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A B S T R A C T   

Mesenchymal stem/stromal cells (MSCs) show tremendous potential for regenerative medicine 
due to their self-renewal, multi-differentiation and immunomodulatory capabilities. Largely 
studies had indicated conventional tissue-derived MSCs have considerable limited expandability 
and donor variability which hinders further application. Induced pluripotent stem cell (iPSCs)- 
derived MSCs (iMSCs) have created exciting source for standardized cellular therapy. However, 
the cellular and molecular differences between iMSCs and the cognate tissue-derived MSCs re-
mains poorly explored. In this study, we first successfully reprogrammed human umbilical cords- 
derived mesenchymal stem/stromal cells (UMSCs) into iPSCs by using the cocktails of mRNA. 
Subsequently, iPSCs were further differentiated into iMSCs in xeno-free induction medium. Then, 
iMSCs were compared with the donor matched UMSCs by assessing proliferative state, differ-
entiation capability, immunomodulatory potential through immunohistochemical analysis, flow 
cytometric analysis, transcriptome sequencing analysis, and combine with coculture with im-
mune cell population. The results showed that iMSCs exhibited high expression of MSCs positive- 
makers CD73, CD90, CD105 and lack expression of negative-maker cocktails CD34, CD45, CD11b, 
CD19, HLA-DR; also successfully differentiated into osteocytes, chondrocytes and adipocytes. 
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Further, the iMSCs were similar with their parental UMSCs in cell proliferative state detected by 
the CCK-8 assay, and in cell rejuvenation state assessed by β-Galactosidase staining and telo-
merase activity related mRNA and protein analysis. However, iMSCs exhibited similarity to 
resident MSCs in Homeobox (Hox) genes expression profile and presented better neural differ-
entiation potential by activation of NESTIN related pathway. Moreover, iMSCs owned enhanced 
immunosuppression capacity through downregulation pools of pro-inflammatory factors, 
including IL6, IL1B etc. and upregulation anti-inflammatory factors NOS1, TGFB etc. signals. In 
summary, our study provides an attractive cell source for basic research and offers fundamental 
biological insight of iMSCs-based therapy.   

1. Introduction 

Mesenchymal stem/stromal cells (MSCs) are regarded as an ideal cell source for cell therapy due to excellently biological abilities e. 
g., their immunomodulatory and regenerative therapeutic potentials in vitro and in vivo. Large studies had indicated MSCs can be 
obtained from many different tissues, including bone marrow, cord blood, umbilical cord and placenta, adipose or other connective 
tissues [1]. The umbilical cord derived MSCs (UMSCs) holds great promise in regenerative medicine as non-invasive sampling and 
higher proliferation rate than that derived from adult tissues [2,3]. Current, over 1000 MSCs-based therapies are registered on http:// 
www.clinicaltrials.gov/ for various diseases, such as diabetes, cancer, and liver cirrhosis etc., in which more than 150 trails are based 
on the UMSCs. When used in clinical trials, the conventional tissue-derived MSCs usually subjected to culture-expansion in vitro to 
harvest enough number of cells prior to treatment. However, studies had shown that MSCs derived from majority of the tissue sources 
showed great heterogeneity in proliferation, differentiation capability, and immunomodulatory potential etc., even though generally 
meet the criteria of International Society for Cellular Therapy (ISCT), which may explain the controversial results appeared in clinical 
trials treatments [4]. Thus, an alternative MSCs source for overcoming these shortcomings of connective tissue-derived MSCs is still a 
major challenge. 

As the unlimited proliferation ability without losing their characteristics of induced pluripotent stem cells (iPSCs) perfectly 
addressed the need for cell number in clinical application. Large studies have shown that the iPSCs-derived MSCs (iMSCs) would be an 
alternative source for obtaining a functional population of MSCs for clinical application [5]. For example, Chen et al., has created 
one-step method without embryoid bodies (EBs) formed to direct mesengenic differentiation of human embryonic stem cells (ESCs) 
and iPSCs using the small molecule SB431542, of which adipogenic differentiation was limited [6]. Also, another study has presented 
an optimized procedure to produce MSCs from human iPSCs depends on the generation of embryoid bodies (EBs) and transforming 
growth factor beta 1 (TGF-β1) [7]. In addition, Wu et al., has showed anti-BMP2 Ab/BMP2 immune complex was capable of promoting 
osteogenic differentiation of iPSCs going through iMSCs, which may be a favorable approach for iPSC-based bone tissue engineering 
[8,9]. Above studies have shown that iMSCs can be successfully differentiated from iPSCs with well-defined differentiation procedures. 
However, to the best of our knowledge, strategies including derivation and expansion of iMSCs in serum-free, chemically defined 
culture conditions and use of integrating-free reprogramming methods are still crucial works towards the personalized medicine [10, 
11]. 

Several studies had indicated that iMSCs might show outstanding features in clinical application when compared that with the 
cognate tissue-derived parent MSCs revealed by traditional technologies [12,13]. For instance, studies have showed that iMSCs 
presented better cellular vitality and immunomodulatory effects when comparable to conventionally tissue-derived MSCs [14,15]. For 
the iMSCs self-renew and rejuvenation, Lian et al., has showed iMSCs display a higher proliferative capacity, up to 120 passages, 
without obvious loss of self-renewal potential and constitutively express MSCs surface antigens when compared with adult bone 
marrow derived MSCs [16]. Previous study has found that aging-related activities molecular such as GATA6 were greatly reduced in 
iMSCs compared with those in their parental cells, indicating reversal of cell aging of cellular reprogramming [17,18]. In another 
study, by comparing the iMSCs generated from urinary epithelial (UE) cells-derived iPSCs with the UMSCs, iMSCs showed relatively 
homogeneous cell populations with higher proliferative activity and greater migration ability [19]. In addition, Zhang and colleagues’ 
study has showed iMSCs hold lower heterogeneity and great promise in biological research and clinical applications [20]. However, 
another study has indicated that iMSCs showed earlier senescence-associated beta-galactosidase (SA-β-gal) activity but significantly 
longer telomere lengths [21]. In addition, some other studies have showed similar changes in morphology, in vitro differentiation 
potential, senescence-associated β-galactosidase, and DNA methylation between iMSCs and parent cells [22]. 

Several studies had indicated iMSCs expressed a range of immunomodulatory and anti-inflammatory factors in many disease niche 
[23,24]. Kim et al., has found that extracellular vesicle (EVs) from early-passage iMSCs had better immunomodulatory potency than 
EVs from late-passage iMSCs in TLR4-stimulated splenocytes which may provide strategies to improve regulatory function of EVs for 
the treatment of immune-mediated diseases [25]. Fan et al., has been demonstrated that iMSCs holding great immunomodulatory 
potency by activating quiescent T cells and elevate regulatory T cell response via NF-κB pathway in allergic rhinitis patients [26]. 
Moreover, the Cynata Therapeutics performed the world’s first formal trial of an allogeneic iMSCs which met all of its clinical end-
points and produced positive safety and efficacy data for the treatment of steroid-resistant acute graft-versus-host disease (GVHD) 
based on the immunomodulatory effect of iMSCs [27]. However, the molecular characteristic of suppression or activation of immune 
system of iMSCs in immunomodulatory niche is still largely unclear. 

To date, many studies have showed iMSCs presented traditional three-lineage differentiation capacity, including osteocytes, 
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Fig. 1. Generation and characterization of human iPSCs. a. Workflow of the generation of UMSCs-derived iPSCs through transfection with mRNA factor cocktails. b. Morphology of iPSCs during culture- 
expansion in vitro. Scale bar represents 100 μm. c. Immunofluorescence staining of OCT4, NANOG, SOX2, TRA160 and SSEA4. DAPI staining was done to visualize the nucleus. d. Barplot showing the 
relative expression level of representative pluripotent-, cell cycle- and telomere maintaining-related genes in iPSCs and UMSCs population using the RNA-sequencing data analysis. 
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Fig. 2. Differentiating the human iPSCs into iMSC. a. Schematic illustration of generation of iMSCs from human iPSCs. b. Morphology of iMSCs during culture-expansion in vitro. Scale bar represents 
100 μm. c. The expression of MSC surface-positive marker (CD73, CD90, CD105) and lack expression of MSC surface-negative marker cocktails (CD34, CD45, CD11b, CD19, and HLA-DR) in culture- 
expanded iMSCs as assessed by FACS. d. Differentiation of adipocytes, osteocytes, and chondrocytes of iMSCs at passage 5. Scale bar 100 μm. 
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Fig. 3. No significant difference in proliferative capacity between iMSCs and UMSCs. a. The cell viability of iMSCs and UMSCs detected by the CCK-8 assay. b. The mRNA expression level of the 
representative cell cycle-related genes in iMSCs and UMSCs. c. Immunofluorescence staining of CD90 and MKI67 in iMSCs and UMSCs. DAPI staining was done to visualize the nucleus. Scale bar 
represents 100 μm. Column chart showing the percentage of MKI67-positive cells in CD90-positive cells of iMSCs and UMSCs. d. The mRNA expression level of the representative β-Galactosidase (β-GAL) 
related genes and telomere maintaining-related gene in iMSCs and UMSCs. e. β-galactosidase staining in iMSCs and UMSCs. Scale bar represents 100 μm. f. Column chart showing the percentage of 
β-GAL positive cells in total cells of iMSCs and UMSCs. g. The protein levels of telomerase activity determined by ELISA in the culture medium of iMSCs and UMSCs. 
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chondrocytes and adipocytes. For example, antibody-mediated osseous regeneration (AMOR) has been proved as a promising strategy 
for osteogenic differentiation of iMSCs [24,28]; Jungbluth et al., has indicated iMSCs combined with calcium phosphate granules 
(CPG) showed greater role in critical-size defects in the proximal tibias of mini-pigs in the early phase of bone healing compared to that 
of autologous bone marrow derived MSCs or CPG alone [29]. Holding the mesoblast lineage cell differentiation capacity of iMSCs is 
well described, but the ability of transdermal differentiation of iMSCs is still unexplored. 

In sum, to our knowledge, the molecular feature and cellular functional state of iMSCs is still largely undetermined [30,31]. To 
better compare the therapeutic efficacy between iMSC and the primary MSC, the in-depth functionality demonstration in biological 
research and the underlying mechanisms are urgently needed, which provides reference to optimize their phenotype and efficacy for 
targeting specific diseases. In the present study, we first reprogrammed human umbilical cords-derived mesenchymal stem/stromal 
cells (UMSCs) into iPSCs by using the mRNA of transcription factor cocktails under GMP condition. Subsequently, the iPSCs were 
further differentiated into iMSCs under serum-free conditions. The iMSCs were compared with the donor matched UMSCs by assessing 
proliferative state, differentiation capability, immunomodulatory potential through immunohistochemical analysis, flow cytometric 
analysis, transcriptome sequencing analysis, also combine with coculture with immune cell population assay to assess immuno-
modulatory effect. The present study may provide an attractive cell source for basic research and offers fundamental biological insight 
of iMSCs-based cell therapy. 

2. Results 

2.1. Generation of non-viral and non-integration human iPSCs by mRNA method 

Human UMSCs at passage 3 were cultured in a 6-well plate coated with vitronectin in commercial serum-free medium. At 40–50% 
cell confluency, the UMSCs were transfected with pluripotent transcription factors cocktails via non-integrating, virus free, self- 
replicating RNA of StemRNA Reprogramming kit as shown in the schematic illustration (Fig. 1a). By day 25, the single-cell derived 
iPSCs colonies with edges neatly and high nucleo-cytoplasmic ratio were picked and culture-expanded in vitronectin coating and TeSR- 
E8 medium under Good Manufacturing Practice of Medical Products (GMP) conditions (Fig. 1b). Then, the iPSCs were confirmed by 
immunofluorescence staining of pluripotent proteins OCT4, SOX2, NANOG, TRA160 and SSEA4 (Fig. 1c). The mRNA expression of 
pluripotent genes such as OCT4, SOX2, NANOG, LIN28A and telomerase maintaining related genes such as PTGES3L, XRCC5 etc. and 
cell renewal related gene including CDK18, CDK1 and TOP2A etc. had a significant increase in iPSCs comparing to UMSCs revealed by 
bulk RNA-sequencing analyses (Fig. 1d; Supplement F. 1a-e). The above results indicated that human UMSCs could be successfully 
reprogrammed into iPSCs with well-defined cellular and molecular characteristic using the mRNA-based method which was in 
agreement with the previous study [8,9,32]. Overall, the above results strongly indicated that the iPSCs generated with the mRNA 
cocktails were human pluripotent stem cells with truly rejuvenation and pluripotent state and total two background iPSCs lines were 
established and used for further experiments in our study. 

2.2. Generation and characterization of iMSCs derived from human iPSCs 

To harvest high quality of iMSCs, the human iPSCs at 80% confluency were cultured in animal component-free mesenchymal 
induction medium for 6 days, then the iMSCs were maintained and culture-expanded in commercial serum-free medium (Fig. 2a). 
Phase-contrast microscopic images of iMSCs displayed the typical fibroblastic-like MSCs morphology (Fig. 2b). The expression of 
pluripotent genes such as OCT4, SOX2, NANOG were significantly down regulated in iMSCs compared to iPSCs based on our RNA- 
sequencing data analyses (Supplement F. 1d). To further validate of iMSCs with reference to International Society of Cellular Ther-
apy (ISCT) guidelines on MSCs criteria, we performed flow cytometric analysis and trilineage differentiation experiments. The results 
demonstrated that the triple positivity for the mesenchymal markers including CD73, CD90 and CD105 were significantly expressed in 
higher number of cells in both iMSCs and UMSCs populations both at mRNA and protein level (Fig. 2c; Supplement F. 1d; Supplement 
F. 2). Also, the iMSCs were successfully differentiated into osteocyte, adipocyte and chondrocyte lineages cells in specific induction 
medium (Fig. 2d). In total, our results demonstrated that the generated iMSCs have satisfied all the requirements to resemble human 
tissue source MSCs. 

2.3. No significant difference in proliferative capacity between iMSCs and UMSCs 

The ability of proliferation and growth is an important parameter for MSCs quality when culture-expansion in vitro. Thus, to further 
dissect the status of cell-renewal of iMSCs, we observed the growth curve, β-Galactosidase (β-GAL) staining and telomerase activity 
analysis and compared that with UMSCs. Similar pattern of growth curve was observed between iMSCs and UMSCs (Fig. 3a), also the 
cell cycle related gene MKI67 presented equivalent mRNA expression level (Fig. 3b). Then, immunofluorescent staining also showed 
there was no significant difference of MKI67 positive cell rate in CD90 positive cell populations between iMSCs and UMSCs (Fig. 3c). 
Further, we evaluated the mRNA expression and protein levels of β-GAL, which could indicate the status of replicative senescence. In 
line with the MKI67 expression pattern, there was non-significant difference of β-Galactosidase-positive cell ratio was observed be-
tween iMSCs and UMSCs population (Fig. 3d–f). Moreover, we measured the distribution of telomere maintaining related genes ac-
tivities in the iMSCs and UMSC cell population. Our results showed the mRNA expression level of telomere related genes, for instance 
HNRNPA1L2, NHP2 etc. were similar level between iMSCs and UMSCs. And the telomerase activity of iMSCs and UMSCs measured by 
cell culture medium using enzyme-linked immunosorbent assay (ELISA) kit was also presented similar pattern (Fig. 3d, g). Collectively, 
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Fig. 4. iMSCs exhibited higher neural differentiation potential. a. The selected representative upregulation genes in DEGs of iMSCs and UMSCs 
respectively. b. Selected GO terms of upregulation genes in iMSCs compared to UMSCs. c. Barplot showing the relative expression level of selected 
genes in iMSCs and UMSCs. d. The regulatory network of the selected genes using the STRING databased. e. Immunofluorescence staining of NESTIN 
and HOXD11 in iMSCs, UMSCs and the umbilical cord tissue, respectively. DAPI staining was done to visualize the nucleus. Scale bar represents 100 
μm. f. Column chart showing the percentage of NESTIN-positive cells in HOXD11-positive cells of iMSCs, UMSCs and the umbilical cord tissue, 
respectively. 
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Fig. 5. iMSCs showed higher immunosuppressive function compared to UMSCs in vitro. a. Selected representative GO terms of down-regulation 
genes in iMSCs compared to UMSCs. b. Heatmap showing the expression level of representative immunoregulation related genes in iMSCs and 
UMSCs. c. The expression levels of selected representative immunoregulation genes in iMSCs and UMSCs. d. Immunofluorescence staining of IL6 in 
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the above results above strongly indicated that there was no significant difference of proliferative capacity between iMSCs and UMSCs 
in the present study. 

2.4. iMSCs exhibited similarity to resident MSCs with higher neural differentiation potential 

To further explore the cellular and molecular difference between iMSCs and UMSCs, we extracted the differentially expressed genes 
(DEGs) using the RNA-seq data analysis (Fig. 4a). Interestingly, the GO enrichment analysis of upregulation genes in iMSCs compared 
to UMSCs showed the embryonic tissue patterning pathway and neural differentiation related functional terms were significantly 
enriched in iMSCs (Fig. 4b). Previous study has showed that homeobox (Hox) genes were key regulators of the multiorgan develop-
ment in embryogenesis and has a crucial role in nervous system development and function [33]. Recent studies have shown that the 
Hox code might be an attribute of a distinct subpopulation of tissues resident mesenchymal stromal cells (MSC), which played a crucial 
role in stroma renewal and tissue regeneration [34,35]. In our study, the Hox gene family members, including HOXD3, HOXD4, 
HOXD9, HOXD10, HOXD11, HOXD12 also HOXA3, HOXA5, HOXA6, as well as HOXB8, HOXB9 and HOXC12 were highly expressed in 
iMSCs compared to UMSCs (Fig. 4c). Previous study has showed transcription factor T-box family members, such as TBX16 promoting 
mesoderm development by activating posterior Hox genes in zebrafish gastrulae [36]. Similar results were also observed in our study, 
the TBX1, TBX2, TBX3, TBX4, and TBX15 were highly expressed in iMSCs and interacted with Hox genes (Fig. 4c and d). In addition, 
previous study has showed that naive human umbilical cord blood (hUCB)-derived multipotent mesenchymal stem cells (MSCs) 
expressed both mesodermal and ectodermal markers prior to neural induction [37]. In our study, we also found the neural differ-
entiation related genes, for instance NESTIN, DLX1, SOX4 and GFAP etc. as well as the epithelial-mesenchymal transition related genes 
including BMP2, CD24, TGFB2, TGFB3 and TGFBR1 etc. were highly expressed in iMSCs; which in line with the functional terms by the 
GO enrichment analysis (Fig. 4b–d). Moreover, the immunostaining showed that the NESTIN was heterogeneously co-expressed with 
HOXD11, which showed relatively similar percentage of positive cells in iMSCs and in situ stromal cell area of human umbilical cord 
tissue; while obviously reduced in UMSCs was observed (Fig. 4e and f). Collectively, in the present study, we first revealed that iMSCs 
have highly expressed Hox family genes that indicated iMSCs might be more similar with the resident MSCs from the original tissue 
microenvironment, which indicated iMSCs might be more easily to differentiate into ectodermal neural lineage cells by activating 
NESTIN signals pathway in specific induction niche compared to UMSCs. 

2.5. iMSCs showed higher immunosuppressive capability compared to UMSCs 

To systematically dissect the molecular and function difference between iMSCs and UMSCs, we also performed the GO enrichment 
analysis using the downregulation genes of iMSCs revealed by bulk RNA sequencing. Interestingly, the immunoregulatory related 
functional terms including “inflammatory response”, “immune response”, “cytokine-mediated signaling pathway” and “regulation of 
interleukin-6 secretion” etc. were significantly enriched in iMSCs (Fig. 5a). Interestingly, the pro-inflammatory cytokines including 
IL6, IL6ST, CXCL8, IL1B etc. showed higher expression level in UMSCs while anti-inflammatory factors such as NOS1, CD24, FOXP3, 
FOXP2, TGFBR1 and TGFB2 etc. were highly expressed in iMSCs (Fig 4c; Fig. 5b and c). In line with mRNA level, the immunofluo-
rescent staining showed pro-inflammatory protein IL6 was significantly lower in iMSCs populations (Fig. 5d). To further analyzed anti- 
inflammatory effect of iMSCs, the T cells co-culture and flow cytometric analysis were performed in vitro. We observed that iMSCs 
profoundly inhibited the proliferation of T cells compared to UMSCs and control group revealed by the Transwell system and CCK-8 
assay (Fig. 5e; Supplement F. 3). Also, the Treg cells (CD3+CD8− CD25+CD127low/-), and Th17 (CD3+CD8− IL17A+) and TH2 
(CD3+CD8− IL4+) ratio were higher in iMSCs groups while Th1(CD3+CD8− IFN-γ+) was relative higher in UMSCs revealed by flow 
cytometric (Fig. 5f). All the above results strongly indicated iMSCs might own supper immunosuppressive signals compared to their 
parent UMSCs, even though cellular and molecular mechanism of immunosuppressive of iMSCs is still need to be addressed using 
single-cell omics technologies in the future. 

3. Discussion 

Mesenchymal stem/stromal cells (MSCs) are increasingly used for regenerative medicine due to their multilineage differentiation 
and immunomodulatory capabilities. However, currently, MSCs face several limitations including fewer number of cells with low 
expand ability potentials, allogenic immunogenicity which hinder their further application [31,38]. Large studies had showed human 
iPSCs-derived MSCs owned great advantages than tissue source MSCs, and might be regard as an alternative cell source for stem 
cell-based therapy in clinical research [18]. However, the molecular and functional characteristics of iMSCs is still largely unknown 
[10]. Also, study of comparison of iMSCs and parent primary tissue MSCs on rejuvenation, differentiation and immunomodulatory 
capabilities still need more works. 

In the current study, we first successfully reprogrammed GMP grade human UMSCs into iPSCs using the non-virus non-integrated 
mRNA-based method. Validation of pluripotent gene such as OCT4, SOX2 etc. at mRNA and protein level by immunofluorescence 

iMSCs and UMSCs. DAPI staining was done to visualize the nucleus. Scale bar represents 100 μm. Column chart showing the percentage of IL6 
positive cells in total cells of iMSCs and UMSCs. e. Column chart showing the proliferative activity of T cells detected by the CCK-8 assay. T cells 
cultured alone as the control group. f. T cell subpopulation analysis by flow cytometry using specific antibody including CD3, CD8, CD25, CD127, 
IFN-γ, IL4 and IL17A. Column chart showing the percentage of T cell subpopulations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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staining and RNA-sequencing, our results indicated that the iPSCs obtained in our study are true pluripotent stem cells using a safer and 
more regulatory friendly method, which would be a great stem cell model being capable of differentiating into any other kind of cell 
population in the human body for basic research and clinical application. 

Subsequently, the foot-print free iPSCs were differentiated into MSCs in accordance with GMP principles, and were compared with 
the donor matched UMSCs in self-renewal, multi-differentiation capability, immunomodulatory potential assessed by growth curve 
analysis, flow cytometric, transcriptome sequencing methods etc. The results showed that the iMSCs were similar with their parental 
UMSCs in cell surface maker expression profile, including CD73, CD90 and CD105, cell proliferation by growth curve analysis, cellular 
rejuvenation state by β-Galactosidase staining and telomerase activity analysis, mesodermal differentiation potential, e.g. osteocytes, 
chondrocytes and adipocytes. The results obtained in our study indicated primary iMSCs showed comparable cell characteristics in 
terms of morphology, cell proliferation, conventional differentiation, and surface phenotype features to autologous tissue origin MSCs 
which were in line with previous study [39,40]. Recent study has showed the iMSCs could maintain their MSC characteristics even at 
later passages (P15), during which the tissue source MSCs started losing their MSC characteristics; also the iMSCs showed superior 
migration ability [19]. Moreover, current, the iMSCs or UMSCs culture-expanded in our study by using 2D culture systems in vitro 
which was largely different with MSCs survival niche in vivo. Thus, more works are still need to be done for the theme validation in the 
future. 

Recent studies have indicated HOX-positive cells may represent a distinct subpopulation of adult resident mesenchymal stromal 
cells (MSCs) in vivo, which is crucial for reconstructing stroma and tissue regeneration [34,35]. Moreover, large studies had indicated 
that the large family of Hox gene has a key role in nervous system development and function [33,41]. Interestingly, in our study, the 
iMSCs were highly expressed of HOX family genes compared to tissue source UMSCs. And, in line with previous study, we found the 
iMSCs also exhibited higher neural differentiation ability by activating NESTIN related gene network. https://pubmed.ncbi.nlm.nih. 
gov/?term=Fukuta+M&cauthor_id=25464501 Fukuta and colleagues’ study has showed iMSCs can be obtained from iPSCs through a 
neural crest lineage stage [42]. Previous study identified several subgroups both in cultured UMSCs and the cognate human umbilical 
cord tissue at single-cell resolution [43]. Also, previous study has indicated iMSCs showing enhanced ability to promote nerve growth 
by producing many of neurotrophic and neuroprotective factors [44]. In addition, previous study has showed mesenchymal stem cells 
derived from human iPS cells via mesoderm and neuroepithelium have different features and therapeutic potentials [45]. Further, 
study had showed LNGFR+THY-1+ human iPSCs-derived neural crest-like cells have the potential to develop into mesenchymal stem 
cells which may indicated the functional subgroups existed in different differentiation stage cell populations under specific induction 
system [46]. Thus, if there are functional subpopulations existed in the iMSCs population remain poorly defined. The relationship 
between NESTIN-positive single cells and HOX-positive single cells also need to be addressed using single cell omics technologies in 
future work. 

Current, the immunomodulatory effect of iMSCs which play crucial role in regenerative medicine is still controversial theme [26]. 
For example, previous study has showed the immunomodulatory signatures of canine iMSCs are similar to the adipose tissue and bone 
marrow derived MSCs [47]. However, some other studies had showed iMSCs has better immunomodulatory effects than conventional 
MSCs, for example, Schnabel et al., has reported iMSCs had similar immunogenic properties but more potent immunomodulatory 
effects than tissue source MSCs [48]. Also, previous study has showed iMSCs combined with rapamycin induced islet allograft 
tolerance through suppressing Th1 and enhancing regulatory T-cell differentiation by downregulation of proinflammatory cytokines 
interleukin-2 (IL-2) and interferon-γ and upregulation of the anti-inflammatory factor TGFβ, respectively [49]. Moreover, Fang and 
colleagues’ study further confirmed the suppressive effects of iMSCs on the differentiation of human T helper cells by decreasing the 
levels of Th17 cells, IL-17A and p-STAT3 [50]. In our study, we revealed the iMSCs showed higher immunosuppressive capability 
compared to UMSCs using the GO enrichment analysis which were in line with previous study [49,51]. Further, the immunosup-
pressive effect of iMSCs were demonstrated by inhibiting the proliferation of T cells using the co-culture system (Fig. 5e; Supplement F. 
3). In addition, previous study has showed iMSCs display remarkable inhibition of NK-cell proliferation and cytolytic function by 
down-regulating the expression of different activation markers and ERK1/2 signaling [52]. The IL10 mRNA expression was not 
detected but the immunosuppressive activity was significantly increased in iMSCs compared to UMSCs which might indicate more 
complex process of interaction of iMSCs and immune cells. Thus, the cellular and molecular mechanism of immunosuppressive of 
iMSCs is still need to be addressed in future work. In addition, the safety of iMSCs was assessed by subcutaneous injection in BALB/c-nu 
nude mice, no teratoma was observed with following up for more than 24 weeks in our study (data not shown), which was consistent 
with previous study [53]. Totally, our novel non-virus non-integration approach of generating iMSCs will be a good source of 
autologous cells for regenerative disease therapy. 

4. Conclusion 

In conclusion, we have developed unlimited, safe, autologous iMSCs, which were highly expressed of MSCs positive-makers CD73, 
CD90 CD105 and low or no expressed of negative-maker cocktails CD34, CD45, CD11b, CD19, and HLA-DR and successfully differ-
entiated into ectoderm, endoderm and mesoderm lineage. The iMSCs were similar with their parental UMSCs in cell proliferative state, 
and in cell rejuvenation state also in telomerase activity feature. However, iMSCs were similar with resident MSCs which presented 
better neural differentiation potential than UMSCs by activation of NESTIN related pathway. Moreover, iMSCs owned enhanced 
immunosuppression capacity through downregulated pro-inflammatory factors IL6 etc., and upregulated anti-inflammatory factors 
TGFβ et al. signals. In summary, our study provides an attractive cell source for basic research and offers fundamental biological insight 
of clinical-grade autologous iMSCs-based therapy. 
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Methods 

Ethics 

This study was approved by the Institutional Review Boards on Ethics Committee of Animal Research Center of Shenzhen Luohu 
hospital (Permit No. 20220406). All the donors signed informed consent and volunteered to donate samples. 

UMSCs isolation and culture-expansion 

The umbilical cord tissues were obtained from two donors after written informed consent. Then, the umbilical cord tissue was 
undergone mechanical separation and seeded in the dish as previously reported [54]. Briefly, the umbilical cord tissue was first washed 
using DPBS 1–2 times, then the cord vessels were mechanically separated and discarded, and the remaining tissue were cut into 1 mm3 

or smaller fragments. These fragments of tissue were seeded in a 35 mm dish and cultured at 37 ◦C in a 5% CO2 incubator. The culture 
medium was half-changed every day until cells reached 80–90% confluence and passaged for further use. 

Reprogramming UMSCs into iPSCs using mRNA cocktails 

The UMSCs were reprogrammed mainly based on previous report with some modifications [55]. Briefly, the UMSCs at passage 3 
were seeded into a 6-well plate coated with vitronectin in commercial serum-free MSCs culture medium. At 40–50% cell confluency, 
the UMSCs were transfected with StemRNA Reprogramming kit (STEMCELL TECHNOLOGIES, 05930) including pluripotent tran-
scription factors such as OCT4, SOX2, KLF4, C-MYC and GLIS1 as shown in the schematic illustration (Fig. 1a). By day25, the single-cell 
derived iPSCs primary colony with edges neatly and high nucleo-cytoplasmic ratio were picked and culture-expanded in vitronectin 
coating and TeSR-E8 medium (STEMCELL TECHNOLOGIES) under Good Manufacturing Practice of Medical Products (GMP) condi-
tions for further use in our study. 

Differentiation of human iPSCs into iMSCs 

iPSCs at passage 10 were cultured in 6-well plate and maintained in TeSR-E8 medium. When the iPSCs reached 70%–80% con-
fluency, the TeSR-E8 medium was removed and fresh animal component-free (ACF) mesenchymal induction medium (STEMCELL 
TECHNOLOGIES, STEMdiff™) was added to the 6-well plate for 6 days followed by serum-free MSCs culture medium and passaged 
with TrypLE™ Express and marked as passage 1, and the above medium was changed every day. These iMSCs were further maintained 
and expanded in serum-free MSCs culture medium until at passage 5 for further experiments. 

RNA sequencing and data filtering 

RNA sequencing and bioinformatic analysis of iMSCs, UMSCs and iPSCs were performed as previously reported [56]. Briefly total 
RNA was isolated from iMSCs, UMSCs and iPSCs samples using the extracted with TRIzol™ reagent (Thermo Fisher, 1596018). Then, 
the sequencing libraries were constructed and sequenced on BGI-SEQ2000 platform (Beijing Genomics Institute). The raw RNA-seq 
reads in FASTQ format were quality checked with FASTQC algorithm, and low-quality reads were trimmed using the 
FASTX-Toolkit. High-quality reads were aligned to the human genome using HISAT2 and assembled against human mRNA annotation 
using feature counts. Differentially expressed genes (DEGs) were performed by using analysis package DESeq2 in online system of BGI ( 
“https://biosys.bgi.com/"), in which p value < 0.05 and |log2FC| >1 were used to identify significantly differentially expressed genes. 

Differentiation of adipocytes, osteocytes, and chondrocytes 

The differentiation of adipocytes, osteocytes, and chondrocytes of iMSCs and UMSCs at passage 5 was performed with the com-
mercial kit, including Differentiation was performed with the OriCell® Chondrogenesis Differentiation Kit, OriCell® Adipogenesis 
Differentiation Kit, and OriCell® Osteogenesis Differentiation Kit as previously described [57]. 

Flow cytometry analysis 

The cultured-expanded iMSCs at passage 5 were harvested and dissociated into single cells by 0.125% Trypsin-EDTA. To determine 
cell surface antigen expression, the cells were incubated with the Human MSC Analysis Kit (BD Stemflow™), contain antibodies panel: 
positive markers including APC Mouse Anti-Human CD73, FITC Mouse Anti-Human CD90, PerCP-Cy™5.5 Mouse Anti-Human CD105; 
and PE hMSC Negative Cocktail CD34, CD45, CD11b, CD19 and HLA-DR. Upon completion of the incubation, the cells were analyzed 
using a flow cytometer (BD Biosciences) and gated by forward scatter and side scatter. The suspension cells of whole blood derived 
PBMC were selected and precultured with monoclonal anti-CD3 antibody (Biolegend, 317,301). Then, they were co-cultured with the 
mitomycin treatmented iMSCs and UMSCs in well plates by adding the monoclonal anti-CD28 antibody (Biolegend, 302,901) in the 
culture medium. Then, the coculture were stimulated with PMA/Ionomycin to obtained more activated T cells and further cultured for 
total 3 days, then the T cells were collected for T cell subpopulation analysis by flow cytometry using specific antibody including FITC 
Mouse Anti-Human CD3, BV510 Mouse Anti-Human CD8, PE Mouse Anti-Human CD8, PE-Cy™7 Mouse Anti-Human CD25, Alexa 
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Fluor®647 Mouse Anti-Human CD127, BV421 Mouse Anti-Human IFN-γ, PE Rat Anti-Human IL4 and PE Mouse Anti-Human IL17A. 

Transwell experiment 

The mitomycin treatmented iMSCs and UMSC (10,000 cells/well) were plated in the upper chamber of a Transwell plate (Costar, 
Corning, Inc.) 4 h prior to the addition of T cells (100,000 cells/well) to the lower chamber and further cultured for total 3 days. 
Cultures were stimulated by the addition of 2.5 μg/ml PHA-L (eBiosciences, 00–4977) and CCK-8 reagent (Beyotime, C0039) was 
added for the last 2 h of coculture. 

Immunofluorescence staining 

iMSCs and UMSCs at passage 5, iPSCs at passage 15 were fixed in 4% paraformaldehyde solution for 20 min and permeabilized with 
0.5% Triton X-100 in PBS for 15 min at room temperature. After 120 min blocking with 3% BSA (SIGMA), cells were incubated with 
primary antibody overnight at 4 ◦C. On the next day, cells were washed, and stained with secondary antibodies (1:300, goat anti-rabbit 
IgG-Cy3; or 1:300, goat anti-mouse IgG-FITC) for 60 min at room temperature and then washed three times with phosphate-buffered 
saline (PBS). For human umbilical cord tissue, paraffin sections were cleared of paraffin, hydrated, and were blocked in 1% BSA for 2 h 
at room temperature and then incubated with primary antibodies at 4 ◦C in a humidifying box overnight, followed by incubation with 
secondary antibodies for 1 h in the dark at room temperature. The primary antibodies for respective cells include MKI67 (1:300, 
Abcam), OCT4 (1:200, Abcam), SOX2 (1:200, Abcam), NAONG (1:200, Abcam), SSEA4 (1:200, Abcam), TRA160 (1: 200, Abcam), 
THY1 (1:200, Abcam), IL6 (1:100, Abcam), HOXD11 (1:100, Abcam), NESTIN (1:100, Abcam). DAPI (4′,6-diamidino-2-phenylindole) 
(1:500) was used as counter-staining for nuclei. The images were captured and analyzed with the Olympus IX73 and Image J software. 

β-Galactosidase (β-Gal) staining 

β-Gal staining was performed according to the manufacturer’s protocol (Solarbio, G1580). Briefly, iMSCs and UMSCs at passage 5 
were seeded in 6-well plate. When cells reached 90% confluence, the medium was discarded, and the cells were washed with PBS 1 
time and fixed using the fixative solution for 15 min at room temperature, and then the cells were washed with PBS 2 times and 
incubated at 37 ◦C overnight with the β-Gal staining solution. The images were captured with the Olympus IX73. The percentage was 
calculated from ten different view fields of each sample in three independent experiments. 

ELISA detection 

The culture supernatant of iMSCs and UMSCs at passage 5 was collected for the test of telomerase using the enzyme-linked 
immunosorbent assay (ELISA) kit (RuiFan, RF2385) according to the instructions. 

Regulatory network construction 

Significantly differentially expressed TFs (adjusted p value < 0.05, |log2FC| >1) between each population were selected and 
submitted to the STRING database to construct the potential regulatory networks [58]. TFs without any edge were removed from the 
network. 

Gene Oncology (GO) term analysis 

GO functional analysis of DEGs was performed using R package in online system of BGI. The Benjamini-Hochberg (BH) method was 
used for multiple test correction. GO terms with p value less than 0.05 were considered as significantly enriched. 

Statistical analysis 

Quantitative data were expressed as mean ± SEM. GraphPad 8.0 software was used for statistical analysis. The difference between 
two groups was determined by unpair t-test. We considered p value < 0.05 as statistically significant. 
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