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A B S T R A C T   

Mesenchymal stem cells (MSCs) are of great clinical interest as a form of allogenic therapy due to their excellent 
regenerative and immunomodulatory effects for various therapeutic indications. Stirred suspension bioreactors 
using microcarriers (MC) have been used for large-scale production of MSCs compared to planar cultivation 
systems. Previously, we have demonstrated that expansion of MSCs in MC-spinner cultures improved chondro-
genic, osteogenic, and cell migration potentials as compared to monolayer-static cultures. In this study, we 
sought to address this by analyzing global gene expression patterns, miRNA profiles and secretome under both 
monolayer-static and MC-spinner cultures in serum-free medium at different growth phases. The datasets 
revealed differential expression patterns that correlated with potentially improved MSC properties in cells from 
MC-spinner cultures compared to those of monolayer-static cultures. Transcriptome analysis identified a unique 
expression signature for cells from MC-spinner cultures, which correlated well with miRNA expression, and 
cytokine secretion involved in key MSC functions. Importantly, MC-spinner cultures and conditioned medium 
showed increased expression of factors that possibly enhance pathways of extracellular matrix dynamics, cellular 
metabolism, differentiation potential, immunoregulatory function, and wound healing. This systematic analysis 
provides insights for the efficient optimization of stem cell bioprocessing and infers that MC-based bioprocess 
manufacturing could improve post-expansion cellular properties for stem cell therapies.   

1. Introduction 

Human mesenchymal stem cells (MSCs) have gained immense in-
terest in the field of regenerative medicine due to the ability to self- 
renew with immunomodulatory properties, maintain tissue homeosta-
sis and possess multipotent differentiation capacities (Kfoury and 
Scadden, 2015). From recent studies, it has become evident that MSCs, 
upon transplantation, exert their therapeutic benefits on neighboring 
cells or damaged tissues through the release of various trophic factors in 
response to the local microenvironment (Naji et al., 2019). The thera-
peutic efficacy of MSCs is attributed directly to the paracrine potency in 
secreting molecules such as growth factors, cytokines, chemokines, 
miRNA, immunosuppressive molecules, exosomes, microvesicles and 

metabolites. In recent years, an increasing number of clinical trials have 
reported their therapeutic potential for treating numerous conditions 
such as Crohn’s disease, graft-versus-host disease (GvHD), orthopedics, 
skeletal degenerative diseases, ischemic cardiomyopathy, and multiple 
organ complications (Naji et al., 2019; Mastrolia et al., 2019). The major 
challenge in generating MSCs for therapy includes achieving potency 
with increasing scale, lot-to-lot reproducibility and devising ways to 
maximize therapeutic efficacy. In addition, optimizing in vitro growth 
conditions, required for expanding the cells in large scale to reach target 
dose requirements, is critical to drive down the cost of manufacturing. 
However, in vitro cell expansion has been traditionally performed on 
monolayer (MNL) in static conditions, which have limited scalability, 
are laborious, time-consuming and lack the means to monitor cell health 
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or marker expressions during expansion. Alternatively, microcarrier 
(MC)-based technology facilitates higher density culture in suspension 
due to the high surface-to-volume ratio, flexible operations, homoge-
neous culture conditions, ease of monitoring cell growth using in-line 
and off-line analytics, simple cell harvesting and scale-up in conven-
tional stainless steel or single-use bioreactors, such as stirred tank 
bioreactor (Lam et al., 2020). Consequently, an increased number of 
studies have used MC-based suspension technology for expanding 
human MSCs (hMSCs) (Lam et al., 2020). 

Culturing hMSCs in a MC-based culture system has been shown to 
improve the secretion of multiple factors that enhance the cells’ multi-
potency, homing/migration, and immunomodulation functions (Tsai 
et al., 2020; Frith et al., 2010). In our previous studies, we demonstrated 
that hMSCs expanded on MCs (both non-degradable and degradable) 
displayed higher chondrogenic, osteogenic, and cell migration potential 
as compared with MNL-hMSCs (Lam et al., 2017, 2019; Lin et al., 2016; 
Shekaran et al., 2015). We demonstrated that hMSCs expanded in MC- 
spinner cultures enhanced their extracellular matrix (ECM) production 
of glycosaminoglycan (GAG) and collagen II, as well as expression of 
chondrogenic markers including SOX9, S100β, and COL2A1, but 
repressed hypertrophic genes such as MMP13, compared with that of 
MNL cultures during chondrogenic differentiation (Lin et al., 2016). We 
also demonstrated that hMSCs propagated in MC-spinner cultures 
enhanced osteogenic differentiation compared to hMSCs which are 
cultured in MNL-static cultures (Shekaran et al., 2015). Importantly, we 
showed that hMSCs’ confluency on the surface of MC-spinner cultures in 
various growth phases (early-, mid-, and late-log) exhibited different 
cytokine secretion profiles (Lam et al., 2017) and in vitro osteogenic 
differentiation capacities (Lam et al., 2019). 

Despite all the previous work, an unbiased comprehensive study, 
with transcriptomics and proteomics, should be performed comparing 
properties of cells expanded from MNL-static and MC-spinner cultures. 
To this end, we decided to apply multiomics profiling to study hMSCs 
grown in MNL and MC cultures. Multiomics profiling constitutes unbi-
ased or untargeted approaches to characterizing the differences in 
cellular processes, regulatory networks and secretory potential of MSCs 
grown under different culture conditions or derived from different tis-
sues and sources (Doron et al., 2020; Lu et al., 2020). For instance, non- 
targeted proteomics, metabolomics and secretome profiling were car-
ried out to characterize the effects of aggregate culture on biological 
pathways, cell physiology and secretory capacity of bone marrow (BM)- 
derived hMSCs (Doron et al., 2020). Various other combinations of 
omics technologies integrating different molecular features have been 
applied to elucidate the differences between human embryonic stem 
cells (hESC)-derived MSCs, hESCs and BM-MSCs (Billing et al., 2016), 
the osteobiologic effects of a nanocomposite scaffold on adipose-derived 
hMSCs (Bow et al., 2020), and the stemness-related gene signatures of 
adipose-derived hMSCs obtained from donors of different ages (Lu et al., 
2020). These studies demonstrated the relevance of a multiomics 
approach to understanding the therapeutic potency of hMSCs. 

Here, we systematically studied the transcriptome, miRNome and 
cytokine expressions of hMSCs grown in both MNL-static and MC- 
spinner cultures in serum-free medium at different growth phases 
(early-, mid-, and late-log), to evaluate the resulting hMSCs’ genotypic 
and phenotypic properties. Wharton’s jelly (WJ)-derived MSCs were 
used in this study, since they are considered as an ideal source of MSCs. 
These MSCs represent an earlier stage than adult stem cells and can be 
obtained by a non-invasive isolation method that is free from ethical 
complications and without harm to the mother or the infant (Ren et al., 
2015). Chemically defined serum-free and xeno-free growth media is 
widely used and recognized to provide a more defined and controlled 
culture environment for cell expansion in cell-based therapies. In this 
study, MesenCult™-XF medium (StemCell Technologies, Canada) was 
used which has been reported for large scale clinical grade expansion of 
WJ-MSCs (Swamynathan et al., 2014) and most importantly, it avoided 
the effect of FBS in cultured conditioned medium. In summary, the 

extensive data analysis of all three different datasets showed that hMSCs 
grown under MC-spinner cultures yielded gene, miRNA and secretory 
factor expression patterns that are highly correlated. Moreover, the 
functional enrichment analysis data showed that MC-spinner cultures 
may have improved hMSC properties such as osteogenic differentiation 
capacity, angiogenesis, immunomodulation and wound healing 
compared to that of the MNL approach. 

2. Materials and methods 

2.1. WJ-1 hMSCs culture 

Human Wharton’s jelly MSCs (WJ-1) derived from umbilical cord 
were purchased from PromoCell (#C12971; Germany). Cells were 
expanded in T175 culture flask for two passages before inoculation. 
Briefly, cells at passage 4 were thawed and maintained in α-MEM me-
dium containing 10% FBS in a 5% CO2 incubator at 37 ◦C. At passage 5 
(one passage before inoculation for further experiments), cells were 
seeded onto a 1 µg/cm2 Vitronectin™ XF (VN; StemCell Technologies, 
Canada)-coated T175 flask and maintained in serum-free and xeno-free 
MesenCult-XF medium (StemCell Technologies, Canada) in a 5% CO2 
incubator at 37 ◦C, according to the manufacturer’s instructions. 

2.2. Expansion of WJ-1 in MNL-static culture and collection of 
conditioned medium and cells at different growth phases 

WJ-1 cells (passage 5) were expanded on 1 µg/cm2 VN-coated T175 
flasks (Nunc, Thermo Fisher Scientific, USA) at 5000 cells/cm2 in 30 mL 
growth medium (Supplementary Fig. 1). Nine culture flasks were pre-
pared, and the cell cultures were incubated at 37 ◦C in a humidified 
atmosphere at 5% CO2. At day 2 (early-log phase), conditioned medium 
(CM) and cells from any three of these flasks were collected. For the 
remaining six culture flasks, 50% medium replenishment was carried 
out with MesenCult-XF growth medium. The flasks were incubated at 
37 ◦C in a humidified atmosphere at 5% CO2 for additional 2 days. At 
day 4 (mid-log phase), the CM and the corresponding cells were har-
vested from another three flasks. Subsequently, 50% of the spent me-
dium was replaced with fresh growth medium for the remaining three 
flasks which were incubated at 37 ◦C in a humidified atmosphere at 5% 
CO2 for additional 2 days. At day 6 (late-log phase), the CM and the 
corresponding cells were collected accordingly. The CM was kept at 
− 80 ◦C until further use for cytokine and extracellular miRNA mea-
surement. Cell harvest was done by incubation of the culture with 0.05% 
trypsin-EDTA (Thermo Fisher Scientific, USA) at 37 ◦C for 3–5 min. The 
harvested cells were then stored in Trizol and kept at − 80 ◦C until 
further use for intracellular miRNA and transcriptome analysis. 

2.3. Expansion of WJ-1 in stirred MC-spinner culture and collection of 
conditioned medium and cells at different growth phases 

Cytodex 1 microcarriers (GE Healthcare Biosciences, USA), 2.8 mg/ 
mL coated with 2.5 µg/cm2 VN were used for this study, as described 
previously with minor modifications (Tan et al., 2015). VN-coated 
microcarriers (280 mg) were inoculated with 5x104 cells/mL (5000 
cells/cm2) WJ-1 cells (same batch used for monolayer culture experi-
ment) in a 125-mL spinner flask (Corning, USA), containing 50 mL of 
MesenCult-XF medium (Supplementary Fig. 1). The spinner flask was 
stirred at 40 rpm for the first 24 h and then it was topped up with me-
dium to final working volume of 100 mL. Total and viable cells were 
counted daily by the nuclei count method with 4′,6-diamidino-2-phe-
nylindole (DAPI) using NucleoCounter NC-3000 (Chemometec, 
Denmark) according to the manufacturer’s instruction. Homogeneous 
microcarrier culture samples having 1 x106 cells were harvested at days 
2, 4 and 6 (early-, mid- and late-log phase) of culture and after each 
harvest, 50% of the spent medium was replaced with fresh growth 
medium and the culture was incubated at 37 ◦C in a humidified 
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atmosphere at 5% CO2. The collected samples were centrifuged at 300g 
for 3 min, the supernatant was then collected as the CM and the 
remaining cell pellet was dissolved in Trizol. The samples were kept at 
− 80 ◦C until further analysis. 

2.4. Cytokine analysis of the secretome 

Cytokines secreted from MNL-static and MC-spinner cultures were 
measured using a 71-cytokine Luminex multiplex kit (ProcartaPlex; 
Thermo Fisher Scientific, USA) with Bio-Plex® 200 array reader (Bio- 
Rad, USA), according to the manufacturer’s recommendations. Briefly, 
after pre-wetting a 96-well plate with 1xPBS containing 1% bovine 
serum albumin (BSA), 50 µl of magnetic bead suspension was added in 
each well. The beads were washed twice with 1xPBS/1%BSA followed 
by addition of 50 µl of the CM sample. The plate was incubated for 45 
min on a plate shaker at 120 rpm at room temperature. After three 
washes with 1xPBS/1%BSA/0.05% Tween-20 (Wash buffer), 25 µl of the 
detection antibody was added to each well and the plate was shaken for 
30 min on a plate shaker at 120 rpm. 50 µl of Streptavidin-PE solution 
was added to each well after three washes with the Wash buffer and the 
plate was shaken for additional 10 min on a plate shaker at 120 rpm. 
Lastly, after three more washes of the plate with the Wash buffer, the 
beads were resuspended with 125 µl of PBS. Fluorescence intensity of 
the beads was measured using the Bio-Plex® array reader. The readouts 
were analyzed using Bio-Plex Manager 6.0 software according to the 
manufacturer’s manual. 

The specific cytokine production rate was calculated using the for-
mula below: 

Specificcytokineproductivity(pgcell− 1day− 1) =
2 × (Cytt − Cytt− 1)

(VCDt + VCDt− 1) × Δt  

Where, Cytt is the cytokine concentration (pg/mL) at time t, Cytt-1 values 
(concentration at previous time-point, after media change) and VCD is 
the viable cell density (cells/mL). Differential cytokine production rates 
were identified using two-way ANOVA with Bonferroni’s multiple 
comparisons test and adjusted p < 0.05. 

2.5. Extracellular and intracellular miRNA profiling 

miRNA profiling was carried out using a patented modified stem- 
loop mediated reverse transcription-quantitative PCR (mSMRT-qPCR) 
miRNA platform (MiRXES, Singapore) according to previously pub-
lished methods (Saw et al., 2017). RNA isolation from cell pellets and 
cell culture supernatants was carried out using the miRNeasy Mini Kit 
and miRNeasy Serum/Plasma Kit respectively (Qiagen, Germany). The 
absolute copy numbers of intracellular and extracellular miRNAs were 
normalized by cell count (per million cells) and volume of media (per 
mL) respectively. Confounding extracellular miRNAs were identified by 
comparing with corresponding expression levels in fresh media and 
excluded from further analysis. Specific production rates of extracellular 
miRNA were calculated as follows: 

SpecificmiRNAproductivity(copiescell− 1day− 1) =
2 × (Pt − Pt− 1)

(VCDt + VCDt− 1) × Δt  

Where Pt is the expression level of miRNA (copies/mL), and VCDt is the 
viable cell density (cells/mL) at time t. Pt-1 values (expression level at 
previous time-point, after media change) were derived from an average 
of the expression levels of fresh media (50%) and before media change 
(50%). Significant differences between specific production rates of 
extracellular miRNAs were identified using two-way ANOVA with 
Bonferroni’s multiple comparisons test with adjusted p < 0.05. Corre-
lations between miRNA and cytokine production rates in the cell culture 
supernatant were computed using Pearson’s correlation method. 

Intracellular miRNA analysis were performed on log2-transformed 
and normalized (global mean method (D’Haene et al., 2012)) 

expression values. Differentially expressed intracellular miRNAs were 
identified in Limma (Ritchie et al., 2015) with fold-change (FC) ≥ 1.3 
and False Discovery Rate (FDR)-adjusted p < 0.05, Benjamini-Hochberg 
method (Ferreira, 2007). 

Differentially expressed miRNAs were input into microT-CDS to 
predict miRNA target genes (Paraskevopoulou et al., 2013), and TarBase 
to identify target genes with experimental support (Karagkouni et al., 
2018). Each miRNA was first linked to individual Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways based on their target genes, and 
pathway significances were then merged using Fisher’s meta-analysis 
method. 

2.6. Intracellular transcriptome profiling 

RNA was extracted using Direct-zol RNA MicroPrep Kit (Zymo 
Research, USA) from 1 million cells. RNA integrity number (RIN) was 
obtained on the Agilent Bioanalyzer 2100 (Agilent Technologies, USA) 
and samples with RIN ≥ 8 were used for expression analysis. Microarray 
targets were prepared from 250 ng total RNA and assayed on GeneChip 
Human Transcriptome Array (HTA) 2.0 (Thermo Fisher Scientific, USA) 
according to manufacturer’s protocol. The microarray data was con-
verted to gene read counts using Partek Flow (Partek Inc., USA) by 
aligning microarray probe sequences to the human genome (hg38 as-
sembly) using STAR aligner. The gene read counts were normalized 
across samples using the Total Count method. Genes with average 
coverage ≥ 1 read per million were defined as expressed and selected for 
differential gene expression analysis using the Gene set Analysis (GSA) 
method (lognormal with shrinkage). Significantly differentially 
expressed genes between MC-spinner and MNL-static cultures were 
identified in Partek Flow by fold-change ≥ 1.3 and FDR-adjusted p <
0.05 (step-up method). Gene set enrichment analysis (GSEA) of the 
transcriptome was carried out on the gene read counts using the GSEA 
software (Subramanian et al., 2005), to identify enriched gene sets 
(nominal p < 0.05) in the Reactome and Gene Ontology biological 
process databases (MSigDB v6.1), with “log2 ratio of classes” gene 
ranking metric and “gene set” permutation type. 

Principal component analysis (PCA) of intracellular mRNA and 
miRNA was carried out using R ‘prcomp’ method. Hierarchical clus-
tering and plotting of heatmaps were carried out using Heatmapper 
(Babicki et al., 2016) with one minus Pearson’s correlation coefficient as 
distance measure and complete linkage setting. 

2.7. Correlation and interactome analysis of transcriptome and 
intracellular miRNome 

For correlation analysis, Pearson’s correlation coefficients were 
calculated for the gene expression and intracellular miRNA profiles 
across all samples, while mutual information values (measure of mutual 
dependence between gene and miRNA expression) were calculated 
using spline-binning method. Potential functional miRNA-gene pairs of 
differentially expressed genes and miRNAs with highly inversely 
correlated expression patterns were identified by filtering the results for 
Pearson’s correlation < − 0.5, mutual information centile ≥ 0.75, and 
significant differential expression changes that were opposite in direc-
tion. In addition, known miRNA-gene pairs were identified as those with 
experimental support in human miRTarBase release 7.0 (Chou et al., 
2018), while predicted miRNA-gene pairs were identified as those with 
conserved TargetScan release 7.2 predictions (Lewis et al., 2005) with 
context++ score percentile ≥ 90 (i.e. top 10% target sites ranked by 
predicted miRNA targeting efficacy). 

Interactome analysis of miRNA-target interactions was conducted 
using MIENTURNET (Licursi et al., 2019) with differentially regulated 
genes and miRNAs in microcarrier versus monolayer cultures (fold- 
change ≥ 1.3 and FDR < 0.05 in at least two growth phases). miRNA- 
target interactions were identified from known interactions found in 
miRTarBase release 7.0. 
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3. Results 

Our study employed multiple systems of characterization techniques 
on hMSCs cultured in serum-free medium, and in MNL-static and MC- 
spinner conditions, in order to understand the cell physiology that dif-
fers between the two culture conditions, to determine their potential 
role in stem cell therapy. 

3.1. Cell growth in MC-spinner and MNL-static cultures in serum-free 
medium 

hMSC WJ-1 cells were expanded in MNL-static and Cytodex 1 MC- 
spinner cultures as described in Materials and Methods (Supplemen-
tary Fig. 1). Both cultures were seeded at the same density 5000 cells/ 
cm2. Cell samples and conditioned media (CM) were collected at early- 
log (day 2), mid-log (day 4) and late-log (day 6) phases of growth. 
Fig. 1A show the cell densities achieved at day 2, day 4, day 6 in the MC- 
spinner culture were 0.67 ± 0.08 × 105, 1.88 ± 0.09 × 105, 3.18 ± 0.06 
× 105 cells/ml, respectively, and the cell densities achieved in MNL- 
static culture were 0.27 ± 0.01 × 105, 0.8 ± 0.03 × 105, and 2.0 ±
0.06 × 105 cells/ml, respectively. Fig. 1B show a similar trend in cell 
growth per surface area in both cultures, which achieve maximum cell 
confluency around 3.2 × 104–3.4 × 104 cells/cm2 at day 6. The cell 
growths per surface area in MC-spinner culture were 0.6 ± 0.14 × 104 

(day 2; estimated cell confluency about 17%), 1.9 ± 0.16 × 104 (day 4; 
estimated cell confluency about 54%), and 3.2 ± 0.18 × 104 (day 6; 
estimated cell confluency about 91%). The cell growths per surface area 
in MNL-spinner culture were 0.5 ± 0.02 × 104 (day 2; estimated cell 
confluency about 13%), 1.5 ± 0.05 × 104 (day 4; estimated cell con-
fluency about 39%), and 3.4 ± 0.09 × 104 (day 6; estimated cell 

confluency about 97%). Cell growth kinetics shows similar growth 
profiles for both cultures with an initial lag phase of ≥ 48 h (t-test p = 0.3 
for Fig. 1A, p = 0.9 for Fig. 1B), followed by an exponential phase 
reaching expected confluence after 6 days of expansion (Fig. 1B). Cell 
viability was maintained steady at > 95% in both the cultures from days 
0 to 6. Doubling times were about 32.41 ± 2.1 h and 30.63 ± 3.5 h for 
MC and MNL cultures respectively. Cells grew in MNL-static and MC- 
spinner cultures as a single-layer (Fig. 1C). Minimal aggregation of 
MCs (at most 2 beads) was observed on day 6 (Fig. 1C). As concluded, a 
higher MSC fold expansion on MC cultures (11-fold) than MNL cultures 
(7-fold), in terms of cells per culture volume, is mainly due to the fact 
that MCs have a high surface-area to volume ratio than planar flask 
cultures (Chen et al., 2013). 

3.2. Secretion of cytokines and extracellular miRNAs in MC-spinner and 
MNL-static cultures 

To characterize the secretome from MNL-static and MC-spinner 
cultures, we carried out cytokine profiling of conditioned media. We 
determined the specific production rates of cytokines and identified 
those secreted by hMSCs at significantly different rates in MC-spinner 
and MNL-static cultures (two-way ANOVA with Bonferroni’s multiple 
comparisons test, adjusted p < 0.05). Overall, compared to the MNL- 
static cultures, hMSCs grown on MC-spinner cultures had significantly 
enhanced secretion of cytokine factors (Figs. 2 & 3, and Supplementary 
Fig. 2). Out of the 71 tested cytokine factors, only 28 factors were 
detected at varying levels of intensity in both culture conditions (Figs. 2 
& 3, and Supplementary Fig. 2). Interestingly, the specific production 
rates for most of the factors (23 out of 28) were significantly higher in 
the early-log phase MC-spinner cultures and production seemed to 

Fig. 1. (A, B) Growth curves of hMSC WJ-1 grown under monolayer in T175 flasks and suspension microcarriers in spinner flasks (n = 3). (C) Images were obtained 
on day 6 showing full confluence using Nikon microscope. 
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Fig. 2. Cytokines secreted only in MC-spinner culture over all three growth phases. Error bars indicate standard deviation (n = 3). *p < 0.05, **p < 0.01, ***p <
10–3, ****p < 10-4 (two-way ANOVA with Bonferroni’s multiple comparisons test). 
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gradually reduce during the mid and late-log phase cultures (Figs. 2 & 
3), concurrent with our previous report with biodegradable micro-
carriers (Lam et al., 2017). G-CSF and ENA-78 were only secreted more 
highly during the late-log phase of hMSCs grown on MC-spinner cultures 
compared to that of MNL-static cultures (Supplementary Fig. 2). 
Importantly, there were 7 factors (IL-4, MIP-1α, MIP-1β, TNF-α, M-CSF, 
SCF, and TRAIL) only secreted in the MC-spinner, but not in MNL-static 
cultures (Fig. 2). 

Fifty-one extracellular miRNAs were identified from conditioned 
medium in both MC-spinner and MNL-static cultures, using the mSMRT- 
qPCR miRNA platform from MiRXES. Fig. 4A & B shows the overall 
miRNA copy numbers (normalized to cell count and volume respec-
tively) were significantly higher in MC-spinner than MNL-static cultures, 
illustrating the notion that specific extracellular miRNA production 
rates, as well as intracellular miRNA, were higher in MC-spinner cul-
tures, especially in the early-log phase (38 out of 51 extracellular miR-
NAs). Pathway enrichment analysis was performed based on the KEGG 
database to investigate functional gene sets that are associated with 

extracellular miRNAs upregulated in MC-spinner cultures (Fig. 4C and 
Table 1). Significantly enriched pathways (p < 0.01) were mainly 
involved in cell cytoskeleton, ECM-interaction, and signalling pathways 
regulating growth, development and metabolism. 

3.3. Gene set enrichment analysis of MC-hMSCs and MNL-hMSCs 

Transcriptome analyses identified 11,972 genes in both MC- and 
MNL-expanded hMSCs using microarrays. Gene set enrichment analysis 
was carried using the GSEA software. Certain pathways were differen-
tially regulated in MC-spinner cultures compared to MNL-static cultures 
(Fig. 5). Genes involved in collagen fibril organization, positive regu-
lation of vascular endothelial growth factor (VEGF) production, positive 
regulation of stem cell differentiation, and response to type I interferon 
were upregulated in MC-spinner cultures, while genes involved in M-G1 
cell cycle transition, G1-S cell cycle transition and cholesterol biosyn-
thesis were downregulated. 

Fig. 3. Cytokines secreted at higher rates in MC-spinner than MNL-static cultures at some growth phases. Error bars indicate standard deviation (n = 3). *p < 0.05, 
**p < 0.01, ***p < 10-3, ****p < 10-4 (two-way ANOVA with Bonferroni’s multiple comparisons test). 
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3.4. MiRNA-gene network analysis of MC-hMSCs and MNL-hMSCs 

First, miRNome analyses identified 318 intracellular miRNAs 
expressed in both MC- and MNL-expanded hMSCs, using the mSMRT- 
qPCR miRNA platform. Like the secretion of extracellular miRNA, the 
overall intracellular miRNA copy numbers (normalized to cell count and 
volume respectively) were significantly higher in MC-spinner than MNL- 
static cultures, especially in the early-log phase (Fig. 4A). Differentially 
expressed genes (Fig. 6A) and intracellular miRNAs (Fig. 6B) with sta-
tistical significance between MC-hMSCs and MNL-hMSCs were identi-
fied. The threshold we used to screen up or downregulated factors is FC 
≥ 1.3 with FDR < 0.05. Enriched genes and intracellular miRNAs 
formed 2 clusters each, one consisted of up-regulated entities and the 
other with down-regulated entities. The results suggest that a significant 
number of genes and intracellular miRNAs are up-regulated in MC- 
hMSCs. Additionally, Principal Component Analyses (PCA) showed 
that intracellular mRNA samples partitioned firstly by growth phases 
followed by culture methods, while the reverse was true for intracellular 
miRNA samples (Supplementary Fig. 3A&B), with almost all of the 
biological replicates clustering together affirming the validity of the 
data in downstream analyses. Hierarchical clustering of the mRNA and 

miRNA features showed similar clustering of the samples (Supplemen-
tary Fig. 3C&D). 

Then, miRNA-gene network analysis was carried out to identify 
differentially expressed intracellular miRNAs that had significant num-
ber of interactions with differentially expressed mRNAs (≥2 miRNA- 
gene interactions, FDR < 0.05) (Fig. 6C&D). These analyses yielded 
14 and 9 miRNAs that were enriched among upregulated and down-
regulated genes, respectively. Among these intracellular miRNAs, miR- 
19b-3p, miR-29b-3p, miR-29c-3p and miR-218-5p were significantly 
downregulated, while let-7b-5p and miR-193b-3p were upregulated in 
MC-hMSCs. Expression of these intracellular miRNAs was inversely 
correlated with target gene expression patterns, showing that these 
miRNAs may be important regulators of gene expression in hMSCs. 

3.5. Significant regulatory mechanisms and pathway enrichment analysis 

For miRNome, pathway enrichment analysis was employed to 
investigate the regulatory mechanisms of significantly differentially 
expressed extracellular miRNA (Fig. 4C) and intracellular miRNAs 
(Table 2) in MC-spinner versus MNL-static cultures. Several KEGG 
pathways were associated with the upregulated extracellular miRNAs in 

Fig. 4. miRNA expression in microcarrier and monolayer hMSC cultures. (A) Intracellular miRNA copy number normalized by cell count, and (B) Extracellular 
miRNA copy number normalized by volume of media (n = 3; two-tailed t-tests *p < 0.001). (C) Heatmap of extracellular miRNAs (upregulated in MC-spinner culture) 
versus KEGG pathways (clustering based on significance levels). Darker colors represent higher significance or lower p values. MicroT-CDS was used to predict 
miRNA target genes. Differentially regulated miRNAs (p < 0.01) were input into Tarbase. Each miRNA was first linked to each individual pathway, and pathway 
significance was then merged together with Fisher’s Meta-analysis method. Row and column dendrograms are obtained through hierarchical clustering of pathways 
and miRNAs respectively. Pathways that are highlighted in the Results are shown in bold. 
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MC-spinner cultures; such as ECM-receptor interaction; Proteoglycans in 
cancer; Fatty acid biosynthesis; Hippo signaling pathway; Lysine 
degradation; Mucin type O-Glycan biosynthesis; TGF-beta signaling 
pathway; Focal adhesion; Glycosphingolipid biosynthesis; and Thyroid 
hormone signaling pathway (Fig. 4C and Table 1). In MC-hMSCs, there 
are 5 pathways significantly enriched with both upregulated and 
downregulated intracellular miRNA targets (Table 2); ECM-receptor 
interaction; Proteoglycans in cancer; Signaling pathways regulating 
pluripotency of stem cells; Lysine degradation; and TGF-beta signaling 
pathways. 

4. Discussion 

Transition of MSC therapy towards clinical settings demands an 
increased need for scalable and cost-efficient manufacturing process 
with efficient cell quality to ensure patient safety. For expanding MSCs 
in vitro, both quality and quantity of the cells are two critical issues that 
need to be addressed (Yin et al., 2019). Based on previous studies, it is 
clearly evident that large number of variables, including how hMSCs are 
expanded in vitro, play a pivotal role in determining the phenotypic and 
genotypic characteristics of hMSCs (Bara et al., 2014). In the current 
study, we applied integrative analyses of secretome, transcriptome, and 
miRNome in order to provide additional molecular insights, bridge the 
connection between mRNA-miRNA relationships in hMSCs expanded 
from MC-spinner cultures and provide further regulatory information 
that a single omics approach is unlikely to uncover. 

It is noteworthy that culture confluence, 20% (early-log), 50% (mid- 
log) and 100% (late-log), impacted the expression of secretome tran-
scriptome, and miRNome of hMSCs. Previous reports have showed that 
hMSCs grown to 50% confluence differ from 80% confluent cells, where 
cells expanded > 50% confluence resulted in a declined of growth rate 
and are not favorable for osteogenic and chondrogenic differentiation 
(Ren et al., 2015; Balint et al., 2015; Abo-Aziza and A, 2017). Our 
previous results also showed that 50% confluent MSCs supported better 
in vivo bone formation compared to 100% confluent cultures (Lam et al., 
2019). For chondrogenesis, we found that 21% cell confluency resulted 
in the best in vivo healing of endochondral defect in rabbits (Lin et al., 
2020). This is possibly associated with cytokine and genes production 
rates of cells in different phases of the culture. Concomitantly, in the 
present study, the expression of cytokines (Figs. 2 & 3), extracellular 
miRNAs, transcriptomes (Fig. 4A), and intracellular miRNAs (Fig. 4B) 
were higher in the early-log and mid-log phases (about 13% to 54% 

confluency, Fig. 1B) than in the late-log phase (about 91% to 97% 
confluency, Fig. 1B) in both MC-spinner and MNL-static cultures. It is 
suggested that harvesting cells at the appropriate growth phase and 
confluence is a critical part of collecting cells for different cell therapies. 

Cytokine secretion profiling demonstrated that MC-spinner cultures 
prime the hMSCs more toward high immunoregulatory potential, oste-
ogenic capacity, anti-tumor effects, angiogenic capacity, and cell 
migration/homing than in MNL-static cultures, at the early-log phase 
(Fig. 3). For example, VEGF-A was highly expressed in the MC-spinner 
cultures in the early-log phase. It is critical to various aspects of neo-
vascularization and endothelial cell growth. VEGF-A induces prolifera-
tion and migration of vascular endothelial cells and permeabilization of 
blood vessels, while inhibiting apoptosis (Ullah et al., 2019). It also 
plays an important role in bone repair and regeneration (Hu and Olsen, 
2016; Yang et al., 2012). It is worth noting that indoleamine-2,3- 
dioxygenase (IDO) was more highly expressed in the MC-spinner cul-
tures as compared with MNL-static cultures, in the early-log phase (p <
0.0001; Fig. 3). IDO is one of the important factors that increase the 
expression of immunosuppressive factor prostaglandin E2 (PGE2), 
consequently, suppressing T-cell proliferation (Harris et al., 2002). Our 
data suggested that MC-spinner cultures have a positive effect on IDO 
induction, priming the cells to be more immunosuppressive by pro-
moting secretion of some pro-inflammatory factors (e.g. TNF-α; Fig. 2). 

Seven cytokines (IL-4, MIP-1α, MIP-1β, TNF-α, M-CSF, SCF, and 
TRAIL) were only secreted in the MC-spinner cultures, but not in MNL- 
static cultures (Fig. 2). IL4-secreting MSCs has been reported to enhance 
bone regeneration in inflammatory conditions by polarizing pro- 
inflammatory macrophage (M1) into an anti-inflammatory macro-
phage (M2), which subsequently enhances the MSCs’ osteogenic activity 
as well as cell migration (Gordon, 2003; Huh and Lee, 2013). IL4 is also 
able to induce IL6 release from M2, which is associated with protection 
from neuroinflammation (Casella et al., 2016). Besides, MIP-1α and 
MIP-1β are also known to recruit macrophages and endothelial lineage 
cells into the wound and thus enhancing wound healing (Chen et al., 
2008). TNF-α, a pro-inflammatory cytokine, plays a key role not only in 
inflammatory response and repair process of injured tissues by stimu-
lating the secretion of IL-6 and IL-8 to promote endothelial progenitor 
cell homing and angiogenesis (Kwon et al., 2013), but also in regulation 
of bone homeostasis and osteogenic differentiation (Osta et al., 2014). In 
addition, a study showed that TNF-α modulated the migratory response 
of MSCs to TRAIL (Corallini et al., 2010). TRAIL, a pro-apoptotic protein, 
was also only detected in MC-spinner cultures. Indeed, researchers have 
tried to engineer MSCs to express TRAIL in order to trigger apoptosis in 
tumor cells (Loebinger et al., 2009; Marini et al., 2017). TRAIL and TNF- 
α have been shown to have anti-tumor effects both in vitro and in vivo, 
mainly through direct activation or transactivation of the Fas death 
pathway involving NK cells and T lymphocytes (Villa-Morales and 
Fernandez-Piqueras, 2012). It is worth mentioning that soluble FasL was 
highly expressed in the MC-spinner cultures as compared to MNL-static 
cultures, in the early-log phase (Fig. 3). Most interestingly, the combi-
nation of using SCF and G-CSF has been reported to stimulate the pro-
liferation of MSCs and induce MSCs to differentiate into cardiomyocytes 
(Bao et al., 2010). Moreover, G-CSF/SCF has also been used for 
improving endogenous repair after myocardial infarction by increasing 
angiogenesis and production of cardiac cells (Kanellakis et al., 2006). 
Our findings suggested that the therapeutic potential of hMSCs grown in 
MC-spinner cultures could be enhanced through MSC modulation of 
macrophages (Carty et al., 2017). 

In transcriptome analysis, the gene set enrichment results showed 
that the key genes enriched in MC-hMSCs were the pathways involved in 
the ECM organization (e.g. collagen fibril organization, chondroitin 
sulfate/dermatan sulfate metabolism, integrin cell surface interactions), 
angiogenesis (e.g. positive regulation of VEGF production), differentia-
tion (e.g. positive regulation of stem cell differentiation), immunoreg-
ulatory (e.g. response to type I interferon, response to IL-6, positive 
regulation of chemokine production), and glucose metabolism (e.g. 

Table 1 
KEGG pathways that are significantly associated with extracellular miRNAs 
upregulated in MC-spinner culture vs MNL-static culture. MicroT-CDS was used 
to predict miRNA target genes. Differentially regulated miRNAs (p < 0.01) were 
input into Tarbase. Each miRNA was first linked to each individual pathway, and 
pathway significance was then merged together with Fisher’s Meta-analysis 
method.  

Pathway analysis of extracellular miRNAs upregulated in MC-spinner culture 

KEGG pathway p-value #genes #miRNAs 

ECM-receptor interaction 1.68E-14 57 39 
Proteoglycans in cancer 2.28E-10 133 45 
Fatty acid biosynthesis 1.82E-08 10 16 
Hippo signaling pathway 1.06E-06 98 43 
Lysine degradation 6.20E-06 33 37 
Glioma 6.20E-06 47 44 
Mucin type O-Glycan biosynthesis 6.29E-06 20 28 
TGF-beta signaling pathway 2.58E-05 55 38 
Focal adhesion 0.00013 134 45 
Signaling pathways regulating pluripotency of 

stem cells 
0.000334 92 45 

Glycosphingolipid biosynthesis - lacto and 
neolacto series 

0.000549 17 24 

Prion diseases 0.002385 14 21 
Thyroid hormone signaling pathway 0.009556 72 42  
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cellular response to glucose starvation) (Fig. 5). Conversely, genes in cell 
cycle progression (M− G1 and G1-S transition) and lipid metabolism 
(cholesterol biosynthesis) were downregulated. This supports previous 
reports showing that stirring mechanism provides control over shear 
stress in suspension cultures which might differentially regulate path-
ways involved in cytoskeletal/ECM organization, proliferation, differ-
entiation, metabolism (Yourek et al., 2010; Koh et al., 2020; Stiehler 
et al., 2009; Tsai et al., 2019), as well as cell cycle progression (Haw-
boldt et al., 1994) and telomere length (Petry et al., 2016; Santos et al., 
2011). Notably, among the 24 collagen-encoding genes that were 
expressed in MC-hMSCs (Supplementary Fig. 4A), 14 genes showed 
significant upregulation of transcript expression in the late-log phase, e. 
g. COL1A1, COL1A2, COL2A1, COL3A1, COL5A1 and COL16A1 (Sup-
plementary Fig. 4B). These changes in ECM expression possibly regulate 
cell signaling and modulate cell functions such as cell survival, cell 
proliferation, and differentiation (Schwartz, 2010). Nevertheless, the 
vitronectin-coating used in this study is also likely to have implications 
on the integrin cell surface interaction (Madsen and Sidenius, 2008). 
Therefore, future exploration on ECMs, such as fibronectin and laminin, 
for cell adhesion on microcarriers is needed. 

MiRNA-gene regulatory networks were constructed (Fig. 6C&D) in 
order to find the relationship between differentially expressed miRNAs 

and genes. We identified 14 and 9 miRNAs that had an enrichment of 
upregulated and downregulated target genes, respectively, in MC- 
spinner cultures as compared with MNL-static cultures. Among these 
intracellular miRNAs, let-7b-5p and miR-193b-3p were significantly 
upregulated, and inversely correlated with the downregulated genes 
they control. miR-193b-3p has previously been shown to be an impor-
tant regulator of chondrogenesis and cartilage degeneration (Meng 
et al., 2018). Let-7b is known to regulate glucose metabolism (Frost and 
Olson, 2011), metabolic functions of obesity-derived adipocytes (Perez 
et al., 2013) and adipogenesis (Sun et al., 2009). Notably, let-7b also 
regulates glucose metabolism in cells, with high expression in MSCs 
demonstrating glucose starvation might be happening in MC-spinner 
cultures. Indeed, further exploration on the differentially regulated 
metabolome between MC-spinner and MNL-static cultures would be 
insightful. 

MiRNome analyses of both extracellular (Fig. 4C and Table 1) and 
intracellular miRNAs (Table 2), revealed differential regulation of 
cytoskeletal, ECM synthesis and remodeling, cellular metabolism, and 
TGF-β pathways in MC-spinner cultures. The most significantly enriched 
pathway was ECM-receptor interaction, which leads to a direct or in-
direct control of cellular activities such as adhesion, migration, differ-
entiation, proliferation, and apoptosis (Guilak et al., 2009). Other 

Fig. 5. Gene sets that are enriched in transcriptome of MC-spinner over MNL-static hMSC cultures (GSEA nominal p-value < 0.05). Red: upregulated in microcarrier 
hMSCs; blue: downregulated in microcarrier hMSCs; grey: not differentially regulated. Pathways that are highlighted in the Results are shown in bold. 
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pathways enriched are mainly involved in self-renewal capacity and 
differentiation, proliferation, adhesion, angiogenesis, and migration, 
amino acid metabolism and TGF-beta signaling pathway. This supports 
previous reports, which has shown that stem cells in suspension cultures 
differentially regulate pathways involved in cytoskeleton/ECM rear-
rangement, proliferation, metabolism, and differentiation (Doron et al., 
2020; Silva et al., 2015). It is interesting to note that enrichment in 

extracellular miRNA from conditioned medium of MC-spinner cultures, 
identified modifications of mucin-type O-glycan differentially regulated, 
which has been reported previously during MSC osteogenic differenti-
ation (Wilson et al., 2018; Heiskanen et al., 2009). 

TGF-β signaling pathway was also enriched with both extracellular 
and intracelluar miRNAs. This agreed with the cytokine secretion data 
that TGF-β1 was more highly expressed in the MC-spinner cultures as 

Fig. 6. (A, B) Volcano plots of intracellular genes (A) and miRNAs (B) upregulated or downregulated in MC-spinner compared to MNL-static cultures (FC ≥ 1.3, FDR 
< 0.05). (C, D) miRNA-gene interactome of genes that are upregulated (C) and downregulated (D) in microcarrier cultures based on miRNA-gene associations in 
miRTarBase release 7.0. Orange: genes; blue: miRNAs. Enriched miRNAs are labelled with arrow indicating up or downregulation in microcarrier cultures. 
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compared to MNL-static cultures, in the early-log phase (p < 0.0001; 
Fig. 3). TGF-β1 is an anti-inflammatory factor that has potent effect on 
hMSC chondrogenesis (Dexheimer et al., 2016; Grafe et al., 2018a, 
2018b), suppression of the allergenic response (Nemeth et al., 2010), 
and regulatory T-cell proliferation (Mantel and Schmidt-Weber, 2011). 
Indeed, the TGF-β superfamily, including TGF-βs, activins, Nodal, and 
bone morphogenetic proteins (BMPs), regulates a diverse set of cell 
processes, such as cell growth, differentiation, adhesion, migration and 
apoptosis (de Araujo Farias et al., 2018). For example, TGF-βs cause cell 
cycle arrest in epithelial and hematopoietic cells and control mesen-
chymal cell proliferation and differentiation, while BMPs are important 
for the differentiation of osteoblasts and the survival of mesenchymal 
stem cells (de Araujo Farias et al., 2018). Of note, three osteogenic- 
related genes, TGF-β1, BMP1 (Supplementary Fig. 5) and SMAD3 (Sup-
plementary Fig. 6), were significantly higher in MC-hMSCs than MNL- 
hMSCs (p < 0.0001). TGF-β1 has been reported to drive MSCs towards 
osteoblasts generation, switching MSCs from adipogenesis into osteo-
genesis (van Zoelen et al., 2016). Recent studies have shown that 
overexpression of TGF-β1 caused transition of MSCs into osteocytes via 
SMAD3 signaling (Zhou, 2011) and MAPK-ERK signaling which re-
presses Runx2 (Grafe et al., 2018a, 2018b). Not surprisingly, SMAD3 was 
upregulated and Runx2 was unchanged in MC-hMSCs as compared to 
MNL-hMSCs (Supplementary Fig. 7). However, how TGF-β signaling is 
regulated and how it functions synergistically with other signaling 
pathways should be determined in the future. 

In summary, by leveraging the results of secretomes, transcriptomes, 
and miRNomes, the alteration of hMSC properties grown in MC-spinner 
cultures is most likely associated with ECM synthesis and remodeling, 
cellular metabolism, and differentiation potential, which may be stim-
ulated by the fluid-induced shear stress (Yourek et al., 2010; Mai et al., 
2013). Thus we infer that MSCs produced in MC-spinner cultures may 
have the potential to improve cell migration and wound healing 

capacities (Chen et al., 2008), increase angiogenic and immunomodu-
latory properties (Koh et al., 2020), enhance cardiac repair (Bao et al., 
2010), as well as promote cell differentiation towards osteogenic line-
ages (Yourek et al., 2010; Stiehler et al., 2009; Tsai et al., 2019). 
Nevertheless, we acknowledge that our study has limitations, as these 
findings relied mainly on multiomics data analyses by computational 
methods and these pathways were correlated with literature evidence of 
improved functions. Thus, further experimental validation in required of 
our culture method. A stronger experimental design with more biolog-
ical replicates will allow for more extensive statistical and bioinformatic 
analysis. For example, future directions could include proteomic ana-
lyses using mass spectrometry (Doron et al., 2020; Mizukami et al., 
2019), and single-cell multiomics analyses (Hu et al., 2018). Finally, 
these findings should also be validated with different coating proteins 
such as fibronectin and laminin, other types of microcarriers and various 
sources of MSCs. 

5. Conclusions 

Understanding the changes of critical cellular features in different 
culture systems by integrated system-level multiomics approach would 
allow us to better understand the in vivo regenerative behavior of these 
cells thereby increasing bioprocessing efficiency and maximizing ther-
apeutic benefit. 
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Appendix A. Supplementary data 
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Table 2 
KEGG pathways that are significantly associated with intracellular miRNAs 
upregulated or downregulated in MC-hMSCs vs MNL-hMSCs. MicroT-CDS was 
used to predict miRNA target genes. Differentially regulated miRNAs (p < 0.01) 
were input into Tarbase. Each miRNA was first linked to each individual 
pathway, and pathway significance was then merged together with Fisher’s 
Meta-analysis method. In bold are the 5 pathways enriched with both upregu-
lated and downregulated intracellular miRNAs.  

Pathway analysis of intracellular miRNAs upregulated in MC-hMSCs 

KEGG pathway p-value #genes #miRNAs 

ECM-receptor interaction <1E-09 22 6 
Proteoglycans in cancer 3.09E-09 73 13 
Glycosphingolipid biosynthesis - lacto and 

neolacto series 
3.27E-07 9 7 

Biosynthesis of unsaturated fatty acids 5.07E-07 11 7 
Signaling pathways regulating 

pluripotency of stem cells 
4.53E-05 52 8 

Lysine degradation 0.000151 12 8 
TGF-beta signaling pathway 0.000184 36 11 
Glycosaminoglycan biosynthesis - heparan 

sulfate / heparin 
0.028245 7 7 

Pathway analysis of intracellular miRNAs downregulated in MC-hMSCs 
KEGG pathway p-value #genes #miRNAs 
Fatty acid biosynthesis <1E-09 5 2 
ECM-receptor interaction <1E-09 31 5 
Signaling pathways regulating 

pluripotency of stem cells 
2.25E-13 80 9 

Fatty acid metabolism 1.72E-09 14 4 
Steroid hormone biosynthesis 2.27E-08 9 2 
TGF-beta signaling pathway 1.12E-07 48 10 
Proteoglycans in cancer 1.71E-07 90 9 
Thyroid hormone signaling pathway 2.25E-07 49 8 
Lysine degradation 2.33E-05 13 6 
GABAergic synapse 3.74E-05 22 7 
Focal adhesion 0.001574 82 6 
Axon guidance 0.005547 63 5  
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