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ABSTRACT

Background Tumor-infiltrating regulatory T cells (TI-
Tregs) are well-adapted to thrive in the challenging

tumor microenvironment (TME) by undergoing metabolic
reprogramming, notably shifting from glycolysis to
mitochondrial oxidative phosphorylation (OXPHOS) for
energy production. The extracellular matrix is an important
component of the TME, contributing to the regulation

of both tumor and immune cell metabolism patterns by
activating mechanosensors such as YAP. Whether YAP
plays a part in regulating TI-Treg mitochondrial function
and the underlying mechanisms are yet to be elucidated.
Methods To gain insights into the effect of matrix
stiffness on YAP activation in Tregs, alterations in stiffness
were performed both in vitro and in vivo. YAP conditional
knockout mice were used to determine the role of YAP

in TI-Tregs. RNA-seq, quantitative PCR, flow cytometry,
lentivirus infection and mitochondrial function assay were
employed to uncover the mechanism of YAP modulating
mitochondrial function in TI-Tregs. A YAP inhibitor and a
low leucine diet were applied to tumor-bearing mice to
seek the potential antitumor strategy.

Results In this study, we found that YAP, as a
mechanotransducer, was activated by matrix stiffness in
TI-Tregs. A deficiency in YAP significantly hindered the
immunosuppressive capability of TI-Tregs by disrupting
mitochondrial function. Mechanically, YAP enhanced
mitochondrial OXPHOS by upregulating the transcription
of Lars2 (Leucyl-tRNA synthetase 2, mitochondrial), which
was essential for mitochondrial protein translation in Tl-
Tregs. Since Lars2 relied much on its substrate amino acid,
leucine, the combination of a low leucine diet and YAP
inhibitor synergistically induced mitochondrial dysfunction
in TI-Tregs, ultimately restraining tumor growth.
Conclusions This finding uncovered a new understanding
of how YAP shapes mitochondrial function in TI-Tregs in
response to mechanical signals within the TME, making
the combined strategy of traditional medicine and diet
adjustment a promising approach for tumor therapy.

BACKGROUND

Tumor-infiltrating Treg cells (TI-Tregs)
play a pivotal role in facilitating the immu-
notolerance of malignant cells, ultimately
contributing to unfavorable prognoses in
numerous cancer types.! TI-Tregs exhibit
remarkable adaptability to the harsh tumor

.23 Meinan Yan,?? Yihan Xu,"?® Youhui Wang,"** Yuan Yao,"**
,"® Yang Qu,"?? Liling Niu,"*® Hui Li"?°

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Tumor-infiltrating regulatory T cells (TI-Tregs) exhibit
remarkable adaptability to the harsh tumor microen-
vironment (TME), they can switch to mitochondrial
oxidative phosphorylation (OXPHOS) as their prima-
ry energy supply. Elucidating the underlying mech-
anisms of how TI-Tregs acquire metabolic fitness in
the TME may yield clinical benefits.

WHAT THIS STUDY ADDS

= We found that YAP, as a mechanotransducer, was
activated by matrix stiffness in Tl-Tregs, thus en-
hancing mitochondrial OXPHOS through upreg-
ulating Leucyl-tRNA synthetase 2, mitochondrial
(Lars2), which was essential for mitochondrial pro-
tein translation. Since Lars2 relied much on its sub-
strate amino acid, leucine, the combination of a low
leucine diet and YAP inhibitor synergistically induced
mitochondrial dysfunction in TI-Tregs, ultimately re-
straining tumor growth.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study, for the first time, uncovered that YAP
could enhance mitochondrial OXPHOS in TI-Tregs in
response to mechanical signals within the TME. It
highlights the potential of a combined strategy in-
volving traditional medicine and dietary adjustments
as a promising approach for tumor therapy.

microenvironment (TME), characterized by
hypoxia, acidity, and nutrient deprivation,
conditions that are often intolerable for
other immune cells.” Previous studies suggest
that TI-Treg possess a distinct metabolic
profile from other T cells or Tregs in periph-
eral tissues,®* they can uniquely use lactic
acid and fatty acid as an energy fuel, and
switch to mitochondrial oxidative phosphor-
ylation (OXPHOS) as their primary energy
supply.” Enhanced mitochondrial function,
which governs metabolic reprogramming
from glycolysis to oxidative metabolism, is
crucial for Treg differentiation.’ Elucidating
the underlying mechanisms of how TI-Tregs
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acquire metabolic fitness in the TME may yield clinical
benefits.

The extracellular matrix (ECM) is an important molec-
ular component of the TME, it not only provides a phys-
ical scaffold for cells but also contributes to the regulation
of both tumor and immune cell metabolism patterns by
activating mechanosensors.” ® Stiffness-mediated energy
metabolism is crucial in regulating cell behavior and
fate. ! Notably, YAP, a well-known mechanotransducer,
is responsive to various mechanical cues, particularly
ECM stiffness,'” and it subsequently orchestrates a broad
spectrum of biological behaviors."” Evidence indicates
that the role of ECM stiffness in immunity is complex
and highly dependent on the specific immune cell type.
YAP performs an immunosuppressive function in CD8"
T cells, particularly in the context of activated cytotoxic
cells in the TME." The stiffness of the matrix has the
potential to stimulate the activation of YAP in CD4" and
CDS8" effector T cells, subsequently inhibiting metabolic
reprogramming by impeding the nuclear translocation of
NFAT1." YAP activation caused by increased ECM stiff-
ness impairs effector T cell proliferation, differentiation
and cytotoxic function.'®'” However, unlike in effector T
cells, YAP is highly expressed in Treg and bolsters Foxp3
expression by upregulation of activin signaling,'® whether
there are other mechanisms behind it nor the reason for
YAP activation in Treg is still not clear. Single-cell RNA-
Seq reveals that induced Treg cells (iTregs) on stiffer
substrates involve greater use of OXPHOS, and inhibition
of ATP synthase reduces the rate of Treg induction,'? indi-
cating that matrix stiffness could influence mitochondrial
function during Treg induction, but it is unclear whether
YAP is involved in this process.

Here, our research reveals that a stiff matrix enhances
TI-Tregs immunosuppressive capacity by potentiating
mitochondrial OXPHOS. YAP provides a link between
mechanotransduction and energy metabolism in TI-Tregs
by increasing Lars2 (Leucyl-tRNA synthetase 2, mitochon-
drial) transcription, which is crucial for mitochondrial
protein translation relying on its substrate, the essen-
tial amino acid leucine. YAP inhibitor combined with
low leucine uptake synergistically causes mitochondrial
dysfunction in TI-Tregs, making the combination of tradi-
tional medicine with diet adjustment a promising strategy
for cancer therapy.

MATERIALS AND METHODS

Mice

CH7BL6/] Foxp3™ mice (here indicated as WT mice in
our study) were purchased from the Jackson Laboratory
(Strain #: 016959) , the YAPY" mice were purchased
from Shanghai Model Organisms Center (Cat. No:
NM-CKO-200174). The YAPY™ mice were first crossed
with Foxp3™ mice to generate F1 mice, then the F1 mice
were inbred to generate the homozygous Foxp3™ YAP"
T mice (here indicated as YAP-cKO mice in our study).
Mice genotyping was performed using TaKaRa Taq V.2.0

plus dye (Takara, RR901A) according to the protocol with
the following primers:

Foxp3-cre:

(Wild type Forward) CCCTTGACCTCAAAACCAAG,

(Mutant Forward): TGGCTGGACCAATGTGAAC,

(Common Reverse): GTGTGACTGCATGACT
AACTTTGA;

YAPAlox:

(Forward) CCGTTTCTCCTGGGACACTG,

(Reverse): CCACAAAAGTCTGCAAAAAGGC.

All the mice were kept under specific pathogen-free
conditions and housed in a barrier facility in the Animal
Department of our institute. All the animal experi-
ments were performed in compliance with all relevant
ethical guidelines approved by the Ethics Committee of
Tianjin Medical University Cancer Institute and Hospital
(HSTF-AE-2023003).

Cell lines

B16-F10 cells and HEK293T cells were maintained in
Dulbecco’s Modified Eagle’s Medium with 10% fetal
bovine serum and 1% penicillin-streptomycin. MC-38
cells were cultured in a complete RPMI 1640 medium. All
cells were obtained from American Type Culture Collec-
tion and tested negative for mycoplasma contamination.

Tumor models and treatment
WT or cKO mice (n=5, 6-8 weeks) were inoculated with
3-5x10"5 MC-38 cells/100pl PBS, or 2x10°5 B16-F10
melanoma cells/100pl PBS on the right flank on day 0.
Tumor growth was recorded every 1-2 days. Tumor volume
was determined as length (mm)xwidth? (mm)x0.52.

B-Aminopropionitrile (BAPN) treatment

Mice were randomly assigned to groups treated with
PBS or BAPN (100mg/kg, intraperitoneally (I.P.), every
2days; MCE)* on day 7 after MC-38 cell inoculation. All
mice were sacrificed on day 21 for further study.

Verteporfin (VP) treatment and low leucine diet
treatment

VP is a YAP inhibitor which disrupts YAP-TEA Domain
Transcription Factor (TEAD) interactions.! VP (2 mg/
mouse, L.P. every 2days; MCE) was given every other day
from day 7 until mice were sacrificed. A low leucine diet
(10% content of leucine compared with normal chow)
and compared normal diet (purchased from Jiangsu
Xietong Pharmaceutical Bio-engineering) were provided
on day 0 until mice sacrifice.

Masson staining and hydroxyproline assay

The tumor paraffin slices were stained using Masson
staining kit (Solarbio) according to the manufactures
protocol, collagen secretion was evaluated by the blue
area. The content of hydroxyproline was measured by
using hydroxyproline assay kit (Solarbio).

Flow cytometry

Single-cell suspensions were prepared from spleens or
tumors. Tumor tissues were cut into pieces and digested in
a mixture solution (1 mg/mL collagenase intravenously,
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0.1mg/mL hyaluronidase and 30 U/mL DNase I mixed
in complete RPMI 1640 medium) at 37°C for 40 min with
gentle agitation. The single-cell suspension was strained
through 70pm and 40pm filters on ice. Spleens were
smashed slightly on the strainers directly to get single
cells. After red blood cell lysis (ACK lysing Buffer; Gibco),
cells were blocked with anti-mouse CD16/32 antibodies.
Zombie NIR or Aqua was used to distinguish dead and
live cells, then a mixture of antibodies was incubated for
about 30 min before washing. The intracellular marker
staining was performed using a Foxp3/Transcription
Factor Staining Buffer Set (Invitrogen) according to the
manufacturer’s instructions. For chemokine staining,
cells were activated with an activation cocktail for 4 hours
before permeabilization and fixation. Antibodies used
in our experiments were listed in online supplemental
table 2. Data were collected using BD FACSCanto II or
Beckman CytoFLEX flow cytometers and analyzed in
FlowJo V.10.

In vitro Treg cell assays
Treg isolation.

CD4'Foxp3-YFP' Treg cells from spleen or TI lymph
cells were sorted on a FACSAria III (BD Biosciences) in
our institute and maintained in complete RPMI 1640
medium supplemented with IL-2 (100IU/mL, Pepro-
Tech) and TGFB (5ng/mlL, PeproTech) for further
experiments.

Treg induction in vitro

For Treg induction, a naive CD4" T cells isolation kit
(Miltenyi Biotec) was used to get the naive CD4" T cells
from the spleens of 6-8 weeks old WT mice. Cells were
cultured for 3days in U-bottom 96-well plates in comple-
ment RPMI 1640 medium supplemented with IL-2
(100IU/mL; PeproTech), TGFB (5ng/mL; PeproTech)
and anti-CD3/28 Dynabeads (cells: Dynabeads=5:1;
Gibco).

Plasmid, lentivirus construction and infection

The pLV-EFlo-mLars2-puro plasmid was purchased
from Synbio Technologies (China). The Lars2 plasmid
was co-transfected with psPAX2 and pMD2.G into
HEK293T cells, lentivirus particles were concentrated
before infecting Treg cells according to the instructions
described previously.'®

RNA isolation and real-time PCR
RNA from TI-Tregs was extracted using the TRIzol reagent
(Invitrogen), and the SYBR Premix Ex Taq II (Takara) was
used for real-time PCR (RT-PCT). The primer sequences
used for RT-PCR were as follows:

Lars2F: GTGGGAAAGACTAATTCCAGGG

Lars2R: GCCAGAAGGGTATGGGAACAT

Actin-F: GTGACGTTGACATCCGTAAAGA

Actin-R: GCCGGACTCATCGTACTCC

RNA-sequencing
TI-Tregs from the MC-38 tumor were sorted on a flow
cytometer, and resuspended in the lysis bufferimmediately

for further RNA extraction and library building. The
library was quality-assessed before being sequenced using
the Illumina NovaSeq 6000 sequencing platform (Paired
end150) to generate raw reads. Differentially expressed
genes (DEGs) were identified by DESeq2 with a cut-off
value of log2lfold-changel>1and p-adjust<0.05. The clus-
terProfiler was used to perform functional enrichment
analysis for the annotated significant DEGs, the potential
genes in identified modules based on gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway categories. Terms with p<0.05 were considered
significant. Gene set enrichment analysis (GSEA) was
performed by the function in package clusterProfiler
with a gene list sorted by log2 fold-change.

Luciferase assay and CHIP assay

A 2kb DNA sequence of the Lars2 promoter was cloned
into PGL3.0-basic vector plasmid. HEK293T cells were
transfected with various plasmids in different groups,
including  PGL3-basic, PGL3-control, PGL3-Lars2
promoter, pLV-YAP, pLV-TEADI, and pRL-TK, for
24hours. The Dual-Luciferase Reporter Assay System
(Promega, E1910) was used to analyze the firefly and
renilla  luminescence following the manufacturer’s
protocol.

The CHIP (chromatin immunoprecipitation) assay was
conducted using a CHIP assay kit according to the manu-
facturer’s instructions. Quantitative PCR analysis was
performed with the following primer sequences:

F- TAGTTTATTCTGAGGCCACTAA

R’- TTTAACTGCTCTGGTGTC

Mitochondrial function assay
Fluorescent probes for mitochondrial staining.

Different probes were used to assess mitochondrial
function according to the manufacturers’ protocols.
ATP-Red probe (MCE) and MitoTracker Red probe
(Invitrogen) were used to evaluate ATP production and
mitochondrial mass in Treg cells, respectively. MitoSOX
Red probe (Invitrogen) was employed for examining the
levels of reactive oxygen species (ROS) within mitochon-
dria. BODIPY 558/568 C12 (Invitrogen) was used to test
fatty acid absorption ability.

Seahorse assay.

TI-Tregs were sorted by flow cytometry from the MC-38
tumor, and then maintained in a complete RPMI 1640
medium supplemented with IL-2 (100IU/mL; Pepro-
Tech), TGFB (5ng/mL; PeproTech) and anti-CD3/28
Dynabeads (cells: Dynabeads=3:1; Gibco) in U-bottom
96-well plate for about 12hours before planting into
96-well Seahorse plates, which were previously coated with
Cell-Tak (Corning) according to manufacturer’s instruc-
tions. 2x10°5 cells were plated in 50l Seahorse RPMI
medium supplemented with 2mM glutamine, 10mM
glucose and 2mM sodium pyruvate. Cells were incubated
at 37°C without CO, for 20min after centrifuging the
plate at 200 g without a break. Afterward, 130 pl Seahorse
RPMI medium was added to each well to bring the final
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volume to 180pl. The mito stress test was performed
using XF96 Analyzer (Agilent) according to established
protocols under basal conditions and also in response
to 1 pM Oligomycin, 1pM FCCP and 0.5pM Rotenone/
Antimycin (Agilent).

Transmission electron microscopy analysis

TI-Tregs were sorted from MC-38 tumors from WT and
YAP-cKO mice using flow cytometry, then resuspended
in 2.5% glutaraldehyde fixed solution overnight at 4°C.
After dehydration, embedding in resin, and uranium
acetate staining, slices were observed with the Hitachi
transmission electron microscopy system (Japan).

Patients and clinical characteristics

106 patients with gastric cancer who received no treat-
ments before surgery were recruited in this study. All
patients enrolled in the study signed informed consents.
Clinicopathological characteristics were collected and
provided in online supplemental table 1. Overall survival
(OS) was calculated from the time of surgery to the last
follow-up or death.

Multiplex immunohistochemistry and multispectral analysis
Formalin-fixed and paraffin-embedded tumor samples
were collected, and multiplex immunohistochemistry
(mIHC) staining was carried out using an Opal 7-Color
Manual IHC Kit (PerkinElmer, NEL811001KT) according
to the manufacturer’s instructions. CD4 was labeled by
Opal 650, Foxp3 was labeled by Opal 570, YAP was labeled
by Opal 520. Spectral resolution and phenotype analysis
were conducted using Akoya inForm software. Visualiza-
tion and quantitation were achieved using TissueFAXS
SPECTRA systems and StrataQuest analysis (TissueGnos-
tics), according to previously described methods.? The
high and low YAP' Treg groups were defined by the mean
value of the YAP expression ratio in all patients.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software V.9. Survival functions were performed by the
Kaplan—-Meier method with a log-rank test to compare
survival between groups. One-way analysis of variance
was used for multiple group comparisons. Unpaired or
paired two-tailed Student’s t-test was used for two different
group comparisons. P value <0.05 was considered statis-
tically significant. ns, not significant; *p<0.05; **p<0.01;
#¥p<0.001. ##+%p<0.0001.

RESULTS

Matrix stiffness activated YAP in Treg

YAP was essential for Treg function through bolstering
Foxp3 expression,18 however, the reason for YAP acti-
vation in Treg still remains elusive. Given YAP’s estab-
lished role as a key mechanotransducer, we postulated
that the mechanical signal emanating from the matrix in
solid tumors could potentially activate YAP in TI-Tregs.
We compared YAP expression in Treg cells from gastric

tumor and normal gastric tissue, and found that TI-Tregs
had more YAP expression (figure 1A). Furthermore,
TI-Tregs derived from MC-38 tumors displayed higher
YAP activation compared with those isolated from the
spleen (figure 1B). To further validate our hypothesis, we
used a hydrogel model to emulate the behavior of soft
and stiff matrix following the method published before.”
Tregs were induced from mouse naive CD4" T cells on
hydrogel with varying stiffness (figure 1C). An enhance-
ment in the efficiency of Treg induction was observed
as the matrix stiffness increased (figure 1D), which was
also accompanied by the activation of YAP (figure 1E).
Foxp3 expression was significantly higher in YAP'CD4" T
cells compared with YAP™ CD4" T cells induced both on
soft (figure 1F) and stiff hydrogel (online supplemental
figure S1A).

To determine whether YAP mediated the mechanical
signals from matrix stiffness in TI-Tregs in vivo, BAPN was
administered to tumor-bearing mice after inoculation
with MC-38 cancer cells. BAPN is a Lox enzyme inhib-
itor and it could inhibit matrix crosslinking to produce
mice with more compliant tumors.** The effect of BAPN
was confirmed by both Masson staining and hydroxypro-
line measurement (online supplemental figure S1B and
S1C). As shown in the figure, BAPN efficiently inhibited
tumor growth (figure 1G), which was in line with previous
research that BAPN possessed the capability to suppress
tumor progression.” As expected, YAP in TI-Tregs was
decreased in BAPN-treated softer tumors (figure 1H).
Infiltration of Treg cells was notably diminished in softer
tumors (figure 1I), meanwhile, the immunosuppressive
function was also compromised, including decreased
expression of cytotoxic T-lymphocytes-associated protein
4 (CTLA-4), programmed cell death protein-1 (PD-1)
(figure 1]) and a reduced percentage of CD44"CD62L"
effector cells (online supplemental figure S1D). In
comparison to stiff tumors, the percentage of infiltrating
CD8" T cells increased significantly in softer tumors
(figure 1K). To further assess the functionality of CD8" T
cells, cytotoxic granule and cytokine secretion were exam-
ined. In softer tumors, CD8" T cells exhibited a higher
frequency of GZMB'CD8" T cells, as well as a slightly
higher frequency of TNFo'CD8" T cells (figure 1L and
online supplemental figure S1E). Differences in the
frequencies of CD44'CD62L" effector cells among CD8"
T cells between the two groups were not obvious (online
supplemental figure S1F). Taken together, we demon-
strated the mechanical signals from a stiff matrix could
activate YAP in Treg cells.

YAP deficiency impaired immunosuppressive capacity of Tl-
Treg

Having observed the activation of YAP in TI-Tregs on
a stiff matrix, we then proceeded to evaluate its pivotal
role in maintaining the immunosuppressive func-
tion of TI-Tregs. Foxp3™ YAP”" mice (here indicated
as YAP-cKO mice in our study) were generated in our
lab. There were no significant differences between
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Figure 1

Matrix stiffness activates YAP in Treg. (A) Quantification of YAP in infiltrating Treg cells derived from stiff gastric

tumors and soft normal gastric tissues (n=5 per group). (B) Quantification of YAP in Treg cells derived from tumors and spleens
of MC-38 tumor-bearing WT mice (n=6 per group). (C) A schematic figure of inducting Treg system on different stiff hydrogel

in vitro. (D) Percentage and MFI of Foxp3 in CD4" T cells induced on soft and stiff matrix. (E) Percentage of YAP in iTreg cells
induced on soft and stiff matrix. (F) Percentage of Foxp3 in YAP* and YAP~ CD4" T cells induced on soft matrix. (G-H) Soft and
stiff tumor matrix models were constructed in vivo using BAPN and PBS treatments, respectively. (G) Tumor growth of MC-38
cells bearing WT mice administrated with PBS (NC) or BAPN (100mg/kg, I.P., every 2 days) (n=5 per group). (H) Representative
flow plot and percentage of YAP* cells among the TI-Tregs. () Representative flow plots and percentage of Tl-Tregs among
intratumor CD4* T cells. (J) Percentage of CTLA-4" and PD-1* cells in TI-Tregs. (K) Percentage of CD8" T cells among CD45*
cells. (L) Percentage of GZMB™ and TNFo." cells in CD8* T cells. The data were presented as the mean+SD. ns, not significant;
*p<0.05 ; *p<0.01; **p<0.001."**p<0.0001. BAPN, B-Aminopropionitrile; CTLA-4, cytotoxic T-lymphocytes-associated protein
4; I.P, intraperitoneal; iTreg, inducted regulatory T cell; MFI, mean fluorescence intensity; NC, negative control; PBS, phosphate-
buffered saline; PD-1, programmed cell death protein-1; TI-Tregs, tumor-infiltrating regulatory T cells.

Bai J, et al. J Immunother Cancer 2024;12:¢010463. doi:10.1136/jitc-2024-010463



Open access

(2N
N

3 *kkk
- Wi 1Vc\)lg°/ C7K (c)>90/ =
=+ YAP-cKO = =" | 2104 &
! ()
- Eg
2 g
2. : "6
P s e s 3 b N T
1113 15 17 19 21 Y WT cKO
days CD4 >
C D
WT cKO —_ wT cKO ~60
- o X60 ¢ X *okkok
6 %k k 6 —
o » §55 i gso 236
. . 50 43.1% 511% | <
= @ I
53.0% | | [l420% | 45 > | || e | 3%
s G40 O e
Ciaa —— =~ ° " " J WT cKO PD-1 > WT cKO
E F
WT cKO
—~ * 8
535 ] o] %
50 2 26
[7]
wr| 'Z25 ) 417% | . 6.53% | § 84
= [
55 20 ] _%’.52
KOJ *ysll L : 1< 9
CEE cKO > WT cKO
H %k kk
—~ 3 *kok ok —~
240 K427 x40
o *kkk l:40 |+—35
30 £ gg 2%
[l [as] o]
s20 | Bl
T e e e e e e O 20 O 30 T T 20 T T
Cb4 > WT cKO WT cKO WT cKO

Figure 2 YAP deficiency impaired immunosuppressive capacity of TI-Treg. (A) Tumor growth in WT and YAP-cKO mice
challenged with MC-38 cancer cells (5x10'5 cells per mouse, n=5 per group). (B) Percentage of Tl-Tregs among CD45" cells.
(C-F) Representative flow plots and tabulated percentages of CTLA-4* cells (C), PD-17 cells (D), Ki67* cells (E) and active
caspase 3" cells (F) in TI-Tregs. (G) Percentage of intratumor CD8" T and CD4" T cells among CD45" cells. (H) GZMB* and

TNFo* cells among CD8* T cells. The data were presented as the mean+SD. ns, not significant; *p<0.05 ;

; *p<0.01; **p<0.001.

****p<0.0001. CTLA-4, cytotoxic T-lymphocytes-associated protein 4; PD-1, programmed cell death protein-1; TI-Treg, tumor-

infiltrating regulatory T cell.

WT and YAP-cKO mice in either appearance or body
weight (online supplemental figure S2A), nor in the
appearance of the spleen in non-tumor-bearing mice
(online supplemental figure S2B). Meanwhile, there
was no difference in the ratios of CD4", CD8', and
Treg cells among CD45" cells isolated from the spleen
(online supplemental figure S2C), which was in line
with the results of Ni et al'® Cancer cells were inocu-
lated into Foxp3™ mice (here indicated as WT mice in
our study) and YAP-cKO mice, in order to construct
the tumor-bearing model. Notably, in comparison to
WT mice, tumor growth was significantly suppressed in
YAP-cKO mice, evident both in MC-38 and in B16-F10
tumor-bearing models (figure 2A and online supple-
mental figure S3A). The frequencies of TI-Tregs infil-
tration decreased (figure 2B and online supplemental

figure S3B), along with a reduction in CTLA-4 and
PD-1 expression (figure 2C and figure 2D), suggesting
a compromise in their immunosuppressive function.
Moreover, the deficiency of YAP in TI-Tregs diminished
their proliferation and increased their susceptibility to
apoptosis (figure 2E and F). The infiltration of CD8" T
cells increased (figure 2G), along with elevated secre-
tions of GZMB and TNFo (figure 2H and online supple-
mental figure S3C). Additionally, a significant elevation
in the proportion of CD44'CD62L" effector cells among
CDS8" T cells was observed in YAP-cKO mice (online
supplemental figure S3D). Immunosuppressive cells,
such as myeloid-derived suppressor cells, M2-like tumor-
associated macrophages were also downregulated in
YAP-cKO mice (online supplemental figure S3E and F).
Collectively, the deficiency of YAP in TI-Tregs impaired
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their immunosuppressive function and activated the
immune environment within the tumor.

YAP was essential for the maintenance of mitochondrial
function in TI-Treg

To decipher the underlying mechanism of how YAP regu-
lates the immunosuppressive function of TI-Tregs, we
conducted RNA-Seq analysis on TI-Tregs isolated from
WT and YAP-cKO MC-38 tumor-bearing mice. We iden-
tified a total of 876 DEGs between YAP-cKO and WT
TI-Tregs, which included 800 downregulated versus 76
upregulated DEGs as shown in the volcano plot (figure 3A
and online supplemental figure S4A). GO analysis of
these DEGs revealed that cellular metabolic processes,
specifically mitochondrial OXPHOS, were enriched in
the biological process subgroup, whereas protein trans-
lation was enriched in both the molecular function (MF)
and cellular component subgroups (figure 3B). KEGG
enrichment revealed that a variety of pathophysiolog-
ical processes were involved following YAP knockout in
TI-Tregs (online supplemental figure S4B). Among those,
OXPHOS was highly enriched in the metabolic pathway
enrichment. The enrichment of the Hippo pathway, cell
adhesion molecules, and regulation of the actin cyto-
skeleton reflected the quality of the sequencing data
given the MF of YAP. Furthermore, the TGFB pathway
was disrupted in YAP-cKO TI-Tregs, which was consistent
with previous studies.'® GSEA analysis showed a decrease
in aerobic respiration (figure 3C) and T cell activation
(online supplemental figure S4C) in YAP-cKO TI-Tregs.
All these findings suggest a potential association between
YAP and mitochondrial OXPHOS in TI-Tregs.

To further validate the crucial role of YAP in regulating
mitochondrial function in TI-Tregs, we initially assessed
ATP levels in WT and YAP-cKO TI-Tregs. Notably, our
analysis revealed a significant decline in ATP produc-
tion in YAP-deficient TI-Tregs (figure 3D). Concur-
rently, we observed a decrease in mitochondrial mass in
TI-Tregs derived from MC-38 tumors and B16-F10 tumors
(figure 3E and online supplemental figure S4D). The
mitochondrial respiratory chain is the central generator
of energy production as well as the predominant source
of intracellular ROS, which is the byproduct of electron
transfer.*® Therefore, we compared mitochondrial ROS
levels and discovered that YAP-cKO Tregs exhibited lower
mitochondrial ROS levels compared with WT ones, which
indicated the dysfunction of respiratory chain complexes
(figure 3F). To further quantify mitochondrial respira-
tion, we conducted a mito stress test using seahorse anal-
ysis. The mitochondria in YAP-cKO TI-Tregs were found
to be more incompetent, exhibiting diminished basal
respiration, maximal mitochondrial respiration, and
spare respiratory capacity (figure 3G), thus indicating
mitochondrial dysfunction. We also checked mitochon-
drial morphology, finding that a heightened degree of
vacuolation accompanied by the disappearance of ridges,
as well as a higher frequency of mitophagy in YAP-cKO
TI-Tregs (figure 3H). The morphology of mitochondria

further confirmed mitochondrial dysfunction in YAP-
cKO TI-Tregs.

As OXPHOS is the main energy resource sustaining
TI-Tregs’ function,” which could be fueled by a variety
of substrates, such as fatty acid.*® We tested fatty acid
absorption and found a significant decrease in BODIPY
C12 absorption in YAP-cKO TI-Treg (online supple-
mental figure S4E). Insufficient energy intake provides
further evidence to support the existence of mitochon-
drial dysfunction. Based on these findings, we concluded
that YAP deficiency leads to mitochondrial dysfunction in
TI-Tregs, thereby compromising their immunosuppres-
sive capabilities.

YAP enhanced mitochondrial function by regulating Lars2
transcription

Mitochondrial morphology, structures, mass and even
quantity exhibit high plasticity under the regulation of
certain molecules in different environment.* In order to
uncover the molecular mechanism YAP regulating mito-
chondrial function, we compared the top 50 down DEGs
between WT and YAP-cKO TI-Treg, finding that Lars2
was the most candidate gene related to mitochondrial
dysfunction (figure 4A).

Lars2, which is responsible for mitochondrial gene
translation, may have an affection on genes related to
mitochondrial respiratory chain complexes I-V.** GSEA
analysis revealed that mitochondrial protein-containing
complex was downregulated in YAP deficient TI-Tregs
(online supplemental figure S5A), and genes related to
mitochondrial respiratory chain complexes were also
downregulated, as shown in the heatmap (online supple-
mental figure S5B). Since YAP functions as a mechano-
sensitive transcriptional cofactor that enhances TEAD
to regulate gene transcription,” we found that Lars2
messenger RNA (mRNA) was significantly downregu-
lated in YAP-cKO TI-Tregs (figure 4B). Furthermore, we
observed a reduction in both mean fluorescence intensity
and the percentage of Lars2 protein in these YAP-cKO
TI-Tregs (figure 4C). Multiple TEAD-binding sites were
identified in the Lars2 promoter, luciferase assay revealed
that binding site located at -211~-202bp (figure 4D), and
this site was further confirmed by CHIP-qPCR (figure 4E).
Collectively, we confirmed that Lars2 transcription could
be regulated by YAP.

However, it was still unclear whether mechanical signals
could upregulate Lars2 through YAP. Given that tumors are
stiffer than the spleen, we compared Lars2 expression in Treg
cells derived from the spleen and tumor in MC-38 tumor-
bearing mice. Notably, TI-Tregs displayed a higher expres-
sion of Lars2 at both mRNA and protein levels (figure 4F
and figure 4G). When cultured on a stiff matrix, iTreg cells
expressed more Lars2 compared with those cultured on
the soft matrix (figure 4H). Additionally, the expression
of Lars2 was significantly higher in YAP" iTreg cells than in
YAP™ iTreg cells cultured on a stiff matrix (figure 4I). All the
evidence indicated that YAP mediated the regulation of Lars2
in response to mechanical signals. Furthermore, the effects

Bai J, et al. J Immunother Cancer 2024;12:¢010463. doi:10.1136/jitc-2024-010463

7


https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463
https://dx.doi.org/10.1136/jitc-2024-010463

Open access

A WT-vs-CKO B
| | ®Down:800 GO enrichment
15 :
| Up:76 structural constituent of ribosome . 75
mRNA binding { - [ 5
I rRNA binding{ | 0
Q * [ . . ~ electron transfer activity| | 2
§ 10 § | oxidoreduction-driven actl}/l%grgggl[{gn;témri\@_ I s
| I 2
= ! ribosomal subunit | - I 77
5 ! ytosolic ribosore | - [ 7
8’ cytosolic large ribosomal subunit |G /3
- cytosolic small ribosomal subunit-{ | 31
Tnftsfib ] generation of precursor metabolites and energy- | ENNRNRNREREEEEEEEEE 5°
| ATP metabolic process _52
Tl — — aerobi}c respirationf se 2|aBSS
cytoplasmic translation- | EEEG ;s mCC
. . '| . . oxidative phosphorylation | EEEG 35 = MF
-10 -5 0 5 10
Log,(fold change) 0 20 40 60 80
C 2 D Count
Aerobic Respiration
g 7 NEs 246
e Pvalue: < 0.001
g 'ed Pvalue: < 0.001
: 600 sk
i | —
E) Blank| 500 =
£, <
e ‘ H wT| ©400
[
300
] cKO =
% . e T ot o 200
3 ATP WT cKO
o
I;\:';ank in Ey))lk’dered‘’I:';eitase;m
E F
§7007 ——
Blank §600 Blank
\\ 5500
WT| S 400 WT
[9)
cko| 300 cKO
m—rr] — S ok L2
Mitotracker— 5 =200 WT ckO  Mitosox— WT cKO
G Oligomycin AntimycinA/ basal respiration maximal respiration spare respiratory capacity
r§80 FCCP Rotenone ESO skokokk ESO *ok ok ok ,‘_:\30 *
%60 l - Ko £40 E60d & £ T
£ 40 = WT £30 2 820
< &20 340 Q
[ [+ o x 10
g20 310 G20 &
(@] 0 o 0 (@] le) 0
0 20Tim420(m3]% o 5)0 100 WT cKO WT cKO WT cKO
H mitochondrial morphology
_50
3 S
= 540
E530
[S]e]
4 S520
FolNs)
: <E10
) =
0

cKO

Figure 3 YAP was essential for the maintenance of mitochondrial function in Tl-Treg. (A-C) TI-Tregs were isolated from MC-
38 tumors in WT and YAP-cKO mice for RNA-seq (n=3 per group). (A) Volcano plot showing DEGs, and the most significant
genes were labeled in the graph. (B) GO enrichment analysis of DEGs. (C) Genes related to aerobic respiration were enriched
in GSEA analysis. (D-H) Mitochondrial function and morphology were compared between WT and YAP-cKO TI-Tregs derived
from MC-38 tumors. Representative flow plots and tabulated differences of ATP production (D), mitochondrial mass (labeled
by MitoTracker) (E), mitochondrial superoxide accumulation (labeled by MitoSOX) in Tl-Tregs. (G) Assessment of mitochondrial
stress in Tl-Tregs using seahorse assay. (H) Representative TEM images and tabulated differences of mitochondria in TI-
Tregs. The data were presented as the mean+SD. ns, not significant; *p<0.05; **p<0.01; **p<0.001."***p<0.0001. DEGs,
differentially expressed genes; GO, gene ontology; GSEA, gene set enrichment analysis; MFI, mean fluorescence intensity; TEM,
transmission electron microscopy; TI-Tregs, tumor-infiltrating regulatory T cells.
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Figure 4 YAP enhanced mitochondrial function by regulating Lars2 transcription. (A) Top 50 downregulated DEGs in WT and
YAP-cKO TI-Tregs. (B, C) Relative Lars2 mRNA and protein expression in Tl-Tregs. (D) Schematic of putative TEAD binding
site and a luciferase reporter constructed with mutation (deleting the binding site) on the Lars2 promoter. Luciferase activity in
HEK293T cells transfected with indicated plasmids. (E) CHIP assay performed in HEK293T cells. (F, G) Relative Lars2 mRNA
and protein expression in Treg cells derived from spleens and tumors from MC-38 tumor bearing mice. (H-K) Induction of Treg
cells from mouse naive CD4* T cells on soft or stiff matrix in vitro under indicated treatments. (H) Representative flow plots
and tabulated percentage of Lars2 in iTreg cells induced on soft and stiff matrix. (I) Representative flow plots and tabulated
percentage of Lars2 in YAP* and YAP™ iTreg cells induced on stiff matrix. (J) Percentage of Foxp3 in CD4" T cells induced

by culturing on a soft matrix, with or without lentiviral-mediated overexpression of Lars2, and simultaneously supplementing
with leucine (1 mM) for 48 hours. (K) Representative flow plots and tabulated differences of mitochondrial mass (labeled by
MitoTracker) in iTreg cells in indicated groups (soft matrix, stiff matrix, soft matrix+overexpression of Lars2 with lentivirus,

soft matrix+overexpression of Lars2 with lentivirus+leucine (1 mM)). (L) Representative flow plots and tabulated differences of
mitochondrial mass (labeled by MitoTracker) in Treg cells derived from spleen cultured on stiff matrix under indicated treatments
(WT Treg, YAP-cKO Treg, YAP-cKO Treg+overexpression of Lars2 with lentivirus). (M) Representative flow plots and tabulated
percentage of PD-1 in Lars2* and Lars2™ Tl-Tregs. The data were presented as the mean+SD. ns, not significant; *p<0.05;
**p<0.01; **p<0.001. ***p<0.0001. CHIP, chromatin immunoprecipitation; DEGs, differentially expressed genes; iTregs,
induced Treg cells; Lars2, leucyl-tRNA synthetase 2, mitochondrial; MFI, mean fluorescence intensity; mRNA, messenger RNA;
TEAD,TEA domain transcription factor; PD-1, programmed cell death protein-1; TI-Tregs, tumor-infiltrating regulatory T cells.
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of Lars2 in regulating mitochondrial function in Treg cells
were evaluated. Overexpression of Lars2 or supplementing
leucine (the substrate amino acid of Lars2) at the same time
elevated iTreg cells induction efficiency on the soft matrix
(figure 4] and online supplemental figure S5C). The mito-
chondrial mass was compared among the indicated groups
(figure 4K), iTreg cells cultured on a stiff matrix displayed
the highest mitochondrial mass, indicating that mechanical
stimuli enhanced mitochondrial function effectively. Lars2
overexpression or adding leucine concurrently elevated
mitochondrial mass in iTreg cells. YAP inhibitor, VP, was able
to decrease mitochondrial function in iTreg cells cultured
on stiff matrix (online supplemental figure S5D). Further-
more, Lars2 overexpression partially rescued mitochondrial
dysfunction in YAP-cKO Treg cells cultured on a stiff matrix
in vitro (figure 4L). It was also found that Lars2" TI-Tregs
had more PD-1 expression, indicating that they possessed
a stronger immunosuppressive ability (figure 4M). Overall,
the collective results suggested that YAP enhanced mitochon-
drial function in TI-Tregs by upregulating Lars2 transcription
in response to mechanical signals.

Low leucine diet impaired mitochondrial function in TI-Treg

Lars2 was an enzyme synthesizing mitochondrial leucyl-tRNA
responsible for maintaining mitochondrial function, its
functionality strongly depended on the substrate leucine,”
so lowering leucine intake might compromise TI-Tregs
immunosuppressive function. After tumor inoculation, mice
were provided with either a normal or a low leucine diet,
and the tumor growth was subsequently evaluated between
the two groups. A low leucine diet slightly slowed down the
tumor growth compared with a standard diet (figure 5A).
The frequency of TI-Tregs decreased in the low leucine
diet group (figure 5B), and so did CTLA4" cells in TI-Tregs
(figure 5C). Interestingly, Lars2 in TI-Tregs was increased in
low leucine diet group (figure 5D), which might be the feed-
back effectin order to adjust to the low substrate supply. Inad-
equate leucine consumption by TI-Tregs led to a diminution
in mitochondrial mass (figure 5E), as well as a decrease in
ATP production (figure 5F). As the immunosuppressive
function of TI-Tregs compromised, the frequency of CD8"
T cells substantially increased (online supplemental figure
S6A), and CD8" T cells became more productive in TNFo.
secretion (online supplemental figure S6B). Furthermore,
the frequency of CD44'CD62L effector cells among CD8" T
cells were also slightly elevated (online supplemental figure
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Figure 5 Low leucine diet impaired mitochondrial function in TI-Treg. WT and YAP-cKO mice were challenged with MC-38
cancer cells (5x10°5 cells per mouse, n=5 per group) on day 0. 10% leucine diet (10% content of leucine compared with normal
chow) and compared normal diet (NC) were provided from day 0 to day 21 until mice were sacrificed. (A) Tumor growth of WT
and YAP-cKO mice fed with different diets. (B) Representative flow plots and the percentage of TI-Tregs among CD45" cells. (C,
D) Representative flow plots and tabulated percentages of CTLA-4" cells (C), Lars2* cells (D) in TI-Tregs. (E, F) Representative
flow plots and tabulated differences of mitochondrial mass (labeled by MitoTracker) (F) and ATP production (E) in TI-Tregs.

The data were presented as the mean+SD. ns, not significant; *p<0.05; **p<0.01; **p<0.001. ***p<0.0001. CTLA-4, cytotoxic
T-lymphocytes-associated protein 4; Lars2, leucyl-tRNA synthetase 2, mitochondrial; MFIl, mean fluorescence intensity; NC,

negatitve control; TI-Tregs, tumor-infiltrating regulatory T cells.
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Figure 6 Combined YAP inhibition and low leucine diet synergistically suppressed tumor growth by disrupting TI-Tregs
mitochondria. WT mice were challenged with MC-38 cancer cells (5x1075 cells per mouse, n=5 per group) on day 0, 10%
leucine diet (10% content of leucine compared with normal chow) and compared normal diet (NC) was provided from

day 0 to day 21 until mice were sacrificed. VP (2mg/mice, |.P,, every 2 days) was administered on day 7 to the VP group

and VP+10% Leu group until mice sacrifice. (A) Tumor growth and tumor volume of WT mice in the indicated groups.

(B) Representative flow plots and percentage of TI-Tregs among CD45" cells. (C) Representative flow plots and tabulated
differences in mitochondrial mass (labeled by MitoTracker) in TI-Tregs. The data were presented as the mean+SD. ns, not
significant; *p<0.05; **p<0.01; **p<0.001. ***p<0.0001. I.P., intraperitoneal; MFI, mean fluorescence intensity; NC, negatitve
control; TI-Tregs, tumor-infiltrating regulatory T cells; VP, verteporfin.

S6C). These data revealed that a low leucine dietinduced
insufficiency in Lars2 function could lead to mitochondrial
dysfunction in TI-Tregs, subsequently compromising their
Immunosuppressive activity.

Combined YAP inhibition and low leucine diet synergistically

suppressed tumor growth by disrupting TI-Tregs mitochondria
Since YAP and Lars2 were critical in sustaining TI-Tregs
function, we explored the potential benefits of integrating
YAP inhibition with low leucine diet adjustment in ant-
tumor therapy. Tumor growth curve and tumor volume
were plotted for MC-38 tumor-bearing mice treated with
various regimens. Among them, the combination of VP and
low leucine diet was the most effective in inhibiting tumor
growth (figure 6A), with the most significant decrease in
the infiltration of TI-Tregs (figure 6B). The assessment of

mitochondrial function revealed a significant reduction in
mitochondrial mass in TI-Tregs within the combining group
(figure 6C). Based on the data above, we concluded that a
diet with low leucine intake could enhance the antitumor
effect of YAP inhibitors by compromising mitochondrial
function of TI-Treg cells.

High YAP* TI-Treg infiltration predicted poor prognosis in
patients with gastric cancer

Gastric cancer was the third leading cause of cancer-
related death worldwide,33 and it is also the most
frequently encountered solid tumor among patients.
Based on the aforementioned results, we compared the
expression of Lars2 in Tregs derived from fresh gastric
tumor (stiff) and normal gastric tissue (soft). TI-Tregs
expressed more Lars2 than Tregs derived from normal

Bai J, et al. J Immunother Cancer 2024;12:¢010463. doi:10.1136/jitc-2024-010463

11


https://dx.doi.org/10.1136/jitc-2024-010463

gastric tissue, furthermore, Lars2 expression in YAP'
TI-Tregs was significantly higher than in the YAP™ subpop-
ulation (figure 7A). This finding provides compelling
evidence that matrix stiffness activates YAP and subse-
quently upregulates Lars2 expression in TI-Tregs in
gastric cancer. In order to evaluate the predictive role of
YAP" TI-Tregs in gastric cancer, we collected 106 tumor
samples from patients with gastric cancer and subse-
quently conducted a mIHC analysis. Representative
images are presented in figure 7B. Patients were catego-
rized into high and low YAP® Treg groups, based on the
median expression level of YAP in TI-Tregs. The correla-
tions between high YAP" Tregs infiltration and clinical
characteristics were analyzed in online supplemental
table 1). Unfortunately, we did not find any significance
in the relationship between Tregs or YAP" Tregs infiltra-
tion and those clinical characteristics (p>0.05), this might
be due to the small sample size. However, OS was much
worse among patients with high Treg infiltration in gastric
cancer, particularly those exhibiting high YAP" Treg infil-
tration (figure 7C and figure 7D). In summary, high YAP"
Treg infiltration could potentially serve as a prognostic
marker for poor survival in patients with gastric cancer,
nonetheless, this patient group might derive benefit from
a combination of VP and a low leucine diet adjustment.

DISCUSSION

Mechanical cues in the TME could regulate cell
morphology, behaviors and metabolism, including those
of immune cells. Understanding the interplay between
mechanical forces and immune cell behaviors is essential
for developing effective solid cancer therapies.” Here in
our study, we have shown that YAP in TI-Tregs acts as a
mechanotransducer activated by matrix stiffness, which
facilitates the immunosuppressive function of TI-Tregs by
enhancing mitochondrial activity. Moreover, mIHC anal-
ysis confirmed that high YAP' Tregs infiltration is related
to poorer survival in gastric cancer. Our work offers a
novel insight into how the mechanical properties of TME
influence the metabolic pattern of TI-Tregs.

Itis reported that human Treg induction in vitro can be
influenced by mechanical stiffness, yet the results remain
elusive. Shi et al observed enhanced Treg induction on
softer materials,”® whereas another study found that Treg
induction increased with greater material stiffness.”” One
reasonable explanation for these opposite conclusions
might be the difference in the stiffness of the induction
matrix, which varies from 140kPa to 2600kPa at most
in these studies. Considering all these results are from
human iTreg cells cultured in vitro, the impact of the
mechanical signals applied by TME on TI-Tregs remains
unknown. We thoroughly investigate this issue, both in
vivo and in vitro, and uncover that TI-Tregs adapt to stiff
TME through the activation of YAP, which subsequently
boosts their mitochondrial function.

Cells can sense the mechanical force of their environ-
ment, and this intricate process is typically orchestrated

by the synergistic action of ion channels, cell membrane
receptors, and intricate intracellular signaling pathways.
Piezol selectively restrains Treg cells, without influencing
activation events or effector T cell functions.”® We did
notice from our RNA-seq data that some adhesion recep-
tors, such as integrin, had changed in YAP-cKO TI-Treg.
However, it still needs to be verified whether these changes
are vital in mediating mechanosignal transduction.

Intrinsic and extrinsic mechanical properties regulate
cellular activities not only in solid tumors but also in
hematology diseases. Biochemical cues such as matrix
stiffness could modulate multiple capacities of hemato-
poietic stem cells (HSCs) through mechanotransduc-
tion.”” Hu et al reported that Ptpn21 played an important
role in retaining HSCs within the bone marrow niche
through a biomechanical mechanism.™

Mitochondria are at the heart of metabolic programs
which are critical in determining cell state by providing
necessary energy and molecular precursors for cellular
functions,” thus making them the central target of meta-
bolic regulation.*’ External physical and mechanical cues
can directly entail metabolic changes through mitochon-
dria modulation." Mitochondrial OXPHOS depends
on the function of the respiratory chain complex. Lars2
is involved in the translation of mitochondrial-related
proteins, including the electron transport chain protein
complex.” In this study, we uncover that the mechanore-
sponsive activation of YAP in TI-Tregs is crucial in upregu-
lating Lars2 expression, which is essential for maintaining
mitochondrial activity.

Moreover, mitochondria are central for nutrient
sensing and metabolism, which indicates that nutrition
is an important factor in mitochondrial dysfunction
and disease.® Leucine, an essential amino acid, is a key
component used by Lars2 as a substrate amino acid. In
our research, we have demonstrated that a low leucine
diet directly triggers mitochondrial dysfunction in
TI-Tregs, stemming from the inhibition of Lars2 function.
Consequently, personalized dietary plans for patients with
tumor are poised to become vital tools in cancer therapy.

CONCLUSIONS

In summary, our study showed that YAP deficiency in
TI-Tregs impairs mitochondrial function, thus hampering
its immunosuppressive capacity and boosting antitumor
immunity. Mechanistically, YAP increases Lars2 transcrip-
tion, which is essential for mitochondrial protein transla-
tion. Lars2 heavily depends on its substrate amino acid,
leucine; therefore, lowering leucine intake decreases
mitochondrial activity in TI-Tregs. This mechanism
deepens our understanding of mechanical signals regu-
lating mitochondrial activity in TI-Tregs, making diet
adjustment combined with traditional medicine a prom-
ising strategy for tumor therapy.
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