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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni Dietary green tea epigallocatechin-3-gallate (EGCG) could attenuate experimental autoimmune encephalomy-
elitis via the modification of the balance of CD4" T helper (Th) cells. Moreover, EGCG administration in vitro has
a direct impact on the regulatory cytokines and differentiation of CD4" T cells. Here, we aim to determine
whether EGCG directly affects the cell division and progression in naive CD4" T cells. We first investigate the
effect of EGCG on naive CD4" T cell division and progression in vitro. An integrated analysis of network phar-
macology and molecular docking was utilized to further identify the targets of EGCG for T cell-mediated auto-
immune diseases and multiple sclerosis (MS). EGCG treatment prevented naive CD4" T cells from progressing
through the cell cycle when stimulated with anti-CD3/CD28 antibodies. This was achieved by increasing the
proportion of cells arrested in the G0/G1 phase by 8.6% and reducing DNA synthesis activity by 51% in the S
phase. Furthermore, EGCG treatment inhibited the expression of cyclins (cyclin D1, cyclin D3, cyclin A, and
cyclin B1) and CDKs (CDK2 and CDK6) during naive CD4" T cell activation in response to anti-CD3/CD28
stimulation. However, EGCG inhibited the decrease of p27Kipl (CDKN1B) during naive CD4" T cell activation,
whereas it inhibited the increase of P21¢P! (CDKN1A) expression 48 h after mitogenic stimulation. The mo-
lecular docking analysis confirmed that these proteins (CD4, CCND1, and CDKN1A) are the primary targets for
EGCG, T cell-mediated autoimmune diseases, and MS. Finally, target enrichment analysis indicated that EGCG
may affect the cell cycle, T cell receptor signaling pathway, Th cell differentiation, and NF-kB signaling pathway.
These findings reveal a crucial role of EGCG in the division and progression of CD4* T cells, and underscore other
potential targets of EGCG in T cell-mediated autoimmune diseases such as MS.
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1. Introduction control T-cell-mediated immunopathogenesis (Schloder et al., 2022; Xu
et al., 2022). Several immunosuppressive drugs are available in clinics,

T cells are critical components of the immune responses to specific including rapamycin (Brown et al., 1994), FK506 (Liu et al., 1991), and

infections. Autoimmune diseases caused by abnormal T-cell responses
include multiple sclerosis (MS), rheumatoid arthritis (RA), and ulcera-
tive colitis (Ponticelli, 2011). T cell activation can be induced following
stimulation of the T cell receptor (TCR) and costimulatory molecules
(Shi et al., 2009); additionally, cytokines such as IL-2 have been shown
to promote lymphocyte proliferation (Smith, 1980). Accordingly,
studies have shown that blocking T-cell activation and proliferation can

cyclosporine (Liu et al., 1991), for preventing graft rejection and auto-
immune diseases by suppressing T cell activation and proliferation.
However, their application is limited due to their toxicity and proclivity
to induce tolerance (Marcen, 2009). Thus, it is crucial to develop novel
suppressive drugs with satisfactory safety and efficacy.

As the most biologically active component of green tea,
epigallocatechin-3-gallate (EGCG) has potential health benefits
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(El-Mowafy et al., 2010), including antioxidation, anti-tumor, and
anti-inflammation. In addition to the aforementioned characteristics,
EGCG has been shown to exhibit immunomodulating activity (Wu et al.,
2009; Kuo et al., 2014; Schwager et al., 2021). We and others reported
that EGCG administration could attenuate the severity of experimental
autoimmune encephalomyelitis (EAE), an animal model for human MS,
by influencing T cell-mediated immune responses (Aktas et al., 2004;
Wang et al., 2012b; Janssen et al., 2015). Our serial studies (Pae et al.,
2010; Wang et al., 2012a, 2013; Wu et al., 2009) have shown that EGCG
directly inhibits T cell function, particularly CD4™" T cells, including
CD4" T cell proliferation, differentiation, and cytokine secretion. The
mechanistic investigation reveals that EGCG inhibits IL-2R expression,
which impairs IL-2/IL-2R downstream signaling, leading to reduced T
cell division and cell cycle. These findings indicate that EGCG inhibits T
cell-mediated responses by altering cytokine IL-2 signaling, thereby
impairing T cell proliferation and expansion. To date, there has been no
evidence reported on the exact mechanisms underlying EGCG’s impact
on the T cell cycle.

Network pharmacology is a promising approach for predicting the
critical targets and biomarkers of a given drug among its multiple targets
and biomarkers (Wang et al., 2021; Liu et al., 2022). This study used
network pharmacology and experimental evidence to predict EGCG’s
multiple targets in T-cell-mediated autoimmune diseases and MS. Our
findings will shed light on the potential mechanisms underlying EGCG’s
alternative action on the suppression of cell cycle-related functions in
naive CD4" T cells.

2. Materials and methods
2.1. Animals

Female C57BL/6 mice, aged 6-8 weeks, were obtained from Charles
River (Wilmington, MA). Mice were kept in a 12-h light: dark cycle with
a constant temperature and humidity. Ad libitum water and diet were
provided. The Animal Care and Use Committee of the Jean Mayer USDA
Human Nutrition Research Center on Aging at Tufts University approved
all conditions and handling, which were conducted following the NIH
Guidelines for the Care and Use of Laboratory Animals.

2.2. Naive CD4" T cell purification

After mice were sacrificed by CO,, the spleens were aseptically
removed, and the single-cell suspension was prepared. The CD41TCD62L
+ T Cell Isolation Kit IT (Miltenyi Biotec) was used to isolate naive CD4"
T cells according to the manufacturer’s protocol. The purity of naive
CD4" T cells was higher than 95%. Purified naive CD4" T cells were
cultured in 24-well culture plates in RPMI 1640 medium supplemented
with 5% FBS, 25 mmol/L HEPES, 2 mmol/L glutamine, 100 kU/L
penicillin, and 100 mg/L streptomycin (all from Gibco Invitrogen).

2.3. Cell viability

EGCG was added to naive CD4" T cells at concentrations of 0 and 10
pmol/L for 72 h. Subsequently, 10 pL of CCK-8 solution was added to
each well and incubated at 37 °C for 1 h. Using a microplate reader
(SpectraMax i3x, Molecular Devices, United States), the absorbance at
450 nm was measured. The formula (absorbance of treated cells/
absorbance of control cells) x 100 was utilized to determine cell
viability.

2.4. T cell proliferation

Purified naive CD4" T cells were stained with 0.5 pM carboxy-
fluorescein succinimidyl ester (CFSE) and then pre-incubated with or
without EGCG (10 pmol/L) (Sigma-Aldrich) for 2 h. The cells were
subsequently stimulated with immobilized anti-CD3 Ab (5 mg/L) and
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soluble anti-CD28 Ab (1 mg/L) (Both from BD Biosciences) (anti-CD3/
CD28) in 24-well culture plates at 37 °C for 72 h. This concentration of
EGCG did not affect the viability of naive CD4™ T cells, and was selected
based on our previous studies (Wu et al., 2009; Pae et al., 2010; Wang
et al., 2012a, 2013). CFSE can enter cells and interact with amine
groups, leading to the production of fluorescence. This fluorescence
remains stable within cells, and it is evenly distributed to both daughter
cell populations during cell division. Flow cytometry was used to
determine cell division in an Accuri C6 flow cytometer. Acquired data
were analyzed using FlowJo 7.6 software.

2.5. Ki-67 and p-RB expression for cell proliferation

Naive CD4 ™ T cells were pre-incubated with or without EGCG for 2 h
and then stimulated for 48 h with anti-CD3/CD28 Abs, before being
blocked with anti-moused CD16/CD32 Ab and then stained with FITC-
conjugated anti-CD4 Ab (both from BD Bioscience). They were then
fixed and permeabilized using Foxp3 Fixed/Perm buffer (BD Bioscience)
and then stained with PE-conjugated anti-Ki-67 (eBioscience) and Alexa
Fluor® 647 conjugated anti-RB (pS807,/pS811) (Cell Signaling Tech-
nology, Inc.) was performed. Data were acquired using an Accuri C6
flow cytometer and FlowJo 7.6 software was used for analysis.

2.6. Cell cycle analysis

After naive CD4™ T cells pre-incubated with or without EGCG for 2 h
and then stimulated with anti-CD3/CD28 Abs in 24-well culture plates
for 48 h, cell cycle analysis was carried out by flow cytometry using the
APC BrdU Flow kit (BD Biosciences). Briefly, cells were treated with 10
pmol/L BrdU 45 min before being harvested. After cells were stained
with fluorescent conjugated anti-CD4 Ab, they were fixed, per-
meabilized, and then labeled with the APC conjugated anti-BrdU Ab
following the manufacturer’s instructions (BD Biosciences). The cell
cycle properties were then analyzed using BrdU incorporation and 7-
AAD staining. Data were analyzed using FlowJo 7.6 software after
flow cytometry was performed on an Accuri C6 flow cytometer.

2.7. Western blot

For the Western blot analysis, cells were incubated with or without
EGCG for 2 h and then stimulated with anti-CD3/CD28 Abs for the
indicated time. The cells were then lysed in RIPA cell lysis buffer, which
contained a protease inhibitor cocktail (Roche Applied Science) and a
phosphatase inhibitor cocktail (Sigma-Aldrich). Protein concentration
was determined using the Bradford method (Bio-Rad protein assay dye),
and equal amounts of protein were loaded onto SDS polyacrylamide gels
for electrophoretic separation. After that, the protein was transferred to
a nitrocellulose membrane. Subsequently, the membrane was blocked
with 5% non-fat milk before being incubated with specific primary an-
tibodies targeting the following proteins: P21°"P! and P27XP! (1:1000,
both from BD Biosciences), CDK2, Cyclin A, Cyclin B1 (1:1000, all from
Santa Cruz), CDK6, Cyclin D1, Cyclin D3 (1:1000, all from Cell Signaling
Technologies) or -actin (1:10000, Sigma). Finally, the membrane was
exposed to ECL (Pierce, Rockford, IL, USA) after being incubated with
HRP-conjugated secondary antibodies.

2.8. Prediction of candidate targets of EGCG, T-cell-mediated
autoimmune diseases, and MS

The EGCG molecular structure was obtained from PubChem Data-
base and its target was predicted utilizing the Swiss Target Prediction
database (http://www.swisstargetprediction.ch/index.php), Compara-
tive Toxicogenomics Database (CTD) (http://ctdbase.org/) and Tradi-
tional Chinese Medicine Systems Pharmacology (TCMSP) database (htt
ps://temspw.com/tcmsp.php). Furthermore, gene-disease molecular
targets for T-cell-mediated autoimmune diseases and MS were collected
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using CTD, GeneCards (https://www.genecards.org/), and DisgeNet
(https://www.disgenet.org/).

2.9. Protein-protein interaction (PPI) analysis

String Database (https://string-db.org/) (Szklarczyk et al., 2019)
was used to establish the PPI analysis for the intersection targets of
EGCG, T cell-mediated autoimmune diseases, and MS. The results were
presented using Cytoscape 3.7.2 (Shannon et al., 2003).

2.10. Gene ontology (GO) and kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment analysis

The predicted targets of Homo sapiens were imported into the
DAVID database (Database for Annotation, Visualization, and Integrated
Discovery, https://david.ncifcrf.Gov) to perform GO and KEGG pathway
enrichment analysis. The top 10 significantly enriched biological
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process (BP), cellular component (CC), and molecular function (MF)
terms, as well as the top 20 significantly enriched KEGG pathways, were
used by the R project to generate a bar graph and bubble plot, respec-
tively, based on a P-value of less than 0.05.

2.11. Molecular docking

The molecular docking was conducted as previously described (Liu
et al., 2022). Briefly, the RCSB Protein Data Bank (PDB) and PubChem
databases were used to obtain the structure of core targets and the 2D
molecular form of EGCG. The 2D molecular structure of EGCG was then
converted into a 3D model using the ChemBio3D Ultra 14.0 software.
The molecular docking was conducted using PyMoL and the
AutoDockTools-1.5.6 software.
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Fig. 1. EGCG inhibits cell division (A and B) and a nuclear cell proliferation-associated antigen, Ki-67 expression (C to E) in anti-CD3/CD28-stimulated naive CD4" T
cells. The histograms show a representative experiment (A and C), and the bar figures are mean + SEM of three independent experiments (B, D and E). Means without
a common letter differ at P < 0.05. Unsti: unstimulated naive CD4" T cells; -EGCG: anti-CD3/CD28-stmulated naive CD4" T cells without EGCG; +EGCG: anti-CD3/

CD28-stmulated naive CD4™ T cells with EGCG; MFL: mean fluorescence intensity.
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2.12. Statistical analysis

Results were presented as mean + SEM of repeated experiments, as
indicated in the figure legends, with the cells from different mice used
for each repeat. Prism 6.0 statistical software was used to perform a one-
way analysis of variance (NAOVA) test for three and more groups, fol-
lowed by Tukey’s HSD post hoc test. The significance level was set at P
< 0.05.

3. Results

3.1. EGCG inhibits cell division and proliferative response in mitogen-
activated naive CD4" T cells

Our previous report found that EGCG supplementation modulates
the proliferation, cytokine production, and differentiation of CD4™ T
cells that contributes to attenuating CD4" T cell-mediated autoimmune
diseases (Pae et al., 2010). However, it is unknown whether EGCG may
directly inhibit naive CD4 ™" T cell proliferation. We initially assessed the
impact of EGCG at 10 pM on the viability of naive CD4" T cells through
the use of a CCK8 kit. However, no significant differences were observed
in cell viability between 0 and 10 pM EGCG (100.7 + 0.69 vs 99.71 +
0.72). We subsequently examined the effect of EGCG on naive CD4" T
cell division. As shown in Fig. 1A-B, EGCG inhibited naive CD4" T cell
division after stimulation with anti-CD3/CD28 Abs. Furthermore, we
found that EGCG inhibited the expression of Ki-67 (Fig. 1C-E), an an-
tigen associated with nuclear cell proliferation that is expressed during
all active stages of the cell cycle (Schluter et al., 1993).

3.2. EGCG induced cell cycle arrest in mitogen-activated naive CD4" T
cells

Next, we investigated how EGCG affects naive CD4" T cell prolifer-
ation following anti-CD3/CD28 stimulation. The cell cycle process of
naive CD4™ T cells was impeded by EGCG as evidenced by increased cell
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arrest in GO/G1 phase by 8.6%, decreased DNA synthesis activity in S
phase by 51%, and no effect on the progression into G2/M phage
(Fig. 2).

3.3. EGCG inhibits cell cycle-regulatory protein expression in mitogen-
activated naive CD4" T cells

The retinoblastoma protein (RB) is responsible for a critical GO/G1
checkpoint that prevents S-phase entry and cell growth. When cells are
ready to divide, RB is phosphorylated, rendering it inactive, and
allowing the cell cycle to progress. Therefore, we wanted to determine
whether EGCG treatment altered RB phosphorylation (p-RB) in anti-
CD3/CD28-stimulated CD4" T cells. Anti-CD3/CD28 stimulation
demonstrably increased RB phosphorylation in naive CD4" T cells
(Fig. 3A-C). However, such effect was reversed by EGCG administration.

Furthermore, the transverse of GO/G1 and entry into the S phase is
controlled by the sequential activation of complexes containing D
cyclins, CDKs, cyclin A, and cyclin B. Here, we first used Western blot to
determine the protein expression of cyclins and cyclin-dependent ki-
nases (CDK). We found that anti-CD3/CD28 stimulation upregulated the
expression of cyclins (cyclin D1, cyclin D3, cyclin A, and cyclin B1) and
CDKs (CDK2 and CDK6) in naive CD4" T cells. However, EGCG pre-
vented this effect (Fig. 3D).

Mitogenic stimulation downregulates the expression of p27kPl 4
CDK inhibitor that accumulates in quiescent cells. As shown in Fig. 3D,
p27Xipl expression was high in naive CD4" T cells that were down-
regulated by anti-CD3/CD28 stimulation. However, EGCG prevented the
decrease of P275P! during naive CD4" T cell activation. According to
network pharmacology prediction, p21¢ipl (CDKN1A), another inhibitor
of CDKs, is a core target of EGCG, T-cell-mediated autoimmune diseases,
and MS, we also evaluated the effect of EGCG on P21°P! expression in
anti-CD3/CD28-activated naive CD4" T cells. We found that it has
marginal expression in naive CD4" T cells and activated naive CD4" T
cells 24 h following anti-CD3/CD28 stimulation. However, p21CiP!
expression increased 48 h after mitogenic stimulation, whereas EGCG
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Fig. 2. EGCG inhibits cell progression in anti-CD3/CD28-stimulated naive CD4" T cells. The dot plots show a representative experiment (A), and the bar figures are
mean + SEM of three independent experiments (B). Means without a common letter differ at P < 0.05. Unsti: unstimulated naive CD4" T cells; -EGCG: anti-CD3/
CD28-stmulated naive CD4™ T cells without EGCG; +EGCG: anti-CD3/CD28-stmulated naive CD4" T cells with EGCG.
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Fig. 3. EGCG inhibits cell cycle-related protein expression in anti-CD3/CD28-stimulated naive CD4" T cells. (A-C) Flow cytometry detected the retinoblastoma
protein phosphorylation in anti-CD3/CD28-stimulated naive CD4" T cells. The histograms show a representative experiment (A), and the bar figures are mean & SEM
of three independent experiments (B and C). (D) Western blot detected the cell cyclin-related protein expression in anti-CD3/CD28-stimulated naive CD4" T cells.
Data are representatives of three independent experiments. Means without a common letter differ at P < 0.05. Unsti: unstimulated naive CD4" T cells; -EGCG: anti-
CD3/CD28-stmulated naive CD4" T cells without EGCG; +EGCG: anti-CD3/CD28-stmulated naive CD4" T cells with EGCG; MFI: mean fluorescence intensity.

treatment decreased its expression (Fig. 3D). from PubChem Database, and 124 targets of EGCG were identified uti-
lizing the Swiss Target Prediction database, CTD and TCMSP database.
. . . . We further constructed a protein regulatory network with 125 link
3.4. lqugG’s target prediction and protein-protein regulation network nodes representing the EGCG’s potential targets (Fig. 4B).
construction

Fig. 4A showed the two-dimensional structure of EGCG obtained
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Fig. 4. The 2D structure of EGCG (A) and its target proteins (B).

3.5. Construction of the protein-protein regulation network of the (Fig. 5A). The intersection of the 797 targets was defined as the candi-
predictive targets of EGCG, T cell-mediated autoimmune diseases, and MS date targets of T cell-mediated autoimmune disorders and MS. Venn
diagram analysis showed the intersection of 64 targets in EGCG, T cell-
We identified 3011 targets for T cell-mediated autoimmune disorders mediated autoimmune diseases, and MS (Fig. 5B), and these targets were

and 1005 targets for MS using Genecards and the CTD Database used to construct a protein-protein regulatory network with 64 link

A B C
T cell-mediated T cell-mediated
MS autoimmune diseases MS autoimmune diseases T

/AN
I

‘§§
A
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Fig. 5. Construction of the protein-protein regulation network of the predictive targets of EGCG, T cell-mediated autoimmune diseases, and MS. (A) Venn diagram
shows the intersection targets between MS and T cell-mediated autoimmune diseases. (B) Venn diagram shows the targets that EGCG and T cell-mediated auto-
immune diseases intersect with MS. (C) PPI network of EGCG, T cell-mediated autoimmune diseases and MS. (D) PPI network of 64 targets of EGCG, T cell-mediated
autoimmune diseases and MS. (E) PPI network diagram of potential target degree value. The node size is proportional to the degree. PPI, protein-protein interaction.
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nodes (Fig. 5C). We further used a string database to draw a PPI network
of 64 targets (Fig. 5D) and analyzed PPI with Cytoscape 3.7.2 software to
determine the most critical indicators related to T cells, cell cycle and
inflammation (Fig. 5E), including CD4, CCND1, CDNK1A, IL-6, STAT1,
STATS3, and TNF. The indicators are more critical because of the brighter
color and the larger area (Fig. 5E).

3.6. GO and KEGG pathway enrichment analysis of the predictive targets
of EGCG, T cell-mediated autoimmune diseases, and MS

We used DAVID to enrich GO terms (BP, CC, and MF) with P < 0.05.
The top 10 terms for BP, CC, and MF were presented as bar plots
(Fig. 6A). These terms include positive regulation of smooth muscle cell
proliferation, positive regulation of gene expression, positive regulation
of cell migration, aging, and other terms. Furthermore, the top twenty
KEGG pathways presented in Fig. 6B revealed that the main enriched
pathways of EGCG in modulating T cell-mediated autoimmune diseases
and MS includes cell cycle, MAPK signaling pathway, chemokine
signaling pathway, Th cell (Th1, Th2, and Th17) differentiation, NF-xB
signaling pathway, and other pathways. A HIF-1 signaling pathway is
associated with the cell cycle-related protein p21%P! (CDKN1A).

3.7. Molecular docking analysis of the predictive targets of EGCG, T cell-
mediated autoimmune diseases, and MS

Molecular docking is commonly used to design new drugs by
investigating the interactions of receptor biomacromolecules and their
ligands. Furthermore, molecular docking can predict binding affinity
and assess ligand confirmation. The activity of compound-target protein
binding can be predicted by binding energy. For a compound, the lower
the binding energy it has, the more tightly it binds to its target protein,
and the more stable its conformation is. Binding energy less than —5
kcal/mol indicates good binding ability, while binding energy less than
—7 kcal/mol suggests high activity (Pinzi and Rastelli, 2019). To learn
more about the interaction between EGGC and its various targets (CD4,
TNF, CDKN1A, STAT1, STAT3, CCND1 and IL-6), the molecular docking
verification was performed as described above in the “Materials and
Methods” section. As shown in Fig. 7, all the targets and EGCG had
binding energies that were less than —5 kcal/mol, suggesting that EGCG
has a strong binding effect on its various target proteins and has a high
degree of matching. The strongest binding ability of EGCG was
demonstrated with CD4, TNF, CDKN1A, STAT1 and STATS3, all of which
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have binding energies of less than —7 kcal/mol. This finding suggests the
interaction between EGCG and T cell-mediated autoimmune diseases
such as MS via these target proteins.

4. Discussion

Autoimmunity is defined as an overactive immune system that at-
tacks the host’s self-tissues. Autoimmune disorders can manifest as a
wide range of autoimmune diseases in different organs, tissues, and
systems. Although the etiology of autoimmune diseases is still unclear, T
cells, especially CD4* T cells, are crucial in their pathogenesis. MS is one
of these autoimmunity disorders that is characterized by inflammatory
cell infiltration in the CNS, multifocal white matter demyelination,
axonal damage, and oligodendrocyte destruction. EAE is a commonly
used experimental animal model that exhibits MS pathological charac-
teristics. A series of studies by us (Wu et al., 2009; Pae et al., 2010; Wang
et al., 2012a, 2012b, 2013) have demonstrated that EGCG administra-
tion could improve the clinical symptoms of EAE, which is associated
with suppression in CD4" T cell proliferation, proinflammatory
Th1/Th17 cell differentiation, TNF-a production, TNF signaling
pathway, Th1/Th2 cell differentiation, and NF«kB signaling pathway, as
well as by a reversal of IL-6-induced inhibition of Treg cell differentia-
tion via inhibiting IL-6/JAK/STAT3 signaling pathway, which could be
predicted by network pharmacology and molecular docking in this
study.

The generation of a pool of daughter cells from a small number of
naive T cells is a necessary step in mounting an adaptive immune
response against pathogens. However, abnormal T-cell division can
cause various autoimmune diseases (Ponticelli, 2011). Thus, strict
regulation of cell proliferation is required to maintain the immune sys-
tem’s delicate balance. EGCG blocks T cell proliferation and modulates
the balance among CD4" T cell subsets, including inhibition of
pro-inflammatory Thl and Th1l7 cells and promotion of Treg cells,
resulting in alleviated clinical symptoms of EAE (Wang et al., 2012a,
2013). However, the change in the balance of Th cell subsets cannot
explain T cells’ inability to proliferate in response to EGCG treatment.
We thus decided to investigate the mechanisms by which EGCG blocks
T-cell proliferation.

Network pharmacology predicted that CD4 is the intersection among
EGCG, T-cell-mediated autoimmune diseases and MS. Thus, we focused
on examining EGCG’s impact on CD4" T cell responses. We found that
impairment of naive T-cell division was accompanied by an inability to
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Fig. 7. Binding modes (A) and docking score (B) of 7 related protein targets and EGCG.

upregulate the expression of Ki-67, a nuclear cell proliferation-
associated marker (Schluter et al., 1993).

During cell division, activated T cells go through a cell cycle process.
To better understand the action of EGCG on naive CD4" T cell division,
we characterized the T cell cycle and found that following stimulation
with anti-CD3/CD28 Abs, a significantly higher proportion of EGCG-
treated T cells was in the GO/G1 phase than untreated T cells. The cell
cycle is comprised of four distinct phases: M, GO/G1, S and G2 phase
(Golias et al., 2004). Following stimulation with anti-CD3/CD28 Abs,
IL-2 can promote T cell cycle progression via JAK3/STAT5 pathways
(Shi et al., 2009). It has been shown that EGCG inhibits IL-2 binding to
its receptor and limits STATS phosphorylation in primarily activated T
cells (Wang et al., 2012a). These findings suggest that EGCG’s potent
inhibitory effect on STATS5 activation may be related to its inhibitory
effect on T cell cycle and proliferation.

Retinoblastoma protein (Rb) regulates the cell cycle by repressing
the transcriptional activator E2F, which controls the expression of cell
cycle-regulatory proteins, such as cyclin E, cyclin A, Cdc25A, and E2F
itself (Wu et al., 1995; Rotgers et al., 2014). The repression is lifted by
the phosphorylation of Rb to progress through the GO/G1 phase. Thus,
lowering p-Rb helps maintain cells in the GO/G1 phase. EGCG has been
shown to inhibit the Rb phosphorylation in estrogen-induced MCF
cancer cells (Huang et al., 2008). Our findings are consistent with this
study in that EGCG inhibits Rb’s phosphorylation in naive CD4" T cells
following stimulation with TCR/CD28.

Cell cycle regulatory proteins such as cyclin A, cyclin B, and cyclin D
can be upregulated after Rb’s repression is removed by phosphorylation.
Due to a lack of enzymatic activity, cyclins act by forming cyclin/CDK
complexes with their respective CDKs (Wells and Morawski, 2014).
Thus, cyclins and CDKs are critical regulators of cell growth. Following
stimulation with mitogens and growth factors, cells produce cyclin D,
cyclin A, cyclin E, and CDKs like CDK2 and CDK6 (Rowell et al., 2006;
Rodriguez et al., 2007). Consistent with these findings, we found that
naive T cells increased expression of cyclin A, cyclin D1, cyclin D3, and
cyclin Bl in response to anti-CD3/CD28 Abs. Evidence has shown that

CDKs promote T cell proliferation and induce T cell activation and dif-
ferentiation. CDK2 and is a pivotal regulator supporting T cells from
G1-S transit and effector T cell differentiation (Ekholm and Reed, 2000;
Veiga-Fernandes and Rocha, 2004; Chunder et al., 2012; Kreslavsky
et al.,, 2012; Zhang et al., 2013). Here, we showed that TCR/CD28
engagement increased the expression of CDK2 and CDK6.

In contrast, co-administration of EGCG with TCR/CD28 reduced the
expression of cell cycle-regulatory proteins. EGCG has been shown to
reduce cyclin D3 levels in estradiol-treated MCF7 cells while not
affecting cyclin A and CDK2 protein levels (Huang et al., 2008). This
difference could be attributed to the difference in cell type and treat-
ment. However, it remains to be determined whether EGCG impacts
CDK activity in the presence of TCR/CD28 engagement. Future research
using CDK knockout mice would also aid in better characterizing the
target(s) of EGCG in T cell-mediated immune responses.

In addition to CDKs, cyclin-dependent kinase inhibitors (CDKIs) help
maintain cell cycle progression (Vidal and Koff, 2000). Cell cycle pro-
gression is facilitated by cyclins’ binding to CDKs to form active holo-
enzymes (Vidal and Koff, 2000). CDKIs such as P21%P! and p27¥ip!
inhibit these holoenzymes, particularly, P27"%P1 which is expressed
constitutively in the resting naive T cells and inhibits cyclin D/CDK6 and
cyclin E/CDK2 activity (Rowell and Wells, 2006). Evidence suggests that
P27"%P! controls T cell proliferation and mediates immune tolerance in
gene knockout and transgenic mice (Zhang et al., 2000; Shen and
Kaplan, 2002; Rowell et al., 2006). Levels of P275P! are reduced in
response to stimulation of both Ag receptors and cytokine signaling
(Kwon et al., 1997). Indeed, using anti-CD3/CD28 co-stimulation, naive
CD4" T cells constitutively express P275P1 which is down-regulated
after 24 and 48 h of culture. However, the administration of EGCG
prevents the decrease of the p27Xipl protein. Thus, these findings suggest
that treatment of EGCG treatment increases protein levels of P27%P!
resulting in inhibited T cell proliferation.

Within hours, the cellular levels of P27XP! are primarily modulated
via post-translation (Pagano et al., 1995). IL-2 or TCR stimulation causes
T cell proliferation and growth (Appleman et al., 2000). We have
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previously shown that EGCG can block IL-2/IL-2R signaling (Wang et al.,
2012a). Thus, these findings suggest that reducing cytokine-mediated
signaling may be an approach to preventing EGCG’s ability to reduce
p27"P! EGCG can also prevent p27Xipl degradation (Huang et al.,
2008). Furthermore, CDKN1A (P21%P1), a key target of EGCG, T-cell--
mediated autoimmune disorders and MS, negatively regulates long-term
stimulated T cell proliferation, and it is crucial for preserving tolerance
toward nuclear antigens (Balomenos et al., 2000). However, in this
study, EGCG reversed the upregulation of P21%P! in naive CD4" T cells
after stimulation, suggesting that P21%P! may not be involved in EGCG’s
effect on T cell function. Therefore, further investigation is necessary to
understand the underlying mechanisms.

This study focuses on the critical role of EGCG in the progression of
activated naive CD4 " T cells in mice and measures the expression of cell-
cycle-related proteins. These proteins are core targets of EGCG, which
may be beneficial in treating T-cell-mediated autoimmune diseases and
MS. There are a few limitations of this study. First, we did not determine
whether EGCG binds directly to these targets to regulate T cell division
and progression. Second, we did not determine whether EGCG modu-
lates the expression of these targets in human T cell division and MS.
Finally, we only measured CDKIs P21°"P! and P27%P!, however, there
are other CDKIs, such as P16™* and P18™K4¢ (Rowell et al., 2006), that
affect T cell proliferation and differentiation, and whether these CDKIs
are impacted by EGCG should be investigated in the future studies.

In summary, network pharmacology prediction supported the effect
of ECGC’s targets on T cell-mediated autoimmune diseases and MS.
Importantly, we also verified the role of EGCG in the control of naive
CD4" T cell proliferation in vitro via affecting cell cycle and cell cycle-
regulatory protein expression. This effect on the cell cycle is attributed
to the effect of EGCG on T cell proliferation. Further investigation on T
cell cycle-regulatory protein levels in TCR/CD28 engagement suggests a
primary role for cyclins, CDKs, and CDIs in T cells, which may help in
identifying other relevant targets involved in the antiproliferative effect
of EGCG.
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