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Quercetin ameliorates lupus symptoms sy
by promoting the apoptosis of senescent Tth
cells via the Bcl-2 pathway

Feng Xiong'", Kai Shen'", Di Long?, Suging Zhou', Pinglang Ruan', Yue Xin', Yuezheng Xiao', Weijun Peng’
Ming Yang'", Haijing Wu'" and Qianjin Lu'*>¢"

Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disorder that commonly affects the skin, kidneys, joints,
and various other systemic tissues, with its development intricately linked to the process of immunosenescence.
Quercetin (QC), a phytochemical that occurs naturally, demonstrates many different biological capabilities, such
as antibacterial, antioxidant, and anti-inflammatory activities. Our investigation found that QC effectively reduced
kidney damage and relieved mesenteric lymph nodes (mLNs) swelling in MRL/Ipr lupus mice. Moreover, QC

has been found to decrease the number of senescent follicular helper T (Tfh) cells, a pivotal kind of T cells that
contribute to the progression of SLE. In vitro, QC exhibited the capacity to modulate mRNA expression levels,
with the downregulation of IL-6, IL21-AS1, I[-27, BCL6, and BCL2L12, and the upregulation of FOXPT and BIM.
This modulation resulted in the suppression of Tth cells differentiation and the enhancement of apoptosis in
senescent CD4* T cells. In addition, the HuProtTM Human Proteome Microarray revealed that QC can directly
bind to BCL-2 protein and therefore promote the apoptosis of senescent CD4™ T cell. As a result, our investigative
elucidate the potent inhibitory action of QC on the ontogeny of Tfh cells, along with its capacity to abrogate the
immunosenescent phenotype. This positions QC as a promising therapeutic strategy for treating SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a prototypical
autoimmune disease that is distinguished by the produc-
tion of a broad spectrum of autoantibodies. Autoantibod-
ies and antigens combine to form immune complexes
(ICs), triggering complement activation and resulting
in organ and tissue injury, particularly affecting the skin
and kidneys [1]. In the germinal centers (GCs), B cells
undergo somatic hypermutation in the variable regions
of immunoglobulin genes, enabling the survival and dif-
ferentiation of B cells with high-affinity antigen recep-
tors into long-lived memory B cells and plasma cells [2].
Follicular helper T (Tth) cells, a subtype of T helper cells
(Th), are crucial for the activation and differentiation of B
cells within GCs, a process that is vital for the establish-
ment of GCs and the selection of B cells with high-affinity
antigen receptors [3]. Furthermore, Tth cells are pivotal
in driving B cell responses that are T cell-dependent, par-
ticularly in the production of pathogenic autoantibodies
[4]. According to research conducted on both animals
and humans, the prevention of Tfh cell development may
be advantageous in the treatment of lupus, rendering Tth
cells an option for drug discovery [5].

Senescence is a cellular state wherein cells irreversibly
cease division and transition into a permanent growth-
arrested phase, yet remain metabolically active without
undergoing apoptosis [6]. This phenomenon is frequently
induced by unresolved DNA damage or persistent cellu-
lar stress [7]. Cellular senescence not only contributes to
the physical manifestations of aging but also initiates the
process of immunosenescence [8]. It has been reported
that immune function peaks during puberty but gradu-
ally declines with age, leading to the onset of immu-
nosenescence [9]. Elderly individuals are more prone
to acquiring autoimmune diseases due to weakened
immune function and increased secretion of autoanti-
bodies [10]. Furthermore, when cells age, a phenomenon
known as senescence-associated secretory phenotype
(SASP) occurs, in which a significant amount of cyto-
kines, growth hormones, proteins, enzymes, and other
physiologically active molecules are released. The genera-
tion of SASP relative molecules has the potential to cause
persistent inflammation [11]. Therefore, the emergence
of immunosenescence and chronic inflammation typi-
fies immune dysfunction in both SLE patients and older
adults [12-14]. It has been reported that anti-cellular
senescence can alleviate and improve symptoms in auto-
immune diseases [15, 16].

Since ancient times, humans have been aware of
the medicinal properties of different phytochemicals,
including their antioxidant, anti-inflammatory, antibac-
terial, and anticancer activities. Fruits and vegetables
include flavonoids, which are secondary metabolites
known for their medicinal properties. Approximately
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9,000 flavonoids have been identified in natural foods
so far [17, 18]. Quercetin (QC), a dietary flavonoid with
promising pharmaceutical applications, has garnered
increasing attention for its multifaceted medical benefits.
Alongside its well-documented immune-regulating prop-
erties, QC is recognized for its antioxidative, anti-inflam-
matory, and anti-cancer attributes in various researches
[19]. QC is commonly found in everyday foods such as
fruits and vegetables, where it exists as a subtype conju-
gated with alcohols and sugars [20]. These subtypes are
broken down in the intestines, absorbed, and metabo-
lized into QC and other related compounds [21]. Numer-
ous research reports suggest that QC may be effective in
treating autoimmune diseases, like rheumatoid arthritis,
and systemic sclerosis, among others [22].

The anti-inflammatory and pro-apoptotic properties
of QC have been the subject of extensive investigation;
however, the precise manner in which QC ameliorates
lupus and the underlying molecular pathways remain
enigmatic. Specifically, the role of QC in modulating Tth
cell function remains to be fully elucidated. The present
study is designed to ascertain whether QC can inhibit the
development of Tth cells in MRL/lpr mice and exert anti-
senescence effects. Additionally, this research endeavors
to decipher the potential mechanisms of action, thereby
enhancing the therapeutic application of QC in the man-
agement of SLE.

Methods

Reagent preparation

Sigma-Aldrich (St. Louis, MO, USA) provided the QC
powder (catalogue number 6151-25-3), which was pre-
pared as a 200 mM stock solution in dimethyl sulfox-
ide (DMSO). For in vitro experiments, the solution was
diluted to the required final concentration in the culture
medium, with DMSO serving as the control vehicle.

Animal study

As a model for spontaneous SLE, the MRL/lpr mice
exhibit lupus manifestations akin to those in humans,
including erythema and nephritis with proteinuria
[23-25]. Female MRL/Ipr mice, aged eight weeks, were
procured from Spife (Beijing) Biotechnology Co, Ltd.
(Beijing, China). These animals were randomly allocated
into two groups: a control group and a QC treatment
group, with five mice in each group. The QC stock solu-
tion was diluted in a 1% sodium carboxymethyl cellu-
lose vehicle to yield a final suspension concentration of
15 mg/ml. The control group received daily oral gavage of
the vehicle alone, whereas the QC treatment group was
administered 50 mg/kg of QC via oral gavage. The weight
of the mice was monitored, and their general health was
assessed on a weekly basis throughout the four-month
duration of the experiment. Following the experimental
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period, mice were humanely euthanized by cervical dislo-
cation. The spleen, kidneys, and mLNs were excised and
weighed, and serum was collected from each mouse. All
experimental procedures were conducted in accordance
with the ethical guidelines approved by the Ethics Com-
mittee of the Laboratory Animal Society at Central South
University (LAC-2016-0215).

Basic parameters of healthy donors

At the Health Management Center of the Second Xiangya
Hospital, Central South University, peripheral blood was
taken from 14 individuals in good health (refer to Supple-
ment Table 1). All research involving human samples was
conducted with the approval of the Ethics Committee of
the Second Xiangya Hospital, Central South University
(No. 2019044).

Enzyme-linked immunosorbent assay

Serum was collected from MRL/lpr mice at different
stages of development: 12, 15, 22, 25, and 27 weeks. The
serum was subjected to an overnight incubation with a
cocktail of antibodies, including those directed against
Total IgG (at a 1:250 dilution), dsDNA (at a 1:100 dilu-
tion), and ANA (at a 1:100 dilution) (Cusabio), to
promote antibody coating on the well plates. On the sub-
sequent day, the antibody-coated well plates were sealed,
thoroughly washed, and then treated with appropriately
diluted serum samples for the incubation of both primary
and secondary antibodies. Following this step, the optical
density (OD) readings were obtained from the microplate
using a spectrophotometer set at a single wavelength of
450 nm.

H&E staining

Kidney tissue specimens were preserved using a 4% para-
formaldehyde fixative. Subsequently, these samples were
entrusted to Servicebio (Wuhan, China) for a series of
histological procedures, including precision paraffin
embedding and high-quality hematoxylin-eosin (H&E)
staining to facilitate microscopic examination.

Immunofluorescence staining

The paraffin sections were deparaffinized and repaired
by alkaline treatment. Primary antibodies, anti-C3
(ab20099, Abcam) and anti-IgG (ab205724, Abcam), anti-
CD4 (ab183685, Abcam), anti-CD19 (ab245235, Abcam),
were utilized to stain kidney sections. Opal fluorophores
were then applied to the monolayer cell sections, with
DAPI aiding in clarifying cell nuclei locations. The kidney
sections were then scanned by multispectral imaging sys-
tem (PerkinElmer Vectra).
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QC effect on tfh cells in vitro

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from healthy individuals using Ficoll (GE Health-
care, cat. 17-5442-03). Subsequently, naive CD4" T cells
were purified using a cell isolation kit (Miltenyi Bio-
tec, cat. 130-050-301). Each well in a 24-well plate held
1x10° cells. Whereas the control group received solvent
(DMSO), the experimental group received QC (dissolved
in DMSO). To both groups were added the cytokines
IL12, IL21, TGEF-B, and IL6. After 72 h of cell incubation,
flow cytometry (FCM) was employed to assess T-cell
subsets and the frequency of CD57" T cells.

Flow cytometry (FCM)

Approximately 1x10° lymphocytes derived from mice or
humans were resuspended in phosphate-buffered saline
(PBS) and incubated with a panel of antibodies target-
ing membrane markers (refer to Supplemental Table 2)
for 45 min at 4 °C in the absence of light. Following this
incubation, the cells were subjected to 1 h treatment with
cell membrane lysates, during which the cell membranes
were permeabilized, releasing the intracellular contents.
The resultant cell suspension post-rupture was then sub-
jected to staining procedures. The prepared samples were
analyzed using a BD FACSCantoTM II flow cytometer
after thorough washing with PBS to remove unbound
antibodies,

Reverse transcription-quantitative PCR

We used TRIzol (AG21102, AG) to extract total RNA
from cells for RT-qPCR assessment of the mRNA expres-
sion of BCL-6, BIM, IL-2, IL-6, PPARG, SESN3, CAMK4,
PRKAG?2, SESN1, and SOD2. These primer sequences
are available in the Supplementary Table 3. The kit
(AG11728, AG) was then used to reverse-transcribe the
RNA to ¢cDNA. The qPCR kit (AG11740, AG) was then
used to perform qPCR in a 96-well plate using a Bio-Rad
CEX96 Touch system. GAPDH was used as the house-
keeping gene to normalize the expression levels of target
genes. RT-qPCR products’ relative expression was ascer-
tained through the application of the AA threshold cycle
(CT) method. Each RT-qPCR result was subjected to
three biological replicates.

RNA-sequencing analysis

The RNA-seq dataset was meticulously generated by
the renowned Novogene Bioinformatics Technology
Company. Our experimental protocol commenced with
the selective amplification of cDNA fragments within
the size range of 370 to 420 base pairs to assemble the
sequencing library. Following a rigorous quality assess-
ment to ensure the library met the required standards,
we proceeded with high-throughput Illumina sequenc-
ing. Post-sequencing, we applied HISAT?2 version 2.0.5
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for the construction of the reference genome, having first
implemented stringent data quality control measures.
The expression levels of genes were quantified using the
FPKM (Fragments Per Kilobase of transcript per Mil-
lion mapped reads) method, which normalizes for gene
length.For the identification of differentially expressed
genes, we utilized the DESeq2 package within the R pro-
gramming environment. Genes were deemed differen-
tially expressed if they exhibited a p-value of less than
0.05. To gain insights into the biological significance of
these differential genes, we employed clusterProfiler
version 3.8.1 to conduct both Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGGQG)
pathway enrichment analyses.

Cell viability assay

To investigate the cytotoxicity of QC within working
concentrations, we treated PBMCs isolated from four
healthy donors with QC at final concentrations of 3 and
7uM, along with a control group (0 pM, solvent). After
a 3-day stimulation period, the cells were harvested and
incubated with the Cell Counting Kit-8 reagent (Merck,
cat. 96992-100TESTS-F). Subsequently, the cytotoxicity
of the drugs was assessed by using a microplate reader
(wave length 450 nm).

Cell apoptosis analysis

In a 24-well culture plate, each well was seeded with
approximately 1x10° cells, which were subsequently
cultured in an incubator set to 37 °C and 5% CO,. The
cultures were treated with varying concentrations of QC,
namely 0, 5, and 7uM. On the third day of culture, the
cells were harvested and stained for 20 min at room tem-
perature in the dark, utilizing 5 pl of Annexin V-FITC
and 10pL of propidium iodide. Following staining, the
cells were analyzed by FCM.

Cell cycle analysis

Each well of a 24-well culture plate contained about
1x10° cells, which were subsequently incubated at 37 °C
and 5% CO, in the presence of QC at concentrations of 0,
5, and 7uM. By the third day, the cells were separated by
centrifugation and stored for 30 min at 4 °C in a 70% eth-
anol solution. Following fixation, the cells were processed
using the Cell Cycle and Apoptosis Analysis Kit (Beyo-
time) and subsequently washed with PBS. The prepared
samples were then analyzed using FCM.

Proteome microarray assays

QC-interacting proteins were found using HuProtTM
Human Proteome Microarrays v4.0 (CDI Laboratories,
Baltimore, MD). Microarrays were incubated with 10uM
QC and D-biotin after being blocked with blocking solu-
tion. Following washing, the cells were scanned using a

Page 4 of 14

core LuxScan 10 K microarray chip scanner (LuxscanTM
10 K-A CapitalBio) and treated with Cy5-SA (1:1000) in
the absence of light. The analysis logic was as follows:
(1) For any protein, the normalized SNR value was used
as the object of calculation, and the potential positive
proteins were screened by cutoff threshold setting. The
SNR>2 (95% confidence interval) of the standardized
samples was defined as positive protein bound by QC.
(2) Due to systemic reasons, there were some false posi-
tives in the screened positive proteins. In order to deter-
mine the specific binding target proteins, D-biotin was
used as the control for screening positive proteins, and
the SNR of standardized D-biotin<2 was defined as the
specific binding target protein of QC. Based on the above
analysis logic, a total of 345 potential positive proteins for
QC binding were screened, and 193 target proteins spe-
cifically binding to QC were screened using D-biotin as
a control.

Statistics

This research is based entirely on statistical analysis using
SPSS 20.0. Data are presented as mean valueszSEM
for comparative purposes across groups. For pairwise
comparisons, an unpaired, two-tailed Students t-test
was utilized. When assessing differences among more
than two groups, we applied a one-way analysis of vari-
ance (ANOVA). In instances where data deviated from a
normal distribution or exhibited unequal variances, the
two-tailed Mann—Whitney U test was adopted. Correla-
tion analyses were conducted using Pearson’s r test for
normally distributed data and Spearman’s r test for data
with non-normal distributions. Statistical significance
was denoted by *P<0.05 and **P<0.01, indicating the
strength of the associations observed.

Results

QC conferred a protective effect on renal damage in lupus-
like mice

At 12 weeks, MRL/lpr mice were randomly assigned to
the control group and QC group. Throughout the treat-
ment regimen, all MRL/lpr mice underwent regular
monitoring for survival rates, body weight variations, and
fluctuations in urine protein levels (Fig. 1A). The results
of the investigation showed that no discernible change in
body weight was observed for either group of MRL/lpr
mice over the course of the treatment (Fig. 1B). However,
the QC group exhibited substantially lower urine pro-
tein levels compared to the control group after 12 and 15
weeks of treatment (Fig. 1C).

After 15 weeks of treatment, the control group had
significantly greater glomerular volume, mesangial cell
proliferation, and inflammatory cell infiltration than the
QC group (Fig. 1D). Three kidney sections were taken
from each mouse, and the mean glomerular diameter of
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Fig. 1 QC alleviated renal damage in lupus-like mice. (A) Schematics for the experimental workflow with MRL/Ipr lupus mice. (B) MRL/Ipr lupus mice
weight in the QC and control groups. (C) Urine protein changes in the MRL/Ipr lupus mice treated for 15 weeks, both in the QC group and the control
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lupus-like mice, IgG shown in green, C3 shown in red, nuclei shown in blue (200-fold field of view). (F) Statistical analysis of mean fluorescence intensity of
IgG and C3in glomeruli. (G) Serum total IgG levels, Serum ANA levels and serum dsDNA levels in lupus-like mice. (Quercetin: n=5, Control: n=5),(*P < 0.05,
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these sections was calculated to represent the glomeru-
lar diameter of that particular mouse. After QC admin-
istration, a significant reduction in glomerular diameter
was observed in mice as compared with controls (Figure
S1A). Subsequently, we used multispectral immunohis-
tochemical staining to examine IgG and C3 deposition
within the glomerulus (Fig. 1E). We counted the mean
fluorescence intensity (MFI) of C3 and IgG in glomeruli
and found that the MFI of C3 and IgG decreased signifi-
cantly in the quercetin group (Fig. 1F). Furthermore, we
assessed the immune cell infiltration within the kidneys
and discovered that the infiltration of both T cells and B
cells was substantially diminished following treatment
with quercetin (Figure S1B and S1C).

MRL/lpr mice were consistently administered QC or
a control treatment, and serum samples were regularly
collected. Subsequently, we observed that following QC
treatment, the control mice exhibited a marked reduc-
tion in total IgG levels at 22 and 25 weeks, dsDNA levels
at 15 weeks, and ANA levels at 22 weeks. (Fig. 1G).

QC significantly diminished the prevalence of Tfh cells and
senescent T cells within the mLNs of lupus-like mice
At the treatment endpoint, there was no differences in
the weights of mLNs or spleen between the two groups
were observed (Fig. 2A). Nevertheless, a notable reduc-
tion in lymphocyte count was observed in the mLNs of
the QC-treated group compared to the control (Fig. 2B).
In both the mLNs and spleen of MRL/lpr mice, we
conducted an investigation into the effects of QC on Tth
cells, plasma cells and senescent CD4" T cells by FCM,
according to previously reported biomarkers [23-25].
We analyzed the frequencies of CD4*PD~1T"CXCR5"
Tfh cells, CD4*CD44MCD62L"PD-1¥CD153" senescent
CD4* T cells, and B220"CD138" plasma cells in both the
mLNs and spleens of MRL/lpr mice. The results showed
that there was no significant difference in the frequency
of Tth cells (Fig. 2C and Figure S2C), senescent CD4*T
cells (Fig. 2D and Figure S2D) and plasma cells (Figures
S2A and S2E) between the two groups. Furthermore, we
determined the absolute counts of these cellular sub-
sets and observed that quercetin treatment significantly
diminished the numbers of Tfh cells (Fig. 2E), senescent
CD4* T cells (Fig. 2F), and plasma cells (Figure S2B) in
the mLNs.

QC exerted a statistically significant reduction in the
percentage of tfh cells in vitro

To assess the impact of QC on human Tth cells, we cul-
tured CD4" T cells obtained from healthy individuals in
the presence of QC at final concentrations of 0, 5, and
7uM for a duration of 72 h in vitro. Subsequently, the cells
were harvested and subjected to FCM to quantify the
percentage of Tfh and CD4"CD257CD127" regulatory T
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(Treg) cells within the CD4* T population(Figure S3A),
according to previously reported biomarkers [23, 26].

The data revealed that the presence of QC at concen-
trations of 5uM and 7uM led to a significant decrease in
the proportion of Tth cells within the CD4* T cell popu-
lation (Fig. 3A). Furthermore, the 5uM QC treatment
group displayed a statistically significant increase in the
proportion of Treg cells when compared to the control
group (OuM). However, no significant difference was
observed in the percentage of Treg cells between the 7uM
QC treatment group and the control group (Fig. 3B).

To explore the potential of QC therapy in inhibiting
the progression of Tth cell development, we conducted
an experiment in which naive CD4" T cells from healthy
individuals were cultured in the presence of QC at final
concentrations of 0, 5, and 7uM, along with the cyto-
kines IL12, IL21, TGF-B, and IL6, for 3 and 7 days. The
cells were subsequently harvested and the proportions
of Tth and senescent Tth cells were measured by FCM.
The results indicated that after 3 days of treatment with
7uM QC, there was a substantial reduction in the num-
ber of Tth cells compared to the control group. Moreover,
a dose-dependent decrease in the proportion of Tth cells
was observed over the course of 3 and 7 days of QC treat-
ment (Fig. 3C).

CD57 has been identified as a specific surface marker
that is expressed on senescent CD4* T cells in humans
[27]. Our findings revealed a significant decrease in the
percentage of senescent Tth cells in the 7uM QC group
on Day 7 compared to the control group. Besides, the
7uM QC group exhibited a greater reduction in the pro-
portion of senescent Tth cells after 7 days of treatment,
in comparison to the 5uM QC treatment group (Fig. 3D).

QC induced apoptosis in Tfh cells in vitro
To assess the effects of QC on apoptosis, cellular samples
were harvested and subjected to FCM to quantify the
apoptotic index. The results indicated that exposure of
CD4* T cells to 5 and 7uM QC for 3 days did not result
in any alteration in the percentage of apoptotic cells
when compared to the control group. However, the pro-
portion of viable Tfth cells was notably reduced in the
7uM QC group after 3 days, as compared to the control
group. Moreover, the 7uM QC group exhibited a signif-
icant decrease in viable Tfh cells compared to the 5uM
QC group (Fig. 4A). Furthermore, we cultured PBMC
from healthy donor with QC at a final concentration of
0, 5, and 7uM for 3 days, and then collected these cells to
test the cell cytotoxicity by a CCK8 kit. The findings sug-
gested that QC at doses of 5pM and 7uM did not exert
cytotoxic effects on cell viability in comparison to the
control group (Fig. 4B).

To elucidate the impact of QC within its therapeutic
range on the cell cycle progression, CD4* T cells were
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obtained from healthy donors cultured with QC at final
concentrations of 0, 5, and 7 uM for 3 days in vitro. Sub-
sequently, the FCM was employed to analyze the dis-
tribution of cells across each phase of the cell cycle and
to investigate the influence of QC on CD4" T cell cycle
dynamics (Fig. 4C). The data indicated that no significant
disparities in the cell cycle were observed between the 5
puM and 7 uM QC groups and the control group (Fig. 4D).

QC induced upregulation of apoptosis-related gene
expression while downregulating genes associated with
Tfh cells differentiation

We conducted an RNA sequencing (RNA-seq) analysis
to compare the global transcriptional profiles of CD4* T
cells between the control group and the 7uM QC group
on Day 3. Utilizing DESeq2 analysis in R with a signifi-
cance threshold of p<0.05, we identified a total of 2,266
differentially expressed genes (DEGs) in the qc treat-
ment group. This dataset comprised 973 genes that were
upregulated and 1,293 genes that were downregulated
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in comparison to the control group(Figure 5A). Addi-
tionally, we found that apoptosis related genes (includ-
ing BCL2L11(BIM), PIK3CB, BCL2A1, CASP3, CAPN2,
TNFSF11, ACTBP2, TNFRSF10A, TNFRSFIIA and

A

Up: 973 Down: 1293

1254
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ATM) were up-regulated after QC intervention. The
increased expression levels of these genes could be
dominant factor to promote cell apoptosis. While the
expression levels of apoptosis-resistant genes were also

B

1 (T0

| 2 Group

Group
L ENBCL2L11 [ conwol
: PIK3CB 1 [ Quercetin
. =BCL2A1
CASP3 N
10.04 CAPN2
., | I TNFSF11
. TNFRSF10A l"
CD80
PRKAR2B ™-2
TNFRSF11A
Keke
T = IL3RA
T o U U LMNA
s 2
S * Do PARP3
% - Tt
- AKT2
BBC3
— DDIT4
BAK1
L&
1127
 TNFRSF10A | oRITs
TN BCL3
g%+ TNFRSF11A e
> e - BCL2L2
ATF4P3
| SIRT3
OO0OO0O0CO0OO0OO0O0O0O0
DD D D DR DD
O0000000O0O0
gIePEeeeey
B oW N O - w N -
|c Io Io Io Io I\' I\‘ I\‘ I\‘ l\’
KEGG Enrichment Bar Plot
Graft-versus-host disease - 5
Systemic lupus erythematosus - 19
] Epstein-Barr virus infection - I 27 KEGG Main Class
% Glycerolipid metabolism - [IE— 10 )
= ~N-Glycan biosynthesis - . 10 Immune disease
®» Glycosphingolipid biosynthesis - ganglio... - 5 . Infectious disease
[0) Renin-angiotensin system - .
0] T cell receptor signaling pathway - [ 17 . Metabolism
w Leukocyte transendothelial migration - R 18 .
X | >ry mediator regulation of TRP ... - [ 17 Il organismal systems
Longevity regulating pathway - I |6
Osteoclast differentiation - | — 22 1
0 10 20 30
Percent Of Genes (%)
D iL-6 -2 BCL-6 BiM PPARG
* * !
_ 1.5 25 *%K _ 15 _ 5+ 0.0568 10 *
§ 3 g g 3
K] z 3 2 4 3 s
= 8 20 < € =
2 104 s S 1.0 ° 3 S
o ] - w6
g g 1.5 g g 3
o - o
& 0.5 510 305 32 x4
3 < 5 g, <
© E 0.5 k4 H E 2
£ € £ £ £
0.0 T T 0.0 T T 0.0 T T o T T 0
Day0 Day3 Day0 Day3 Day0 Day3 Day0 Day3 Day0 Day3
SESN3 CAMK4 PRKAG2 SESN1 S0D2
* * 0.0872 0.0553 *
_ 101 — 5 -_— 6 4+ —_— 8
] K] K] K] ]
3 g 34 H 3 H
c < c c 3 c 6
2 2 24 2 °
8 6 23 @ @ @
g 2 o 2 24 24
£ aq %2 g g &
o o @ 2 o o
g < < < 14 < 2
z .
g ? F g g g
5 € E E E
o T T 0 T T 0 T T 0 T T 0 T T
Day0 Day3 Day0 Day3 Dayd Day3 Day0 Day3 Dayd Day3

Fig. 5 QC increased apoptosis genes while suppressing Tfh cell genes. (

A) Volcano diagram of DEGs (differentially expressed genes) of CD4* T cells

between control group and QC group (n=5). (B) Heatmap of DEGs related to apoptosis, senescence and differentiation in control group and QC group
(n=5).(C) KEGG enrichment analysis of CD4* T cells in control group and QC group (n=5), these pathways were significant differences in the diagram. (D)
RT-PCR verified relative expression of mRNA in control group and QC group, Values are shown as mean +SEM (n=5, *P<0.05, ** P<0.01)



Xiong et al. Inmunity & Ageing (2024) 21:69

decreased, such as IKBKB, IL3RA, LMNA, SPTBNI,
TRAF2, RARP3, TPS53INP2, AKT2, AKTiS1, BBC3,
DDIT4, BAK1, BCL3, ATF4, GZMB, BCL2L2, ATP4P3
and SIRT3(Fig. 5B). This maybe indicate that QC could
attenuate cell senescence by promoting cell apoptosis.

KEGG pathway analysis identified the predominant
enrichment pathways as “Systemic lupus erythematosus’,
“the Longevity regulating pathway’, and other immune-
related pathways, which indicated that QC ameliorates
lupus symptoms probably by regulating immune and
inflammatory homeostasis.

Subsequently, we identified a downregulation of key
gene including IL6, IL21-AS1, IL27, and BCL6, and an
upregulation of FOXPI and CD80, as revealed by RNA-
seq analysis. These cytokines and transcription factors
are pivotal in the differentiation of Tfh cells, suggesting
that QC may interfere with Tfh cell differentiation by
modulating cytokine and transcription factors expres-
sion. To corroborate these findings, we employed RT-
qPCR to validate the mRNA expression levels of Tth
cell-associated molecule. The RT-qPCR results revealed
an increase in /L2 mRNA expression in the QC group
compared to the control group, while BCL6 and IL6
expression levels were observed to decrease, aligning
with the RNA-seq data. Moreover, we detected a signifi-
cant upregulation of genes associated with “the longev-
ity regulating pathway’; such as PPARG, SESN3, CAMK4,
and SOD2, in the QC group (Fig. 5D). These observations
collectively indicate that QC may inhibit Tth cell differ-
entiation by promoting the apoptosis of senescent cells.

Identification of BCL-2 as a direct QC-Binding protein

To reveal the underlying mechanisms by which QC regu-
lates cellular senescence gene expression, we screened for
potential QC-binding proteins. We assessed the binding
of QC to recombinant proteins synthesized on a HuProt
human protein microarray. After incubation with QC
or D-biotin, binding was detected using Cy5-SA (Cy5-
streptavidin). (Fig. 6A). Additionally, we screened 193
target proteins for QC-specific binding using D-biotin
as a control, further these specific positive proteins were
used to construct protein-protein interactions (Fig. 6B).
BCL-2, CASP8, MAPKS8 were the main targets of the PPI
network.

Using the KEGG database, we conducted pathway
enrichment analysis on the 193 sample-specific binding
target proteins (Supplementary Material 1). We identified
BCL-2-related pathways that had a p-value less than 0.05
and used them to create the bar map. The KEGG path-
ways analysis revealed that the main enrichment path-
way included the “Apoptosis’, “Endocrine resistance” and
“Necroptosis” (Fig. 6C).

A bar chart was plotted to show the BCL-2 related
terms with a p-value<0.05 for each of the three
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functional modules in the enrichment analysis of 193
samples that specifically bind to target proteins based on
the Gene Ontology database. The GO enrichment analy-
sis indicate that QC exerts its biological effects through
“cellular response to oxidative stress’, “focal adhesion
assembly’, “neural nucleus development” and other bio-
logical processes and molecular functions (Fig. 6D). The
Protein-Protein Interaction Networks analysis revealed
that QC interacts with BCL-2 family protein.

Discussion

MRL/Ipr mice are currently a highly prevalent animal
model for SLE. Studies have shown that there are senes-
cent bone marrow mesenchymal stem cells, senescent
nerve cells, senescent kidney cells and senescent immune
cells in lupus model mice [28-31]. Notably, senescent
immune cells, particularly senescent CD4* T cells, sig-
nificantly contribute to the enhancement of antibody
production by B cells, and they are crucial in the develop-
ment of SLE [29]. Various autoantibodies and inflamma-
tion are pathological features of SLE. The pathogenesis of
lupus involves a multitude of factors, with genetics and
infection being considered as the primary contributors.
Recently, various researchers have noted that “inflam-
maging,” including immunosenescence and inflamma-
tion, is a common feature of the elderly and SLE patients
[32].

Tth cells are a particular type of T helper cells involved
in humoral immunity which were considered to assist
B cells to produce antibodies [33]. Current studies have
found that Tth cells have the capability to produce IL-21,
which in turn activates CD8* T cells, thereby playing an
essential role in enhancing CD8* T cell-mediated immu-
nity [34]. In Sanroque mice, mutations in the Roquin
gene result in the hyperactivation of ICOS and OX40
signaling pathways, coupled with the over-secretion of
IL-21, thereby fostering the excessive proliferation of
Tfh cells. Consequently, this cascade leads to the hyper-
activation of germinal center B cells (GCB cells) and the
excessive production of high-affinity pathogenic autoan-
tibodies. It induces the formation of high-affinity anti-
dsDNA antibodies, swell of lymph nodes and spleen,
and other systemic lupus-like phenotypes [35]. Besides,
the IL-2 pathway is crucial in the development of several
autoimmune disorders and acts as a key controller of Tth
differentiation. Thus, the role of Tth cells in the develop-
ment of autoimmune diseases is crucial [36]. Notably,
In SLE patients, Tfth cells are primarily responsible for
modulating B cell activation and differentiation, promot-
ing autoantibody production, and influencing the balance
of the immune response [37]. In SLE patients, Tfth cells
are primarily responsible for modulating B cell activation
and differentiation, promoting autoantibody production,
and influencing the balance of the immune response.
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Significant risks to the lives of patients are posed by the
anomalous activation and function of Tfh cells in SLE,
which exacerbate the inflammatory response and autoan-
tibody production [38].

Both animal experiments and human studies provide
compelling evidence that inhibiting Tfh cells can offer
therapeutic benefits for individuals with lupus. Tth cells
are potentially a pivotal target for the development of
new medications [5]. Our research revealed an eleva-
tion in both Tfh cells and senescent T cells in the mLNs
of mouse models with SLE. However, treatment with
QC resulted in a decrease in the proportion of Tfh cells

and senescent T cells. Through the analysis of RNA-seq
data, we discovered that QC effectively inhibits the dif-
ferentiation of CD4" T cells into Tfh cells by modulat-
ing the expression of cytokines and transcription factors.
Specifically, QC treatment led to the downregulation of
IL-6, IL21-ASI1, IL-27, and BCL-6, while upregulating
FOXP1 in CD4" T cells. Notably, BCL-6 functions as a
key transcription factor that is essential for the devel-
opment of Tth cells. It plays a critical role in encourag-
ing the differentiation of Tth cells, activating B cells, and
facilitating the establishment of germinal centers [39].
IL-6 and IL-27 have the ability to increase the production
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of BCL-6, which in turn boosts the development of Tth
cells by activating transcription factors STAT3 or STAT4
[40]. On the other hand, FOXPI acts as a critical negative
transcription regulator for Tth cell differentiation. Subse-
quently, we validated the mRNA expression levels of Tth
cell-associated cytokines by RT-qPCR, revealing that QC
treatment led to an upregulation of IL-2 mRNA expres-
sion levels, while downregulating IL-6 and BCL-6.

In addition, the result of HuProt human protein micro-
array shown that QC directly binds to BCL-2 family pro-
teins, which suggested that BCL-2 are potential targets
for QC action. As previously reported, BCL-2 is highly
expressed in both B cells and T cells of SLE patients [16,
41, 42]. This increased expression is likely to disrupt pro-
grammed cell death, leading to lymphoid hyper-reactiv-
ity, and contributing to the initiation and perpetuation of
this archetypal systemic autoimmune condition. A study
has reported that BCL-2 inhibitor ABT-263 can effec-
tively alleviate the lupus-like phenotype of MRL/lpr mice,
as shown by decreased serum antinuclear antibody lev-
els, decreased urinary protein levels, and improved renal
pathology [43].

Our research suggests that QC demonstrated poten-
tial in reducing symptoms of lupus both in vitro and in
vivo. Notably, QC was observed to decrease urine protein
levels, mitigate the pathological progression of kidney
damage, alleviate swelling in mLNs and spleen in lupus
mice, and reduce the populations of Tth cells, PC cells,
and senescent CD4" T cells in mLNs. Similarly, in vitro
experiments also revealed that QC can inhibit Tth cells
differentiation and encourage senescent Tfh cells apopto-
sis without causing cytotoxic effects. These findings from
our study may inspire innovative strategies utilizing QC
to target Tfh cells and enhance the effectiveness of SLE
treatment.

Conclusion

In summary, our findings demonstrate that QC effec-
tively reduces urine protein levels, alleviates lymph node
swelling, and ameliorates the pathological deterioration
in the kidneys of MRL/Ipr lupus mice. Moreover, our
research revealed that QC effectively inhibits the differ-
entiation of CD4" T cells into Tth cells by modulating the
expression of cytokines and transcription factors. while
also down-regulating immunosenescence by promoting
the apoptosis of senescent Tth cells through the BCL-2
pathway. In conclusion, our findings highlight the poten-
tial of QC to inhibit Tfh cell differentiation and mitigate
Tth cell immunosenescence, positioning it as a promising
therapeutic strategy for treating SLE.

Abbreviations

SLE Systemic lupus erythematosus
QC Quercetin
IC Immune complex
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Th T helper cells

SASP Senescence-associated secretory phenotype

DMSO  Dimethyl sulfoxide
FCM Flow cytometry

PBS Phosphate-buffered saline

MFI Mean fluorescence intensity

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
SEN Senescent

Treg Regulatory T
APO Apoptosis
DEG Differentially expressed gene
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