEPC: Primitive endothelial progenitor cell; DEPC: Definite endothelial progenitor cell.
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Figure 3 Changes in serum creatinine levels. A: Time-course of serum creatinine levels in the control group (n = 17) and cell therapy group (n = 18). The P value between the control group and the cell therapy group on day 28 was 0.06; B: Change rate of serum creatinine levels from baseline to day 28 in the control and cell therapy groups. Statistical significance in Figure 3A was determined using repeated measures analysis of variance. Statistical significance in Figure 3B was determined using Mann-Whitney U test.
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Figure 4 Histological analysis of renal injury. A and B: Tubular injury including tubular dilatation, tubular epithelial atrophy, and tubular atrophy, evaluated using periodic acid-Schiff-stained renal tissue sections of control group (A) and cell therapy group (B); C and D: Interstitial fibrosis using Masson’s trichrome stained sections of control group (C) and cell therapy group (D). Scale bar: 200 μm; E: Quantitative analysis of interstitial fibrosis rate, and F: semi-quantitative analysis of tubular injury score. Statistical significance of Figure 4E and F were determined using Mann-Whitney U test.
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Figure 5 Peritubular capillary density evaluation using CD31+ staining. A and B: CD31+ immunostaining of peritubular capillary (PTC) in control group (A) and cell therapy group (B); original magnification (× 400). Scale bar: 100 μm; C: Quantitative analysis of PTC density. Statistical significance in Figure 5C was determined using Mann-Whitney U test.
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Figure 6 Macrophage infiltration analysis. A and B: F4/80+ macrophage immunostaining (arrows) in control group (A) and cell therapy group (B); original magnification (× 400). Scale bar: 100 μm; C: Quantitative analysis of the rate of macrophage infiltration area. Statistical significance in Figure 6C was determined using Mann-Whitney U test.
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