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Background

Lupus nephritis is a life-threatening complication in systemic lupus erythematosus (SLE), but the efficiency of current therapies involving corticosteroids, immunosuppressants, and biological agents is limited. Adipose-derived mesenchymal stem cells (ASCs) are gaining attention as a novel treatment for inflammation in SLE. Low-molecular-weight heparin (LMWH) exhibits multiple functions including anti-inflammatory, anti-fibrotic, and cell function-promoting effects. LMWH stimulation is expected to increase the therapeutic effect of ASCs by promoting cellular functions. In this study, we investigated the effects of LMWH on ASC functions and the therapeutic effect of LMWH-activated human-ASCs (hep-hASCs) in an SLE mouse model.



Methods

The cellular functions of human-derived ASCs stimulated with different LMWH concentrations were observed, and the optimum LMWH dose was selected. The mice were assigned to control, human-ASC, and hep-hASC groups; treatments were performed on week 20. Twenty-six week-old mice were sacrificed, and urine protein score, serum blood urea nitrogen, creatinine (Cr), anti-ds DNA IgG antibody, and serum IL-6 levels were analyzed in each group. Mice kidneys were evaluated via histological examination, immunohistochemical staining, and gene expression levels.



Results

LMWH significantly promoted ASC migration and proliferation and hepatocyte growth factor production and upregulated immunomodulatory factors in vitro. Hep-hASC administration resulted in significant disease activity improvement including proteinuria, serum Cr and IL-6 levels, anti-ds DNA IgG antibody, glomerulonephritis, and immune complex in mice. Inflammation and fibrosis in kidneys was significantly suppressed in the hep-hASC group; the gene expression levels of TNF-alpha, TIMP-2, and MMP-2 was significantly downregulated in the hep-hASC group compared with the control group.



Conclusions

Hep-hASC exhibited higher anti-inflammatory and anti-fibrotic effects than hASCs and may be a candidate tool for SLE treatment in future.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease with multi-organ manifestations such as skin, lung, heart, and kidney (1). Lupus nephritis (LN) is one of the life-threatening complications in SLE, which correlates with high mortality rate (2). The efficiency of current therapies involving corticosteroids, immunosuppressants, and biological agents is limited for LN, and they have adverse side effects with long-term use (3). Therefore, new effective treatments for SLE are needed.

In animal models of LN and in clinical trials for refractory SLE, mesenchymal stem cells (MSCs) have been reported to be effective as a new therapy (4). Among MSCs, adipose tissue-derived mesenchymal stem cells (ASCs) exhibited a more potent inhibitory effect in preventing the activation of CD4+ and CD8+ T cells and NK cells than bone marrow-derived MSCs (BM-MSCs) and umbilical cord blood-derived MSCs (UC-MSCs) (5). In addition, ASCs have an advantage for therapeutic use because an adequate number of ASCs can be easily collected compared to BM-MSCS and UC-MSCs (6).

However, ASCs are more pro-coagulant than BM-MSCs, and ASCs cause a potential risk of pulmonary thromboembolism (PE) (7). BM-MSCs from SLE patients have reduced growth and differentiation activities in vitro compared with those from healthy individuals (8). If the cell functions of ASCs can be enhanced, it will be possible to 1) enhance the therapeutic effects of ASCs, 2) improve the impaired function of ASCs from SLE patients, and 3) reduce the number of ASCs used for treatment, leading to reduction in complications of PE.

Heparin binds to antithrombin (AT), accelerating the AT-mediated inhibition of coagulation factors (9). In addition to anticoagulant mechanism, heparin promotes production of hepatocyte growth factor (HGF) in various cells (10, 11). HGF binds to receptor tyrosine kinase c-MET and activates multiple downstream signaling pathways, such as the MAPK/ERK and PI3K/AKT pathways, leading to cell proliferation, cell growth, and survival (12). Furthermore, HGF has anti-inflammatory and anti-fibrotic effects in various organs (13, 14). Although bleeding acceleration is a side-effect of unfractionated heparin (15), low-molecular-weight heparin (LMWH) induces less bleeding (16). Moreover, the HGF secretion ability of LMWH is similar to that of unfractionated heparin (11, 17).

Therefore, we tested the hypothesis that LMWH-activated human-ASCs (hASCs) and HGF released from hASCs would exhibit a synergistically favorable effect on SLE by promoting anti-inflammatory and anti-fibrotic effects. In this study, the effects of LMWH on hASC functions were investigated, and the therapeutic effect of LMWH-activated hASCs was compared with that of hASCs alone in a mouse model of SLE.



Materials and Methods


Ethics

The Institutional Animal Care and Use Committee of Osaka Medical and Pharmaceutical University approved all of the following research protocols (approval ID: 2020-089), including the surgical procedures and animal care. All methods were performed in accordance with the relevant guidelines and regulations.



Animal Models

Newborn female NZB ∕ WF1 mice were obtained after mating 8-week-old female NZB ∕ NSlc and male NZW ∕ NSlc mice (Shimizu Laboratory Supplies, Kyoto, Japan) in our laboratory.



ASCs

Second-passage h-ASCs were purchased from Zen-Bio, Inc (Research Triangle Park, NC, USA) (No. BBASCF Lot. ASC012502). h-ASCs were cultured and used at the fifth-passage in vivo and the sixth-passage in vitro.



Cell Migration Assay

The migration activity of hASCs was evaluated using a Boyden’s chamber assay. hASCs (50,000 cells per well) were seeded into the upper chambers of 24-well culture plates, and the lower chambers were filled with DMEM/F-12 medium containing 2% FBS and 1.0% Pen-Strep supplemented with 0, 1, 10, and 100 μg/mL of LMWH, followed by incubation for 6 h at 37°C. The migrated cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) and counted in three randomly selected high-power fields (HPFs: ×200, 0.15 mm2 per HPF) per chamber under a fluorescence microscope, and the resulting numbers were averaged. The experiments were repeated five times independently for each sample.



Cell Proliferation Assay

The proliferation activity of LMWH-activated ASCs was examined using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, LMWH-activated ASCs were seeded onto 96-well culture plates at a density of 5,000 cells/100 µL per well. The cells were cultured in DMEM/F-12 containing 10% FBS and 1.0% Pen-Strep for 24 h at 37°C in a 5% CO2/95% air atmosphere. The medium was changed to the medium supplemented with LMWH (0, 1, 10, and 100 μg/mL) or without LMWH and cultured for 24 h at 37°C. The medium was subsequently exchanged with 100 µL of fresh medium containing 10% 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) of Cell Count Reagent SF and incubated for 30 min. The optical density at the 450 nm wavelength was measured using a plate reader. Cell proliferation activity was expressed as a ratio compared with cells cultured the media supplemented without LMWH. The experiment was repeated five times independently for each sample.



HGF Immunoassay

Supernatants were evaluated for their HGF contents using an HGF Quantikine ELISA Kit (R&D Systems Inc., Minneapolis, MN, USA). The experiments were repeated four times independently for each sample and performed in duplicates.



Quantitative Real-Time RT-PCR on hASCs In Vitro

hASCs were seeded onto 6-well culture plates (1 × 105 cells per well), cultured for 24 h at 37°C in DMEM containing 1% FBS with or without LMWH. Total RNA was extracted from the cultured hASCs. Following RNA extraction with an RNeasy Mini Kit (Qiagen Ltd., Manchester, UK), cDNA was synthesized using an ExScript RT kit (Takara, Shiga, Japan), and amplification was performed on a ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Tokyo, Japan) according to the manufacturer’s instructions. The primer sequences for CXC chemokine receptor 7 (CXCR7), CXC chemokine receptor 4 (CXCR4), HGF, CXCL12, phosphatidylinositol-3-kinase (PI3K), AKT, and glyceraldehyde 6-phosphate dehydrogenase (GAPDH) as a housekeeping gene are listed in Supplementary Table 1. Relative mRNA expression level of each target gene was calculated by the comparative CT method, as described previously (18).



Animals and Experimental Groups

LMWH-activated hASCs (hep-hASCs) were cultured in DMEM/F-12 containing 10% FBS and 1.0% Pen-Strep supplemented with LMWH (10 µg/mL). Twenty week-old female NZB/W F1 mice, showing proteinuria in urine test, were anesthetized with an intraperitoneal injection of 400 mg/kg 2,2,2-tribromoethanol (Avertin; Sigma-Aldrich Japan K.K., Tokyo, Japan). To assess the effects of LMWH-activated hASCs, the mice were randomly assigned to the following groups: (a) control (PBS-alone) group; (b) hASC-alone group; and (c) hep-hASC group (n=12 per each group). In the control group, 200 μL of PBS was injected intravenously. In the hASC group, hASCs were transplanted intravenously with 200 μL of PBS. In the hep-hASC group, hep-hASCs were transplanted intravenously with 200 μL of PBS. The number of transplanted cells was 1.0 × 104 cells in the SLE mice. Following the treatments, the mice were euthanized at 26 weeks, when significant increase in mesangial cells and extensive mesangial matrix deposition was observed in glomerulus, and their kidneys were harvested for histological analysis (Supplementary Figure 1).



Measurement of Proteinuria

During the experiment, urine protein levels were measured every 2 weeks. Fresh urine was collected by performing abdominal massage. The following system was used to score the severity of proteinuria, by testing urine on colorimetric Hema-Combistix strips (Siemens Healthcare Diagnostics K.K, Tokyo, Japan): 0 denotes trace value; 0.5 is 0–15 mg/dL; 1 is 30 mg/dL; 2 is 100 mg/dL; 3 is 300 mg/dL; 4 is 1000 mg/dL.



Measurement of Blood Urea Nitrogen, Serum Creatinine, Anti-dsDNA Antibodies, and Serum Cytokine Level

Blood samples were collected from mice under isoflurane anesthesia at 26 weeks, and the sera were stored at −70°C until further assays. Serum blood urea nitrogen (BUN) levels were determined using a colorimetric assay (K024-H1; Arbor Assays, Ann Arbor, MI, USA). Serum creatinine in lupus mice was measured using the Creatinine Colorimetric/Fluorometric Assay kit (K625-100, BioVision, California, USA). Anti-ds DNA antibody levels were measured using a mouse anti-dsDNA ELISA kit (Shibayagi, Gunma, Japan). Serum IL-6 levels were measured using an ELISA kit (R&D Systems Inc., Minneapolis, MN, USA) (n=12 per each group). Serum BUN, Cr, anti-ds DNA antibody levels, and serum IL-6 levels were measured according to the manufacturer’s instructions.



Histology

Kidneys were removed from 12 mice per group at 26 weeks. Paraffin-embedded kidney sections (2 µm) were stained with H&E/PAS/Masson. We performed histological examination of the glomeruli, tubulointerstitial, and vascular vessels, according to the previously established scoring system for kidneys of NZB/W F1 mice (19). In addition, we evaluated glomerular sclerosis using a previously described method (20). Histological examination was graded by two observers, and the scores were averaged.



Immunofluorescence Staining for IgG, C3

Fresh kidneys were embedded in OCT compound and sectioned at 5 µm thick. They were fixed in ice-cold acetone for 5 min and washed thrice in phosphate buffer (0.05 M, pH 7.6). Nonspecific binding was blocked with Blocking One (03953-95; Nacalai Tesque, Inc.) for 30 min. The slides were drained and wiped with tissue paper. Next, the slides were incubated with FITC-conjugated goat anti-mouse IgG (1:100, AP 308F; Millipore) or FITC-conjugated goat anti-mouse C3 (1:100; CL7503F; Cedarlane) at room temperature for 1 h and then washed thrice in phosphate buffer (0.05 M, pH 7.6). After that, nuclei were counterstained with DAPI (Vector) and the slides were examined using a confocal laser scanning microscope BZ-X710 (Keyence). We evaluated a semiquantitative score of staining intensity distribution from 0 to 4 in a blinded manner as previously described (21).



Quantitative Real-Time RT-PCR of Kidney In Vivo

Total RNA was extracted from the kidneys of mice at 26 weeks. The primer sequences for tissue inhibitor of metalloproteinase-1 (TIMP-2), matrix metalloproteinase-2 (MMP-2), TNF-α, IL-2, IL-4, IL-10, and GAPDH (as a housekeeping gene) are listed in Supplementary Table 2. The experiments were triplicated, and the results were averaged.



Statistical Analysis

Statistical analyses were performed in GraphPad Prism version 7.0 software (GraphPad, San Diego, CA, USA) and JMP® 14 (SAS Institute Inc., Cary, NC, USA). Statistical significance was determined using one-way analysis of variance with Dunnett’s multiple comparison test. Statistical significance was set at P<0.05.




Results


LMWH Enhanced the Cellular Functions of and HGF Production in hASCs In Vitro

To determine the optimum concentration of LMWM, the cellular functions of hASCs, such as the migration and proliferation abilities, were observed. In addition, HGF levels in the hASC culture supernatants were measured.

We assessed the cellular functions of hASCs using different concentrations of heparin. The migration activity of hASCs was significantly higher in the 100 µg/mL LMWH concentration group than in the without LMWH concentration group (P=0.005) (Figure 1A). The proliferation activity of hASCs was significantly higher in the 10 and 100 µg/mL LMWH concentration groups than in the without LMWH concentration group (P=0.002 and 0.01, respectively) (Figure 1B). The amount of HGF secreted by hASCs was significantly higher in the 10 µg/mL LMWH concentration group than in the without LMWH concentration group (P=0.02) (Figure 1C).




Figure 1 | Effect of LMWH on human-ASCs. (A) The migration activity of human-ASCs (N=5 per group), (B) The proliferation activity of human-ASCs (N=5 per group), (C) The amount of HGF secreted by human-ASCs with or without LMWH were evaluated (N=4 per group). (D–I). Immunomodulatory factors in hASCs with or without LMWH were evaluated as mRNA expression with quantitative real-time RT-PCR (N=6 per group). Data are shown as mean ± SEM. *P < 0.05. **P < 0.01. ***P < 0.001. NS, not significant vs. LMWH 0 group. ASCs, adipose-derived mesenchymal stem cells; CXCR, C-X-C motif chemokine receptors; HGF, hepatic growth factor.





LMWH Regulated the Expression Levels of Genes Related to Immunomodulation

Immunomodulatory factors in LMWH-hASCs were evaluated in terms of mRNA expression using quantitative real-time RT-PCR (Figures 1D–I). In hASCs, the mRNA expression levels of CXCR7 were significantly upregulated in the 10 and 100 µg/mL LMWH concentration groups compared to the control group (P=0.03 and 0.01, respectively) (Figure 1D). In addition, the mRNA expression levels of PI3K were significantly upregulated in the 10 µg/mL LMWH concentration group compared to the control group (P=0.04) (Figure 1E). In contrast, compared to the control group, the mRNA expression levels of CXCR4 were significantly downregulated in the 100 µg/mL LMWH concentration group (P=0.006) (Figure 1F), and the mRNA expression levels of HGF were significantly downregulated in the 1, 10 and 100 µg/mL LMWH concentration groups (P=0.0007, <0.0001, <0.0001, respectively) (Figure 1G). The mRNA expression levels of CXCL12 tended to be upregulated in the 100 µg/mL LMWH concentration group compared to the control group (P=0.08); however, there were no significant differences (Figure 1H). From these results, 10 µg/mL of LMWH was determined to be the optimum concentration for maximizing the cellular functions of hASCs.



Hep-hASC Administration Ameliorated Kidney Functions and Activity Indicators of SLE in NZB/W F1 Mice

Since LMWH significantly enhanced the cellular functions of hASCs, such as migration, proliferation, immunomodulatory gene expression, and anti-fibrosis effects, we investigated the effects of LMWH in vivo using an animal model of lupus. To investigate kidney functions and the levels of activity indicators of SLE, we measured urine protein score, serum BUN, Cr, anti-dsDNA antibodies, and IL-6. The urine protein score at 26 weeks was significantly lower in the hep-hASC group than in the control group (Figure 2A). There were no significant differences between the control and hASCs groups. Moreover, there were no significant differences in BUN levels between the hep-hASC and control groups (Figure 2B).The levels of serum Cr, anti-dsDNA antibodies, and IL-6 in the hep-hASC group were significantly lower (1.18 ± 0.08 mg/dL, 240.4 ± 85.1 IU/mL, and 5.0 ± 0.5 pg/mL, respectively) than those in the control group (1.79 ± 0.09 mg/dL, 601.6 ± 107.1 IU/mL, and 9.1 ± 1.2 pg/mL, respectively) (P=0.0005, 0.02, and 0.03, respectively) (Figures 2C–E). There were no significant differences in the levels of serum Cr, anti-dsDNA antibodies, and IL-6 between the control and hASCs groups.




Figure 2 | Effect of hep-hASC transplantation on clinical and serological parameters in NZB/W F1 mice. The effect of saline (control), hASC, and hep-hASC on (A) urine protein score, (B) serum blood urea nitrogen level, (C) serum creatinine level, (D) serum anti-dsDNA antibody titer, (E) serum IL-6 levels in NZB/W F1 mice. Data expressed as mean ± SEM (N=12 mice per group). *P < 0.05. **P < 0.01. ***P < 0.001. NS, not significant vs. control group. ASCs, adipose-derived mesenchymal stem cells.





Hep-hASCs Transplantation Reduced Glomerulonephritis in the Kidneys of NZB/W F1 Mice

At 26 weeks, the kidneys isolated from the control group showed extensive mesangial matrix deposition and crescent formation. Periodic acid–Schiff (PAS) staining showed tubular casts indicating tubular injury. In addition, Masson trichrome staining showed increased matrix deposition indicating fibrosis. The glomerular, tubulointerstitial, vascular, and sclerosis scores in the kidneys were evaluated (n=12 per each group). The mean glomerular and sclerosis scores were significantly lower in the hep-hASC group than in the control group, although there was no significant difference between the control group and the hASC-alone group (Figures 3A, D). There were no significant differences in the tubulointerstitial and vascular scores between the control and hep-hASCs groups (Figures 3B, C). These results suggest that hep-hASCs prevent glomerulonephritis and glomerulosclerosis in NZB/W F1 mice.




Figure 3 | Effect of hep-hASC transplantation on renal histology in NZB/W F1 mice. Representative images showing renal histology in control, ASCs, and hep-ASCs transplanted mice at age 26 weeks (after disease onset) were shown. Hematoxylin and eosin (H&E), periodic acid–Schiff (PAS), Masson’s trichrome staining (×400) were evaluated. Renal histopathology included mesangial matrix deposition, crescent formation, urinary cast. Glomerular (A), tubulointerstitial (B), vascular (C), and glomerulosclerosis score (D) were graded as described in Material and Methods. Data expressed as mean ± SEM (N=12 mice per group). *P < 0.05. NS, not significant vs. control group. ASCs, adipose-derived mesenchymal stem cells.





Hep-hASCs Transplantation Decreased Immunofluorescent Deposits in the Kidneys of NZB/W F1 Mice

The fluorescence intensity of IgG or C3 deposits in the kidneys was evaluated (n=7 per each group). The mean fluorescence intensities of IgG and C3 deposits were significantly lower in the hep-hASC group than in the control group, although there were no significant differences between the control group and the hASC-alone group (Figures 4A, B).




Figure 4 | Effect of hep-hASC transplantation on IgG and C3 deposition in the kidneys of NZB/W F1 mice. Representative images showing renal IgG and C3 deposition in NZB/W F1 mice at age 26 weeks. Glomerular IgG (A) and C3 (B) deposition were graded as described in Material and Methods. Data expressed as mean ± SEM (N=7 mice per group). *P < 0.05. **P < 0.01. NS, not significant vs. control group. Original magnification ×200.





Hep-hASC Transplantation Regulated the Expression Levels of Genes Related to Tissue Inflammation and Fibrosis in the Kidneys of NZB/W F1 Mice

To evaluate the anti-inflammatory and anti-fibrotic effects of hep-hASCs, mRNA expression levels of TNF-α, TIMP-2, and MMP-2 in the kidneys of NZB/W F1 mice were analyzed using quantitative real-time RT-PCR (n=12 per each group). The mRNA expression levels of TNF-α, TIMP-2, and MMP-2 in the hep-hASCs group were significantly lower than those in the control group (Figures 5A–C). In addition, there were no significant differences in mRNA expression levels of IL-2, IL-4, and IL-10 between the three groups (Figures 5D–F). These results suggest that hep-hASCs have anti-inflammatory and anti-fibrotic effects on nephritis in NZB/W F1 mice.




Figure 5 | Quantitative real-time RT-PCR analysis of kidney mRNA expression. Relative mRNA expression levels of TNF-α (A), TIMP-2 (B), MMP-2 (C), IL-2 (D), IL-4 (E), IL-10 (F) in the kidneys in NZB/W F1 mice at 26 weeks. Data are shown as mean ± SEM (N=12 mice per group). *P < 0.05. **P < 0.01. NS, not significant vs. control group.






Discussion

In our study, we demonstrated that higher concentration of LMWH (100 µg/mL) increases the migration abilities of hASCs. Additionally, higher concentrations of LMWH (10 and 100 µg/mL) increase the proliferation abilities of hASCs. High concentration of LMWH (10 µg/mL) also increases the amount of HGF secreted by hASCs. The mRNA expression levels of CXCR7 and PI3K were significantly increased in hASCs stimulated with high concentration of LMWH. Hep-hASC treatment group significantly reduced proteinuria, serum creatinine levels, anti-dsDNA antibody, and serum IL-6 levels compared to the control group in NZB/W F1 mice in vivo. In addition, C3 and IgG depositions in the glomerular spaces of the kidneys were significantly reduced in the hep-hASCs group than in the control group. The mRNA expression levels of TNF-a, TIMP2, and MMP2 were significantly lower in the hep-hASCs group than in the control group.

Ling et al. reported that BM-MSCs cocultured with heparin increased the proliferation and multipotentiality of hMSCs through the activation of FGF, BMP and Wnt signaling pathways (22). Also, Forte et al. reported that short-term exposure of mouse BM-MSCs to HGF can induce the activation of c-Met receptor and downstream effectors, such as ERK1/2, p38MAPK, and PI3K/Akt pathways, leading to the activation of BM-MSC migration (23).

In addition, The CXCL12/CXCR7 axis promotes MSC migration and proliferation activity (24), and CXCL12/CXCR7 signaling activates the ERK and PI3K/AKT pathways in human choriocarcinoma cells (25). However, the effect of heparin on hASCs has not yet been elucidated. In our study, the mRNA expression levels of CXCL12, CXCR7, and PI3K were upregulated in LMWH-activated hASCs. In addition, the mRNA expression levels of CXCL12 and CXCR7 in hASCs were positively correlated (Supplementary Figure 2). These findings suggest that the CXCL12/CXCR7 axis and PI3K/AKT pathways are related to the migration and proliferation activities in hep-hASCs. In contrast, the mRNA expression levels of CXCR4, a cell migration mediator, were significantly downregulated in hASCs stimulated with 100 µg/mL of LMWH. Ling et al. reported that high doses of heparin inhibited cell growth, and high doses of heparin may inhibit the cellular function of ASCs (22). Furthermore, in the present study, HGF secretion was upregulated in the hep-hASC groups stimulated with higher concentrations of heparin, but the mRNA expression levels of HGF were downregulated in hASCs stimulated with higher concentrations of heparin. Matsumoto et al. reported that LMWH increased HGF secretion without affecting the mRNA expression levels of HGF in the MRC-5 human fetal lung fibroblasts (10). Therefore, in our study, there may be a discrepancy between the protein level of HGF and the mRNA expression levels of HGF in hASCs.

The hep-hASC treatment group significantly improved glomerulonephritis compared to the hASC-alone group in NZB/W F1 mice in vivo. In the NZB/WF1 mouse model, IL-6 promotes the production of anti-ds DNA antibody from plasma cells, leading to immune complex glomerulonephritis (26). TNFα producing macrophages are involved in the pathology of glomerulonephritis (27). MSCs inhibit the differentiation of B cells into plasma cells, leading to the reduction of IL-6 in NZB/W F1 mice (28, 29). Moreover, MSCs inhibit the production of TNF-α produced by macrophages (30). In our study, the hep-hASC treatment group significantly reduced the levels of serum IL-6, serum ds-DNA antibody, and mRNA expression of TNF-α in mice kidneys compared to the hASC-alone group.

We also revealed that hep-hASCs significantly improved kidney fibrosis in NZB/WF1 mice. In the animal LN model, anti-inflammatory cytokines, such as TGF-β and IL-4, were overproduced to repair kidney inflammation, leading to fibrosis (31). Furthermore, serum TIMP-2 and MMP-2 levels were high in LN patients and mRNA expression levels of TIMP-2 and MMP-2 were upregulated in NZB/W F1 mice (32, 33). ASCs exhibit anti-fibrotic effects by downregulating the gene expression of pro-fibrotic markers and by upregulating the gene expression of anti-fibrotic factor (34). In our study, hep-hASCs significantly improved the fibrosis score in renal pathology and downregulated the mRNA expression of fibrotic synthesis factors in kidney.

HGF exhibits anti-inflammatory effects by disrupting the NF-kβ pathway, decreasing IL-6 production, and increasing IL-10 production from CD14+ monocytes through the ERK1/2 pathway in various cells (35–37). In addition, HGF exhibits anti-fibrotic effects by inhibiting fibroblast proliferation and TGF-β production from fibroblasts (38, 39). Therefore, in addition to the therapeutic effect of ASCs, HGF produced by hep-hASCs may have synergetic effects on LN by suppressing inflammation and fibrosis.

The therapeutic mechanisms of hep-ASCs on SLE nephritis are presented in Figure 6. LMWH promotes the production of HGF protein from hASCs, and HGF activates the PI3K/Akt pathway through the c-MET receptor. In addition, HGF activates the CXCL12/CXCR7 pathway, leading to the activation of migration and proliferation activities of hASCs (40, 41). During these processes, hep-hASCs exhibit anti-inflammatory effects through the inhibition of B cells and macrophages and anti-fibrotic effects via inhibition of myofibroblasts in the kidney compared to the hASC-alone group. Besides the activation of cellular functions of hep-ASCs, increased HGF secretion by hep-ASCs strengthens the anti-inflammatory and anti-fibrotic effects, leading to the improvement of LN.




Figure 6 | Therapeutic mechanism of hep-hASCs on lupus nephritis. LMWH promotes the production of HGF protein from hASC, and HGF activates PI3K/Akt pathway through c-MET receptor. Also, LMWH activates the CXCL12/CXCR7 pathway in hep-hASCs, leading to the activation of migration, proliferation, and homing capacity to kidney. In addition to activated cell function of hep-hASCs, increased amount of HGF protein from hep-hASCs has an anti-inflammatory and anti-fibrotic effect, leading to the improvement of LN. ASCs, adipose-derived mesenchymal stem cells; HGF, hepatic growth factor; PI3K, phosphatidylinositol-3-kinase; CXCR, C-X-C motif chemokine receptors.



In preliminary experiments, we confirmed that the therapeutic effects on NZB/W F1 mice were obtained with 5×104 hASCs, which is 5 times greater than the number of cells used in the present study (Supplementary Figure 3). LN can be treated with lower cell numbers of hASCs in our study because LMWH induce cellular activation of hASCs. Previous clinical studies reported that transplantation of 1×106 MSC cells/kg exhibits remarkable therapeutic efficacy for LN (42–44). In our study, we used 1×104 hep-hASCs in a 25 g mouse, which corresponds to 4×105 cells/kg body weight. These cell numbers correspond to 40% of the cell numbers used in clinical practice. Although 1×104 hASCs alone had no detectable therapeutic effect, same number of hep-hASCs demonstrated a remarkable therapeutic effect on the LN mouse model used in this study. This finding suggests that the LMWH-mediated increase in MSC function facilitates the reduction of MSC cell dose used for the treatment. Also, this provides an added advantage of minimal side effects, such as PE to this treatment strategy.

The renal histologies revealed that glomerulonephritis and glomerulosclerosis were ameliorated by hep-hASCs transplantation in NZB/W F1 mice, but no significant improvement was observed in cases of tubulointerstitial and vascular damage in our study. It has been previously reported that tubulointerstitial and vascular damage were less than glomerular damage in untreated NZB/W F1mice (45). Also, we observed mild tubulointerstitial and vascular damage in renal histologies of control groups, so there may not be any statistically significant difference in tubulointerstitial and vascular damage between the control and the hep-hASC groups.

There are several limitations in this study. First, the therapeutic effects of ASCs on LN may differ depending on the origin of ASCs; therefore, further studies are required to determine whether LMWH could enhance cellular functions of SLE-derived ASCs. Second, LN was improved by hep-hASCs administration in the early phase of our study. We elucidated the therapeutic effect of short-term hep-hASCs treatment, but the maximum duration till which the therapeutic effects of a single dose hep-hASCs can be retained remains elusive. Therefore, further investigations are warranted to estimate the long-term therapeutic effects of hep-hASCs treatment. Additionally, early-stage h-ASCs treatment was reported to exhibit superior therapeutic effects than an advanced-stage h-ASCs treatment (46); hence, further studies are required to determine whether LMWH-activated hASCs can improve LN in the progression phase. Third, it is imperative to consider the effect of reduction in time duration of the treatment by single-dosage of ASCs administration (47). To conclusively establish this effect, further research comparing the therapeutic effects of single hep-hASC administration to those of repeated hep-hASC administration on LN is required. Fourth, although we only evaluated the therapeutic effects of ASCs activated by 10 µg/mL LMWH, 100 µg/mL LMWH also increased migration and proliferation abilities of hASCs, and the mRNA expression levels of CXCR7 in hASCs. Therefore, further studies are required to evaluate the treatment efficacy of hASCs activated with 100 µg/mL LMWH. Finally, in this study, we could only evaluate the effects of hep-ASC treatment on the kidneys, hence in future, it would be interesting to study the therapeutic effects of hep-ASC on other organs as well.



Conclusions

This study shows that hep-hASCs exhibit higher anti-inflammatory and anti-fibrotic effects than normal ASCs and may be a promising candidate tool for the treatment of LN in the future. The results of this study revealed a possible mechanism through which LMWH enhanced the therapeutic effects of hASCs, improved the impaired function of ASCs obtained from SLE patients, and reduced the number of hASCs used for treatment. Development of methods to further enhance the cellular functions of hASCs will be required.
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