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Abstract

Background: Aberrant T-cell activation and differentiation are central drivers of chronic inflammatory and autoimmune diseases.
However, current therapies targeting T-cell function to ameliorate these pathological conditions frequently carry risks of
immunotoxicity. AMPK activators have been shown to exert therapeutic effects in metabolic disorders and preventive effects
against tumour progression; however, it is not clear whether they can modulate T-cell responses to suppress inflammatory and
autoimmune pathologies.

Methods: We utilized an in vitro OVA-triggered OT-Il CD4* T cell model to examine the functional changes in T cells induced
by diverse AMPK agonists. Aldometanib, a selective lysosomal AMPK activator that mimics glucose starvation, was further
characterized for its effects on T-cell function. Mechanistic studies were performed via RNA-sequencing, immunoblotting, and
rescue experiments using a CRISPR-Cas9 system and mixed bone marrow chimeras. The therapeutic efficacy of aldometanib was
assessed in murine models of acute lung injury, allergic inflammation and chronic colitis, as well as in spontaneous lupus-prone
mice. We further investigated whether aldometanib suppresses cytokine production in peripheral blood mononuclear cells
(PBMCs) isolated from patients with systemic lupus erythematosus (SLE) under ex vivo conditions, providing preliminary proof-
of- concept evidence. Finally, we compared the effects on immune homeostasis, safety profile, and tissue toxicity of aldometanib,
rapamycin, and MK2206.

Results: We analyzed the effects of AMPK activators on T cells and reported that aldometanib significantly inhibited IFN-y
secretion by CD4* T cells while preserving cell survival. Aldometanib suppressed T-cell activation, proliferation, and differentiation
via AMPK activation and PTEN-associated programs. Moreover, compared with that of rapamycin, aldometanib had a more
favourable preliminary safety profile in terms of thymocyte development and immune homeostasis. Additionally, aldometanib
alleviated tissue inflammation and reduced inflammatory T-cell generation in lung injury and chronic colon inflammation.
Furthermore, aldometanib ameliorated lymphadenopathy, lupus nephritis, and aberrant inflammatory T-cell generation and
autoantibody production in lupus-prone mice. Notably, proinflammatory cytokine production by T cells was markedly reduced in
PBMCs from patients with SLE ex vivo.

Conclusion: The findings of this study demonstrate that aldometanib alleviates inflammatory disorders by suppressing T-cell
activation and the generation of inflammatory T cells via AMPK-dependent and PTEN-associated programs, providing preliminary
proof-of-concept evidence for further investigation of aldometanib as a potential therapeutic strategy for inflammatory and
autoimmune diseases.
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Introduction

Dysregulated helper T (Th) cell differentiation
drives the progression of multiple autoimmune and
inflammatory diseases, including SLE, multiple
sclerosis (MS), colitis, and lung inflammation, which
are characterized by the excessive production of
proinflammatory cytokines including IFN-y, IL-4 and
IL-17A[1, 2]. Although JAK inhibitors and anti-
cytokine therapeutics have been widely used for the
treatment of SLE, psoriasis, MS and colitis[3, 4], these
therapies exhibit limited efficacy in only a subset of
patients and cause substantial adverse effects because
of disease heterogeneity derived from genetic,
environmental, and epigenetic factors. Such side
effects include immune-mediated enteritis, high fever,
recurrent infections, and hepatorenal toxicity [5, 6].
Therefore, the precise modulation of pathogenic T-cell
differentiation represents a critical unmet medical
need for developing safer and more effective therapies
against inflammatory and autoimmune diseases.

The  mTOR/AKT/FoxOl  axis critically
orchestrates T-cell differentiation and functions
primarily by regulating cellular metabolism,
indicating that targeting this axis is a key intervention
strategy for treating T-cell-mediated inflammatory
diseases[7-9]. Specifically, mTORCI drives glycolysis
via HIF-1a to promote Th1/Th17 differentiation[10],
whereas mTORC2 activates AKT to phosphorylate
and inhibit FoxO1, thus repressing the expression of
Treg-related functional markers, including CTLA-4
and CD25[11]. Recent studies have demonstrated that
inhibiting downstream mTOR effectors, such as HIF-
1a, and restricting glycolytic metabolism can suppress
inflammatory T-cell differentiation and ameliorate
inflammatory pathologies[12, 13]. Pharmacological
inhibition of AKT using agents such as LY294002 and
fingolimod suppresses effector T-cell differentiation
through the PI3K-PTEN or AKT/mTOR cascades, and
such intervention strategies are clinically utilized to
treat psoriasis and multiple sclerosis[14, 15]. In clinical
settings, sirolimus, an mTORCI inhibitor, has become
a targeted therapy for specific autoimmune diseases
such as autoimmune lymphoproliferative syndrome
(ALPS), achieving a complete response in more than
90% of paediatric patients[16]. It also shows promising
therapeutic potential in other disorders, including SLE
(NCT00779194) and systemic sclerosis, by reducing
steroid dependence and improving clinical
outcomes[17]. Its derivative, everolimus, can also
synergize with PD-L1 blockade to enhance antitumour
immunity[18]. Despite the well-documented lifespan-
extending effects of rapamycin, both AKT inhibitors

and rapamycin impair physiological growth and
organ function and compromise immune cell survival
and effector activity, highlighting their dual roles in
immune regulation[19, 20]. Thus, precisely rewiring T-
cell metabolism to maintain immune homeostasis
while preserving T-cell viability is critical for
developing safer next-generation inflammatory and
autoimmune disease therapies.

AMP-activated protein kinase (AMPK) maintains
cellular homeostasis by sensing the intracellular
energy status through the ratios of AMP/ATP and
ADP/ATP and is principally regulated by the kinases
LKB1 and CaMKKp. AMPK can be activated in
lysosomes, the cytoplasm, and mitochondria via
distinct mechanisms, enabling precise spatiotemporal
control of metabolic homeostasis[21, 22]. Lysosomal
AMPK activation relies on PEN2-mediated
recruitment of the y-secretase complex and LKBI,
which phosphorylates AMPKa at Thrl72 in an ATP
depletion-independent manner [23]. Activated AMPK
phosphorylates ACC1 and HMGCR to suppress fatty
acid synthesis, upregulates UCP1, and inhibits
mTORC1 signaling, thus coupling cellular energy
status with cell growth and proliferation[21, 22]. Thus,
tightly controlled AMPK activity is crucial for cellular
homeostasis and function.

Multiple AMPK activators are currently
available or are under preclinical and clinical
investigation. As a frontline therapeutic drug against
type 2 diabetes, metformin indirectly increases AMPK
activity: it blocks mitochondrial complex I to increase
the AMP/ ATP ratio[24]. Although metformin exhibits
potent immunomodulatory effects in wvivo, its
biological actions predominantly target the liver and
intestine [25-27]. MK-8722, a pan-AMPK agonist,
improved glucose homeostasis; however, it induced
cardiac hypertrophy as an adverse effect[28]. As a cell-
permeable analogue of adenosine, 5-aminoimidazole-
4-carboxamide ribonucleoside (AICAR) undergoes
phosphorylation mediated by adenosine kinase to
produce ZMP; this metabolite simulates AMP and
thus induces AMPK signaling activation[29]. Despite
extensive research efforts, direct pharmacological
AMPK agonists still face substantial limitations,
including off-target effects, low bioavailability, and
dose-dependent gastrointestinal toxicity[30]. These
drawbacks likely result from poor compartmental
specificity, as conventional agonists induce
unphysiological, widespread AMPK activation across
all subcellular compartments.

Aldometanib is a novel AMPK activator that
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selectively triggers the lysosomal AMPK pathway by
blocking the binding of aldolase to fructose-1,6-
bisphosphate  (FBP), thus mimicking cellular
starvation or caloric restriction. It suppresses aldolase
activity to induce AMPKa Thr172 phosphorylation,
driving downstream metabolic reprogramming,
including the activation of ACC1 phosphorylation to
inhibit its enzymatic activity, the enhancement of
mitochondrial ~ biogenesis  through  PGC-la
upregulation, and the promotion of autophagy.
Consistently, aldometanib confers robust metabolic
benefits: it reduces blood glucose levels, ameliorates
hepatic steatosis in obese mice, and prolongs lifespan
through AMPK activation in the muscle and liver.
Compared with other AMPK agonists, aldometanib
activates AMPK across diverse tissues and cell

types[31].
In this study, we report that aldometanib
markedly suppresses proinflammatory cytokine

production during T-cell activation, proliferation, and
Th-cell differentiation and mitigates lung injury and
chronic inflammation. Strikingly, aldometanib
alleviated lymphadenopathy and lupus nephritis in a
mouse model of SLE and inhibited inflammatory T-
cell generation in patients with SLE. These findings
support further investigations of the use of
aldometanib as a potential therapeutic strategy for
treating inflammatory and autoimmune diseases.

Materials and Methods

Patient sample collection and processing

Human peripheral blood samples were
harvested from active SLE patients at the Department
of Rheumatology, the First Affiliated Hospital of
Xiamen University. This clinical research scheme
received ethical approval from Xiamen University
(Approval No. XMYY-2024KY218). All patients were
confirmed to be in the active phase of SLE based on
positive anti-nuclear antibody (ANA) and elevated
immunoglobulin levels. Written informed consent was
acquired from every enrolled participant before
sample collection. Detailed clinical characteristics of
all patients are outlined in Table S1.

Mouse models

C57BL/ 6] (JAX 000664), Rag1-/- (JAX 003145), OT-
II JAX 004194), and MRL-Faslpr/] (JAX 000482),
Ptenfl/fl (JAX 006440), Cas9 (JAX 026175) mice were
purchased from Jackson laboratory. Prkaalf/fl (JAX
014141) and Prkaa2f/fl mice (JAX 014142) were kindly
provided by Dr. Chensong Zhang (Xiamen
University). AMPK knockout (KO) mice, generated by
crossing AMPKal/2/ft (Prkaalf/f; Prkaa2f/f) mice
with VAV1 Cre mice (JAX 035670) were provided by
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Dr. Jianfeng Wu (Xiamen University). For the
experiments in investigating the effects of aldometanib,
rapamycin, MK-2206 on immune homeostasis and
development, 4 week-old mice were used, whereas
other experiments utilized 6-8-week-old adult mice.
All animal manipulations complied with the
Laboratory Animal Care and Use Guidelines issued by
Xiamen University, and all in vivo protocols were
authorized by the Xiamen University Animal Research
Ethics Committee (Approval ID: XMULAC20230600).

To investigate whether aldometanib affects
thymocyte development and immune homeostasis, 4-
5 week-old mice received daily intragastric (i.g.)
administration of aldometanib (2 mg/kg), rapamycin
(1.5mg/kg), MK-2206 (4mg/kg) for 24 days. Immune
organs (spleen, thymus, LNs and bone marrows) were
subsequently collected for pathological and flow
cytometry analysis. For the experiments in
investigating the effects of aldometanib on
autoimmune disease progression, 3-month-old MRL-
Fasler/] mice were treated with daily i.g.
administration of aldometanib (2 mg/kg) for 3
months, followed by collection of immune organs and
kidney tissues for histological and flow cytometric
analysis.

OVA-stimulated OT-Il CD4* T cell system

This system and relevant cell culture conditions
were consistent with our previous work[32]. Briefly,
CD11ct DCs were isolated from Ragl”/- mouse
splenocytes and pulsed with OVA (200 pg/mL, Sigma,
Missouri, USA) for 24 h (day -1 to 0). Next, naive OT-
IT CD4* T cells were co-cultured with OVA-pulsed
DCs. Aldometanib (2 nM) was added at the indicated
time points. On day 3.5, cells were stimulated with
ionomycin (Yeasen, Shanghai, China) and PMA
(Sigma, Missouri, USA), cytokines were blocked by
GolgiPlug from BD (New Jersey, USA) for 4h,
followed by standard intracellular cytokine staining.
Using OVA-OT-II system, we evaluated the effects of
aldometanib and pharmacological interventions
including rapamycin, MK2206, AICAR, MKS8722,
metformin, recilisib, MHY1485, VO-Ohpic, Bay3827
and compound C on T-cell function, all the
compounds were obtained from Med Chem Express
(Monmouth Junction, USA). Unless otherwise stated,
aldometanib was added from day 0 to day 3.5 in the
OVA-stimulated OT-II CD4* T cell system.

T cell polarization

Naive CD4+* T cells were purified with a Miltenyi
isolation kit (Bergisch Gladbach, Germany) and
cultured under TCR stimulation using anti-
CD3/CD28 antibodies at 3 pg/mL. IL-2 (20 ng/mL)
and IL-12 (10 ng/ mL) were supplemented to drive Th1l
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differentiation, whereas IL-6 (50 ng/mL) and TGF- (1
ng/mL) were added to induce Th17 polarization. TGF-
B (2 ng/mL) combined with IL-2 (10 ng/mL) were
required for iTreg generation. All antibodies and
cytokines were obtained from BioLegend (San Diego,
CA, USA). Unless otherwise stated, aldometanib was
added from day 0 to day 3.5 during T cell polarization.

T cell proliferation assay

CFSE staining kits (Thermo, Massachusetts,
USA) were utilized to detect T cell proliferation. In
short, isolated naive OT-II CD4* T lymphocytes were
labeled with 0.5 uM CFSE in prewarmed PBS for 20
min at 37 °C, and the labeling reaction was terminated
with complete RPMI 1640 medium. After 3.5 days of
stimulation with OVA, flow cytometry was applied to
measure CFSE dilution and assess T cell proliferative
capacity.

RNA-seq analysis

For transcriptomic analysis, OT-II CD4* T cells
were sorted at 2.5 days after OVA stimulation. Total
RNA was extracted with the RNeasy Kit (Qiagen,
Hilden, Germany). One microgram of RNA from each
sample was used for transcriptome sequencing on the
BGISEQ-500 platform (BGI, Wuhan, China).
Differentially expressed genes (DEGs) were filtered,
and GSEA was performed to enrich biological
functions and signaling pathways with support from
the Mouse Genome Informatics (MGI) database
(http:/ /www.informatics.jax.org). All raw RNA-seq
reads were uploaded to the NCBI SRA database under
BioProject accession PRJNA1370081.

OT-Il transfer model of acute lung injury

An OT-II CD4* T cell-mediated lung injury
mouse model was generated as previously
described[33]. In brief, Ragl”* mice received
intravenous injection of 2 x 106 naive OT-II CD4+ T
cells on day 0. On day 1, each mouse was
intraperitoneally immunized with an OVA/Alum
mixture (100 pg OVA and 100 pL alum, Sigma,
Missouri, USA). Animals in the aldometanib group
were given daily intragastric (i.g.) dosing of
aldometanib at 2 mg/kg from day 1 to 8. From day 8
to 11, all mice underwent daily 30-minute aerosol
inhalation of 2% (w/v) OVA diluted in PBS. All
animals were euthanized on day 12 for histological
assessment and flow cytometric detection.

OVA-induced Asthma Model

To construct the OVA-induced asthma model,
mice were sensitized by intraperitoneal injection of
OVA/Alum (100 pg OVA plus 100 pL Alum) on day
0, 7, and 14. Mice in the Aldometanib group received
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intragastric (i.g.) treatment with Aldometanib (2
mg/kg) from day 2 to 17. From day 18 to 21, all mice
underwent daily 30-minute aerosol inhalation of 2%
(w/v) OVA diluted in PBS. All animals were
euthanized on day 22 for histological assessment and
flow cytometric detection.

Bone Marrow Reconstitution

Mixed bone marrow chimeric mice (BMC) were
generated by reconstituting lethally irradiated Ragl-/-
mice (7 Gray) with mixed bone marrow cells at a 20:80
ratio[34]. The bone marrow cell mixtures were isolated
from either WT or Prkaal/2%/%;Vav-Cre mice (KO) and
T cell-deficient (Tcrb/- and Tcrbd/-, TCD) mice. This
20:80 reconstitution ratio ensures that the regenerated
T cells are exclusively derived from Prkaal/2-deficient
(KO) or WT donor bone marrow cells, while eighty
percent of the TCD bone marrows sustained near-
physiological non-T-cell haematopoietic development,
compensating for potential functional defects in non-
T-cell populations from 20% of the KO cells. Each
recipient mouse was adoptively transferred with 5 x
106 mixed bone marrow cells after T cell depletion via
tail vein injection. BMCs were verified by flow
cytometry after eight weeks reconstitution. These
validated chimeric mice were used to evaluate the
protective effects of aldometanib on allergic airway
inflammation.

T Cell Induced Colitis

Ragl-/- mice were intraperitoneally transferred
with 4 x 105 naive CD4* T cells from WT or Ampkol/2
/- mice on day 0 to establish a colitis model. The
aldometanib-treated mice received daily i.g.
administration of aldometanib (2 mg/kg) until day 45.
After 7 weeks of treatment, colon tissues and
mesenteric lymph nodes were harvested for
evaluation.

Prkaal and Pten Deletion In Vitro

For Prkaal deletion in OT-II Cas9 CD4+ T cells, we
designed specific small guide RNAs (sgRNAs)
targeting mouse Prkaal(Table S2). CD4* T cells were
purified and activated using OVA-OT-II system. For
CRISPR-Cas9-mediated Prkaal editing, retroviruses
carrying Prkaal-targeting sgRNA were generated and
used to infect activated CD4* T cells. Polybrene
(Sigma-Aldrich, Missouri, USA) and IL-2 (BioLegend,
San Diego, USA) were supplemented during viral
transduction to improve infection efficiency and cell
survival. For Pten deletion, purified Pten”? CD4* T
cells were stimulated with TCR stimulation under Th1
differentiation conditions. Cre-recombinase encoding
retroviruses were produced and transduced into these
activated T cells to deplete endogenous PTEN. Cells
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were then treated with aldometanib for subsequent
functional assays. Aldometanib was added on day 1 to
avoid its interference with retrovirus infection
efficiency.

Isolation of Immune Cells from Mouse Tissues

Briefly, harvested tissues (lung, colon and
kidney) were mechanically dissociated and digested in
complete RPMI-1640 medium supplemented with
collagenase Type IV (1 mg/mL, Worthington
Biochemical, New Jersey, USA) and DNase I (0.1
mg/mL, Sangon Biotech, Shanghai, China) at 37 °C for
60 min. Digested tissue suspensions were gently
homogenized, filtered and centrifuged. Cell pellets
were resuspended and subjected to density gradient
centrifugation with Percoll (Cytiva, Massachusetts,
USA) to enrich leukocytes. Finally, purified immune
cells were resuspended in FACS buffer for subsequent
staining and flow cytometric analysis.

AMPK Activation in Lymph Nodes Induced by
Aldometanib

C57BL/6 mice were orally administered with
vehicle control, 2 or 4 mg/kg aldometanib. Two hours
after drug administration, mouse lymph nodes were
collected, snap-frozen instantly, and then
homogenized in lysis buffer, the lysis buffer has been
described previously[32]. Tissue homogenates were
centrifuged to collect supernatants for subsequent
immunoblot analysis.

Immunoblot Assay

Denatured protein samples were resolved on
10% SDS-PAGE gels with a constant voltage of 80 V for
30 min in the stacking gel and 120 V for 1 h in the
separating  gel.  Separated  proteins = were
electrophoretically transferred onto PVDF membranes
(Merck, Darmstadt, Germany) at a constant current of
0.25 A for 2.5 h. After transfer, PVDF membranes were
washed, blocked with 5% (w/v) non-fat milk, and
subsequently incubated with primary antibodies
against target proteins overnight at 4 °C. Primary
antibodies included AMPKa (#5831), Phospho-
AMPKa (Thrl172) (#2535), Phospho-Akt (Thr308)
(#2965), Phospho-Akt (Ser473)(#4060), pan-Akt
(#4685), PTEN (#9188), S6 Ribosomal Protein (#2217),
Phospho-S6 Ribosomal Protein (Ser235/236) (#4857),
and p-Actin (#4970) (all from CST, Massachusetts,
USA). After primary antibody incubation, membranes
were washed and incubated with HRP-conjugated
species-matched secondary antibodies (CST) for 1 h at
room temperature. ECL chemiluminescence substrate
(Thermo, Massachusetts, USA) was applied to
visualize protein bands, which were then captured
with the Amersham Imager 600 detection system

4]

(Cytiva, Massachusetts, USA).

Hematoxylin-eosin Staining

Fixed and embedded tissue specimens were
sliced into serial 5 pm-thick sections. After high-
temperature dewaxing, hematoxylin-eosin staining
was automatically performed using the HistoCore
SPECTRA ST automated slide stainer (Leica
Biosystems Nussloch GmbH, Nussloch, Germany).

Immunofluorescence

Mouse kidney were fixed and permeabilized
with BD fixation/permeabilization solution (New
Jersey, USA) for 24 h, and then embedded in OCT.
Serial frozen sections were sliced using a Leica
cryostat. Kidney sections were incubated with rabbit
anti-C3 antibody (Selleck, Texas, USA), followed by
incubation with a goat anti-rabbit secondary antibody
(AF555, Thermo, Massachusetts, USA) to detect renal
C3 deposition. An anti-mouse IgG antibody was used
to display glomerular IgG deposition. All stained
sections were imaged using a fluorescence microscope
to observe the distribution of IgG and C3 in renal
glomeruli.

ELISA

Blood and urine samples were collected from
mice for antibodies, complement and albumin
detection. Serum was separated from blood samples
via centrifugation at 4000g for 20 minutes. The serum
levels of anti-dsDNA (Alpha Diagnostic International,
Texas, USA), ANA (Zcibio, Shanghai, China), and
Complement 3 (C3) (Neobioscience, Shenzhen, China),
as well as urinary albumin levels (Zcibio), were
measured. In brief, diluted serum or urine samples
were incubated in ELISA plates, and subsequently
incubated with HRP-conjugated antibodies. After
washing, TMB substrate solution was added for
chromogenic reaction, and the reaction was finally
terminated by stop buffer. A  microplate
spectrophotometer ~was applied to measure
absorbance at 450 nm (Thermo Fisher Scientific,
Massachusetts, USA).

Serum and Urine Biochemical Analysis

The obtained serum and fresh urine samples
were subjected to routine biochemical detection using
a fully automatic veterinary biochemical analyzer (BS-
240 Vet, Mindray, Shenzhen, China) according to the
standard operating procedures. LDH, UA and Urea of
serum or urine were quantitatively analyzed to
evaluate the renal functional changes in mice.
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Flow Cytometry and Intracellular Cytokine
Staining

For cell surface marker detection, we stained
samples on ice for 15 min using indicated panels of
fluorophore-conjugated antibodies against CD4, CD8,
TCRp, CD44, CD25, CDé62L, CD69, CD71, ICOS,
CD11b, Gr1, F4/80, Siglec-F (CD170), MHC-II, CD45,
CD11c, alongside Fixable Viability Dye. Intracellular
proteins (Foxp3, CTLA4, Eomes, T-bet, Blimp-1) and
cytokines (IL-17A, IFN-y, TNF-a, 1L-4) were labeled
with matching antibodies. After surface staining, cells
were fixed and permeabilized with eBioscience
reagents (Massachusetts, USA) on ice for 30 min,
followed by 1 h of intracellular staining in the dark. To
measure cytokine production, cells were pre-
stimulated with PMA plus ionomycin and treated
with GolgiPlug for 4 h before surface staining. Flow
cytometry data were acquired on a BD LSR Fortessa
cytometer and analyzed with Flow]o v10 software. All
antibodies were obtained from Thermo Fisher,
BioLegend or BD Biosciences.

Isolation and Stimulation of PBMCs

PBMCs were isolated from patients with SLE and
healthy volunteers, using Ficoll-Paque™ Plus density-
gradient medium (Cytiva, Massachusetts, USA).
Briefly, fresh blood diluted in PBS was layered onto
Ficoll-Paque medium, centrifuged without brake
acceleration, and the PBMC-rich interphase was
harvested, washed twice in PBS, and reconstituted in
complete RPMI-1640 medium. Purified PBMCs were
plated at 4 X105 cells per well and cultured with anti-
human CD3/CD28 antibodies alongside aldometanib
for 48 h, then restimulated for 4 h using an activation
mixture of PMA, ionomycin and GolgiPlug. Cells were
then harvested for surface and intracellular staining.
Human-specific antibodies were purchased from BD
Biosciences.

Statistical Analysis

All statistical analyses were performed using
GraphPad Prism 8.0. For two-group comparisons, the
unpaired Student’s t test was applied for independent
samples, whereas the paired Student’s t test was used
when clinical samples with or without aldometanib
treatment were compared. For analyses involving
more than two groups, one-way ANOVA followed by
Tukey’s post-hoc test was used for multiple-group
comparisons. Before parametric tests (t test and one-
way ANOVA) were performed, the Shapiro-Wilk test
was used to assess data normality. For data that did
not meet the normality assumption, the nonparametric
Mann-Whitney U test or Kruskal-Wallis test was
adopted for statistical analysis. All assumptions for
parametric tests were fully evaluated prior to analysis.
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Survival data were analyzed using the Kaplan-Meier
method, with intergroup differences evaluated by the
log-rank test. Sample sizes were determined on the
basis of published literature and our preliminary
experimental data to ensure sufficient statistical power
while reducing animal usage. For experiments with
small sample sizes (n=3~4), we acknowledge that
conventional normality testing has limited statistical
power; therefore, we also considered corresponding
nonparametric alternatives where appropriate. It
should be emphasized that for datasets with small
sample sizes, we generally performed at least two
independent replicate experiments to ensure the
accuracy and reproducibility of our results. Data are
presented as the means + standard deviations (SDs). ns
= not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.001. All figure summaries and layouts were
generated using Adobe Illustrator (V27.0).

Results

Aldometanib Activates AMPK in T Cells to
Inhibit Proinflammatory Cytokine Production

To evaluate the effects of AMPK activators, such
as metformin, AICAR, MK8722, and aldometanib on
T-cell function, we employed an in wvitro
OVA/dendritic cell (DC)-stimulated OT-1I cell
activation model (OVA-OT-II system) (Fig. 1A). The
results revealed that the classic AMPK activators
metformin, AICAR, and MKS8722 had little
suppressive effect on T-cell function, as assessed by
IFN-y production by OT-II T cells, except for 1 uM
MKS8722, and did not affect T-cell survival (Fig. 1B, C).
In contrast to these classic AMPK activators,
aldometanib induced TCR/CD28-stimulated AMPK
activation and dramatically inhibited IFN-y
production (Fig. 1D-F). Importantly, the effective
concentration (0.5-5 nM) of aldometanib had a
minimal effect on T-cell survival (Fig. 1G). These
results demonstrate that compared with other AMPK
activators, aldometanib suppresses CD4* T-cell
cytokine secretion more potently and requires lower
working concentrations while maintaining cell
viability.

To determine whether aldometanib attenuated
Th cell function, we subsequently performed an in
vitro Th cell polarization assay. The results showed
that aldometanib markedly inhibited IFN-y and IL-
17A  secretion (Fig. 1H-J). Interestingly, the
differentiation of Foxp3* Tregs clearly increased in
response to aldometanib treatment (Fig. S1),
indicating that aldometanib controls inflammatory T-
cell function and promotes the induction of Tregs. To
test whether the inhibition of T-cell function by
aldometanib depends on AMPK activation, we

https://lwww.thno.org



Theranostics 2027, Vol. 17, Issue 1

designed Prkaal small guide RNAs (sgRNAs) and
utilized CRISPR-Cas9-mediated gene deletion in CD4*
T cells from OT-II Cas9 mice (Fig. 1K). Aldometanib
obviously inhibited IFN-y secretion in non-targeting
control (NTC) sgRNA-transduced OT-II cells;
however, AMPK deletion (Prkaal sgRNA) in OT-II
cells fully restored the reduction in cytokine
production induced by aldometanib (Fig. 1L).
Furthermore, Thl polarization was induced in
Ampkal/2-knockout (KO) CD4* T cells with or
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without the use of aldometanib. Our data revealed that
Thl polarization was not affected by Ampkal/2
deletion and that the inhibitory effect of aldometanib
on Thl polarization was completely abolished in
Ampkal/2-KO CD4* T cells (Fig. 1IM), suggesting that
aldometanib regulates T-cell function through an
AMPK-dependent pathway. Together, these results
demonstrate that aldometanib suppresses
proinflammatory cytokine production by CD4* T cells
via AMPK activation.
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Figure 1. Aldometanib activates AMPK in T cells to suppress proinflammatory cytokine production. (A) Model of the OVA-OT-Il system. (B and C) IFNy
production and cell viability of CD4* T cells treated with metformin, AICAR or MK-8722 (n = 3~4). (D) Immunoblot detection of phosphorylated AMPK in CD4* T cells
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Aldometanib Inhibits T-Cell Activation and
Proliferation

Cell activation and proliferation support T-cell
function, a process marked by the early upregulation
of CD69, CD25, CD44 and differentiation-associated
molecules, including ICOS and CD71. We evaluated
the effects of aldometanib on the expression of these
markers during T-cell activation. Through co-staining
for the naive T-cell marker CD62L and activation
markers, we identified two cell populations
designated P1 (early activation) and P2 (normal
activation). Aldometanib treatment downregulated
CD69 and CD25 expression and restrained initial T-
cell activation. This compound also reduced the
frequency and expression of CD44 (Fig. S2A-C).
Furthermore, the mean fluorescence intensities (MFIs)
of ICOS and CD71 were reduced in the presence of
aldometanib, demonstrating that aldometanib
impaired T-cell activation and early differentiation
(Fig. S2D). Moreover, we employed a CFSE dilution
assay to monitor T-cell proliferation and observed that
aldometanib significantly suppressed T-cell division,
especially in later generations (P5-P8) (Fig. S3A-B).
Analysis of cytokine production across proliferative
generations (P2-P8) revealed that aldometanib
markedly inhibited cytokine secretion, most
prominently within the P2 population (Fig. S3C-H).
Collectively, these data demonstrate that aldometanib
suppresses T-cell activation and proliferation.

Since dendritic cell (DC) function is essential for
initiating T-cell activation, we investigated whether
aldometanib modulates DC antigen presentation
during T-cell priming. To define the window through
which T-cell activation is susceptible to aldometanib,
we treated cells with aldometanib either before T-cell
priming (Days -1~0) or at multiple time points
following T-cell activation (Days 0~4) using the OVA-
OT-II system (Fig. S4A). The results indicated that
treatment with aldometanib significantly suppressed
IFN-y production by OT-II cells after T-cell priming
(Days 1~4) and slightly affected antigen presentation
by DCs (Days -1~0) (Fig S4B). Collectively, our results
demonstrate that aldometanib restrains cytokine
production by T cells mainly by affecting T-cell
activation and proliferation and also modulating
antigen presentation by DCs.

Aldometanib Regulates T-cell Function via a
PTEN-associated Program

To explore the molecular mechanism through
which aldometanib regulates T-cell activation and
differentiation, we performed transcriptomic profiling
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of OT-11 CD4* T cells following OV A stimulation. PCA
revealed distinct transcriptomic signatures in the
aldometanib-treated T cells compared with those in
naive and activated controls, indicating robust
transcriptional reprogramming (Fig. 2A). A KEGG
enrichment analysis revealed that aldometanib
downregulated oxidative phosphorylation, glucose
metabolism, and glycolysis pathways (Fig. 2B),
consistent with the canonical metabolic regulatory
function of AMPK. An additional pathway analysis
confirmed that the transcription of PI3K-AKT/mTOR
signaling-related genes was repressed after treatment
with aldometanib (Fig. 2C). Immunoblotting analyses
further confirmed that aldometanib reduced the
phosphorylation of AKT and S6, which are key
indicators of mTORCI activation (Fig. 2D). Given the
essential function of AKT/mTOR signaling in T-cell
lymphocytes, we examined the expression of
functional regulators and observed that the expression
levels of CTLA-4, Eomes, T-bet, and Blimp1 decreased
after treatment with aldometanib (Fig. 2E-F).

Rescue experiments using the AKT activator
recilisib and the mTOR activator MHY1485 revealed
that both of these activators partially restored the
impairment of cytokine production induced by
aldometanib (Fig. S5A). Moreover, pharmacological
inhibition of AKT/mTOR signaling via rapamycin or
MK?2206 suppressed IFN-y secretion but caused severe
T-cell cytotoxicity (Fig. S6). These findings indicate
that aldometanib inhibits T-cell function through
mechanisms beyond simple AKT/mTOR suppression.

In addition to AKT/mTOR signaling, the
transcriptomic analysis revealed that aldometanib also
suppressed the NF-xB signaling pathway and
upregulated Pten and Foxol transcription (Fig. 2G).
PTEN, a well-known phosphatase, maintains cell
homeostasis, differentiation and function.
Pharmacological inhibition of PTEN with VO-Ohpic
fully rescued the aldometanib-mediated defects in T-
cell function in both the OVA-OT-II model and in vitro
Thl differentiation cultures (Fig. 2H-I). PTEN
inhibition also attenuated the aldometanib-induced
suppression of CTLA-4, Eomes, and T-bet (Fig. 2J). To
exclude off-target effects of chemical inhibition, we
generated Pten-deficient CD4* T cells by transducing
Ptenf/fl CD4* T cells with Cre-expressing retroviruses.
Pten deficiency nearly completely abrogated the
inhibitory effects of aldometanib on IFN-y, T-bet and
CTLA-4 expression in Th1 cells (Fig. S5B, Fig. 2K-L).
Collectively, these results demonstrate that
aldometanib modulates T-cell function primarily
through a PTEN-associated program.
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Figure 2. Aldometanib regulates T cell function via AKT/mTOR activity and PTEN-associated programs. (A) PCA plot of RNA-seq. (B) KEGG analysis of
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Figure 3. Aldometanib Shows Favorable Preliminary Safety in Peripheral Immune Homeostasis and T-cell Development. (A) Phosphorylated AMPK (p-
AMPK) expression in mouse lymph nodes harvested 2 h after oral administration of aldometanib. (B-D) Changes in mouse body weight (B), survival (C), and immune organ
morphology (D) following treatment with aldometanib, rapamycin or MK-2206 (n = 4~6). (E) Total cell counts in central (thymus) and peripheral (spleen, lymph nodes) immune
organs from mice treated with aldometanib, rapamycin or MK-2206 (n = 4~6). (F, G) T cell developmental subsets in mice treated with aldometanib, rapamycin or MK-2206
(n =4~6). (H, I) T cell activation (H) and IFN-y secretion (I) in splenic CD4* (top panels) and CD8* T cells (bottom panels) (n = 4~6). Body weight changes were analyzed
using one-way ANOVA followed by Tukey’s HSD post-hoc test for multiple comparisons. Survival data were analyzed by the Kaplan-Meier method with the log-rank test for
intergroup comparisons. All other statistical analyses were conducted with an unpaired Student's t test. All bar graphs display the mean * SD. Statistical significance is indicated

as follows: ns = not significant, *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001.
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To further confirm whether the aldometanib-
mediated regulation of T-cell activation relies on
AMPK and PTEN-associated program, we stimulated
WT and Ampkal/2-KO CD4* T cells via TCR/CD28
signaling. The results showed that aldometanib
reduced the phosphorylation of S6 in WT CD4* T cells;
however, these effects were completely abrogated in
Ampkal/2-KO CD4* T cells (Fig. S7A). Moreover,
aldometanib failed to downregulate the surface
expression of the T-cell activation markers CD69,
CD44 and ICOS on AMPK-deficient T cells as well as
CTLA-4 and T-bet expression under Th1l polarization
(Fig. S7B-C). These results indicate that AMPK is
required for aldometanib-mediated suppression of T-
cell activation. We next assessed the contribution of
PTEN-associated program to the regulation of T-cell
activation by aldometanib. Consistent with our results
of cytokine assays, treatment with recilisib or
MHY1485 only slightly restored the inhibition of T-cell
activation by aldometanib. In contrast, the PTEN
inhibitor VO-Ohpic fully reversed the aldometanib-
mediated suppression of T-cell activation (Fig. S7D-E).
Collectively, these data demonstrate that aldometanib
regulates CD4* T-cell activation and function through
AMPK activation and PTEN-associated program.

Aldometanib Exerts a Favourable Preliminary
Safety Profile Regarding Peripheral Immune
Homeostasis and T-cell Development

Despite the clinical potential of rapamycin and
MK2206 in transplant rejection and autoimmune
disease treatment, their toxic effects on immune
development and homeostasis limit their application.
We further investigated the in vivo effects of
aldometanib on immune organs and immune
homeostasis. Oral aldometanib administration rapidly
activated AMPK in mouse lymph nodes within 2
hours, confirming its effect on immune tissues (Fig.
3A). We then treated the mice with aldometanib,
rapamycin, or MK2206 for 24 days at previously
validated doses[35, 36]. All three treatments caused
mild body weight loss (Fig. 3B), whereas MK2206
induced severe weight loss and approximately 30%
mortality (Fig. 3B-C). Rapamycin and MK2206
significantly reduced the size and cellularity of the
thymus, spleen, peripheral LNs, and mLNs, whereas
aldometanib did not obviously alter these immune
organs (Fig. 3D-E).

Consistent with organ-level changes, rapamycin
and MK2206 markedly decreased thymic DP and
CD4/CD8 SP cell populations. Aldometanib did not
disturb thymic T-cell development, with only a slight
reduction observed in the number of CD4 SP cells (Fig.
3F-G). Under steady-state conditions, rapamycin
significantly reduced the frequency of splenic effector
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memory CD4*T (CD44hCD62LP) cells. In contrast, the
expression of this T-cell subset was not altered by
treatment with aldometanib (Fig. 3H). Functionally,
aldometanib had subtle effects on CD4* T-cell IFN-y
production and only mildly suppressed CD8* T-cell
cytokine secretion. In contrast, rapamycin and
MK?2206 markedly suppressed the secretion of IFN-y
by CD4* and CDS8* T lymphocytes (Fig. 3I).
Collectively, these results show that aldometanib
exhibited a favorable preliminary safety profile in
preserving peripheral immune homeostasis and
thymocyte development.

Aldometanib Ameliorates Acute Lung Injury
and Allergic Lung Inflammation with Altered
T-Cell Immune Responses

To determine whether aldometanib alleviates
inflammation by inhibiting inflammatory T cell
generation, we established an acute lung injury model
by adoptively transferring naive OT-II CD4* T cells
into Ragl”/- mice (Fig. 4A). Recipient mice were
immunized with OVA and subsequently challenged
with intranasal OVA from days 8 to 11, which induced
robust pulmonary T-cell activation and severe lung
injury (Fig. 4A-C). Aldometanib treatment markedly
attenuated lung damage, preserving alveolar integrity
and reducing pulmonary immune cell infiltration (Fig.
4B-C). Consistently, aldometanib reduced the CD4*T-
cell proportion, absolute numbers, and IFN-y secretion
in the mediastinal lymph nodes and lung (Fig. 4D-G).
Aldometanib also diminished the infiltration of innate
immune cells into the lung (Fig. S8A). To verify the T-
cell-intrinsic, AMPK-dependent protective effects of
aldometanib, we performed adoptive transfer
experiments using WT and Prkaal-KO OT-II Cas9
CD4* T cells generated via CRISPR-Cas9 gene editing
(Fig. 4H). The results demonstrated that aldometanib
failed to mitigate the lung injury induced by Prkaal-
deficient CD4* T cells and did not affect the pulmonary
CD4* T-cell population, cytokine secretion, or innate
immune cell recruitment mediated by Prkaal-KO T
cells (Fig. 41-K, Fig. S8B).

We further confirmed these findings in an OVA-
induced allergic asthma model (Fig. S9A).
Aldometanib  effectively  alleviated airway
inflammation and reduced immune cell accumulation
in the lymph nodes and lungs (Fig. S9B-D). To further
clarify ~whether aldometanib protects against
pulmonary inflammation through AMPK in T cells,
mixed bone marrow chimeras (BMCs) were generated
by adoptive transfer of bone marrow cells into
irradiated Ragl+ mice; recipient mice received a 20:80
mixture of bone marrow cells isolated from either WT
or Ampkal/2/;Vav-Cre donors and T-cell-deficient
(TCD) mice. In these mixed BMCs, the 20:80 ratio
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supports the reconstitution of T cells exclusively
originating from Ampkal/2 KO or WT donors. Eighty
percent of the TCD bone marrows sustained near-
physiological non-T-cell haematopoietic development,
compensating for potential functional defects in non-
T-cell populations from 20% of the KO cells. Eight
weeks after reconstitution, the mice were challenged
with OVA to induce allergic lung inflammation (Fig.
5A). The results revealed that aldometanib
ameliorated OV A-induced lung injury in WT BMCs;
however, the anti-inflammatory efficacy of
aldometanib was completely diminished in KO BMCs
(Fig. 5B). Moreover, aldometanib failed to inhibit
pulmonary infiltration by KO CD4* T cells or T-cell
activation (Fig. 5C-D). Consistent with these findings,
the ability of aldometanib to suppress cytokine
production in Ampk-KO CD4* T cells was lost, as
evidenced by unaltered secretion of IFN-y, TNF-q, IL-
4, and IL-17A (Fig. 5E). Moreover, aldometanib had no
regulatory effects on Ampk-deficient CD8* T-cell
function or the subsequent accumulation of innate
immune cells, which is consistent with comparable
IFN-y/TNF-a secretion and unchanged macrophage
and neutrophil numbers in the lungs (Fig. 5F-G).
Collectively, our results demonstrate that aldometanib
alleviates pulmonary inflammation with restraining T-
cell activation, expansion and function in an AMPK-
dependent manner.

Aldometanib Controls Chronic Colitis by
Attenuating Inflammatory T-cell Generation

Aberrant T-cell activation and differentiation are
key aspects of chronic gut inflammation pathogenesis;
however, effective interventions are still lacking. To
evaluate whether aldometanib alleviates chronic
colitis, we adoptively transferred naive CD4* T cells
into Ragl/ mice and tracked colitis progression (Fig.
6A). The mice in the control group exhibited severe
inflammation, including oedema, barrier disruption,
and significant immune cell infiltration. Strikingly,
aldometanib treatment markedly diminished colon
inflammation and immune cell infiltration (Fig. 6B-E).
Analysis of mLNs and colon-infiltrating T cells
revealed decreased T-cell proportions and numbers
and significantly reduced IFN-y, TNF-a, and IL-17A
secretion compared with those in the control group
(Fig. 6F-H), indicating that treatment with
aldometanib controls inflammatory T-cell generation
in chronic colitis.

Aldometanib may also activate AMPK in other
cell types within the colon to regulate intestinal
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homeostasis. To determine whether aldometanib
alleviates colitis via AMPK activation in T cells and/or
effects on colon cell homeostasis, we treated Ragl-~/-
mice with either WT or Ampkal/2-KO CD4* T cells,
followed by treatment with aldometanib. Our results
demonstrated that aldometanib alleviated colitis
triggered by WT CD4* T cells in Ragl~/- mice, as well
as decreased the proportion and absolute number of
CD4* T cells, and reduced the secretion of relevant
cytokines. However, these protective effects were
markedly diminished following the transfer of KO
CD4* T cells (Fig. 6I-Q). In particular, aldometanib
slightly mitigated colitis pathology in Ragl-/- mice
receiving KO CD4+* T cells (Fig. 6I-]), suggesting that
aldometanib partially regulates the metabolic
homeostasis of diverse cell lineages in the context of
chronic colonic inflammation[37]. Overall, these
findings suggest that aldometanib relieves colitis by
restraining inflammatory T-cell generation and
maintaining the internal homeostasis of colonic cells.

Aldometanib Intervention Ameliorates
Systemic Lupus Erythematosus Progression in
Mice

SLE is associated not only with intense polyclonal
antibody production but also with aberrant T-cell
activation and differentiation. Effective T-cell-targeted
therapeutics for SLE remain largely unexplored. To
elucidate the immunosuppressive effects of
aldometanib on SLE progression, we utilized a lupus-
prone mouse model (MRL-FasPr/] mice). After 3
months of aldometanib treatment, the size and
absolute cell numbers of the lymph nodes were
significantly reduced in MRL-Ipr mice (Fig. 7A-B). In
addition, aldometanib markedly reduced absolute T-
and B-cell numbers within the LNs of MRL-Ipr mice
(Fig. 7B). Aldometanib treatment also significantly
reduced the activation of CD4* T and CD8* T cells and
decreased the frequency of IFN-y-secreting T cells
(Fig. 7C-D). The production of most pathogenic IgG
autoantibodies in SLE requires helper signals from
CD4+ follicular helper T (Tfh) cells, although T-cell-
independent B-cell activation can also contribute to
autoantibody generation. We next observed that
aldometanib reduced auto-antibody titres in serum,
including anti-dsDNA and ANA antibodies as well as
plasma cell generation in lupus mice (Fig. 7E-F). These
results indicated that aldometanib restrains SLE
progression, suppressed T-cell function and auto-
antibody production.
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Figure 4. Aldometanib alleviates acute lung injury by restraining T cell function in an AMPK-dependent manner. (A)Schematic illustration of the CD4* T cell-
induced acute lung injury model. (B, C) Gross lung phenotypes (B) and lung H&E staining (C) of mice with or without aldometanib treatment in the model shown in (A). Scale
bar, 200 pum. (D, E) Infiltrated immune cell numbers in lymph nodes (D) and lung tissue (E) from the above model (n = 5). (F, G) CD4* T cell subsets and cytokine production
(IFN-y) in lymph nodes (F) and lung tissue (G) (n = 5 per group). (H) Schematic of acute lung injury established via adoptive transfer of Prkaal-deficient OT-II-Cas9 CD4* T
cells. (I) Representative images of lung tissue from the (H) with or without aldometanib treatment. Scale bar, 200 um. (J, K) Percentage and numbers of CD4* T cells and IFN-
v* TNF-at CD4*T cells infiltrating the lung under model (H) (n = 6). All statistical analyses were conducted with an unpaired Student's t test. All bar graphs display the mean +
SD. Statistical significance is indicated as follows: ns = not significant, **P < 0.01, ***P < 0.001, ***P < 0.0001.
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Figure 5. Aldometanib alleviates allergic lung inflammation with impaired T cell function in an AMPK-dependent manner. (A) Schematic diagram for generating
bone marrow chimeras with T cell specific deletion of AMPKa1/2 (named WT or KO), followed by OVA induced allergic lung inflammation. (B) Gross lung appearance and
representative lung H&E staining of mice with or without aldometanib treatment in WT or KO mice. Scale bar, 200 um. (C, D) Flow cytometric quantification of WT and
Ampkal/2-deficient T cell percentages (C), and activated CD4* T cells (CD44* ICOS*) (D) isolated from lung (n = 7 per group). (E, F) Flow cytometric detection of cytokine
production in lung-infiltrated WT and Ampka1/2-deficient T cells: CD4* T cells (IFN-y*TNF-a*, IL-4*IL-17a*) (E) and CD8* T cells (IFN-y*TNF-a*) (F) (n = 7). (G) Quantification
of macrophages and neutrophils in lung with/without aldometanib treatment (n = 7 per group). All statistical analyses were conducted with an unpaired Student's t test. All bar
graphs display the mean % SD. Statistical significance is indicated as follows: Statistical significance is indicated as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
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Figure 6. Aldometanib mitigates colitis by suppressing inflammatory T cell generation. (A) Schematic illustration of the CD4* T cell-induced chronic colitis. (B, C)
Gross colorectal morphology and representative H&E images of colon in indicated group. Scale bar, 100 pm. (D, E) Quantification of infiltrated immune cells in mLNs (D) and
colorectal tissues (E) (n = 6). (F-H) CD4* T cell proportions (F) and secretion of IFN-y, TNF-a, and IL-17A (G, H) in mLNs and colon (n = 6). (I, ]) Gross colorectal appearance
(I) and representative colorectal H&E staining (J) from WT or Ampkal/2-- CD4* T cell induced colitis and treated with aldometanib or vehicle. Scale bar, I mm. (K, L)
Quantification of infiltrated immune cells in mesenteric lymph nodes (K) and colon (L) isolated from mice of WT or Ampkal/2-- CD4* T cell group (n = 6 per group). (M-Q)
Flow cytometric detection of CD4* T cell populations (M, N) and IFN-y*/TNF-a* cytokine production (O-Q) in colon from mice of WT or Ampka1/2-- CD4* T cell group (n
= 6 per group). All statistical analyses were conducted with an unpaired Student's t test. All bar graphs display the mean % SD. Statistical significance is indicated as follows:
Statistical significance is indicated as follows: ns = not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7. Aldometanib intervention ameliorates systemic lupus erythematosus progression. (A) Representative lymph nodes histopathology from vehicle or
aldometanib-treated MRL-Ipr mice. (B) Quantification of total lymph node cellularity and the proportions of CD4+ and CD8* T cells and B cells in MRL-Ipr mice with or without
aldometanib treatment (n = 4~5). (C, D) T cell activation (C) and IFN-y secretion (D) of CD4* and CD8* T cells in lymph nodes (n = 4~5). (E) Serum concentrations of
complement C3, ANA and anti-dsDNA autoantibodies in MRL-Ipr mice following aldometanib administration (n = 6). (F) Flow cytometric quantification of plasma cell populations
in LNs in aldometanib treated MRL-Ipr mice (n = 4~5). (G) H&E images of renal tissues from MRL-Ipr mice treated with vehicle or aldometanib. Scale bar, 50 pm. (H) C3 (red)
and IgG (yellow) depositions were shown via immunofluorescence staining in the kidneys of aldometanib-treated MRL-Ipr mice. Scale bar, 50 pm. (1,J) Urinary levels of albumin,
uric acid (UA), urea (l) and serum LDH (J)in MRL-Ipr mice after aldometanib intervention (n = 3~5). (K) Flow cytometric detection of cytokine secretion by kidney-infiltrating
T cells in aldometanib treated MRL-Ipr mice (n = 4~5). All statistical analyses were conducted with an unpaired Student's t test. All bar graphs display the mean * SD. Statistical
significance is indicated as follows: Statistical significance is indicated as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Lupus nephritis is a classic SLE manifestation. A
histopathological analysis revealed that aldometanib
treatment in MRL-Ipr mice exhibited improved kidney
morphology and prevented glomerular atrophy (Fig.
7G). We also observed that aldometanib reduced
glomerular IgG and C3 deposition in the kidneys of
lupus mice (Fig. 7H). Similarly, aldometanib restored
serum C3 levels (Fig. 7E) and improved urinary urea
and uric acid levels (Fig. 7I). Given that urea synthesis
and excretion are regulated by the liver and kidney,
we further found that aldometanib also normalized
serum LDH (Fig. 7]), a broad biomarker of cellular
damage that may indicate hepatic, renal or other organ
injury. Importantly, flow cytometry analysis further
demonstrated that cytokine production by kidney-
infiltrating T cells was markedly impaired in the
aldometanib-treated MRL-lpr mice (Fig. 7K).
Collectively, these results demonstrate that
aldometanib effectively attenuates SLE-like disease
progression and ameliorates renal injury and
associated-biochemical abnormalities in MRL-Ipr
mice. These protective effects are accompanied by
reduced inflammatory T cell generation, diminished
auto-antibody secretion from plasma cells, and
improved renal injury-associated parameters; such
benefits are achieved via dual T-cell-dependent and
independent regulatory mechanisms.

Aldometanib Reduces Proinflammatory
Cytokine Production by T cells in PBMCs
from SLE Patients

To evaluate the function of aldometanib in
human autoimmune diseases, we tested the effects of
aldometanib on AMPK activation and T-cell function
in PBMCs. Our results revealed that among PBMCs
from healthy donors, aldometanib clearly increased
TCR/CD28-induced AMPK phosphorylation and
decreased S6 phosphorylation in human T cells (Fig.
8A-C). Consistent with our results observed in mice,
aldometanib significantly reduced IFN-y and TNF-a
production by CD4* T and CD8* T cells in PBMCs from
SLE patients and a subset of healthy donors (Fig. 8D,
8F, Fig. S10).

We next used PBMCs isolated from patients with
SLE to verify whether the effect of aldometanib on
human T cells relies on the AMPK pathway. We
evaluated whether compound C, a classic AMPK
inhibitor, and Bay3827, a recently developed potent
AMPXK inhibitor, could reverse aldometanib-mediated
T-cell suppression. First, we observed that treatment
with Bay3827 or compound C effectively reversed the
aldometanib-mediated = reduction in  cytokine
production by mouse T cells (Fig. S11), further
demonstrating that the suppression of cytokine
secretion by aldometanib is dependent on AMPK
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activation. Furthermore, aldometanib still suppressed
human T-cell function. Treatment with compound C
or Bay3827 alone slightly affected T-cell function at the
indicated concentration, whereas compound C or
Bay3827 treatment with aldometanib largely
abrogated the inhibitory effect of aldometanib on
cytokine production (Fig. 8E). We further performed
rescue experiments using a PTEN inhibitor in the same
system. Pharmacological inhibition of PTEN also
markedly abolished the aldometanib-mediated
suppression of cytokine secretion by T cells, consistent
with the results obtained using mouse T cells (Fig. 8E).
Collectively, our findings demonstrate that in SLE
PBMCs, aldometanib effectively suppresses human
inflammatory T-cell function through an AMPK-
dependent pathway and PTEN-associated program.

Discussion

Targeting or modulating T-cell function can
alleviate various immune-related diseases, such as
SLE, RA, MS, psoriasis, and IBD [38]. Currently,
effective clinical strategies, including thymectomy for
myasthenia gravis, immunosuppressive therapies
using hormones, long-term use of
immunosuppressive drug regimens, and B-cell
depletion therapies, are well established[39, 40].
Despite these benefits, these approaches carry risks
such as immunosuppression, infection, and organ
toxicity, which limit their clinical efficacy. Our study
revealed that aldometanib inhibits T-cell function by
activating AMPK, thus alleviating acute lung
inflammation, chronic colitis, and symptoms and
kidney injury in a lupus-prone MRL-Ipr mouse model,
and that it has an ex wvivo inhibitory effect on
inflammatory T cells from SLE patients. These findings
represent preliminary proof-of-concept evidence.

AMPK is activated under various physiological
conditions, such as starvation, stress, and cold.
Previous studies have focused primarily on the effects
of AMPK activation, often via LKB1 and other
signaling pathways, on metabolism and metabolic
diseases. Altered metabolism also attenuates immune
responses; for instance, modulating glucose
metabolism can suppress immune reactions mainly by
inhibiting glycolysis[41]. AMPK activation controls
immune responses through fine-tuning metabolic
balance; even upstream molecules such as LKB1
directly regulate T-cell differentiation and function,
including maintaining Treg-mediated peripheral
tolerance and modulating Th17 differentiation[42, 43],
whereas SREBP signaling affects Treg function and
antitumour immunity[44]. Thus, AMPK activation
may have dual metabolic and immunomodulatory
functions.
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Figure 8. Aldometanib suppresses proinflammatory cytokine secretion in T cells from PBMCs of SLE patients. (A) Expression of phosphorylated AMPK in
human T cells isolated from PBMCs, stimulated with anti-human CD3/CD28, and incubated with 0, 10, 20, or 50 nM aldometanib for 6 h. (B) Schematic workflow: peripheral
blood was harvested from healthy donors and SLE patients for PBMC isolation. Isolated PBMCs were treated with aldometanib in vitro to detect alterations in T cell cytokine
secretion. (C) Immunoblot detection of phosphorylated ribosomal $6 protein in human T cells isolated from PBMCs, stimulated with anti-human CD3/CD28, and cultured with
0, 10, 20, or 50 nM aldometanib for 12 h. (D) Flow cytometric quantification of CD4* T cells producing IFN-y and/or TNF-a in PBMCs isolated from SLE patients (n = 10 per
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Although metformin activates AMPK and
regulates blood glucose levels, it acts primarily in the
liver, gut, and skeletal muscle; therefore, whether
metformin directly modulates T-cell activity still needs
to be explored. However, its ability to regulate
immune responses in vivo suggests that AMPK
activation can regulate immune and antitumour
responses[45, 46]. The AMPK activator AICAR has
therapeutic effects against metabolic diseases and
control tumours, and we found that it has a weak
modulatory effect on T lymphocytes. Consistent with
previous findings, the bioactivity of AICAR is
detectable only at elevated concentrations (500 pM to
2 mM)[47, 48]. MK8722, a newly developed AMPK
activator, suppresses T-cell function but has been
reported to have side effects, such as cardiac
hypertrophy, in mice, limiting its long-term use in
chronic inflammation[28]. Aldometanib blocks the
binding of lysosomal aldolase-FBP to selectively
activate lysosomal AMPK. A recent study reported
that aldolase depletion leads to lethal metabolic failure
and embryonic death [31, 49], and both AMPK
activation and aldolase dysfunction may drive
metabolic alterations and thereby modulate cell
differentiation and function. Aldometanib has been
reported to lower blood glucose levels, reduce body
weight, alleviate fatty liver disease, and extend
lifespan, without causing significant tissue
dysfunction or damage. We found that aldometanib
inhibited T-cell activation and differentiation to
alleviate ~ multiple  inflammatory  disorders.
Importantly, under our experimental conditions,
treatment with aldometanib did not cause substantial
defects in thymocyte development or peripheral T-cell
homeostasis; therefore, it has advantages over
treatment with AKT or mTOR inhibitors. Together
with our results obtained using clinical PBMC
samples, these data reveal that the preliminary safety
profile of aldometanib is favourable in the tested
settings, supporting further investigations for
potential  applications in inflammatory and
autoimmune diseases.

Previous studies have reported that AMPK
activation suppresses rather than abolishes mTOR
activity to maintain cellular homeostasis, consistent
with the results of our study. The AKT/mTOR
pathway is essential for cell survival and function.
However, excessive activation or complete depletion
of this pathway can trigger T-cell apoptosis, migratory
defects[50, 51], and impaired Treg function[52]. Thus,
we propose that aldometanib-mediated AMPK
activation  enables  fine-tuned regulation  of
AKT/mTOR signaling, which may explain the largely
normal thymocyte development and peripheral
immune homeostasis but decreased inflammation in
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diseases upon aldometanib treatment. Although this
hypothesis requires further validation, both
rapamycin and MK2206 markedly disrupt thymocyte
development and the function of peripheral effector T
cells. In addition, Foxol serves as a critical molecule
for maintaining the homeostasis and function of T
cells. Loss of Foxol leads to excessive activation of
effector T cells, or impairs Treg suppressive
function[53]. Our results demonstrate that
aldometanib upregulates Foxol expression in T cells,
which is associated with aldometanib-mediated
inhibition of T cell activation and the induction of
Tregs. Notably, aldometanib treatment reduces
CTLA4 expression. In Tregs, Foxol binds to the
CTLA4 locus and promotes CTLA4 expression to
maintain Treg function[54]. As a co-inhibitory
molecule, CTLA4 can also be upregulated secondarily
when Foxol deficiency triggers hyperactivation of
effector T cells[55]. Thus, Foxol exerts divergent
regulatory mechanisms over CTLA4 in Tregs versus
effector T cells[56]. Further investigations are required
to clarify the distinct mechanisms by which
aldometanib modulates Foxol and CTLA4 across
different T cell subsets.

In addition, our study revealed that AMPK
activation modulates PTEN-associated program, as
evidenced by the finding that PTEN inhibition
completely abrogates the suppressive effect of
aldometanib on cytokine production by T cells. PTEN
is critical for sustaining cellular homeostasis and
function. Loss of PTEN promotes proinflammatory
cytokine secretion by T cells or disturbs Treg
function[57], via the regulation of the NF-xB, Foxo,
ERK, and AKT/mTOR signaling cascades[58-60].
These observations align with our transcriptomic
profiling results obtained from aldometanib-treated T
cells. Consistent with these findings, a prior study has
demonstrated that PTEN can be regulated by
metformin-induced AMPK activation [61]. While our
data establish the importance of PTEN-associated
program for the function of aldometanib, the
molecular mechanism through which AMPK
activation regulates PTEN-associated program
remains poorly defined.

Multiple in vivo genetic models, including Ampk-
KO T-cell-induced colitis and lung injury and T-cell-
specific Ampk-knockout bone marrow chimeras, have
consistently demonstrated that the core anti-
inflammatory effects of aldometanib depend primarily
on AMPK signaling in CD4* T cells, as evidenced by
the near-complete loss of tissue-protective and
cytokine-suppressive capacity in T cells lacking
AMPK. However, aldometanib also provides T-cell-
independent benefits, such as shielding intestinal
epithelial cells[37], and balancing systemic glucose
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metabolism[31], which together mitigate local
inflammatory damage. Our data further revealed that
aldometanib has additional therapeutic effects
through the regulation of dendritic cells,
macrophages, and plasma cells via both T-cell-
dependent/independent mechanisms in lung injury,
allergic airway inflammation, and MRL/Ipr lupus
mouse models. Supplemental serological and renal
biomarkers confirm that it relieves lupus nephritis by
restraining pathogenic T-cell responses, lowering
autoantibody  secretion and restoring tissue
homeostasis. We speculate that the anti-inflammatory
efficacy and effects of aldometanib on non-T-cell
populations may be influenced by drug dosage and
treatment period. In our experiments, a lung injury
model was treated with aldometanib for 8-17 days, a
colitis model was treated for approximately six weeks,
and an SLE mouse model was treated for
approximately three months. The broad systemic
metabolic and immunological benefits of prolonged
treatment with aldometanib may also explain its anti-
inflammatory  effects and lifespan-extending
effects[31], and the precise regulatory pathways
governing non-T-cell immune subsets remain to be
fully characterized.

In summary, this study indicates that
aldometanib controls T-cell activation, proliferation
and function through AMPK activation and
engagement of  PTEN-associated  programs,
significantly ~ alleviating acute and chronic
inflammation and autoimmune disease, and offering
preliminary proof-of-concept evidence for further
investigation of aldometanib as a potential therapeutic
strategy for inflammatory and autoimmune diseases.

Limitations of the Study

The finding that aldometanib alleviates
inflammation and autoimmune diseases by inhibiting
inflammatory T-cell generation provides a basis for
further research on the broader role of aldometanib in
immune diseases. First, aldometanib-mediated
suppression of T-cell activation represents a central
mechanism underlying its inhibitory effects on T-cell
function. Nevertheless, our current results still cannot
fully distinguish a direct effect on Th1/Th17 lineage
commitment from secondary effects that arise as a
consequence of reduced T-cell activation or
proliferation. Second, sustained activation of innate
immune cells and B cells can drive diverse
inflammatory and autoimmune responses[62]. The
effects of aldometanib on innate immune cells and B
cells remain to be explored. Moreover, together with
existing findings[63], it is not clear whether
aldometanib modulates antitumour CD8* T-cell
function and other uncharacterized mechanisms.
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Third, whether aldometanib directly mediates its anti-
inflammatory effects through metabolic
reprogramming  remains  unclear. Notably,

aldometanib may perturb the aldolase-FBP glucose-
sensing system, and we are therefore unable to fully
distinguish the individual contributions of AMPK-
dependent signaling and aldolase-related metabolic
reprogramming in this study. Previous work has also
demonstrated that PTEN and the AKT/mTOR axis
serve as key regulators of glycolysis and oxidative
phosphorylation, =~ whereas =~ AMPK  activation
suppresses AKT/mTOR signaling and upregulates
PTEN expression[64, 65]. Importantly, how AMPK
activation regulates the activity of the PTEN-
associated signaling pathway is still unclear. Last, our
safety evaluation of aldometanib was limited to the
proportions and cell counts of immune cells and T-cell
subsets in immune organs. Accordingly, the present
data cannot rule out altered immunotoxicity or host
defence; thus, further evaluation of general safety,
immunotoxicity, and host defence is warranted.
Collectively, addressing these limitations represents
important directions for future work.
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