BIOMEDICAL REPORTS 15: 81, 2021

Tripterygium wilfordii derivative LLDT-8 targets
CD2 in the treatment of rheumatoid arthritis
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Abstract. Rheumatoid arthritis (RA), a chronic inflammatory
synovitis systemic disease, can lead to joint deformities, loss of
function and even death. The pathogenesis of RA may be related
to genetics, infection and/or sex hormones; however, detailed
accounts of the molecular mechanisms underlying its patho-
genesis are lacking. In the present study, the synovial tissues
of patients with RA and healthy individuals were analyzed to
identify the pathogenic signaling pathways and key candidate
genes involved in RA. Gene Ontology (GO), pathway enrich-
ment and protein-protein interaction analysis were further
used to identify the differentially expressed genes (DEGs)
and their potential roles in RA. Molecular docking was used
to screen the potential candidate drugs for management of
RA. Small interfering RNA was used for knockdown of the
CD2 protein. A Cell Counting Kit-8 assay was used to detect
the proliferation of cells. Changes in the levels of inflamma-
tory cytokines were detected using ELISA. A total of 279
DEGs were identified in RA; amongst these genes, 166 and
113 were upregulated and downregulated, respectively. GO
analysis revealed that the upregulated DEGs were primarily
enriched in the activation of the immune and adaptive immune
responses, as well as the inflammatory response. The T-cell
surface antigen CD2 (CD2) was identified as the most impor-
tant hub gene by selecting the most important module from the
protein-protein interaction network. Knockout of CD2 reduced
the damaging effects of TNF-a on synovial cells. Through in
situ screening using computer-aided drug design, the triptolide
derivative (5R)-5-hydroxytriptolide (LLDT-8) was determined
to have the highest docking score based on the CD2 protein
structure. Cell experiments showed that LLDT-8 could inhibit
the expression of CD2. Cell proliferation and inflammatory
cytokine assays confirmed that CD2 was the direct target of
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LLDT-8. Together, the results of the present study determined
factors involved in the pathogenesis of RA and the important
role of CD2 in this process by analyzing the DEGs in the RA
process. LLDT-8 inhibited CD2 and may thus be used to treat
RA. These candidate genes and signaling pathways may serve
as potential targets for the clinical treatment of RA.

Introduction

Rheumatoid arthritis (RA), a chronic inflammatory disease,
is primarily characterized by the symmetrical distribution of
invasive joint inflammation of the hands, feet, blood vessels
or related connective tissues (1,2). RA occurs in patients of all
ages, and is a serious health burden as well as an economic and
social burden (3).

In general, genetic and environmental factors are the
primary factors attributed to RA, and immune disorders
are considered to be the primary pathogenic factors (4-6).
Exogenous or endogenous antigens activate T cells, which
release inflammatory cytokines. T cells activate B cells to
produce a series of antibodies that induce immune disorders,
which damage various types of tissues (7). However, the
mechanism by which the immune disorder is induced, and
how the disease further worsens during the process of RA is
not well explained and requires in-depth research. The effi-
cacy of several drugs used to alleviate the pain of patients with
RA is limited, and the side effects are evident (8). Therefore,
the development of novel and effective drugs for RA treatment
is required.

Expression profiling is increasingly used to analyze
disease-related genes or signaling pathways to determine
the pathogenesis of numerous diseases (9,10). T-cell surface
antigen CD2 (CD2) can interact with lymphocyte function
associated antigens CD58 and CD48/BCMI to mediate
adhesion between T cells and other cell types. CD2 is also
involved in T cell induction, and the cytoplasmic domain is
involved in signal transduction. It also serves an important
role in the inflammatory response. LLDT-8 is a novel RA
drug. Pharmacological analysis has shown that LLDT-8 is a
new diterpene compound of Tripterygium wilfordii with low
toxicity and high efficiency and strong immunosuppressive
activity in vitro and in vivo. In addition, it has been reported
that LLDT-8 inhibits osteoclastogenesis via regulation of
the RANKL/RANK/OPG signaling pathway (11). LLDT-8
protects against cerebral ischemia/reperfusion injury by
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suppressing post-stroke inflammation (12). LLDT-8 can
protect against bleomycin-induced lung fibrosis in mice (13).
However, the effect of LLDT-8 as a treatment for RA remains
to be further studied.

In the present study, differentially expressed genes (DEGs)
related to RA were screened through bioinformatics analysis
of the expression profile data of clinical RA and normal tissue
samples. A key node gene regulating RA was further selected
using topological analysis. Finally, traditional Chinese medi-
cine (TCM) libraries were molecularly screened on the basis
of the key node gene to identify potential therapeutic drugs.

Materials and methods

Microarray data information and data preprocessing.
GSE55235 and GSE84074 microarray data were down-
loaded from the GEO database (ncbi.nlm.nih.gov/geo/) (14).
The GSE55235 chip data was based on GPL96, [hg-ul33a]
Affymetrix Human Genome U133A Array (15). The
Affymetrix, calif. GSE84074 chip was based on the GPL19640,
agilent-062918 Human IncRNA array version 4.0 (Probe name
version) microarray data in Bioconductor (version 1.46.1;
bioconductor.org/) (16). The preprocessing stage included
background correction, normalization and expression calcu-
lation. The Bioconductor Annotation data package was used
to convert the chip data probe into gene symbols. If multiple
probes were mapped to a gene symbol, the average was set
for the final expression value of the gene. The DEGs of each
group were analyzed using the limma package (17). The DEGs
were analyzed using the volcano map script in the R studio
(version 1.2.5042) (18,19). P<0.05 and llog(fold change) FCI>2
were used as the cutoff criteria. The Heatmap package was
used for hierarchical clustering analysis and visualization of
DEGs (20).

GO and pathway enrichment analysis. The Clue-GO
plugin in Cytoscape (21) was used to analyze the functions
and pathways of the DEGs. P<0.05 was used as the cutoff
criteria. Enrichment analysis was performed and visualized
using ClueGO and CluePedia with P<0.05 as the cutoff crite-
rion (22-24). The function and pathway enrichment analysis of
DEGs following LLDT-8 processing was performed using the
clusterProfiler package (25).

Cell culture. Synoviocytes were purchased from Shanghai
Institute of Biochemistry and Cell Biology. Synovial cells
were grown in DMEM supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) in a humidified incubator at
37°C with 5% CO,.

Cell transfection. Cells in the logarithmic growth phase were
used for transfection. A total of 4x10° cells/well were plated in a
6-well plate and 2 ml supplemented media without antibiotics
was added. Transfection was performed when the confluence of
cells reached 70%. For transfection, the negative control small
interfering (si)RNA was used, and for the experimental group
si-CD2 was added. Transfections were performed using
Lipofectamine™ 2000 (Thermo Fisher Scientific, Inc.). The
final siRNA concentration used was 40 nmol/l. The sequences
of the siRNAs were: si-NC, 5'-UUCUCCGAACGUGUCACG

UTT-3' and 5'-ACGUGACACGUUCGGAGAATT-3"; and for
si-CD2, 5'-CCAAAGGUGCAGUCUCCAATT-3' and 5-UUG
GAGACUGCACCUUUGGTT-3" The siRNAs were purchased
from Santa Cruz Biotechnology, Inc. Follow-up experiments
were performed 48 h after transfection.

Cell proliferation assay. Cell proliferation was detected using
a Cell Counting Kit-8 (CCK-8) assay. A total of 1x10° cells
in 200 pl were added per well to a 96-well plate. Following
the different treatments, 10 ul CCK-8 solution (Dojindo
Molecular Technologies, Inc.) was added to each well, and the
plate was further incubated for 2 h in a 5% CO, incubator. The
absorbance of cells was measured using a microplate reader at
450 nm. All experiments were repeated 3 times.

Reverse transcription-quantitative (RT-q)PCR. Cells were
seeded in 6-well plates containing 2 ml complete medium at a
density of 1x10°. The 6-well plates were incubated at 37°C,
5% CO, and 100% humidity for 24 h. TNF-a (10 ng/ml; cat.
no. 14-8329-62; Thermo Fisher Scientific, Inc.) or IL-18 (10 mg/1;
cat. no. SRP3083; Sigma-Aldrich; Merck KGaA) was added to
stimulate the cells for 24 h. Total RNA was extracted using
TRIzol® (cat. no. 15596026; Thermo Fisher Scientific, Inc.).
Isolated RNA was reverse transcribed into cDNA using a reverse
transcription kit according to the manufacturer's protocol (cat.
no. RRO36A; Takara Bio, Inc.). The sequences of the primers
were: CD2 forward, 5'-CCCATGATTCCTTCATATTTGCA-3'
and reverse, 5'- GGTCCTTCTCCAGCCTAGT-3"; IL-6 forward,
5-CCACTCACCTCTTCAGAACG-3' and reverse, 5S-CATCTT
TGGAAGGTTCAGGTTG-3'; LDH forward, 5-GTTGGAACT
GGTGCCGTAG-3' and reverse, 5-GAAAAGACTGCCATG
CTGAAG-3'; IL-1p forward, 5-CCTGTCCTGCGTGTTGAA
AGA-3' and reverse, 5-GGGAACTGGGCAGACTCAAA-3"
and B-actin forward, 5-GATCTTGATCTTCATGGTGCTAG-3'
and reverse, 5S-TTGTAACCACCTGGGACGATATGG-3'".
[B-actin was used as the internal reference. For qPCR, 10 pl
cDNA was used per sample, and the thermocycling conditions
were: 95°C for 5 min; followed by 40 cycles of 95°C for 10 sec
and 60°C for 30 sec. The 224% method was used for relative
quantitative analysis (26).

Detection of cellular inflammatory factors. LDH and IL-6
ELISA kits (Beijing Solarbio Science & Technology Co., Ltd.)
were used to detect the levels of inflammatory factors in cells
following the different treatments, according to the manufac-
turer's protocol.

Protein-protein interaction (PPI) networks. The CentiScape
plugin (27) was used to calculate the node degree, and the
molecular complex detection (MCODE) plugin (28) was
employed to find clusters in the entire PPI network. Nodal
proteins may have important physiological regulatory func-
tions and may be key candidate genes. The genes in the most
significant modules were extracted for functional enrichment
analysis. P<0.05 was set as the cutoff value.

Integration of the PPI network. The online database STRING
(string-db.org) was used to construct the PPI network of
DEGs (29). Cytoscape was used to construct the protein inter-
action network and analyze the interactive relationship of the
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Figure 1. Identification of differentially expressed genes in RA. (A) Volcano plots of the DEGs between normal and RA joint synovial tissue samples. Red and
green dots indicate the upregulated and downregulated genes, respectively. The black dots correspond to gene expression with llog2FClI<2. The Y-axis repre-
sents the FDR, and the X axis denotes the value of log2FC. (B) Heatmap of DEGs between RA and normal synovial tissues based on the expression profiles.

candidate DEGs encoding proteins in RA. Hub genes were
determined on the basis of the degree results.

Molecular docking. The protein structure of CD2 was down-
loaded from the PDB database (rcsb.org; PDB ID, 1HNF) (30).
Schrodinger (Maestro-2015-2) software was used to optimize
the structure of the protein, which included assigning bond
sequences, hydrogenating atoms, and removing eclipsed
conformations. Finally, the energy of CD2 was minimized.
The Schrodinger LigPred module was used to optimize the
energy of the small molecule structure (31). First, 651 Chinese
medicine molecules with the highest CD2 docking scores were
screened using high throughput virtual (HTV) screening. The
standard precision (SP) screen was selected from 34 Chinese
medicine molecules. Finally, three candidate Chinese medicine
molecules (extra precision screen) were obtained via precise
docking. PyMOL (version 2.3) (32) was used to visualize the
structures of triptolide derivative (SR)-5-hydroxytriptolide
(LLDT-8) and CD2.

Gene set enrichment analysis (GSEA). Genes that may serve
a key role in RA were determined through the statistical
calculation on the basis of GSEA (version 3.0) (33), which
was used to compare the genes to be analyzed with those that
were pre-divided into gene sets. The input file in the GCT/CLS
format was created in accordance with the format requirements
of the software. The CLS file was the grouping description
file of the expression matrix of sequencing data, and the
GCT file was the gene expression matrix files in sequencing.
For data analysis, the parameters were set as: Number of
permutations, 1,000; Collapse dataset to gene symbols, true;
Permutation type, gene_set; Max size, exclude larger sets, 500;
Min size, exclude smaller sets: 15.

Statistical analysis. SPSS version 20.0 (IBM, Corp.) was
used for analysis, and measurement data are expressed
as the mean + standard deviation. Comparisons between
two groups were performed using a Student's t-test, and
comparisons between multiple groups were performed using
a one-way ANOVA followed by a post-hoc Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Identification of DEGs in RA, and GSEA of the DEGs. Data
were downloaded from NCBI-GEO, a public functional
genomics database that receives data from different microarray
platforms, and the gene expression profiles of RA and normal
synovial tissues were obtained from the GSE55235 dataset (15).
The data included synovial tissues from 10 patients with RA
and 10 individuals with healthy joints. P<0.05 and llog(fold
change) FCI>2 were used as the cutoff criteria. A total of
279 DEGs (166 upregulated and 113 downregulated genes)
were extracted from the expression profile dataset (Fig. 1A).
The DEGs are shown as a heatmap based on the llogFCl value
in Fig. 1B. According to the results, the DEGs identified could
be used to distinguish RA from the normal group and could be
used for subsequent biological analysis. The GSEA software
package was used to analyze the different biological processes
of synovial tissues in patients with RA and healthy individuals,
and the truncated value was P<0.05. GSEA is a computational
method used to determine whether a predefined set of genes
can show significant consistent differences in two biological
states. In the GO analysis, the upregulated functions associated
with the significantly enriched genes included the activation
of immune and adaptive immune responses. The connective
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Figure 2. GSEA analysis of DEGs in RA. (A) GO function enrichment analysis of DEGs. (B) Immune-related pathways were activated during RA based
on KEGG enrichment analysis. GO, Gene Ontology; DEG, differentially expressed gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false

discovery rate; FC, fold change; Ctrl, control; RA, rheumatoid arthritis.

tissue development, cell number maintenance, and cellular
response to extracellular stimulus function decreased (Fig. 2A).
KEGG enrichment analysis showed that the B cell receptor,
chemokine, the JAK-STAT signaling pathways and oxida-
tive phosphorylation were activated in RA lesions (Fig. 2B).
Identification of significantly rich functions and pathways may
assist in further studying the role of DEGs in RA.

PPI network analysis of DEGs in RA. The study of protein
interaction networks assist in deepening our understanding
of cell structure and function from a systematic perspective
and provide a theoretical basis for the discovery of novel drug
targets and drug design. Using bioinformatics methods to study
protein interaction network shows great advantages, including
protein interaction network mapping and display, network
topology analysis, network structure module research and
network comparison. Based on the obtained DEGs, the inter-
action network of DEGs was further analyzed. The STRING
database was used to calculate the PPI network (Fig. S1). As

observed from the results, the PPI network can be divided into
five major interaction subset networks.

The key nodes in the PPI network were analyzed using
Cytoscape plugins, to further analyze the hub genes in RA and
determine the association of the protein interactions. The results
showed that the interactive network had 41 nodes, 135 edges
and a MCODE score of 6.750 (Fig. 3A). The degree of each
node gene was further calculated, and CD2 had the highest
topological connectivity (Fig. 3B). Furthermore, the Clue-GO
plugin in Cytoscape software was used to enrich and annotate
the key PPI module genes. Results showed that the key module
genes were enriched primarily in response to corticosterone,
antigen processing, and presentation of peptide or polysac-
charide antigen via MHC class II, lymphocyte co-stimulation,
interferon-y-mediated signaling pathway, T cell co-stimulation
and the T cell receptor signaling pathway (Fig. 3C).

CD2 is a key protein involved in the development of RA.
According to the results of bioinformatics analysis, CD2 was
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determined to be a key protein involved in the development
of RA. In order to verify the role of CD2 in RA, IL-1 and
TNF-a were used to induce synovial cells for establish-
ment of an in vitro RA cell model. The experimental results
showed that IL-1 and TNF-a could induce the upregulation
of CD2, consistent with the results of the bioinformatics
analysis (Fig. 4A). Next, siRNAs were used to knockdown the
expression of CD2. The experimental results show that the
siRNAs effectively reduced the expression of CD2 (Fig. 4B).
The results of cell proliferation experiments showed that

compared with the control group, CD2 knockdown reduced
the inhibitory effect of TNF-a on proliferation in synovial
cells (Fig. 4C). Furthermore, changes in the levels of cellular
inflammatory factors were assessed. The results showed that
compared with the control group, TNF-a stimulation increased
the levels of inflammatory factors, whereas knockdown of
CD2 reduced the effects of TNF-a (Fig. 4D-F).

Screening of TCMs that may inhibit key genes based on the
structure of CD2. By analyzing the PPI network, CD2 was
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found to be a key node gene that serves an important role in
the pathogenesis of RA. CD2 was significantly upregulated
in RA (logFC=2.731) and therefore was chosen as the basis
for the selection of candidate compounds. A set of molecular
screening strategies for TCM was designed on the basis of
high-throughput virtual screening method. The schematic
diagram of the screening process is shown in Fig. SA. First,
651 Chinese medicine molecules with the highest CD2 docking
scores were screened using a HTV screening. The SP screen
was selected from 34 Chinese medicine molecules. Finally,
three candidate Chinese medicine molecules (extra precision
screen) were obtained via precise docking. Amongst these
molecules, LLDT-8 and CD2 were found to have the highest
docking score and the best binding mode (Fig. 5B). The
binding between LLDT-8 and the target protein CD2 is shown
in Fig. 5C. The key amino acid residues (GlIn-15, Leu-13 and
Arg-105) interacted with LLDT-8 to form a hydrogen bond
interaction. The 3D conformation of LLDT-8 interacting with
CD2 was used to further clarify their interaction. LLDT-8 may
inhibit the function of CD2 by inhibiting its biological activity

center, and this inhibition may be beneficial for the manage-
ment of RA.

LLDT-8 may exert its beneficial effects on RA through regula-
tion of immunity and suppression of key pathways. A total of
324 DEGs were identified following pretreatment and batch
elimination of DEGs in the GSE84074 dataset using the limma
software package (16). Amongst these genes, 139 upregulated
and 311 downregulated genes were identified in the LLDT-8
treatment group compared with the control group (Fig. 6A).
DEGs are shown in the volcano plot, and the first 100 DEGs
shown based on the value of llogFCl are also illustrated in the
heatmap (Fig. 6B).

The function and pathway enrichment analysis of DEGs
after LLDT-8 processing was performed using the clusterPro-
filer package (25). DEGs were divided into three functional
groups, namely, biological process, molecular function and
cellular component (Figs. 6C-D and 7A). LLDT-8 primarily
inhibited the cellular response to IL-1, the positive regula-
tion of ERK1 and ERK?2 cascades, the chemokine-mediated
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signaling pathway, inflammatory and immune responses,
the positive regulation of IL-6 production function and
chemokine signaling pathway, innate and adaptive immune
systems, and the JAK-STAT signaling pathway in the RA
process (Fig. 7B).

LLDT-8treats RA byinhibiting CD2.Based on high-throughput
molecular screening results, it was found that LLDT-8 inhib-
ited CD2. Therefore, the changes in the levels of CD2 were
detected inthe LLDT-8 treated synovial cells. The experimental

results showed that compared with the control group, LLDT-8
reduced the expression of CD2 (Fig. 8A). The results of cell
proliferation experiments showed that TNF-a could inhibit
the proliferation of synovial cells, whereas LLDT-8 treatment
restored the proliferation of synovial cells (Fig. 8B).

Further, changes in cellular inflammatory factors were
detected. The experimental results showed that, compared
with the control group, TNF-a stimulation increased the levels
of inflammatory factors, whereas knockdown of CD2 reduced
the stimulation of TNF-a. After knocking down CD2, the
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administration of LLDT-8 did not further reduce the levels of
inflammatory factors, suggesting that CD2 was the target of
LLDT-8 (Fig. 8C and D).

Discussion

RA is a chronic systemic disease with an unclear etiology,
although genetic and environmental factors may affect its
pathogenesis (1). Several mechanisms regarding the immune
disorders in RA have been proposed (34), but none can fully
explain its exact pathogenesis. Therefore, screening key node
genes that regulate immune disorders combined with drugs
targeting these key genes may have important potential value
for the clinical treatment of RA.

Key signaling pathways or node genes can be screened from
the cluttered omics data through joint bioinformatics analysis,
and this method is widely used to improve our understanding
of the pathogenesis of various diseases, such as cancer and
Alzheimer's disease (35,36). In the present study, the DEGs
between normal and RA tissues, based on data obtained from
GEO, were identified. Topological analysis revealed that
CD2, a special marker protein distributed on the surface of
T and NK cells (37), was a key node gene regulating immune
disorders during the pathogenesis of RA. As a receptor, CD2
transmitted signals into the cells to activate T and NK cell
activities (38,39). During the progression of RA, disordered

immune system function primarily manifests as the activation
of T and NK cells. Thus, the CD2 protein may serve a key
role in the immune disorder of RA, and CD2 may serve as
a potential target for treating RA. Synovial cell level studies
have shown that knockdown of CD2 can reduce the progres-
sion of RA.

Through molecular simulation docking, the potential drug
LLDT-8 was screened to obtain the molecule with the optimal
targeting activity of CD2. LLDT-8, one of the primary active
ingredients in Tripterygium wilfordii plants (40), is an epoxy diter-
pene lactone compound. Tripterygium wilfordii has therapeutic
value for the management of RA due to the presence of a triptolide;
however, its pharmacological properties remain unclear (41).
The present study further discussed the specific mechanism of
Tripterygium wilfordii-related compounds with regard to their
anti-inflammatory and analgesic properties. According to the
omics data analysis, LLDT-8 effectively inhibited the immune-
and inflammation-related signaling pathways, showing the
potential therapeutic value of LLDT-8 in RA. In vitro functional
and phenotypic experiments further explained the role of CD2 in
RA progression and the potential therapeutic activity of LLDT-8.

The present study has some limitations. This study only
verified the effect of LLDT-8 at the cellular level, and subse-
quent studies should also verify the efficacy of LLDT-8 in vivo.
In addition, the downstream molecular mechanism of LLDT-8
targeting CD2 inhibition also needs to be further studied.
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In conclusion, the results of the present study may improve

our understanding of the developmental process of RA and
highlight LLDT-8 as potential novel and effective drug for the
treatment of RA.
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