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Abstract

been studied.

Background Bcl-3 is a member of the IkB protein family and an essential modulator of NF-kB activity. It is well
established that Bcl-3 is critical for the normal development, survival and differentiation of adaptive immune cells,
especially T cells. However, the regulation of immune cell function by Bcl-3 through metabolic pathways has rarely

Results In this study, we explored the role of Bcl-3 in the metabolism and function of T cells via the mTOR pathway.
We verified that the proliferation of Bcl-3-deficient Jurkat T cells was inhibited, but their activation was promoted, and
Bcl-3 depletion regulated cellular energy metabolism by reducing intracellular ATP and ROS production levels and
mitochondrial membrane potential. Bcl-3 also regulates cellular energy metabolism in naive CD4" T cells. In addition,
the knockout of Bcl-3 altered the expression of mTOR, Akt, and Raptor, which are metabolism-related genes, in Jurkat

cells.
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Conclusions This finding indicates that Bcl-3 may mediate the energy metabolism of T cells through the mTOR
pathway, thereby affecting their function. Overall, we provide novel insights into the regulatory role of Bcl-3 in T-cell
energy metabolism for the prevention and treatment of immune diseases.

Background

CD4* T cells constitutively express TCR aff and CD4
molecules, representing an integral element of the adap-
tive immune response with different immune functions
[1, 2]. CD4* T cells at different stages of development
have different metabolic characteristics that are compat-
ible with their immune function [3]. Naive CD4" T cells
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require relatively little energy to maintain essential func-
tions, such as iron ion transport, the functional integrity
of cell membranes, and protein structural conversion
through the citric acid cycle and oxidative phosphoryla-
tion capacity [4]. The maintenance of energy metabolism
in naive CD4* T cells requires the involvement of sev-
eral signaling pathways, including interleukin 7 (IL-7)/
interleukin 7 receptor (IL-7R) signaling, KLF2 (Kruppel-
like Factor 2) and T-cell receptor (TCR) signaling [5].
Naive CD4* T cells are activated by antigenic stimuli
and microenvironmental cytokines. To adapt to the vari-
ous demands of cell growth, proliferation, differentiation
and function, energy metabolism is transformed, and
activated CD4" T cells obtain energy mainly through
aerobic glycolysis and glutamine cleavage pathways [3].
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Current evidence suggests that alterations in metabolic
pathways can regulate the function and differentiation
of CD4" T cells [6]. It was also found that various tran-
scription factors and signaling pathways (mTOR, c-Myc,
HIFla, AMPK, etc.) participate in the metabolic regula-
tion of activated CD4* T cells, thus affecting the immune
function of CD4* T cells [4]. However, how metabolism-
related molecules regulate the function of CD4* T cells
remains to be further investigated.

The B-cell lymphoma/lymphoma 3 (Bcl-3) gene is a
subset of the nonclassical nuclear factor-kB (NF-«kB) fam-
ily [7, 8]. An increasing body of evidence suggests that
Bcl-3 can selectively bind to the DNA-bound NF-«B p50
or p52 homodimer, regulating NF-kB-dependent gene
transcription [9, 10]. In recent years, extensive research
has shown that Bcl-3 is essential for the function of T
cells [11-13]. Bcl-3 affects the survival of differentiated T
cells and regulates T-cell proliferation as an environment-
dependent modulator of T-cell responses [14]. Mice lack-
ing Bcl-3 exhibited increased T-cell survival induced by
adjuvant after exposure to superantigenic staphylococcal
enterotoxin B (SEB) [15]. Bcl-3 overexpression slowed
T-cell proliferation early in the process of the T-cell
response to antigens both in vitro and in vivo [16]. More-
over, Bcl-3 plays an important role in the differentiation
of T cells. The initial differentiation of both Th1 and Th17
cells has been reported to be normal in Bcl-3-deficient
mice, and Bcl-3 inhibited the transformation of Th1 cells
into Th17 cells by blocking the binding of c-Rel and p65
to NF-«kB binding sites [17]. Bcl-3 can also promote Th2
cell differentiation through transcriptional activation of
GATA3 [18]. In addition, conditional overexpression of
Bcl-3 impaired the differentiation and development of
Th1, Th2 and Th17 cells [19]. Altogether, the above find-
ings suggest that the intrinsic expression level of Bcl-3
under steady-state conditions determines the fate of T
cells.

The latest evidence suggests that Bcl-3 may serve as a
novel metabolic modulator that governs lipid metabolism
in obesity [20]. It has also been found that Bcl-3 medi-
ates immune cell function by metabolism. The regula-
tory role of Bcl-3 on the antigen-presenting function of
dendritic cells in adaptive immunity may be associated
with the major transformation of metabolic program-
ming [21, 22]. This finding suggests that Bcl-3 regulates T
cell function through metabolic pathways. Therefore, we
speculate that Bcl-3 is required to accurately control the
function of immune cells in the dual context of metabolic
changes and stress conditions to ensure an effective adap-
tive immune response. However, whether Bcl-3 modu-
lates the function of T cells through metabolic pathways
remains to be investigated.

In this study, the action of Bcl-3 on the proliferation
and activation functions of T cells was further confirmed
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by knocking down Bcl-3 in Jurkat cells and naive CD4*
T cells, which inhibits the established regulatory effect
of Bcl-3 on T-cell function. This finding suggests that the
modulation of Bcl-3 on immune cells may be bidirec-
tional. In addition, we provided hitherto undocumented
evidence that Bcl-3 moderates the function of T cells by
regulating their metabolic activity. The knockout of Bcl-3
affects the expression of metabolism-related genes in Jur-
kat cells, and the underlying mechanism may involve the
mTOR pathway, warranting further investigation.

Methods

Reagents

Purified anti-mouse CD28 mAb, anti-mouse CD3 mAb,
FITC-conjugated anti-mouse CD4 and PE-conjugated
anti-mouse CD69 were purchased from BioLegend (San
Diego, CA, USA). The Seahorse XF Glycolysis Stress Test
Kit and Mitochondrial Stress Test Kit were provided by
Agilent Technologies (Palo Alto, Calif.). Roswell Park
Memorial Institute (RPMI) 1640, fetal bovine serum
(FBS) and penicillin/streptomycin were ordered from
Gibco (South Logan, UT, USA). DAPI (4’,6-diamidino-
2-phenylindole) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2 H-tetrazolium bromide (MTT) were purchased
from Solarbio (Beijing, China). Enhanced ATP Assay Kit,
Mitochondrial Membrane Potential Detection Kit and
Reactive Oxygen Detection Kit were supplied by Beyo-
time Biotechnology (Shanghai, China).

Animals

The Bcl3~/~ mice derived from C57/B6N mice were con-
structed using the CRISPR/Cas9 system and gifted by
Prof. Yinming Liang (Xinxiang Medical University). All
mice were kept in specific pathogen-free conditions in an
animal resource center at Xinxiang Medical University.
All experiments were performed using female mice aged
6—8 weeks and in agreement with the animal care guide-
lines established by Xinxiang Medical University.

Metabolic assessments

OCR/ECAR analysis was performed on the XFe24 Extra-
cellular Flux Analyzer (Agilent). The seahorse instru-
ments were preheated. One day before the assay, 1 mL XF
Calibrant buffer was injected into the wells of a 24-well
utility plate from Seahorse Bioscience and incubated
at 37 °C overnight in a non-CO2 incubator. Seahorse
XF base medium was used to prepare the test solution
and was preheated to 37 C before the test. Cells were
seeded into an XFe24 microplate at a density of 5x10°
cells/well. When the detection reagent of ECAR/OCR
was filled into the relevant injection port of the sensor
cartridges, the cell microplates were incubated at 37 °C
in a non-CO2 incubator for 45-60 min. Finally, the cell
culture microplate was loaded onto the instrument after
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calibration. Wave 2.4 software (Agilent) was used to ana-
lyze the data.

RNA isolation and qPCR
Total RNA was isolated from Bcl-37/~ Jurkat cells and
normal Jurkat cells using TRIzol reagent. Briefly, 2000
ng of total RNA was reverse transcribed using RT Mas-
ter Mix (Takara). Q-PCR analyses were performed using
SYBR Green SuperMix in an Applied Biosystems 7500
System. After normalization to the expression of HPRT
by the 27T procedure, the relative mRNA level was
revealed as the fold change relative to untreated controls.
The specific primers used were synthesized by Sangon
Biotech. Target mRNA levels were normalized to HPRT
levels. The PCR primer sequences were as follows:

For Bcl-3, 5-AACCTGCCTACACCCCTATAC-3
(forward).

and 5-CACCACAGCAATATGGAGAGG-3’ (reverse).

and for mTOR, 5- ACTCGCTTCTATGAC-
CAACTGA-3 (forward).

and 5-TTTCCATGACAACTGGGTCATTG-3
(reverse).
and for Raptor, 5-ACTGGAACCTACCTTTG-

GCTT-3 (forward).
and 5-ACTGTCTTCATCCGATCCTTCA-3’ (reverse).

and for HIFla, 5- ACTGGAACCTACCTTTG-
GCTT-3 (forward).

and 5- ACTGTCTTCATCCGATCCTTCA-3’
(reverse).

and for S6K1, 5- TTTGAGCTACTTCGGG-
TACTTGG-3’ (forward).

and 5- CGATGAAGGGATGCTTTACTTCC-3
(reverse).

and for Akt, 5- TCCTCCTCAAGAATGATGGCA-3
(forward).

and 5’- GTGCGTTCGATGACAGTGGT-3’ (reverse).

and for 4EBP1, 5'-
GATGG-3’ (forward).

and 5’- CCCGCTTATCTTCTGGGCTA-3’ (reverse).

and for LDHA, 5- TTGACCTACGTGGCTTG-
GAAG-3’ (forward).

and 5’- GGTAACGGAATCGGGCTGAAT-3 (reverse).

and for GLUT1, 5- TCTGGCATCAACGCT-
GTCTTC-3 (forward).

and 5’- CGATACCGGAGCCAATGGT-3’ (reverse).

and for HK2, 5- TGCCACCAGACTAAAC-
TAGACG-3’ (forward).

and 5’- CCCGTGCCCACAATGAGAC-3’ (reverse).

and for PKM2, 5- ATAACGCCTACATG-
GAAAAGTGT-3 (forward).

and 5’- TAAGCCCATCATCCACGTAGA-3’ (reverse).

and for MYC 5- GGCTCCTGGCAAAAGGTCA-3
(forward).

and 5’- CTGCGTAGTTGTGCTGATGT-3’ (reverse).

CTATGACCGGAAATTCCT-

Page 3 of 11
and for SREBF1, 5- ACAGTGACTTCCCTG-
GCCTAT-3’ (forward).
and 5- GCATGGACGGGTACATCTTCAA-3
(reverse).

Western blot analysis

The protein from Bcl-37/~ Jurkat cells and normal Jur-
kat cells for Western blotting was extracted to determine
the protein expression level. Western blot assays were
performed with primary Abs against SREBF1, mTOR,
P-AMPK, P-Akt and P-Raptor. Cells were collected and
lysed in ice-cold WB/IP lysis buffer (Beyotime, Shanghali,
China), and protease and phosphatase inhibitors were
added. Then, after the nuclear proteins were extracted,
the cell lysates or immunoprecipitates were separated by
SDS-PAGE and transferred to PVDF membranes accord-
ing to the manufacturer’s instructions. After blocking
with 5% skim milk, the membranes were incubated with
the primary antibody at 4 °C overnight and then with the
corresponding secondary antibody for 1 h at room tem-
perature. The membranes were washed with TBST buffer
three times for 10 min each. Finally, the membrane was
placed into the instrument for exposure, and pictures
were taken.

Determination of intracellular ATP levels

Jurkat and Bcl-37/~ Jurkat cells were seeded into a 24-well
culture plate at a density of 1.2x10° cells/well, and each
group was set up with 4 duplicate holes. After 24 h,
the medium was discarded, and ATP lysate was added
to each well to lyse the cells. Cells were centrifuged at
12,000 r/min for 5 min. The supernatant was collected
from each of the wells and detected with an ATP detec-
tion kit. Finally, the ATP concentration of each well was
calculated according to the standard curve.

Measurement of ROS levels

A total of 1x10° Jurkat and Bcl-37/~ Jurkat cells were
incubated in 24-well plates for 24 h to determine the level
of reactive oxygen species (ROS). Subsequently, the cells
were stained with DCFH-DA (10 uM) for 20 min and
treated with CCCP (10 uM) as a positive control. Finally,
after staining, the cells were washed and resuspended in
PBS buffer and then analyzed by flow cytometry.

Analysis of mitochondrial membrane potential

The Mitochondrial Assay Kit (Beyotime, Shanghai,
China) was used to measure the mitochondrial mem-
brane potential (A¥m). A total of 1x10° Jurkat and
Bcl-37/~ Jurkat cells were added to 0.5 mL diluted 1xJC-1
staining working buffer and mixed well. The cells were
incubated in a 37 ‘C incubator for 20 min and then col-
lected by centrifugation. Next, the cells were washed
twice with JC-1 (1x) dyeing buffer, and then the cells were
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resuspended in the dyeing buffer for analysis by flow
cytometry. Moreover, the resuspended cells were fixed
with an appropriate amount of paraformaldehyde fix-
ing solution, and then the nuclei of the cells were stained
with DAPI and visualized with confocal laser scanning
microscopy (CLSM).

Proliferative ability

Jurkat and Bcl-37/~ Jurkat cells were collected and coin-
cubated with 5 uM CFSE. Next, 5x10° cells/ml was sus-
pended in 1640 medium with 10% FBS, and then 1 ml/
well cell suspension was added to the 24-well plates.
After 3 days, the proliferative ability of the cells was
determined by flow cytometry.

Activation ability

Briefly, 5x10° Jurkat or Bcl-37/~ Jurkat cells were added
to 48-well plates precoated with CD3 antibodies at
0.5 pg/ml per well. Then, 10 pg/ml anti-mouse CD28
antibody was added and incubated for 24 h. Then, the
cells were stained with CD69 antibody, and the expres-
sion of CD69 was determined by flow cytometry.

Detection of the apoptosis and IFN-y production

5x10° Jurkat or Bcl-37/~ Jurkat cells were added to
48-well plates precoated with CD3 antibodies at 0.5 pg/
ml per well. Then, 10 pug/ml anti-mouse CD28 antibody
was added and incubated for 24 h. The cells were then
collected and stained with annexin V and PI for 20 min
at room temperature or stained with IFN-y, then the cells
were analyzed using flow cytometry.

T-cell isolation and stimulation

Bcl-37/~ and normal wild-type mice were euthanized
by cervical dislocation quickly. Spleens from the mice
were ground and filtered through 40 pm mesh to obtain
a single-cell suspension. The red blood cells were subse-
quently depleted from the cell suspension with erythro-
cyte lysate. Following erythrocyte lysis, 5x10° cells/well
were inoculated into 48-well plates with a 500 uL system
per well. After 24 h, the cells were collected for ECAR
analysis or flow cytometry.

Flow cytometry

Jurkat cells or single-cell suspensions from the spleen
were washed and initially stained with CD4-FITC and
CD69-PE. Then, the cells were stored at 4 °C in the dark
for 30 min and washed with PBS 3 times. Activated T
cells were identified by CD4*CD69*. CD4™ T cells were
gated by CD4". CD69* T cells were gated by CD69". We
performed flow cytometry using a BD FACS Canto™ flow
cytometer. FlowJoV10 was used to analyze flow data.

Page 4 of 11

Statistical analysis

We carried out statistical analysis using GraphPad
Prism 8.0. All data on the graphs are presented as the
meantSD. Two-tailed Student’s t test was used to ana-
lyze the differences among the study groups, and a P
value <0.05 was statistically significant.

Results

Bcl-3 depletion decreased the energy metabolism of jurkat
cells

To evaluate the effects of Bcl-3 on the metabolism and
function of CD4* T cells, Jurkat-derived cell lines lack-
ing the Bcl-3 gene (hereafter termed Bcl-37/~ Jurkat cells)
were used as effector cells, and normal Jurkat cells were
used as control cells in our experiments. The subtypes of
these two cell types were characterized by flow cytom-
etry. Overwhelming evidence substantiates that both Jur-
kat cells and Bcl-37/~ Jurkat cells belong to the subgroup
of CD4* T cells (data not shown), which provides a cell
model for further research.

To assess the metabolic effects driven by Bcl-3, we
employed the XFe24 Extracellular Flux Analyzer (Sea-
horse Biosciences) to estimate the oxygen consump-
tion rate (OCR) and extracellular acidification rate
(ECAR) to quantify the levels of oxidative phosphoryla-
tion (OXPHOS) and glycolysis, respectively. The results
showed that although the basal aerobic respiration rate
of Bcl-37/~ Jurkat cells did not significantly change, the
ultimate respiration rate and reserve respiration capac-
ity induced by carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) were remarkably lower than
those of control cells (Fig. 1A, B). In addition, compared
to control cells, Bcl-3 knockout cells exhibited markedly
decreased glycolysis and glycolytic capacity (Fig. 1 C,
D). The above results suggest that Bcl-3 is involved in
mitochondrial energy metabolism and affects the energy
metabolism mode of Jurkat cells.

Bcl-3 depletion decreased the production of ATP and
mitochondrial membrane potential and increased the level
of ROS

Previous experiments implied that the knockout of the
Bcl-3 gene decreased the energy metabolism of cells.
Given the importance of the mitochondrial respiratory
chain for energy metabolism and decreased OCR after
Bcl-3 knockout, we assessed whether Bcl-3 could regu-
late the production of ATP and ROS and mitochondrial
membrane potential, which are important to mitochon-
drial function. To confirm the involvement of Bcl-3
in ATP production, an ATP assay kit was used to mea-
sure ATP levels in Jurkat and Bcl-37/~ Jurkat cells. Bcl-3
knockout decreased ATP production in Bcl-37/~ Jurkat
cells compared to control Jurkat cells (Fig. 2A). We also
determined the levels of intracellular ROS in Jurkat and
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Fig. 1 Bcl-3 depletion decreased the energy metabolism of Jurkat cells. Cells (5 x 10°) were seeded in 96-well XF Seahorse incubation plates as indicated
in the protocol. Cells were cultured at 37 °Cin XF base medium (pH 7.4), and FCCP (1 uM), oligomycin (1 pM), Rot (0.5 uM), glucose (10 mM) and 2-DG (50
mM) were added sequentially into the plates at specific time points following the manufacturer’s guidelines. The oxygen consumption rate (A, B) and
extracellular acidification rate (C, D) of Jurkat and Bcl-37~ Jurkat cells were determined using an XF24e extracellular flux analyzer

Bcl-37/~ Jurkat cells by staining with a ROS-specific flu-
orescent probe followed by flow cytometry (Fig. 2B, C).
Elevated intracellular reactive oxygen species (ROS) lev-
els were observed in the Bcl-3 knockout cells. This find-
ing suggests that Bcl-3 mediates ROS production and
energy metabolism in Jurkat cells.

In addition, to verify the effect of Bcl-3 on mitochon-
drial respiration, JC-1 staining was performed to evaluate
the mitochondrial membrane potential. Flow cytometry
analysis showed that the green fluorescent signal, which
represents a lower mitochondrial membrane potential,
was significantly higher in Bcl-37/~ Jurkat cells. This find-
ing demonstrates that Bcl-3 deficiency could reduce the
mitochondrial membrane potential of Bcl-3 knockout
Jurkat cells compared to control Jurkat cells (Fig. 2D, E).
The confocal microscopy results were consistent with the
flow cytometry results (Fig. 2F). In summary, we found
that Bcl-3 depletion can increase ROS accumulation,
reduce the mitochondrial membrane potential of Jurkat
cells, and inhibit the synthesis of intracellular ATP. Bcl-3
plays an essential role in the energy metabolism of Jurkat
cells.

Bcl-3 deficiency inhibits Jurkat cell proliferation but
promotes Jurkat cell activation

It is well established that there is a dynamic and pre-
cise relationship between metabolic regulation and the

function of specific cell types that are involved in the
immune response [23]. In this study, we labeled Jurkat
and Bcl-37/~ Jurkat cells with CFSE to characterize the
influence of Bcl-3 on T-cell proliferation. The prolifera-
tion of cells was evaluated by flow cytometry. The pro-
liferation rate of cells was lower in Bcl-37/~ Jurkat cells
than in normal Jurkat cells (Fig. 3A, B). We further ana-
lyzed the state of cell activation, and CD69 was used as a
marker of activation. The results showed that the activa-
tion in Bcl-37/~ Jurkat cells was significantly higher than
that in control group cells, irrespective of activation with
anti-CD3/CD28 (Fig. 3 C, D). Moreover, we found that
the Bcl-37/~ Jurkat cells activation with anti-CD3/CD28
produced decreased ROS and induced stronger necrotic
than Jurkat cells(Fig. 4A, B). In addition, we also analyzed
the cell effector functions by detecting the production
of IFN-y, the results suggested that Bcl-37/~ Jurkat cells
produced more IFN-y than Jurkat cells when stimulated
with anti-CD3/CD28(Fig. 4C). In conclusion, the Bcl-3
gene affects cell proliferation and activation and plays an
essential role in the function of T cells.

Bcl-3 regulates the expression of metabolism-related
genes

Metabolism plays an integral role in many cellular, tis-
sue, and body processes, while the immune response has
a far-reaching impact on metabolism [24]. Based on the
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Fig. 2 Bcl-3 depletion decreased the production of ATP and mitochondrial membrane potential and increased the level of ROS. (A) Jurkat and Bcl-37~
Jurkat cells were incubated for 24 h, and ATP levels were measured using the ATP assay kit. (B, C) The intracellular ROS levels were measured using the ROS
assay kit. The mitochondrial membrane potential was determined by flow cytometry (D, E) and confocal microscopy (F)

above results, we sought to investigate the underlying
mechanisms by which Bcl-3 affects T-cell energy metab-
olism; we evaluated the key enzymes and transcription
factors related to metabolism. Western blot indicated
that Bcl-3 knockout significantly reduced the expression
levels of SREBF1 and mTOR, whereas the level of phos-
phorylated Akt had no changes and Raptor expression
levels increased (Fig. 5A, B). In addition, qPCR analysis
indicated that Bcl-3 knockout markedly downregulated
the expression of critical molecules in the PI3K/AKT/
mTOR signaling pathway, such as AKT, mTOR, SREBFI,
PKM2, S6K1, 4EBP1, GLUT1, HIFla and HK2 (Fig. 5C).
In summary, the Bcl-3 gene affects the expression of key
enzymes and transcription factors related to metabo-
lism, and the specific mechanisms may be involved in the
mTOR signaling pathway.

Bcl-3 deficiency regulates the metabolism of CD4* T cells
To further corroborate the above conclusions at the level
of primary cells, we isolated naive CD4* T cells from the
spleens of Bcl-3-deficient (Bcl-377) and normal wild-
type mice and cultured them with anti-CD3/CD28 for
24 h. A Seahorse XFe24 analyzer was used to evaluate
their metabolic indices. As shown in Fig. 6A, B, the extra-
cellular acidification rate (ECAR) of naive T cells derived
from Bcl-37/~ mice was markedly reduced compared to
that of T cells derived from wild-type mice. This result
is consistent with the findings of the above cell lines and
further corroborates that Bcl-3 affects the energy metab-
olism of T cells in vivo.

In addition, we evaluated the activation of these cells
by flow cytometry. We found that the activation of CD4*
T cells derived from the spleen of Bcl-37/~ mice was
decreased compared with the activation of CD4* T cells
derived from the spleen of WT mice, while there was no
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Fig. 3 Bcl-3 deficiency inhibits Jurkat cell proliferation and promotes its activation. (A, B) Jurkat and Bcl-37/~ Jurkat cells labeled with CFSE were cultured
for 3 days, and then the proliferation of cells was determined by flow cytometry. (C, D) Cells were activated with or without anti-CD3/CD28. After 24 h, the
cell surface was stained with an anti-CD69 antibody, and activation was determined by flow cytometry

significant difference in T-cell activation between the
naive T cells derived from the spleen of Bcl-37/~ mice
and control mice, which were stimulated with anti-CD3/
CD28 (Fig. 6C, D).

Discussion

Over the years, the involvement of Bcl-3 in T-cell func-
tion has been gradually revealed. In this research, we
substantiated the critical role of Bcl-3 in the prolifera-
tion and activation of T cells. In Jurkat cells, knockout of
the Bcl-3 gene resulted in a reduction in the proliferation
rate and a significant increase in the ratio of activated
cells, consistent with previous findings of the effect of
Bcl-3 on T-cell proliferation. T cells from mice lacking
Bcl-3 exhibited limited proliferation in response to T-cell
receptor (TCR) stimulation [25]. However, the effects of
Bcl-3 on T-cell function appear to differ. In naive CD4"
T cells, we observed that Bcl-3 had no significant effect
on activating CD4* T cells after costimulation with CD3
and CD28, and there was a reduction in basal CD69
expression given that these cells were not activated by
any stimulus. Bcl-3 has been reported to boost the sur-
vival of activated CD4" T cells in response to adjuvant
immunization [26]. Some researchers believe that the
dual regulatory role of Bcl-3 on T-cell function is intrin-
sic to T cells specifically expressing Bcl-3 and does not
require the assistance of antigen-presenting cells [16].
These experimental results suggest that Bcl-3 is an envi-
ronment-dependent modulator of T-cell function, and
the molecular mechanisms underpinning its function are
still being revealed. In summary, Bcl-3 exhibits dual regu-
latory roles since it regulates biological immune function,
and it is plausible that regulation of Bcl-3 expression is

important for T-cell homeostasis and function, which
warrants further studies.

In recent years, it has become increasingly apparent
that the biological processes of organisms are linked to
profound changes in metabolism and that cell fate and
function are regulated by metabolism [27-29]. More
importantly, the role of Bcl-3 in influencing biologi-
cal processes by controlling metabolism has gradually
emerged. Research suggests that Bcl-3 may be a potential
new modulator of lipid metabolism in the development
of obesity by establishing an obese mouse model under
a high-fat diet [20]. The knockout of Bcl-3 significantly
downregulated SREBP1 [20], an enzyme related to lipid
anabolism, consistent with the significant downregula-
tion of SREBP1 by Jurkat cells with Bcl-3 knockout in
our present study. More importantly, our results showed
that the extracellular acidification rate and glycolysis lev-
els were significantly reduced in Jurkat cells with Bcl-3
knockout. Further studies showed that reduced energy
metabolism was mainly caused by ROS accumulation,
decreased mitochondrial membrane potential, and ATP
synthesis inhibition. As the increased ROS content may
influence the oxidative stress and promote the apoptosis
and IFN-y production of Jurkat cells. This phenomenon
indicates that Bcl-3 is also essential for T-cell metabo-
lism, and the knockout of Bcl-3 decreases metabolic
activity in Jurkat cells.

Our study also revealed that the expression of the key
enzyme mTOR was significantly downregulated by ana-
lyzing the changes in metabolism-related genes in Jur-
kat cells after Bcl-3 knockout at the protein and gene
levels. mTOR mainly exists in the form of mTORC1 and
mTORC2 complexes and is a key protein that regulates
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cytometry. (B) Cell apoptosis (B) and IFN-y production (C)were determined by flow cytometry

the metabolism of glucose, lipids and proteins [30-32].
Recently, mTOR has been identified to have an essen-
tial effect on the immune system [33, 34]. Mounting
evidence suggests that it is a critical molecule for sens-
ing the immune microenvironment and determining the
function of immune cells [35-37]. Notably, mTORC1 can
coordinate metabolic pathways to regulate T-cell prolif-
eration, differentiation, and activation functions [38—41].
This raises questions as to whether the Bcl-3 molecule
can control T-cell metabolism through the mTOR path-
way to affect the proliferation and activation functions of
T cells. More importantly, it has been reported that Rap-
tor is a characteristic protein of the mTORC1 complex.
Our experimental results showed that the knockout of
Bcl-3 could significantly increase the phosphorylation
of Raptor. It is well established that the Raptor-mTORC1
coordinated metabolic pathway is functionally important
in regulating the differentiation and activation of T cells

[42]. In this respect, it has been shown that mice lack-
ing Raptor exhibit impaired T-cell differentiation [43].
Silencing mTOR or Raptor with shRNA in activated T
cells has been found to enhance the differentiation of Tth
cells [44]. In addition, the function of Treg inhibition was
significantly impaired, and a severe inflammatory reac-
tion occurred in mice with Treg-specific deletion of Rap-
tor [45, 46]. Therefore, whether the metabolic pathway
of Bcl-3 regulation of T-cell function in this experiment
involves the Raptor-mTORC1 pathway remains to be
investigated, which will be the focus of our future stud-
ies. Our results may provide novel insights into the regu-
latory role of Bcl-3 in T-cell energy metabolism for the
prevention and treatment strategies of immune diseases.
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Conclusions

This study provides novel insights and targets to further
explore the specific mechanisms by which Bcl-3 regulates
the mTOR pathway, maintains immune homeostasis, and
prevents inflammation and autoimmune diseases by tar-
geting Bcl-3 molecules.
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