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Abstract: Objective: The aim of this study was to identify the different immune-related genes (DIRGs) of mesenchy-
mal stem cells (MSCs) in three-dimensional (3D) vs. two-dimensional (3D) environment. Materials and methods: 
The gene expression dataset GSE52896 was downloaded from the Gene Expression Omnibus (GEO) database. 
We obtained immune-related genes from the ImmPort database. The array was processed with the R language 
to obtain differentially expressed genes (DEGs). A protein-protein interaction (PPI) network was constructed with 
the STRING database and analyzed with Cytoscape. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis data were performed with DAVID (https://davidbioinformatics.nih.
gov/). We constructed a least absolute shrinkage and selection operator (LASSO) regression model and multiple 
support vector machine - recursive feature elimination (mSVM-RFE) model to identify the key DIRGs in cells growing 
in 3D culture. The performance of the key genes was validated in the GSE58919 dataset. Western blot analysis was 
performed to verify the expression of one key gene, Cysteine and Glycine Rich Protein 1 (CSRP1). Key immune-re-
lated genes were identified using CIBERSORT (https://cibersortx.stanford.edu/). Results: A total of 446 DEGs were 
screened under two different culture conditions (2D and 3D), and 65 DEGs were identified. GO analysis revealed 
changes in inflammatory response, extracellular region, and protein binding. KEGG enrichment analysis showed 
that the DEGs were enriched in pathways involved in cytokine-cytokine receptor interactions, viral protein interac-
tions with cytokines and cytokine receptors and the TNF signaling pathway. Seven key genes were obtained from 
the intersection of the outputs of the LASSO and mSVM-RFE algorithms. The expression of the seven key genes was 
verified in the GSE52896 dataset. Western blot (WB) confirmed the alteration of CSRP1 expression under different 
culture conditions. Conclusion: Stem cells showed significant changes in immune response gene expression under 
3D culture conditions. CSRP1 plays essential roles in MSC immunomodulation.

Keywords: 3D culture, MSCs, immunomodulatory, R language, DIRGs, GEO, DEGs, PPI, GO, KEGG, LASSO regres-
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Introduction

Various studies have demonstrated that MSCs 
are strongly immunosuppressive both in vitro 
and in vivo. MSCs secrete a broad spectrum of 
soluble factors that alter the local environment 
by promoting angiogenesis, tissue repair, cell 
protection, natural cell growth and inflamma-
tion remission [1]. In addition to the repair func-
tion of MSCs in the inflammatory environment, 
increasing evidence indicates that MSCs have 
potent immunomodulatory effects. Unstimulat- 
ed MSCs are not immunosuppressive, but 
when they are the supernatants of activated 
lymphocytes or stimulated with a combination 
of IFN-γ and TNF-α, IL-1α or IL-1β, they exert 

effective immunomodulatory effects. These 
observations suggest that in some cases, 
MSCs can acquire an immunosuppressive 
capacity upon stimulation with inflammatory 
cytokines [2-4].

According to the existing evidence, MSCs can 
be considered promising treatment options for 
refractory inflammatory diseases and immune-
related diseases because of their immunomod-
ulatory effects [5, 6]. Immunomodulation by 
MSCs involves interactions with innate and 
adaptive immunity, mainly through direct cell-
cell contact with immune cells and the para-
crine activity of the secretome, such as cyto-
kines, chemokines, growth factors, and other 
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impactful factors. MSCs can suppress prolifer-
ation, interfere with cytotoxicity, and inhibit the 
secretion of proinflammatory cytokines by NK 
cells [7]. The underlying mechanisms by which 
MSCs modulate B cells remain elusive, but vari-
ous in vitro experiments have confirmed that 
MSCs can suppress the proliferation, matura-
tion, and antibody production of B cells to a cer-
tain extent [8, 9]. Recent studies have shown 
that MSCs can suppress T cells through direct 
cell-to-cell contact or the secretion of soluble 
cytokines. MSCs can suppress the proliferation 
and activation of CD4+ T cells, CD8+ T cells 
and Tregs [10, 11]. MSC-induced tolerant DCs 
can exert immunosuppressive effects [12, 13]. 
However, the specific mechanism of MSC-
induced immunosuppression still requires fur-
ther exploration.

The immunosuppressive effects of MSCs are 
utilized in tissue engineering. Most tissue engi-
neering methods involve the cultivation of 
MSCs on three-dimensional (3D) scaffolds that 

provide a temporary support structure that 
mimics the natural shape of living tissue [14-
17]. However, the implantation of a stent as a 
foreign body can cause host rejection, interfere 
with biological properties, and impair wound 
healing and tissue remodeling [18-20]. This 
inflammatory response is characterized by the 
presence of monocytes, macrophages and 
giant cells at the interfaces of tissue materials 
[21-23]. In vivo, the living environment of cells 
is surrounded by an extracellular matrix (ECM), 
which provides cell support, mechanical integ-
rity and biological signaling [24]. Natural ECM 
has a unique 3D structure, ranging from sub-
millimeter to nanoscale fibers and pores [25-
27]. In accordance with the structural charac-
teristics of the natural ECM, a stent with a 3D 
structure can be developed. In previous stud-
ies, a significant difference in the immune cell 
response was detected when the 2D structure 
was compared to the “natural” 3D microenvi-
ronment [28-33].

A study of the potential molecular mechanism 
underlying the biological behavior of MSCs 
under different culture conditions, namely, 2D 
and 3D conditions, with subsequent improve-
ment of the living environment of MSCs is nec-
essary. We explored the molecular mecha-
nisms of immunomodulation between MSCs 
and different culture environments. A summary 
of the research methods used in this study is 
shown in Figure 1.

Materials and methods

Array data

The keywords “MSC”, “2D”, and “3D” were used 
to search the GEO database. The gene expres-
sion profiles of MSCs in 2D and 3D culture (GSE 
52896) were obtained. The GSE52896 dataset 
contained 5 MSC samples in 2D culture and 5 
MSC samples in 3D culture. The platform for 
SE52896 was the GLP570 Affymetrix Human 
Genome U133 Plus 2.0 Array. The platform and 
series matrix files were all TXT files. The R pack-
age was used to process downloaded files  
and reject unqualified data. The quality of the 
microarray was evaluated. The data were cali-
brated and subjected to RMA normalization 
and log2 conversion, and the KNN method was 
used to account for missing values. The IRG 
data were downloaded from the ImmPort data-
base (https://www.immport.org/shared/).

Figure 1. Flowchart showing the research methods 
used in this study, including searches for DEGs/
DIRGs, PPI network construction, enrichment analy-
sis, correlation analysis, machine learning, and DIRG 
validation.
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Screen for DEGs and DIRGs

The downloaded files were converted using  
the R language and annotation packages. The 
ID corresponding to the probe name was 
replaced with the international standard name 
(gene symbol) of the gene. The differential gene 
expression analysis was performed using  
the limma package (http://www.bioconductor.
org/). The relevant operational instruction code 
was placed in R, and the limma package was 
used to analyze the DEGs in the MSC samples 
in 2D and 3D culture from the microarray  
dataset. Samples with a P value < 0.05 and log 
fold change (FC) > 1 were considered DEGs. 
Afterward, 446 DEGs and 1793 IRGs were 
intersected to obtain 65 differentially express- 
ed immune-related genes (DIRGs).

PPI network construction and analysis

A protein-protein interaction (PPI) network was 
constructed to explore the interactions be- 
tween DEGs (https://string-db.org/). A combi-
nation score > 0.4 was set as the cutoff stan-
dard. Then, Cytoscape was used to visualize 
the PPI network, and the connections between 
the nodes represented the interactions among 
these biomolecules, which could be used to 
identify proteins encoded by the DEGs in 2D 
and 3D MSC cultures. The interactions and 
relationships among the pathways were as- 
sessed. We selected the top 10 genes based 
on the degree value as hub genes.

GO and KEGG enrichment analyses of DIRGs 
from 3D MSC cultures

Gene Ontology (GO) analysis is a method for 
annotating genes and identifying characteris- 
tic biological attributes from high-throughput 
genome or transcriptome data. KEGG is a data-
base for the systematic analysis of pathways 
that links genomic information with functional 
information. The DAVID database is an online 
software used to analyze gene functions. 
Functional and pathway enrichment analyses 
of the proteins encoded by the candidate genes 
were performed, and these genes were ana-
lyzed using the DAVID database (https://david-
bioinformatics.nih.gov/) [34].

The DIRGs obtained from the intersection of 
DEGs and IRGs were entered into the DAVID 
online database, with the official gene symbol 
as the gene set format, Homo sapiens as the 

species, and gene list as the list type. GO 
enrichment operations can be performed  
on DIRGs through DAVID online software. P < 
0.05 was considered to indicate statistical 
significance.

Using machine learning to construct an IRG 
prediction model

The least absolute shrinkage and selection 
operator (LASSO) and multiple support vector 
machine - recursive feature elimination (mSVM-
RFE) algorithms were used to identify key genes 
in 3D cultured MSCs. In this section, we used R 
studio and online analysis software for the 
LASSO and mSVM-RFE algorithms. LASSO is a 
regression analysis algorithm used to filter vari-
ables. In our study, the LASSO algorithm was 
used via online software (fast.statsape.com). 
RFE is a selection method that starts with all 
features and then removes the least important 
features based on the model’s performance. 
Cross-validation techniques were used to eval-
uate the performance of the model. The RFE 
method provides feature ranking based on the 
importance of features, and top-level features 
can be selected to construct the final model. 
Finally, we compared the results of the two 
regression analyses to obtain key genes relat-
ed to MSCs in 3D culture.

Experimental verification of DIRGs

A 3D culture environment constructed through 
3D printing with a low-temperature deposition 
technique was constructed using polycaprolac-
tone (PCL). Protein was extracted from cell 
lysates prepared using RIPA lysis buffer supple-
mented with a protease inhibitor. Western blot 
analysis: The amount of protein was deter-
mined using a BCA kit. Equal amounts of dena-
tured protein were separated using SDS - PAGE 
and PVDF membranes. The following primary 
antibodies were used at a 1:1000 dilution. The 
membranes were incubated with an HRP-
conjugated secondary antibody. The results 
were detected by a Prime Western blotting 
Detection System.

Immune cell infiltration in 3D culture of MSCs

We used CIBERSORT, which is based on linear 
support vector regression (SVR), as an analyti-
cal tool for estimating immune cell abundance 
in 3D MSC culture. CIBERSORT has been used 
in many tumor-related and other studies. A total 
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of 22 immune cells were compared between 
the 2D and 3D culture groups.

Statistics

The “limma” package and the “ggplot2” pack-
age in R were applied to filter results from the 
GEO database. The “tidyverse” R package was 
used to analyze the correlations of DIRGs. The 
“glmnet” package and “e1071” R package were 
used in analyses with the LASSO algorithm and 
the mSVM-RFE algorithm, respectively. The rel-
ative expression levels of genes are presented 
as the means and standard deviations. 
Student’s t test was used for group compari-
sons. All statistical hypothesis tests were 
2-sided and performed at the 0.05 significance 
level.

Results

Identification of DEGs and DIRGs in 3D culture 
environments

The microarray dataset GSE52896 containing 
information on gene expression in MSCs in 3D 

and 2D environments was preprocessed. Using 
the limma package (corrected P value < 0.05, 
|log2 FC| > 1), 446 DEGs were obtained, 
including 237 upregulated genes and 209 
downregulated genes were identified. Sixty-five 
DIRGs were obtained from the intersection of 
446 DEGs and 1793 IRGs (Figure 2A). We con-
structed a volcano plot to visualize the IRGs, 
and the top 15 DIRGs are marked in the chart 
(Figure 2B). The top 15 DIRGs with P values < 
0.05 and |log2 FC| > 1 are presented in the 
heatmap (Figure 2C). The expression of CSPP1 
and LTBP2 was significantly lower in the 3D cul-
ture group than that in the 2D culture group. 
The expression of GPI, NAMPT, MIF, EREG, 
TAC1, CXCL5, CXCL6, AREG, NR4A3, NDRG1, 
RORA, PDK1 and TYMP was higher in the 2D 
culture group than in the 3D culture group.

PPI network and GO/KEGG enrichment analy-
sis

The PPI network was constructed with STRING 
(http://string.embl.de/) [35] and Cytoscape 
(version 3.4.0) [36]. PPI networks were con-

Figure 2. A. Venn diagram of the intersection 
of DEGs from the GEO database with the list 
of IRGs. B. A volcano plot of the 65 DIRGs and 
the top 15 DIRGs. C. A heatmap of the top 
15 DIRGs.
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structed with proteins with interaction scores > 
0.4. A total of 65 DIRGs were selected. In this 
figure, red indicates upregulated DIRGs, and 
blue indicates downregulated DIRGs. CXCL8, 
CXCL12, CXCL1, PTGS2, VCAM1, CCL20, 
CXCL2, NFKBIA, and TLR2 were the top 10 
nodes (Figure 3A). The DAVID analysis tool was 
used to identify biological annotations of the 
DIRGs in a 3D culture environment and to 
obtain enriched GO/KEGG terms or pathways. 
Moreover, the R language, including the 
“ggplot2” package, was used to visualize the 
enrichment results. The bubble chart shows 
the enrichment of the DEGs in the molecular 
function (MF), biological process (BP) and cell 
component (CC) categories. In the BP group, 
the 65 DIRGs were enriched mainly in the 
inflammatory response and signal transduc-
tion. In the molecular function group, the 65 
DIRGs were enriched mainly in protein binding 
and growth factor activity. In the cellular com-
ponent group, the 65 DIRGs were enriched 
mainly in the extracellular region and extracel-
lular space (Figure 3B-D). DIRGs identified from 
3D environmental gene chips were analyzed 
using the DAVID database. In the KEGG enrich-
ment analysis, the DIRGs were enriched in cyto-
kine receptor interactions and viral protein 
interactions with cytokines and cytokine recep-
tors (Figure 3E). Only the results for the top 2 
pathways in the GO/KEGG cluster analyses are 
listed. These results showed that most DIRGs 
were significantly related to inflammation.

Correlations of the DIRGs in the 3D culture 
environment

We further analyze the correlation of the 65 
DIRGs. We used the “tidyverse” package in R to 
plot the results of the correlation analysis for 
the 65 DIRGs. The top 9 DIRGs with positive 
and negative correlations were selected, and a 
network map was constructed (Figure 4A). We 
subsequently constructed a scatter plot to 
show the genes with the strongest correlation 
in MSCs in the 3D culture environment. The 
results indicated that CSRP1 was negatively 
correlated with AREG, GPI, TNFAIP3, NFKBIA, 
BMP5, TAC1, and TYMP but not with LGMN 
(Figure 4B-E). Therefore, we hypothesized that 
CSRP1 plays an essential role in the growth of 
MSCs in 3D culture environments.

The seven DIRGs identified using machine 
learning

In our study, machine learning methods, includ-
ing the LASSO and SVM-RFE algorithms (Figure 

5A-C), were used to identify essential DIRGs in 
MSCs cultured in a 3D environment. We select-
ed 7 DIRGs using the LASSO algorithms (LIMS1, 
NDRG1, RORA, TYMP, CSRP1, CXCL5, and 
TAC1) as significant prognostic biomarkers in  
a 3D culture environment (Figure 5D). The 
LASSO algorithms used 10-fold cross-valida-
tion. Moreover, the mSVM-RFE model was used 
to identify 65 DIRGs. A total of 56 DIRGs were 
selected. Seven DIRGs (LIMS1, NDRG1, RORA, 
TYMP, CSRP1, CXCL5, and TAC1) were obtained 
by taking the intersection of the results from 
the LASSO and mSVM-RFE algorithms; these 7 
DIRGs were called key genes and were used for 
further experimental verification.

Seven DIRGs validated in GSE58919

Seven key genes were selected from the inter-
section of the LASSO regression model and the 
mSVM-RFE model. In the principal component 
analysis, the genes LIMS1, NDRG1, RORA, 
TYMP, CSRP1, CXCL5, and TAC1 could clearly 
distinguish MSCs in 2D and 3D culture environ-
ments (Figure 6A). Therefore, the 7 key genes 
have essential functions in the immunomodula-
tory activity of MSCs in 3D culture environ-
ments. The heatmap shows the changes in the 
expression of 7 key genes (Figure 6B). We fur-
ther validated the results, by downloading 
GSE58919 from the GEO database. In the 
GSE52896 dataset, 6 genes, namely, LIMS1, 
NDRG1, RORA, TYMP, CXCL5, and TAC1, were 
upregulated in the 3D culture group, whereas 
CSRP1 was downregulated in the 3D culture 
group. The results from the GSE58919 datas-
et, were the same as those from the GSE- 
52896 dataset (Figure 6C, 6D).

Validation of CSRP1

We performed experiments to prove our experi-
mental hypothesis. Seeded MSCs were cul-
tured in PCL scaffolds for 2-3 days, which simu-
lated a 3D culture environment. We used live-
cell printers to ensure that the MSCs grew on 
the scaffold (Figure 7A). The live-cell printers, 
live cells and PCL scaffold were provided by our 
colleagues Doctor Wang and Doctor Sheng. 
Proteins isolated from seed cells in PCL scaf-
folds in 3D culture were used to detect the 
expression of the central gene CSRP1. The 
expression levels of the CSRP1 gene were 
lower in the 3D culture group than in the 2D 
culture group (Figure 7B). We found that the 
expression levels of this DIRG were consistent 
with the results of the bioinformatics analysis.
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Distribution of immune cells

We used CIBERSORT to understand the rela-
tionships between inflammation and different 
culture environments. A total of 22 immune-
related cells were included in this calculation. 
Compared with the 2D culture environment, 3D 
culture of MSCs resulted in a differences in the 
number of M2 macrophages. We found that the 
infiltration of M2 macrophages in the 3D cul-
ture environment was lower than that of MSCs 
in 2D culture (Figure 8). M2 macrophages are 
the “healers” of the immune system; M2 mac-
rophages are stimulated by anti-inflammatory 
cytokines such as IL-4 and IL-13 and play impor-
tant roles in immunomodulation.

Discussion

In recent years, most studies have improved 
the understanding of the correlation between 
MSC tissue engineering and immunomodula-
tion, but few have investigated the potential 
target genes and molecular mechanisms 
involved. Furthermore, different MSC culture 
microenvironments strongly affect the growth 
and function of MSCs [4]. In this study, 65 
DIRGs were screened, 7 of which were identi-
fied as key DEGs. We subsequently conducted 
a series of analyses of the DIRGs, including PPI, 

GO and KEGG analyses. We further analyzed 
the correlations of 65 DIRGs and 9 DIRGs. 
LASSO and mSVM-RFE algorithms were used  
to identify DIRGs. Seven DIRGs were selected, 
and we devised a series of experiments to vali-
date our results. Finally, CIBERSORT was used, 
and the results revealed that M2 macrophages 
play an important role in the immunomodula-
tory activity of MSCs.

With the application of stem cells as seed cells 
in tissue engineering, the immunological char-
acteristics of stem cells are particularly impor-
tant. Previous experiments have shown that 
stem cells have low immunogenicity. Moreover, 
previous experiments in which MSCs derived 
from human umbilical cord Wharton’s jelly 
(hWJMSC)-scaffold constructs were implanted 
into rabbits and rats showed that hWJMSCs 
were present in the animals, with no induction 
of immune rejection [37]. However, the initial 
immune microenvironment of MSCs is also par-
ticularly important to support the immune 
immunomodulatory capacity of MSCs. Accor- 
ding to some studies of MSCs, the immuno-
modulatory effect of MSCs on wound healing 
can be amplified by pretreatment with IFN-γ 
and TNF-α [38]. Stem cells that were not stimu-
lated to induce activation did not significantly 
regulate immune activity [2]. In addition, stem 

Figure 3. PPI and GO/KEGG analyses. A. The 
PPI network of 65 DIRGs; red indicates upreg-
ulated DIRGs, and blue indicates downregu-
lated DIRGs. B. BP annotations of DIRGs. C. 
CC annotations of DIRGs. D. MF annotations 
of DIRGs. E. KEGG annotations of DIRGs.
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cells with differentiation ability, immunopheno-
typic changes and changes in immunomodula-
tory capacity during differentiation were also 
identified in subsequent experiments. The data 
used in our research were obtained from the 
GEO online database. R studio was used for 
data processing, including calibration, normal-
ization and log2 conversion. R studio process-
ing is different from online data processing 
software, and thus we ensured the quality of 

the array. The 65 DIRGs were selected through 
the intersection of the ImmPort database [39, 
40] and 446 DEGs, related to immunity.

GO and KEGG enrichment analyses revealed 
that the TNF signaling pathway, IL-17 signaling 
pathway, and NF-kappa B signaling pathway are 
involved in MSC immunomodulation in 3D cul-
ture. In a study by Zhuo Chen, IFN-γ and TNF-α 
synergistically induced PD-L1 expression and 

Figure 4. Correlation plot of DIRGs. A. Net-
work map of the correlations of the expres-
sion of the 9 DIRGs. B-E. Scatter plots of 
some highly correlated DIRGs.
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enhanced the immunosuppressive capacity of 
MSCs, and TNF-α significantly increased IFN-γ 
signaling by activating nuclear factor kappa-B 
signaling to upregulate IFN-γ receptor expres-
sion. IFN-γ activates the JAK/STAT1 signaling 
pathway, upregulates the expression of the 
interferon regulator 1 (IRF1) transcription fac-
tor, and ultimately promotes the expression of 
PD-L1 [41]. In a study by Bárbara Du-Rocher, 
IL-17 did not directly improve MSCs-mediated 
immunosuppression compared to IFNs, but 
IL-17 signaling induced the migration of MSCs 

and inflammatory cells, bringing these cell 
types in close proximity and increasing the lev-
els of immunosuppressive molecules produced 
by lymphocyte-sensed MSCs [42].

In addition to the signaling pathways we have 
identified in the above experiments, previous 
experimental studies have provided evidence 
of an association between inflammatory signal-
ing pathways and WNT pathways, suggesting 
an important mutual concern between the two. 
Examples of these changes include the upregu-

Figure 5. Development of the model. A. LASSO regression coefficient profiles of the 7 DIRGs. Each curve represents 
the changing trajectory of each DIRG. B. LASSO Cox regression model using partial likelihood deviance versus log(λ). 
C. Curve of the total within sum of the squared curve under the corresponding cluster number k, which reaches the 
“elbow point” when k = 56. D. Venn diagram showing the candidate genes that were identified by overlapping the 
candidate genes selected from the LASSO regression model and the mSVM-RFE model.
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lation of the secretory activity of the WNT path-
way through WNT7b and WNT10a, which regu-
late macrophage-activated stem cell tissue 
repair [43].

This study analyzed the expression and regula-
tory mechanism of DIRGs in MSCs cultured in 
different environments to further explore the 
relationship between immunomodulation and 
3D culture of MSCs, similar to the predictions 
reported by Yulin Tao [44-46]. We believe that 
the techniques chosen should be satisfactory 
for key genes identified in tissue engineering 
studies; therefore, the LASSO and mSVM-RFE 
algorithms were used for identifying key DIRGs. 
Perhaps the LASSO and mSVM-RFE algorithms 

are not optimal, and we need to explore new 
machine learning techniques to validate our 
conclusions [47]. In the current research on 
machine learning, differentially expressed 
genes (DEGs) were screened using weighted 
gene coexpression network analysis (WGCNA). 
Five ML algorithms, namely, Bayesian, learning 
vector quantization (LVQ), wrapper (Boruta), 
random forest (RF), and logistic regression, 
were employed to select genes. Seven ML algo-
rithms, including naive Bayes (NB), RF, support 
vector machine (SVM), AdaBoost classification 
trees (AdaBoost), boosted logistic regressions 
(LogitBoost), K-nearest neighbors (KNN), and 
Cancerclass, were utilized to construct a pre-
dictive model [44, 48-50].

Figure 6. Bioinformatics analysis of 7 DIRGs. (A) Principal component analysis clearly revealed that the 7 genes 
could clearly distinguish between 2D and 3D cultures. (B) A heatmap of 7 DIRGs. The expression levels of 7 DIRGs 
between 2D and 3D cultures from the GSE52896 and GSE58919 datasets (C, D).
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Seven genes (LIMS1, NDRG1, RORA, TYMP, 
CSRP1, CXCL5, and TAC1) were screened by 
LASSO regression and mSVM-RFE models in 
the different culture groups. We verified the 
expression of LIMS1, NDRG1, RORA, TYMP, 
CSRP1, CXCL5, and TAC1 by WB. In further 
experiments, due to sample size limitations, 
more techniques are needed to explore the 
molecular mechanism of MSC-mediated immu-
nomodulation. The LIM zinc finger domain con-
taining 1 (LIMS1) gene has been studied in kid-
ney transplant recipients. In a recent study, 
Krista L. Lentine provided new insights into the 
pathogenesis of allograft rejection caused by 
the LIMS1 gene, and suggested that the homo-
zygous deletion of LIMS1 in KTRs may increase 

ceptor alpha (RORA), which has been studied 
by Sarah A Teichmann, is a nuclear receptor 
that functions as a ligand-dependent transcrip-
tion factor. According to a previous study, RORA 
influences the development of Th17 and M2 
polarization and plays important roles in skin 
Tregs [56]. Rora is a negative regulator of the 
immune system [57]. Thymidine phosphorylase 
(TYMP), an active driver of endothelial respons-
es, is associated with angiogenesis in tumors, 
including non-small cell lung cancer, Paget’s 
disease and breast cancer. TYMP can modu-
late the infiltration of immune cells, such as T 
cells, Tregs, and mast cells, into tumors. TYMP 
is upregulated in various cancers [58]. The che-
mokine CXC motif ligand 5 (CXCL5) is an induc-

Figure 7. The 3D culture environment constructed using a live-cell 3D printer 
(A) and WB showing the levels of CSRP1 (B).

the risk of allograft rejection 
[51]. Krzysztof Kiryluk report-
ed that the LIMS1 locus 
encodes a minor histocom-
patibility antigen and is asso-
ciated with the rejection of 
the kidney allograft [52]. 
N-Myc downstream-regulated 
gene 1 (NDRG-1) is a member 
of the NDRG family and has 
important functions in cell dif-
ferentiation and proliferation. 
In research by Jianxin Sun, 
NDRG1 was identified as a 
key mediator of atherothrom-
bosis and restenosis. NDRG1 
may play essential roles in 
thrombotic responses, and 
endothelial inflammation. Th- 
ese researchers suggested 
that NDRG1 inhibition could 
be a strategy for treating im- 
mune-related diseases [53]. 
Research on NDRG1 has 
focused on cancer treatment, 
and this gene is upregulated 
in bladder cancer, esophage- 
al squamous cell carcinoma, 
and endometrial, lung and 
liver cancers but downregu-
lated in colorectal, gastric and 
ovarian cancers [54]. NDRG1 
can inhibit cancer metastasis, 
but the molecular mecha-
nisms by which NDRG1 inhib-
its cancer metastasis are still 
unclear [55]. Retinoic acid 
receptor-related orphan re- 

Figure 8. Chart showing the results of the analysis of the infiltration of 22 
types of immune cells, where more M2 macrophage infiltrated in 3D cultures 
than in 2D cultures. 
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ible chemokine that has essential functions in 
various inflammatory diseases, including car-
diovascular disease, DM, and renal disease 
[60]. Lin Miao reported that CXCL5 is an impor-
tant chemokine in the tumor microenvironment 
(TME). The CXCL5/CXCR2 axis can act as a 
bridge between tumor cells and the TME. 
CXCL5/CXCR2 inhibitors can increase the 
effectiveness of immunotherapy and prevent 
tumor progression [61]. The CXC chemokine 
system is a component of hypoxia and exerts  
a strong proinflammatory effect through the 
activation of hypoxia-inducible factor-1 (HIF-1) 
and nuclear factor (NF-κB) [62]. Tachykinin 1 
(TAC1) belongs to the tachykinin family. Its bio-
logical activities are mediated mainly by high-
affinity neurokinin 1 receptor (NK-1R), which 
plays important roles in pain and infectious  
and inflammatory diseases. Recently, a few 
reviews of TAC1 have been published. Our 
recent review revealed that seven immune-
related genes play essential roles in MSC 
immunomodulation, but further study of the 
underlying molecular mechanism is needed. 
According to a study by Sheng-Fu Huang,  
cysteine and glycine-rich protein 1 (CSRP1), a 
cysteine-rich protein and an immune-related 
gene, is involved in many cancer-related dis-
eases; these studies have shown that CSRP1 
can be used for prediction, but its molecular 
mechanism and immune cell-related function 
are unknown [59, 60]. However, in a study by 
Chunxia Zhao, CSRP1 correlated with immune-
related pathways, immune cells, and immune 
checkpoints. CSRP1 has potential as a novel 
prognostic factor and appears to influence the 
immune response in acute myeloid leukemia 
[63]. Yueji Luo reported that the expression of 
CSRP1, an immune-related gene, was correlat-
ed with the prognosis of kidney renal papillary 
cell carcinoma and may represent a biomarker 
for this disease [60].

The immune system is involved in MSC immu-
nomodulation according to CIBERSORT online 
analysis. The results revealed that 3D-cultured 
MSCs could polarize macrophages into alter- 
native anti-inflammatory M2 macrophages but 
not classical proinflammatory M1 macro-
phages. In a study by Ruijian Yan, PRP hydro-
gels improved the migration, osteogenic activi-
ty and differentiation of MSCs and participat- 
ed in the immune regulation of the M1-to-M2 
transition [64]. In a study by Jun Xiao, PCL 

hybrid scaffolds promoted osteogenesis and 
immunomodulation, and M2 macrophages 
were confirmed to be activated during this  
process [65]. Guoli Yang reported that hydro-
gel-based MSC therapy could stimulate M2- 
polarized macrophage infiltration and facilitate 
epithelial sealing around implants [66]. In a 
study by Jing Yang, switching from the M1 phe-
notype to the M2 phenotype was enhanced by 
a scaffold carrying dexamethasone, but only  
by cocultured MSCs [67]. Therefore, MSCs par-
ticipate in the immunomodulatory 3D culture 
environment and stimulate the secretion of 
inflammatory cytokines to regulate cellular 
immunity. In our research, we rarely detected 
other immune cells. Therefore, additional bioin-
formatics data and experiments are needed to 
confirm our results in future studies. In addi- 
tion to the effects of MSCs on macrophages, 
Tregs, B cells, NK cells, neutrophils, DCs, and 
Th1 or Th17 lymphocytes are all immunomodu-
lated by MSCs, and mesenchymal stem cell-
derived extracellular vesicles (MSC-EVs) can 
modulate the immune response and exhibit 
immunosuppressive and immunostimulatory 
properties. However, the immunomodulatory 
properties of MSCs also promote immune stim-
ulation with a change in the microenvironment. 

Finally, our research has several shortcomings. 
First, the sizes of the GSE52896 and GSE589- 
19 datasets were small. Second, we used only 
one 3D culture model in our experiments; thus, 
more 3D cell culture experiments are needed 
to verify our results. Third, the WB experimental 
protocol was used separately for the verifica-
tion of key genes in this study, and therefore, 
the mutual verification of the results could  
be achieved through PCR experiments [68]. 
Finally, the potential immunosuppressive 
effects on the material or the cells itself needs 
to be further investigated in future experiments 
[69].

Conclusion

In our study, we investigated the immunomodu-
latory activity of MSCs and revealed that 
immune regulation by MSCs was upregulated in 
a 3D culture environment. Seven genes, name-
ly, LIMS1, NDRG1, RORA, TYMP, CSRP1, CXCL5, 
and TAC1, were selected and identified through 
machine learning. In the final part of our study, 
we performed WB experiments to verify CSRP1 
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expression and demonstrate the changes in 
CSRP1 expression in MSCs under different cul-
ture conditions. CIBERSORT was used to vali-
date alterations in M2 macrophages under 3D 
culture conditions. We propose that these 
experiments need to be further validated in 
vivo and in vitro and that a variety of 3D scaf-
fold models require further consideration.
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