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Abstract

The integration of metabolic programs with T cell signaling establishes a molecular foundation for immune metabolism.
As a key metabolic regulator, GSK3p’s activity is dynamically modulated by phosphorylation at Ser9 and Tyr216. How-
ever, the contribution of these phosphorylation sites on metabolism-driven T cell response remains unclear. Using tilapia
and mouse models, we investigated the regulation of GSK3p on T cell metabolism and its evolutionary variation. In
tilapia, T cell activation induces GSK3f signaling, linking to both glycolysis and oxidative phosphorylation (OXPHOS).
Tyr216 phosphorylation preferentially promotes glycolysis, facilitating T cell activation, proliferation, and antibacterial
immunity; while inhibition of Ser9 phosphorylation specifically enhances OXPHOS to sustain T cell responses. Differ-
ently, Tyr216 phosphorylation supports both glycolysis and OXPHOS in mouse, ensuring CD4" T and CD8" T cell acti-
vation, proliferation, and cytokine production. Although Ser9 phosphorylation controls OXPHOS, its inhibition impairs
rather than enhances OXPHOS and CD4" T cell responses in mouse. We thus revealed a previously unknown mechanism
underlying T cell metabolism and proposed that, through evolution, GSK3p has restructured the regulatory strategy,
enabling bidirectional control of T cell metabolism and immunity in mammals and enhancing the flexibility of the adap-
tive immune system.
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Introduction

T cells are essential components of the adaptive immune
system, playing a critical role in resisting pathogen invasion,
maintaining immune homeostasis, and tumor surveillance
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[1]. There is a growing recognition that T cell immunity is
intimately linked to metabolism. Metabolic programs supply
energy for T cells and ensure their proliferation and effec-
tor functions through the biosynthesis of nucleotides, fatty
acids, proteins, and other molecules [2]. T cells at different
stages exhibit distinct metabolic properties and dynamically
rewire their metabolic programs to meet functional demands
[3, 4]. Naive T cells predominantly rely on fatty acid oxida-
tion (FAO) and oxidative phosphorylation (OXPHOS) for
energy. Upon activation, T cells rapidly shift their metab-
olism to favor fatty acid synthesis (FAS), glycolysis, and
glutaminolysis, with an enhanced level of OXPHOS. Dys-
function in these metabolic programs or the reprogramming
severely impairs T cell immunity [5]. For instance, glycoly-
sis and glutaminolysis integrate with mTORCI1 signaling
to regulate T cell immunity [6]; blocking these metabolic
programs cripples CD4" T cell proliferation and their abil-
ity to differentiate into Thl and Th17 lineages [7-9], while
also compromising CD8" T cell cytotoxicity [10]. Whereas,
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inhibition of FAO disrupts the Th17/Treg balance, driving
CD4" T cells to favor the Th17 lineage over the Treg direc-
tion [9]. These findings underscore the paramount impor-
tance of metabolism in determining T cell immune fate and
function.

The integration of metabolic transporters, enzymes, and
transcription factors with T cell signaling establishes the
molecular foundations underlying the regulation of metabo-
lism in T cell immunity. Glycogen synthase kinase 3 beta
(GSK3p) is an evolutionarily conserved serine/threonine
kinase whose activity is dynamically regulated by two phos-
phorylation sites, Ser9 and Tyr216 [11]. Phosphorylation at
Tyr216 enhances GSK3f's ability to bind and phosphorylate
substrates, while phosphorylation at Ser9 inhibits GSK3f3
activity [12]. Recent evidence has highlighted the critical
role of GSK3p in regulating cellular metabolism. Inhibition
of Ser9 phosphorylation enhances mTOR activity, upregu-
lates Glutl expression, and increases glucose uptake in
vascular smooth muscle cells, thereby facilitating protein
and fatty acid synthesis for cell growth [13]. Conversely,
increased phosphorylation at Ser9 leads to an accumulation
of reactive oxygen species (ROS), impairs chondrocyte pro-
liferation, and accelerates cellular aging [14]. Unlike Ser9,
blocking Tyr216 phosphorylation weakens AMPK/mTOR-
mediated glycolysis but enhances mitochondrial respiration,
OXPHOS, and FAO [15]. These observations suggest that
GSK3p may regulate various metabolic programs via the
phosphorylation of two distinct sites. However, whether
these two phosphorylation sites have preferences or speci-
ficities in regulating metabolic programs remains unknown.

As a central hub for many signaling molecules, GSK3[
intimately coordinates several pathways and transcription
factors to orchestrate T cell function and fate. Blocking
Tyr216 phosphorylation impairs T-bet nuclear translocation,
resulting in defective T cell activation, Thl cell differentia-
tion, and cytokine production [16]. In contrast, inhibition of
Ser9 phosphorylation boosts the proliferation and IL-2 pro-
duction of CD4" memory T cells while enhancing T-bet-con-
trolled CD8" T cell cytotoxicity [17, 18]. However, whether
GSK3p regulates T cell immunity by coupling metabolic
programs remains unclear. We also lack understanding of
whether its phosphorylation sites differentially determine
the immune outcome of T cells by specifically linking dis-
tinct metabolic programs. Furthermore, it remains unknown
whether the integration between GSK3B-controlled metab-
olism and T cell immunity is independently acquired by
mammals or represents a gradually evolved strategy com-
mon to vertebrates. Answering these questions will provide
novel insights into the crosstalk between immunity and
metabolism, as well as the evolution of this strategy.

Fish are the lowest extant vertebrates possessing T cells.
To date, CD4" and CD8" T cells, as well as T cell subsets
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such as Th1, Th17, and Treg, have been identified in at least
ten teleost species, including zebrafish, tilapia, grass carp,
and Japanese flounder [19—-22]. The crucial roles of T cells in
fish for combating pathogen infections and repairing tissue
damage have also been elucidated. Similar to mammals, the
immune response of fish T cells is intricately regulated. For
instance, the large yellow croaker utilizes IL-2 coupled with
the STATS, MAPK/Erk, and mTORC1 pathways to pro-
mote T cell proliferation [23]. Tilapia facilitates antibacte-
rial immunity in T cells via calcium influx-controlled NFAT
nuclear translocation, NF-kB coupled IL-17 A signaling, and
the IL-2/mTORC] axis-manipulated Thl cell differentiation
[20, 24, 25]. Importantly, we found that mTORC1, MAPK/
Erk, and c-Myc collectively ensure the activation, prolifera-
tion, and effector functions of tilapia T cells by maintaining
metabolic reprogramming, glycolysis and glutaminolysis,
respectively [26-28]. This highlights the indispensable role
of metabolic programming in fish T cell immunity. As a cen-
tral hub regulating cellular metabolism and proliferation,
GSK3p modulates protein synthesis in the muscle cells of
zebrafish via the TSC2/mTOR pathway [29]. Inhibition of
Ser9 phosphorylation significantly reduces lipid accumula-
tion in the liver of schizothorax, large yellow croaker, and
zebrafish [30-32]. However, as in mammals, the correlation
between GSK3p-controlled metabolic programs and T cell
immunity remains completely unknown in fish. Therefore,
combining mammalian and fish models provides an ideal
approach to elucidate the GSK3B-driven T cell immunome-
tabolism, not only as a previously unknown defense strat-
egy, but also for its evolutionary pattern.

In this study, we found that activated T cells in tilapia ini-
tiate the PI3K-AKT pathway to activate GSK3f, which then
triggers both glycolysis and OXPHOS. Tyr216 phosphory-
lation prefers glycolysis, whereas inhibiting Ser9 phos-
phorylation favors OXPHOS. The crosslinking of these two
sites to distinct metabolic pathways dynamically controls T
cell activation and anti-infective immunity, representing a
previously unknown mechanism of T cell immunometabo-
lism. Interestingly, we found that Tyr216 phosphorylation
in mouse GSK3p gains the ability to modulate OXPHOS
while maintaining its regulatory capacity for glycolysis,
thus ensuring T cell activation, proliferation, and cytokine
production. Although Ser9 in mouse GSK3f similarly links
to OXPHOS, inhibition of its phosphorylation impairs
OXPHOS and T cell immunity, contrasting with the find-
ings in tilapia. We therefore propose that during evolution,
mammalian GSK3p had reshaped the strategy of regulat-
ing T cell immunity via metabolic programs, acquiring the
dual-efficacy pathways to determine immune defense. This
adaptation benefits mammals by creating a more flexible
and sophisticated immune regulation.
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Materials and methods
Ethics statement

All experimental procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals
of the Ministry of Science and Technology of China. This
study was approved by the East China Normal University
Experimental Animal Ethics Committee with a number of
AR2024-085.

Experimental animals

Nile tilapia larvae were purchased from an aquatic farm in
Guangzhou, Guangdong Province, China, and were cultured
in a circulating water system at 28 °C with continuous aera-
tion, at the Biological Station of East China Normal Uni-
versity. Tilapia individuals about 10 cm were used for the
corresponding experiments. BALB/c mice were purchased
from and kept in Minhang Laboratory Animal Center of
East China Normal University.

Sequence, structure, and phylogenic analysis

The cDNA or amino acid sequences of related genes were
obtained from NCBI GenBank, and were subject to the
BLAST algorithm analysis. The functional domains were
predicted using the Simple Modular Architecture Research
Tool (SMART, http://smart.embl-heidelberg.de/) and were
displayed with DOG version 2.0 software. The multiple
sequences alignment of amino acid was performed by the
ClustalW. The protein tertiary structures were predicted by
the SWISS-MODEL (https://www.swissmodel.expasy.org
/), and displayed with PyMOL software. The phylogenetic
tree was constructed using MEGA 7.0 software with the
neighbor-joining algorithm, and bootstrap values of 1000
replicates (%) were indicated for the branches. The acces-
sion numbers of all selected genes were listed in Table S1.

Bacterial infection

Edwardsiella piscicida was cultured in TYB medium at 28
°C, and was collected, washed and resuspended in sterile
PBS to a concentration of 1 x 10® CFU/mL. Each tilapia was
intraperitoneally (i.p.) injected with 200 uL E. piscicida sus-
pension, and the control group was injected with the same
volume of sterile PBS. To determine the bacterial titers, the
livers of infected tilapia were harvested and grinded, and
the bacterial colonies on TYB agar plates were calculated.

Leukocytes isolation

Spleen leukocytes of tilapia were isolated according to our
previous report [26]. Briefly, spleens were harvested and
grinded in Leibovitz’s L-15 medium (Gibco). Percoll solu-
tion was prepared by mixing Percoll (GE Healthcare) with
10 x PBS at a 9:1 ratio, and diluted to 34% and 52% Percoll
with L-15 medium, respectively. The cell suspension was
filtered with nylon mesh and added onto a 52%/34% dis-
continuous density-gradient Percoll, and centrifuged at 500
g for 35 min with the lowest acceleration and deceleration.
Leukocytes between 52% and 34% Percoll were collected,
washed and resuspended in L-15 medium (10% FBS) for
indicated assays. These isolated spleen leukocytes were
considered as spleen lymphocytes, because more than 90%
of these cells belong to the lymphocyte population [26, 28,
33]. To isolate splenocytes of mouse, spleens were ground
and treated with ACK buffer to remove red blood cells, and
then washed and resuspended in DMEM (10% FBS, 1%
penicillin and streptomycin) for further assays.

Leukocytes stimulation

For T cell activation, the spleen leukocytes of tilapia were
stimulated with 2 pg/mL mouse anti-tilapia CD3& mAb plus
mouse anti-tilapia CD28 mAb [34], and cultured in DMEM
(10% FBS and 1% penicillin/streptomycin) at 28 °C for
indicated time points. To address T cell activation signaling,
the spleen leukocytes were resuspended in Dulbecco’s PBS
at incubated at 28 °C for 30 min to rest the phosphorylated
protein. After that, the cells were stimulated with 2 pg/mL
mouse anti-tilapia CD3&/CD28 mAb or 50 ng/mL phorbol
12-myrustate 13-acetatac (PMA, MedChemExpress) plus
500 ng/mL ionomycin (MedChemExpress) (P +1I), and cul-
tured as above for indicated time. For mouse splenocytes
stimulation, the cells were activated by 2 pg/mL of anti-
mouse CD3¢ (BioLegend) plus anti-mouse CD28 (BioLe-
gend) or P+ I as above.

RNA-Seq assay

The spleen leukocytes of tilapia were stimulated with CD3e/
CD28 mAbs as above for 0, 12 or 24 h, and four biological
replicates were performed for each group. Then, the cells
were harvested to extract total RNA with Trizol reagent
(Invitrogen). The RNA concentrations were examined by
NanoDrop 2000, and the samples were sent to Genedenovo
company (Guangzhou, China) for RNA-Seq assay. RNA-
Seq, data generation and normalization were performed on
the Illumina Cluster Station and Illumina HiSeq 2000 Sys-
tem. The analysis of differentially expressed genes, GO and
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KEGG pathway enrichment were performed as our previous
studies [28].

Quantitative real-time RT-PCR (qPCR)

Total RNA was extracted with Trizol reagent (Invitrogen),
treated with gDNA Purge (Novoprotein), and then was
reverse-transcribed by the first-strand cDNA synthesis
supermix (Novoprotein). The 1:30 diluted cDNA produc-
tion was used as template for qQPCR assay with NovoStart
SYBR gPCR SuperMix Plus (Novoprotein) on CFX Con-
nect Real-Time System (Bio-Rad). f-actin was used as ref-
erence gene, and the relative mRNA expression of target
genes were analyzed with 2 2ACT method. The gene-specific
primers used were listed in Table S2.

Dual luciferase assay

Promoter region of tilapia GSK3[ was cloned into the pGL3
vector, and the full-length coding region of AKT1 was
cloned into the pcDNA3.1 vector. 200 ng AKT1-pcDNA3.1
and GSK3B-pGL3 promoter plasmids were co-transfected
into 2% 10 HEK 293 T cells according using Lipofectamine
2000 (Invitrogen). At 4 h after transfection, the medium was
replaced with DMEM. Cells were collected and lysed using
passive lysis buffer (Promega) at 48 h post transfection, and
the luciferase activity was measured according to the Dual-
Luciferase Reporter Assay System (Promega).

Inhibitor treatment

For in vitro inhibition, 10 uM oridonin (AKT inhibitor, Med-
chemExpress), 30 uM Chir99021 (GSK3p Tyr216 inhibitor,
MedchemExpress), 30 uM SB216763 (GSK3f Ser9 inhibi-
tor, MedchemExpress), 3 uM 2-DG (Heoxkinase inhibitor,
MedchemExpress) or 30 uM Antimycin A (Cytochrome C
inhibitor, Chemical BooK) were added into the spleen leu-
kocytes of tilapia and cultured with DMEM (10% FBS) for
3 h. Then, the cells were stimulated with CD3&/CD28 mAbs
as above for assay. To inhibit GSK3f phosphorylation in
vivo, tilapia individuals were ip. injected with 2 mg/kg
Chir99021 or 3.71 mg/kg SB216763 for 2 consecutive days
before bacterial infection.

Pyruvate rescue assay

Tilapia spleen leukocytes were treated with 30 pM of
Chir99021 for 3 h to inhibit GSK3f Tyr216 phosphoryla-
tion, before the cells were stimulated with CD3e/CD28
mAb as described with or without 5 uM of pyruvate (San-
gon Biotech). The cells were then cultured in DMEM (10%
FBS) at 28 °C for indicated time for assays.
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Western blot

Tilapia spleen leukocytes or mouse splenocytes were lysed
in NP40 lysis buffer containing 1 mM PMSF, 1% Protease
Inhibitor Cocktail and 1% Phosphatase Inhibitor Cocktail
IIT on the ice for 30 min. After being centrifugated at 1000
rpm for 10 min, the supernatant was collected for assay.
The nuclear protein was extracted using a commercial kit
(Beyotime Biotechnology). The samples were mixed with
SDS-loading buffer, boiled at 100 °C for 8 min, separated by
SDS-PAGE and transferred onto nitrocellulose membrane.
After blocking with 4% non-fat powder milk in PBST (PBS
containing 0.05% Tween-20) at room temperature for 1 h,
the membrane was probed with 1:1000 diluted antibodies for
p-Erk1/2 (Thr202/Tyr204), total Erk1/2, PI3Kinase p110a,
p-AKT (Serd73), total AKT, p-GSK3p (Ser9), p-AMPKa
(Thr172), total AMPKa, p-mTOR (Ser2448), total mTOR,
p-S6 (Ser240/244), total S6, p-4E-BP1 (Thr37/46), total
4E-BP1, c-Myc, cleaved Caspase-3 and B-actin purchased
from Cell Signaling Technology, or antibodies for p-GSK3[
(Tyr216), total GSK3p, Hexokinase II, PFK, PKM, Glutl,
PGC-1a, Cytochrome C (Cycl), Nrfl, and TFAM purchased
from Beyotime Biotechnology at 4 °C overnight. The mem-
brane was washed three times with PBST, and incubated
with 1:30,000 diluted Alexa Fluor 800-conjugated goat anti-
rabbit IgG H&L (Cell Signaling Technology) or 1:10000
diluted Alexa Fluor 680-conjugated goat anti-mouse IgG
H&L (Abcam) at room temperature for 1 h. After washing
with PBST, the membrane was scanned by Odyssey CLx
Image Studio.

GSK3p overexpression

The coding region of tilapia GSK3[3 was amplified from tila-
pia cDNA and cloned into pEGFP-C1 plasmid to construct
transfection vectors. HEK 293 T cells were transfected with
GSK3B-pEGFP-C1 plasmid, with pEGFP-C1 plasmid as
control group. At 48 h post-transfection, the cells were lysed
in NP40 lysis buffer on ice for 30 min, and supernatants
were subjected to Western blot assay.

Co-immunoprecipitation (Co-IP) assay

The coding region of tilapia AKT and GSK3p with Flag or
HA tags were amplified from tilapia cDNA, and clone into
pEGFP-C1 plasmid to construct transfection vectors. Then,
5 pg AKT-HA-pEGFP-C1 and GSK3p-Flag-pEGFP-CI
plasmids were co-transfected into 2 x 10° HEK 293 T cells.
At 48 h after transfection, cells were lysed in NP40 lysis
buffer on ice for 30 min. The supernatants were collected
and incubated with 10 pL Flag Ab-conjugated agarose
beads (Sigma-Aldrich) at 4 °C overnight with shaking. After
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washing four times with NP40 lysis buffer, the beads were
mixed with SDS-loading buffer and heated at 100 °C for 10
min. The supernatants were used for Western blot assay.

Flow cytometry

Tilapia spleen leukocytes were resuspended in FACS buf-
fer (PBS with 2% FBS) and stained with FITC-conjugated
mouse anti-tilapia CD3¢ on the ice for 30 min [28], and then
washed twice with FACS buffer. For intracellular staining
of tilapia T cells, after staining with CD3¢ as above, the
cells were fixed with BD Cytofix/Cytoperm buffer on ice
for 30 min and washed twice using BD Perm/Wash Buffer,
and then stained with 1:400 diluted APC-conjugated anti-
p-ERK1/2 Thr202/Thy204 (BioLegend) on ice for 30 min.
Mouse splenocytes were stained with 1:400 diluted PE/
Cyanine7-conjugated anti-mouse CD4 (BioLegend), PE-
conjugated anti-mouse CD8a (BioLegend) and APC-con-
jugated anti-mouse CD69 (BioLegend) on ice for 20 min.
For cytokine staining in mouse T cells, the P+ I stimulated
splenocytes were stained with CD4 and CD8a. as above, and
then fixed with BD Cytofix/Cytoperm Buffer as previously
described. The cells were then stained with a 1:400 diluted
APC-conjugated anti-mouse IL-2 (BioLegend), Brilliant
Violet 421-conjugated anti-mouse IFN-y (BioLegend) or
FITC-conjugated anti-mouse TNF-a (BioLegend) in Perm/
Wash buffer on ice for 30 min. All samples were washed
two times with FACS buffer or Perm/Wash Buffer, collected
on BD Cantoll flow cytometer and analyzed by FlowJo
software.

Glucose uptake assay

The spleen leukocytes of tilapia were stained by mouse anti-
tilapia CD3¢ as above. Subsequently, the cells were resus-
pended with PBS in 96-well plates, and incubated with 100
pM  fluorescent 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)—2-deoxyglucose (2-NBDG; Life Technologies) at
28 °C for 30 min. The cells were washed two times with
prechilled PBS, and followed by flow cytometry assay.

5-Bromodeoxyuridinc (BrdU) incorporation

Tilapia individuals were infected with E. piscicida and
treated with or without Chir99021 as above. On day 3 after
infection, the animals were 7.p. injected with 0.075 g/Kg of
BrdU in 200 pL of PBS. Spleen leukocytes were isolated
24 h later. After stained with mouse anti-tilapia CD3¢ as
described above, the cells were fixed with BD Cytofix/
Cytoperm Buffer on ice for 30 min, followed by washed
two times with BD Perm/Wash Buffer. The cells were then
permeabilized with BD Cytoperm Plus Buffer on ice for

10 min, washed two times, and re-fixed with BD Cytofix/
Cytoperm Buffer on ice for another 5 min. After treated with
300 pg/mL DNase at 37 °C for 1 h, the samples were stained
with 1:100-diluted APC-conjugated anti-BrdU antibody
(BD, Biosciences) in Perm/Wash buffer at room tempera-
ture for 20 min. The samples were washed two times and
analyzed by flow cytometry.

In vitro proliferation assay

1 x10° cells of tilapia spleen leukocytes or mouse spleno-
cytes were stained with 10 pM CFSE (Invitrogen) at room
temperature for 10 min. After washing twice with L-15
medium, cells were resuspended with DMEM (10% FBS)
and cultured in 24-well plates with the addition of 2 pg/mL
anti-tilapia or anti-mouse CD3&/CD28 mAbs. Cells were
harvested at 48 h to stain CD3g, CD4 or CDS8 as described
above. Subsequently, 1:400-diluted 7-AAD (Invitrogen)
was added before analyzing by the flow cytometry.

Apoptosis assay

The spleen leukocytes of tilapia were stained with mouse
anti-tilapia CD3e mAb as above. Then, the cells were
stained with 1:400-diluted Annexin V antibody (BioLeg-
end) in Annexin V binding buffer (0.14 M NaCl, 0.01 M
HEPES/NaOH, 2.5 mM CaCl,, pH 7.4,) at room tempera-
ture for 15 min. Finally, 1:400-diluted 7-AAD were added
before the samples were analyzed by flow cytometry.

Examination of enzyme activity

Spleen leukocytes of tilapia were stimulated with CD3eg/
CD28 mAbs in the presence or absence of indicated inhibi-
tors for different time points. The activities of Hexokinase
(HK), pyruvate kinase (PKM) and reactive oxygen (ROS)
were examined by the commercial assay kits purchased from
Nanjing Jiancheng Bioengineering Institute. The activities
of Mitochondrial membrane (JC-1) were detected by the
commercial assay kits purchased from Solarbio company.

Statistical analysis
The results were presented as mean + standard error of mean
(SEM), and significant difference were determined by a

two-tailed Student t-test. p values were defined as follows:
* p<0.05; ** p<0.01; *** p<0.001.
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Results

T cell activation in tilapia is associated with
glycolysis and mitochondrial OXPHOS

Spleen leukocytes of tilapia were stimulated with CD3e/
CD28 mAbs and subjected for RNA-Seq. The inducible
expression of CD122 (IL-2Rp), IFN-y, Granzyme B, NFATS,
and T-bet confirmed the robust T cell activation (Fig. 1A).
A total of 3,619 and 4,708 differentially expressed genes
(DEGs) were identified at 12 and 24 h post-stimulation,
respectively (Fig. SIA, S1B), with the majority showing
sustained upregulation (Fig. S1C). DEGs were significantly
enriched in processes such as cell cycle regulation, intracel-
lular signal transduction, response to cytokine stimulus, cell
proliferation, and immune system processes (Fig. S1D-S1
F). Notably, carbohydrate metabolic processes—including
biosynthesis, transport, and glycolysis—were significantly
enriched, along with mitochondrial-related metabolic path-
ways (Fig. 1B, S1G). Genes involved in glycolysis (e.g.,
pfkla, hk2, h6pd, tpila) and mitochondrial OXPHOS (e.g.,
cox4i2, Nrf-1) were also significantly upregulated (Fig. 1C,
D). Further experiments reinforced these findings. Activated
T cells demonstrated increased glucose uptake (Fig. 1E, F)
and upregulated transcription of glycolysis-related genes,
including glucose transporter 1 (Glutl), hexokinase 2
(HK?2), phosphofructokinase (PFK), and pyruvate kinase
(PKM) (Fig. 1G). Increased expression of Glutl, HK2, PFK
and PKM, and enzyme activity of HK2 and PKM were also
observed (Fig. 1H-J). Likewise, mitochondrial OXPHOS
was also activated, for T cell stimulation led to the upregula-
tion of OXPHOS-related genes, such as Ndufb3, Sdhb, and
cytochrome ¢l (Cycl) (Fig. 1K, L). Overall, these results
suggest that T cell activation in tilapia is strongly associated
with both glycolysis and OXPHOS.

Tilapia utilizes PI3K-AKT-GSK3p axis to mediate T
cell metabolism

Next, we aimed to elucidate the mechanisms by which tila-
pia T cells regulate metabolic programs. KEGG analysis
revealed significant enrichment of several critical pathways
for T cell immunity upon activation, including JAK-
STAT, MAPK, AMPK, PI3K-AKT, and mTOR (Fig. 1M,
S2 A). Notably, the PI3K-AKT signaling pathway and its
downstream molecule GSK3p, vital for various metabolic
processes, were consistently upregulated (Fig. IN). Fur-
thermore, GSK3p was predicted to interact with several
molecules, such as AKT1, mTOR, and HK?2, facilitating
intracellular signal transduction (Fig. 10). Approximately
35% of these target genes were implicated in metabolic pro-
grams (Fig. S2B, S2 C), indicating that GSK3p may play
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Fig. 1 Tilapia utilizes PI3K-AKT-GSK3P axis to mediate T cell }
metabolism. A-D Tilapia spleen lymphocytes stimulated with CD3/
CD28 mAbs for 12 or 24 h were subjected to RNA-seq analysis, n=
4. (A, C, D) Heatmaps showing the genes related to T cell activation
(A), glycolysis (C) and OXPHOS (D). B GO pathway enrichment
analysis showing the top nine pathways in metabolism process. E-L
Tilapia spleen lymphocytes were stimulated with CD3/CD28 mAbs
for indicated time. E, F Histograms and bar figure showing the uptake
of 2-NBDG in gated CD3" T cells at 12 h, n= 3. G, K Relative mRNA
levels of indicated genes at 12 h, n=4 or 6. H, I, L Western blot show-
ing the protein levels of indicated molecules at indicated time points
(H, I) or 3 h (L). J Enzyme activities of indicated molecules at 12
h, n=4. M KEGG pathway enrichment analysis showing the top ten
pathways in immunology at 24 h. N Heatmaps showing the genes
related to T cell signaling pathway. O Protein—protein interaction
analysis showing the predicted interaction networks of GSK3. (P, Q)
Tilapia spleen lymphocytes were stimulated with CD3/CD28 mAbs
for indicated time. P Western blot showing the expression of indicated
molecules. Q CD3/CD28 mAbs-stimulated lymphocytes were treated
with AKT inhibitor oridonin or not. Western blot showing the expres-
sion of indicated molecules at 3 h. R Tilapia GSK3p and AKT were
overexpressed in HEK 293 T cells. Co-IP assay showing the interac-
tion between GSK3f and AKT. S HEK 293 T cells were co-transfected
with GSK3 promoter and AKT, and GSK3[ promoter activity was
examined by dual-luciferase assay at 48 h post transfection, n= 4. T-
W Tilapia GSK3p was overexpressed in HEK 293 T cells, and western
blot showing the expression of indicated molecules. Experiments were
repeated for three independent times. *: p< 0.05, **: p<0.01, ***: p<
0.001, determined by a two-tailed Student’s t test

a pivotal role in T cell metabolism in tilapia. The GSK3f
gene is located on chromosome LG16 of tilapia, forming
an evolutionarily conserved gene cluster (Fig. S3 A). Tila-
pia GSK3p exhibits high similarity to its homologs in other
vertebrates in terms of amino acid sequence, functional
domains, and tertiary structure, particularly at the two phos-
phorylation sites, Ser9 and Tyr216 (Fig. S3B, S3 C). Phylo-
genetic analysis shows that tilapia GSK3p clusters closely
with those from other teleost fish (Fig. S3D).

GSK3p is broadly expressed in immune-related tissues
of tilapia (Fig. S4 A). Upon T cell activation, the mRNA
levels of PI3K, AKT, and GSK3[ were significantly upreg-
ulated (Fig. S4B). Simultaneously, the phosphorylation of
AKT, GSK3p (Tyr216), and GSK3B (Ser9) were mark-
edly increased (Fig. 1P). Treatment with the AKT inhibitor
oridonin impaired the phosphorylation of GSK3f at both
Tyr216 and Ser9 (Fig. 1Q). Additionally, AKT was found
to directly interact with GSK3p (Fig. 1R), enhancing the
transcriptional activity of the GSK3p promoter (Fig. 1S).
These results suggest that tilapia employs the PI3K-AKT-
GSK3p axis for T cell signal transduction. Given that T
cell activation is linked to both metabolic reprogramming
and GSK3p signaling, we further examined the relationship
between GSK3p and metabolic pathways. Overexpression
of tilapia GSK3p did not affect the phosphorylation of AKT
or Erkl/2 (Fig. 1T); however, it decreased AMPK phos-
phorylation (Fig. 1T) while enhancing the phosphorylation
of mTORCI, S6, and 4E-BP1, indicating the activation of
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mTORCI1 pathway (Fig. 1U). Notably, GSK3[ overexpres-
sion increased the expression of glycolytic enzymes such
as Glutl, HKII, PFK, and PKM (Fig. 1V) and elevated the
levels of proteins involved in OXPHOS, including PGC-1a,
Nrf-1, TFAM, and Cycl (Fig. 1W). Altogether, these find-
ings suggest that GSK3p signaling may regulate both gly-
colysis and OXPHOS in tilapia.

GSK3p promotes tilapia T cell glycolysis through
Tyr216 phosphorylation

Then, we investigated the regulatory role of GSK3p in T
cell metabolism. The GSK3f inhibitor Chir effectively
suppressed activation-induced phosphorylation of GSK3f3
at Tyr216 (Fig. 2A), leading to reduced glucose uptake in
CD3" T cells (Fig. 2B). Inhibiting Tyr216 phosphoryla-
tion also impaired the upregulation of glycolysis-related
enzymes HK2, PFK, and PKM at both mRNA and protein
levels (Fig. 2C, S4 C), and reduced the activity of HK2 and
PKM (Fig. 2D), indicating that GSK3[ promotes glycolysis
in tilapia T cells via Tyr216 phosphorylation. In contrast,
Chir administration did not affect the expression of key
OXPHOS components such as PGC-1a, Nrf-1, TFAM, and
Cycl (Fig. 2E), suggesting that Tyr216 phosphorylation is
not essential for OXPHOS in tilapia T cells. Notably, block-
ing Tyr216 phosphorylation impaired T cell activation, as
shown by the decreased S6, 4EBP1 and ERK1/2 phos-
phorylation (Fig. 2F, G) and the impaired CD122, CD44
and IFN-y expression (Fig. 2H). Meanwhile, the activa-
tion-induced apoptosis of CD3" T cells was also increased
upon Chir treatment (Fig. 2I). Overall, our findings suggest
that phosphorylation of GSK3p at Tyr216 links glycolysis,
rather than OXPHOS, to enhance T cell activation and sur-
vival in tilapia.

Tyr216 phosphorylation-driven glycolysis is crucial
for the T cell immunity in tilapia

Since Tyr216 phosphorylation of GSK3f regulates the T cell
activation, we further investigated its effect on anti-bacterial
immunity of tilapia. Consistent with previous reports, T
cells in spleen were dramatically increased after E. piscicida
infection [28]. However, blocking Tyr216 phosphorylation
significantly reduced the proportion and number of T cells
(Fig. 2J, K). This reduction was associated with impaired T
cell activation and proliferation, as well as increased apop-
tosis. Because blocking GSK3f Tyr216 phosphorylation
during E. piscicida infection dampened the phosphorylation
of AKT, mTOR, S6, 4EBP1 and ERK1/2 that are crucial
for T cell activation (Fig. 2L), reduced the proportion of
CD3¢" BrdU" cells (Fig. 2M, N), and elevated the apoptosis
of CD3&" T cells (Fig. 20, P). Furthermore, deficiency of
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Fig. 2 Tyr216 phosphorylation-driven glycolysis is essential for the T}
cell immunity in tilapia. A-I Tilapia spleen lymphocytes were stimu-
lated with CD3/CD28 mAbs in the presence or absence of the inhibitor
Chir99021 for indicated time points. A, C, E, F Western blot showing
the expression of indicate molecules at 3 h. B Histograms showing the
uptake of 2-NBDG in gated CD3" T cells at 3 h. D Bar figures showing
the enzyme activities at 12 h, n=4-6. G Histograms showing the phos-
phorylation level of Erk1/2 in gated CD3" T cells at 12 h. H Relative
mRNA levels of indicated genes at 12 h, n=4-6. I FACS plots show-
ing the Annexin V and 7-AAD staining in gated CD3" T cells at 12 h.
J-S Tilapia individuals that infected with E. piscicida were injected
with the inhibitor Chir99021, and spleen lymphocytes were harvested
at indicated days for assay. J, K FACS plots and bar figure showing
the T cell percentage and number in spleen at 4 or 7 dpi, n=4-6. L, S
Western blot showing the expression levels of indicated molecules at 4
dpi. M, N FACS plots and bar figure showing the BrdU incorporation
in CD3" T cells at 4 dpi, n=4. O, P FACS plots and bar figure showing
the Annexin V and 7-AAD staining in gated CD3" T cells at 4 dpi, n=
3 or 4. Q Relative mRNA levels of indicated molecules were examined
by qPCR, n= 4 or 6. R Bacterial titer in liver at 5 dpi, n= 4. All the
experiments were repeated for three independent times. *: p< 0.05,
**: p<0.01, ***: p<0.001, determined by a two-tailed Student’s t test

Tyr216 phosphorylation impaired the inducible expression
of cytotoxic genes such as perforin A, IFN-y and TNF-a
(Fig. 2Q), which ultimately crippled the ability of tilapia
to clear pathogen infection (Fig. 2R). These results support
that phosphorylation of GSK3p at Tyr216 is essential for
proper T cell response to resist bacterial infection. Notably,
this compromised T cell immunity induced by Tyr216 phos-
phorylation deprivation was accompanied by a decreased
glycolysis level, as evidenced by the impaired mRNA or
protein level of Glutl, HK2, PFK and PKM (Fig. 2S, S4D).
These findings thus suggest that phosphorylation of GSK3[
at Tyr216 may orchestrate the T cell response during bacte-
rial infection via promoting glycolysis.

Glycolysis is essential for the proper activation of T
cellsin tilapia

The metabolic shift from FAO to glycolysis plays a piv-
otal role in regulating T cell activation in mammals [35].
However, from a nutritional perspective, fish exhibit sig-
nificantly lower requirements for glucose compared to
mammals [36]. This raises an important question: to what
extent does T cell response in fish depend on glycolysis? We
found that mRNA levels of Glutl and PKM in lymphocytes
were increased upon T cell activation, while this induc-
ible expression was markedly weakened once glucose was
deprived (Fig. 3A). The same was also true for the protein
levels (Fig. 3B). Moreover, depriving glucose impaired the
T cell activation in tilapia, as revealed by the reduced S6
and Erk1/2 phosphorylation (Fig. 3C, D) and CD122 and
IFN-y transcription (Fig. 3E). These results indicate a poten-
tial involvement of glycolysis in the T cell activation of tila-
pia. To confirm whether the dependence of T cell activation
on glucose is attributed to glycolysis, the HK2 inhibitor
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Fig. 3 Glycolysis is pivotal for T cell activation in tilapia. A-E Tila-
pia spleen lymphocytes were stimulated with CD3/CD28 mAbs in
the presence or absence of glucose. A, E Relative mRNA levels of
indicated molecules were examined by qPCR at 12 h, n=4 or 5. B,
C Western blot showing the expression levels of indicated molecules
at 3 h. D Histograms showing the phosphorylation level of Erk1/2
in gated CD3 T cells at 12 h. F-K Tilapia spleen lymphocytes were
stimulated with CD3/CD28 mAbs in the presence or absence of the
inhibitor 2-DG for indicated time points. F, H Western blot showing
the expression levels of indicated molecules at 3 h. G Heatmap show-
ing the relative mRNA levels of indicated genes examined by qPCR at

2-DG was employed to suppress glycolysis. During the
CD3/CD28 mAb-induced T cell activation, 2-DG adminis-
tration impaired the up-regulation of HK2, PFK, and PKM
at both mRNA and protein levels (Fig. 3F, G), indicating an
inhibited glycolysis. Notably, the inducible phosphorylation
of mTOR, S6, 4EBP1 and ERK1/2 in spleen lymphocytes
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Relative mRNA level

aCD3/CD28 + o+ o+

2-DG -+ o+
pyruvate - - F

12 h, n=4. I Histograms showing the phosphorylation level of Erk1/2
in gated CD3" T cells at 12 h. J Relative mRNA levels of indicated
molecules were examined by qPCR at 12 h, n=4 or 6. K FACS plots
showing the Annexin V and 7-AAD staining in gated CD3" T cells
at 12 h. L, M CD3/CD28 mAbs-stimulated tilapia spleen lympho-
cytes were treated with inhibitor 2-DG in the presence or absence of
pyruvate. L Western blot showing the expression levels of indicated
molecules at 3 h. M Relative mRNA levels of indicated molecules
examined by qPCR at 12 h, n= 4. All the experiments were repeated
for three independent times. *: p< 0.05, **: p< 0.01, ***: p<0.001,
determined by a two-tailed Student’s t test

(Fig. 3H) or phosphorylation of ERK1/2 in gated CD3" T
cells (Fig. 3I), and inducible expression of CD122, IFN-y
and TNF-a (Fig. 3J), were coincidently inhibited upon
2-DG administration, suggesting glycolysis may be essen-
tial for the activation of T cells in tilapia. In addition, inhibi-
tion of glycolysis exacerbated the activation-induced T cell
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apoptosis (Fig. 3K). To confirm the impaired T cell activa-
tion in tilapia was indeed caused by the defective glycolysis,
pyruvate, a metabolite of glycolysis was used to rescue the
defective T cell response. Upon glycolysis inhibition, addi-
tion of additional pyruvate fully rescued the dampened S6
and 4EBP1 phosphorylation (Fig. 3L) and CD122 and IL-2
expression (Fig. 3M). Overall, these findings suggest that
glycolysis is essential for the proper activation of T cells in
tilapia.

Activating GSK3p by inhibiting Ser9
phosphorylation enhances T cell response via
OXPHOS in tilapia

Because T cell activation, as well as GSK3p overexpres-
sion, induced both glycolysis and OXPHOS, whereas
Tyr216 phosphorylation regulates glycolysis only, we
hypothesized that the OXPHOS in tilapia T cells was con-
trolled by the Ser9 phosphorylation of GSK3f. Ser9 phos-
phorylation inactivates GSK3p function, while inhibition of
its phosphorylation can promote [37-39]. Administration of
the inhibitor SB216763 (SB) could block the T cell acti-
vation-induced GSK3f phosphorylation at Ser9 (Fig. 4A).
Unlike Tyr216, inhibition of Ser9 phosphorylation did not
affect glycolysis (Fig. 4B). However, upon T cell activation,
activating GSK3p by blocking Ser9 phosphorylation further
elevated the mRNA and protein levels of Cycl, as well as
the evolutionarily conserved PGC-1o/Nrf-1/TFAM axis
(Fig. 4C-E and Fig. S5-S7), which play crucial roles in regu-
lating OXPHOS in mammals [40], suggesting an enhanced
OXPHOS. This increased OXPHOS was also observed dur-
ing E. piscicida infection (Fig. 4F). Notably, inhibition of
Ser9 phosphorylation further promoted the T cell activation,
revealing by the increased Erk1/2 phosphorylation and the
CD122 and IL-2 expression (Fig. 4G, 4H), and alleviated the
activation-induced T cell apoptosis (Fig. 41, J). The reduced
apoptosis in T cells lacking Ser9 phosphorylation may
benefit from the higher mitochondrial membrane potential
(Fig. 4K) and lower reactive oxygen species (ROS) level
(Fig. 4L, M). Furthermore, activating GSK3p by inhibiting
Ser9 phosphorylation promoted T cell activation and sur-
vival during E. piscicida infection (Fig. 4N, O), and further
amplified T cell capacity to produce pro-inflammatory cyto-
kines and cytotoxic molecules (Fig. 4P), ultimately accel-
erating pathogen clearance (Fig. 4Q) and improving tilapia
survival (Fig. 4R). These findings suggest that activating
GSK3p by inhibiting Ser9 phosphorylation can regulate T
cell response via OXPHOS.

OXPHOS is essential for tilapia T cell immunity

Considering inhibiting Ser9 phosphorylation of GSK3p
promote T cell immunity while enhancing OXPHOS in tila-
pia, we further sought to investigate the association between
OXPHOS and T cell response. Antimycin A, an inhibitor
of mitochondrial respiratory chain was used to treat tilapia
leukocytes. Antimycin A did not affect T cell activation-
induced glycolysis (Fig. SA), but impaired the up-regulation
of Cycl after aCD3/CD28 mAb stimulation (Fig. 5B), and
reduced the transcription levels of another two respiratory
chain complexes, Ndufb3 and Sdhb (Fig. 5C), indicating
that Antimycin A inhibited the OXPHOS in tilapia T cells.
Meanwhile, blocking OXPHOS impaired the activation of
MAPK/ERK and mTORCI1 signaling and compromised
the inducible expressions of CD122 and IFN-y during T
cell activation (Fig. 5D, E), and also regulated the AKT-
GSK3p axis in a feedback manner (Fig. 5F). This suggests
that OXPHOS is essential for the T cell activation in tilapia.
Moreover, inhibition of OXPHOS reduced the expression
of c-Myc (Fig. 5G), a transcription factor crucial for cellular
proliferation, and resulted in a defective T cell proliferation
(Fig. 5H), and exacerbated the T cell apoptosis (Fig. 5I).
Intriguingly, inhibiting OXPHOS with Antimycin A also
impaired the inducible expression of PGC-10/Nrf-1/TFAM
axis during T cell activation (Fig. 5J, K), suggesting that
tilapia utilizes the feedback regulatory mechanism between
PGC-1a/Nrf-1/TFAM axis and OXPHOS to stabilize their
regulation on T cell immunity. Therefore, our results sup-
port a notion that OXPHOS is required for the proper T cell
immunity in tilapia.

GSK3p Tyr216 phosphorylation orchestrates both
glycolysis and OXPHOS to promote CD4* and CD8* T
cell immunity in mouse

Since the two phosphorylation sites of GSK3p differentially
link to glycolysis and OXPHOS, thereby promoting T cell
immunity in bony fish, we aim to further investigate whether
similar mechanisms exist in mouse. Upon CD3/CD28 mAb
activation, Tyr216 phosphorylation of GSK3f was inhibited
by Chir in mouse splenocytes (Fig. 6A). Similar to that in
tilapia, inhibition of Tyr216 phosphorylation compromised
the glycolysis induced by T cell activation (Fig. 6B). How-
ever, the OXPHOS was impaired synchronously (Fig. 6C),
suggesting unlike that in fish, Tyr216 phosphorylation of
GSK3p promotes both glycolysis and OXPHOS in mouse T
cells. Similarly, blocking Tyr216 phosphorylation impaired
the CD3/CD28 mAbs-induced T cell activation, as revealed
by the decreased phosphorylation of Erk1/2 and mTORC1
signals (Fig. 6D), and down-regulated CD69 expression in
CD4" T cells and CD8" T cells (Fig. 6E, F). Moreover, CD4"
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{ Fig. 4 Inhibition of Ser9 phosphorylation enhances T cell response
via OXPHOS in tilapia. A-E, G-M Tilapia spleen lymphocytes were
stimulated with CD3/CD28 mAbs in the presence or absence of the
inhibitor SB216763 for indicated time points. A, B, E, G, J Western
blot showing the expression levels of indicated molecules at 3 h (A, E,
J)or 6 h (B, G). C, D, H Relative mRNA levels of indicated molecules
were examined by qPCR at 12 h, n=4 or 6. I FACS plots showing
the Annexin V and 7-AAD staining in gated CD3" T cells at 12 h.
K Histograms showing the mitochondrial potential in gated CD3" T
cells at 12 h. L, M Histograms and bar figure showing the ROS levels
in gated CD3™ T cells at 12 h, n= 3. F, N-R Tilapia individuals that
infected with E. piscicida were injected with the inhibitor SB216763,
and spleen lymphocytes were harvested at indicated days for assay. F
Western blot showing the expression levels of indicated molecules at
4 dpi. O Histograms showing the Annexin V staining in gated CD3"
T cells at 5 dpi. P Relative mRNA levels of indicated molecules were
examined by qPCR at 5 dpi, n= 4 or 6. Q Bacterial titer in liver at 5
dpi, n= 4. R The survival curve of tilapia during bacterial infection,
n> 17. All the experiments were repeated for three independent times.
*: p<0.05, *¥*: p< 0.01, ***: p< 0.001, determined by a two-tailed
Student’s t test

T cells and CD8" T cells lacking GSK3p Tyr216 phosphory-
lation were failed to proliferate (Fig. 6G, H), which might
be caused by the impaired IL-2 production (Fig. 61, J and
Fig. S8 A, S8B). Notably, Tyr216 phosphorylation is also
essential for T cell function in mouse, because its suppres-
sion reduced the ability of CD4" T and CD8" T cells to pro-
duce IFN-y (Fig. 6K, L and Fig. S8 C, S8D) and TNF-a
(Fig. 6M, N and Fig. S8E, S8 F). These findings suggest that
unlike coordinating glycolysis only in fish, phosphorylation
of GSK3p at Tyr216 couples both glycolysis and OXPHOS
to promote the CD4" and CD8" T cell response in mouse.

Inhibiting Ser9 phosphorylation restrains CD4* T
cell activation and proliferation via suppressing
OXPHOS in mouse

Finally, we investigated the regulation of GSK3p Ser9 phos-
phorylation on T cell glycolysis, OXPHOS, and immune
response in mouse. Consist with tilapia, treatment with the
inhibitor SB suppressed Ser9 phosphorylation in activated T
cells of mouse (Fig. 7A), and had little effect on glycolysis
(Fig. 7B). Interestingly, the higher GSK3 activity by inhib-
iting Ser9 phosphorylation did not enhance the OXPHOS
as observed in tilapia, but weakened it (Fig. 7C); and fur-
ther impaired the T cell activation (Fig. 7D-F), prolifera-
tion (Fig. 7G, H), and IL-2 production (Fig. 71, J). However,
inhibition of Ser9 phosphorylation weakened the production
of IFN-y in CD4" T cells (Fig. 7K and Fig. S8 C), but not
IFN-y in CD8" T cells (Fig. 7L and Fig. S8D) and TNF-a
(Fig. 7M, N and Fig. S8E, S8 F). Overall, these findings
suggest that activating GSK3p by inhibiting Ser9 phosphor-
ylation restrains CD4" T cell activation and proliferation of
mouse via suppressing OXPHOS.

Discussion

T cells undergo metabolic rewiring to fulfill the requirement
of their activation, differentiation and function [41]. To
establish the inherent correlation between T cell metabolism
and phenotype, metabolic enzymes are indispensable. This
study unravels how GSK3[ mediates potential regulation
of T cell immunity through distinct metabolic pathways.
Additionally, we demonstrate that GSK3p reshaped meta-
bolic strategies to regulate T cell immunity in vertebrates.
These findings offer profound insights into how metabolic
programs drive T cell function and immune plasticity.

Studies in mammals have shown the involvement of
GSK3B in multiple cellular processes, including prolif-
eration, apoptosis, DNA repair, cell cycle, and metabolism
[42]. However, the role of GSK3f in apoptosis are not con-
sistent. In mouse mesenchymal cells, GSK3p promoted
Etoposide-induced apoptosis by activating caspase-3 and
downregulating Bcl-2 [43]. Conversely, GSK3p also acti-
vated NF-kB pathway for Bcl-2 expression and protection
from apoptosis [44, 45]. We demonstrated that phosphoryla-
tion of two distinct sites on GSK3 had opposing efficacy
on T cell apoptosis in tilapia, highlighting the flexibility
of GSK3p regulation on cell survival. This may partially
explain the conflicting findings in mammals. GSK3f was
found to regulate the innate immune response in bony fish,
because during in vitro viral infection of spleen cells from
Epinephelus coioides, GSK3p overexpression promoted
Singapore grouper iridovirus (SGIV) replication and dra-
matically downregulated IFN-B, IFN-stimulated response
elements, and NF-kB activity [46]. For the first time, our
results emphasize, the role of GSK3p in regulating T cell
immune response in fish, since inhibition of Tyr216 phos-
phorylation impaired, but blockade of Ser9 phosphorylation
enhanced T cell mediated anti-bacterial immunity.

Despite GSK3p is known to control cellular metabo-
lism and T cell response, whether it intimately decides T
cell immunity via manipulating metabolic program remains
unknown. For the first time, we proposed that GSK3p is a
central hub linking T cell metabolism and immunity, in both
fish and mouse. Studying the T cell metabolic reprogram-
ming by GSK3p in lower vertebrates can provide impor-
tant insights into the evolution of metabolic remodeling in
immune cells. There have been few investigations related to
the regulation of metabolism by GSK3p in bony fish, which
are predominantly linked to lipid metabolism. For instance,
the GSK3p/B-catenin pathway in Larimichthys crocea might
regulate lipoprotein lipase and fatty acid synthase via per-
oxisome proliferator-activated receptor gamma (PPARY),
thereby modulating liver lipid deposition [31]. In addition,
Pelteobagrus fulvidraco regulated phosphorus overload-
induced lipolysis via GSK3B-PPARa axis [47]. However,
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Fig. 5 OXPHOS promotes T cell immunity in tilapia. A-K Tilapia
spleen lymphocytes were stimulated with CD3/CD28 mAbs in the
presence or absence of the inhibitor Antimycin A for indicated time
points. A, B, D, F, G, K Western blot showing the expression levels
of indicated molecules at 3 h (A, B, G, K) or 6 h (D, F). C, E, J Rela-
tive mRNA levels of indicated molecules were examined by qPCR

in fish, the lowest vertebrates possessing T cells, it remains
unclear whether and how GSK3p coordinates metabolism
to control T cell immunity. Upon T cell activation, TCR-
mediated signals induce both glycolysis and mitochon-
drial metabolism. ATP production and calcium-dependent
ROS increase, resulting from mitochondrial metabolism,
are essential for complete T cell activation [48, 49]. T cell
activation in tilapia induces the phosphorylation of GSK3p
at Tyr216 and Ser9, leading to an enhanced glycolysis and
OXPHOS. This suggests a dynamic adjustment of phos-
phorylation, specifically the timely dephosphorylation of
the Ser9 site to enhance OXPHOS, thus supporting tilapia T
cell activation. Notably, the in vitro culture environment dif-
fers from the in vivo microenvironment, so in vivo experi-
ments are more proper to uncover the precise mechanisms
that tilapia GSK3f dynamically regulates T cell immunity
via dual-site phosphorylation-coupled metabolism. Future
investigation will likely involve GSK3p gene knockout
or site-directed mutagenesis using CRISPR/Cas9 technol-
ogy in tilapia to further elucidate the relationship between
GSK3p-controlled metabolic programs and T cell immunity.

@ Springer

at 12 h, n=4 or 6. H Tilapia spleen lymphocytes were labelled with
CFSE and stimulated with CD3/CD28 mAbs. Histogram showing the
proliferation of gated CD3" T cells at 48 h. (I) FACS plots showing the
Annexin V and 7-AAD staining in gated CD3" T cells at 12 h. All the
experiments were repeated for three independent times. *: p< 0.05,
**: p<0.01, ***: p<0.001, determined by a two-tailed Student’s t test

Importantly, we proposed a novel notion that GSK3p
had reshaped the strategy of regulating T cell immunity
via metabolic programs, acquiring dual-efficacy pathways
to determine T cell response, which enhances the flexibil-
ity of the adaptive immune system in mammals. Unlike the
model that one site regulates one metabolism in bony fish,
phosphorylation of Tyr216 site in mouse GSK3p enhanced
two metabolic pathways simultaneously. This may suggest
that, when energy demand increases, such as during T cell
activation, this model responds more quickly by simultane-
ously boosting glycolysis and OXPHOS, thereby meeting
the demand for intermediate metabolites and ATP. As energy
demand further augments, mammalian GSK3f is able to
initiate phosphorylation at both Tyr216 and Ser9, synergisti-
cally enhancing OXPHOS. When energy demand decreases,
dephosphorylation of the Ser9 site reduces the intensity of
OXPHOS. This model can be viewed as two switches: a
large switch that rapidly activates both metabolisms and a
smaller switch for following fine-tuning, ensuring high effi-
ciency while minimizing energy waste. These findings may
be associated to the mechanism redundancy between meta-
bolic pathways, which prevent a single pathway malfunction
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Fig. 6 GSK3B Tyr216 phosphorylation triggers glycolysis and
OXPHOS to promote T cell response in mouse. A-H Mouse sple-
nocytes were stimulated with CD3/CD28 mAbs in the presence or
absence of the inhibitor Chir99021 for indicated time points. A-D
Western blot showing the expression levels of indicated molecules at
6 h. E, F Histograms showing the CD69 expression levels in gated
CD4" (E) or CD8" (F) T cells at 12 h. G, H Mouse splenocytes were

labelled with CFSE and stimulated with CD3/CD28 mAbs. Histogram
showing the proliferation of CD4" (G) or CDS™ (H) T cells at 48 h.
I-N Mouse splenocytes were stimulated with P+ I in the presence or
absence of the inhibitor Chir99021 for 5 h. FACS plots showing the
percentage of CD4" or CD8" T cells producing 1L-2 (I, J), IFN-y (K,
L), or TNF-a (M, N). All the experiments were repeated for three inde-
pendent times
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Fig. 7 Inhibition of Ser9 phosphorylation restrains T cell response via
suppressing OXPHOS in mouse. A-H Mouse splenocytes were stimu-
lated with CD3/CD28 mAbs in the presence or absence of the inhibi-
tor SB216763 for indicated time points. A-D Western blot showing
the expression levels of indicated molecules at 6 h. E, F Histograms
showing the CD69 expression levels in gated CD4" (E) or CDS" (F)
T cells at 12 h. G, H Mouse splenocytes were labelled with CFSE and
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stimulated with CD3/CD28 mAbs. Histogram showing the prolifera-
tion of CD4" (G) or CD8" (H) T cells at 48 h. I-N Mouse splenocytes
were stimulated with P+ I in the presence or absence of the inhibitor
SB216763 for 5 h. FACS plots showing the percentage of CD4" or
CDS8" T cells producing IL-2 (I, J), IFN-y (K, L), or TNF-o. (M, N). All
the experiments were repeated for three independent times
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from leading to immune system failure. This redundancy is
important in evolution because pathogens may attempt to
interfere with host metabolism, and the presence of multiple
pathways increases resistance to interference, enhancing
chances of survival. Therefore, the dual-site phosphorylation
strategy of GSK3p likely endows higher vertebrates with
more flexible metabolic regulation, allowing for rapid rewir-
ing of metabolism to optimize T cell immunity in response to
cellular states. This flexibility enables adaptation to chang-
ing environments and physiological demands. The strategy
in Nile tilapia may be more effective under specific condi-
tions, such as short-term, high-intensity energy demands,
but it may lack the flexibility required for long-term adapta-
tion and energy maintenance. This shift may represent the
essence of adaptive immune reprogramming.

We attempted to understand the biological implications
underlying GSK3f's remodeling of regulation in T cells
from an evolutionary perspective. GSK3 regulates adaptive
immunity in mammals [50], but it remains unknown whether
this strategy is independently acquired by mammals or rep-
resents a common function gradually evolved in vertebrates.
The fact that GSK3f coupled metabolic program to regulate

T cell response in Nile tilapia, suggests this is a common
strategy emerged prior to the tetrapod. Over hundreds of
millions of years, vertebrates have evolved more complex
immune mechanisms, and the regulatory role of GSK3f
might have become increasingly pivotal. During this pro-
cess, drastic changes in diet likely played a crucial role in
altering the regulatory strategies of GSK3p in T cell immu-
nity. It was indicated that the transition between functional
and"exhausted"states of T cells was largely associated with
changes in metabolic pathways of nutrition, particularly the
shift from acetate metabolism to citrate metabolism [51].
This shift profoundly affected the identity and function of
T cells, reflecting the complex relationship between the
immune system and nutritional status. In Nile tilapia, a car-
bohydrate-rich diet promoted the phosphorylation of Serl2
on PPARa, whereas fasting inhibited this phosphorylation
[52, 53], with GSK3p playing a critical upstream regulatory
role [54]. It can be inferred that long-term dietary changes
likely drive the reshaping of the GSK3B-mediated net-
work in T cell immunity, thereby influencing the pattern of
immune response. However, further studies are still needed
to address the reasons accounting for this remodeling.
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Fig. 8 Dual phosphorylation of GSK3p differentially coordinates metabolic programs to determine T cell immunity across vertebrates
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In conclusion, we elucidated the mechanism that GSK3f
specifically coordinates metabolism through dual-site phos-
phorylation to regulate T cell immunity in fish (Fig. 8).
Intriguingly, in mice, this regulatory strategy of GSK3f had
evolved, showing a distinct approach with enhanced effi-
ciency and flexibility (Fig. 8). Therefore, we propose that
during the evolutionary transition from lower to higher ver-
tebrates, GSK3p reshaped its strategy for regulating T cell
immunity through metabolic pathways, ultimately giving
rise to a more sophisticated adaptive immune system. This
sheds light on the mechanisms of T cell immunometabolism
and the evolution of adaptive immune system.
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