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ABSTRACT

vo T cells serve as key effectors of immune surveillance, and their survival and effector
functions are tightly governed by precise metabolic regulation. However, the molecular
mechanisms orchestrating metabolic homeostasis in Y8 T cells remain incompletely
defined. Here, we demonstrate that VPS34 is an indispensable regulator of yo T cell
development, peripheral homeostasis, and anti-tumor immunity by maintaining intact
autophagic flux. Using LC3 dual-fluorescence reporter mice, we observed peak
autophagic activity at the thymic DN stage, with intrinsically higher basal autophagy in
thymic and peripheral yo T cells compared with af T cells. T-cell-specific VPS34 deletion
disrupts autophagic turnover and causes accumulation of LC3B, p62 and autophagosomes.
While VPS34 ablation perturbs the shared DN3-to-DN4 thymic checkpoint for aff and yo
T progenitors, peripheral CD44" effector y5 T cells are selectively vulnerable to VPS34
loss. VPS34-deficient yo T cells show impaired terminal maturation, skewed TCRy usage,
and reduced numbers across lymphoid and barrier tissues. Mechanistically, VPS34
deletion induces mitochondrial dysfunction and metabolic reprogramming in yo T cells,
accompanied by cellular iron overload, elevated CD71 and CD36 expression, and
excessive mitochondrial and lipid-derived ROS. The resultant oxidative stress drives
concurrent ferroptosis and apoptotic cell death. Both genetic and pharmacological VPS34
inhibition reprograms v T cell cytokine responses, dampening IFN-y while boosting IL-
17A production, and compromises yd T-cell-mediated anti-tumor protection in melanoma
adoptive-transfer models. Supporting these observations, metformin-driven autophagy
augmentation elevates IFN-y production and boosts anti-tumor activity in WT yo T cells.
Our findings illustrate how VPS34-dependent autophagy maintains yo T cell fitness and
anti-tumor immunity via coordinated control of metabolism and iron homeostasis,
providing mechanistic insights for future vd T-cell-based immunotherapeutic
development.

Keywords: vo T cells, VPS34, Autophagic flux, Metabolic homeostasis, Iron homeostasis,

Anti-tumor immunity
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INTRODUCTION

v6 T cells constitute an evolutionarily conserved innate-like lineage of unconventional T
lymphocytes that bridge innate and adaptive immunity[1-3]. Their multifaceted roles in
immune surveillance, pathogen clearance, tumor immunosurveillance, and autoimmune
disease pathogenesis have attracted considerable research attention[4-6]. Unlike
conventional aff T cells, which require MHC-restricted antigen recognition for activation,
vo T cells initiate rapid, MHC-unrestricted effector responses through secretion of
proinflammatory cytokines (e.g., IFN-y, TNF-a) and direct cytotoxicity toward
transformed or pathogen-infected host cells[7]. These distinctive properties render yo T
cells highly promising candidates for adoptive cellular immunotherapy against cancer,
infectious diseases, and autoimmune disorders[6, 8]. y0 T cells originate from CD4 CD8"
double-negative (DN) thymic precursors and undergo ordered rearrangement of TCRy
and TCRO chains within the thymic microenvironment. This tightly orchestrated
developmental program governs yd T cells lineage commitment, subset specification, and
functional polarization[9]. Following thymic maturation, yo T cells further differentiate
into functionally specialized subsets with discrete effector programs. IFN-y-producing vy
T cells predominantly mediate antitumor immunity, whereas IL-17A-producing subsets
primarily drive antifungal defense and pathological inflammation[10-12]. Despite their
considerable therapeutic potential, the intrinsic regulatory networks governing yo T cell
development, metabolic fitness, and effector polarization remain incompletely
understood.

Autophagy is an evolutionarily conserved lysosomal degradation pathway that sustains
lymphocyte homeostasis under metabolic stress by clearing damaged organelles,
aggregated proteins, and toxic metabolites[13]. Functional autophagic flux is
indispensable for thymocyte maturation, peripheral T cell survival, and innate lymphoid
cell function[14-16]. Vacuolar protein sorting 34 (VPS34), encoded by Pik3c3, is the sole
class III phosphatidylinositol 3-kinase (class III PI3K) and serves as a core upstream
regulator of autophagosome biogenesis and autophagosome-lysosome fusion. Two
distinct VPS34-containing complexes selectively drive autophagy initiation versus
endolysosomal trafficking, thereby sustaining complete autophagic turnover[17]. Beyond

its well-established roles in tumor biology[18-20], VPS34 has emerged as a critical
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immune regulator that controls the development, survival, and activation of af T cells[21],
regulatory T cells[22], macrophages[23], dendritic cells[24], and NK cells[25]. Notably,
lymphocyte homeostasis and metabolic fitness are tightly coupled to VPS34-dependent
autophagy[26]. However, existing investigations into the immunomodulatory functions
of VPS34 have focused exclusively on af-lineage cells, and whether VPS34-governed
autophagic flux regulates yo T cell biology remains entirely unexplored.

In this study, we first mapped stage-specific autophagic dynamics across thymic yo T
cell development and confirmed that autophagic flux remains functionally active
throughout yo T cell development and maturation. Mature yo T cells exhibit higher basal
autophagic flux than oy T cells. To dissect the functional requirement for VPS34 in this
process, we generated CD2-Cre-mediated T cell-specific Pik3c3 conditional knockout
mice to systematically examine VPS34-mediated autophagic signaling in yd T cells.
Using both genetic ablation and pharmacological inhibition of VPS34, we demonstrate
that VPS34 deficiency blocks autophagosome-lysosome fusion, impairs thymic yo T cell
maturation, and skews the peripheral TCRy repertoire across lymphoid and barrier tissues.
Mechanistically, we uncover a cascade in which defective VPS34-dependent autophagy
triggers mitochondrial dysfunction, metabolic rewiring, iron and lipid dyshomeostasis,
excessive ROS accumulation, and concomitant ferroptosis and apoptosis, leading to
selective depletion of cytotoxic CD44" effector y5 T cells. Functionally, we establish that
VPS34 is required for IFN-y-dominant antitumor polarization of yd T cells. Collectively,
our findings demonstrate that VPS34-dependent autophagy sustains yo T cell homeostasis
and anti-tumor effector fitness by preserving metabolic and iron homeostasis. This work
expands our understanding of yo T cell regulation and suggests that VPS34 activity may

represent a relevant consideration for refining yd T cell-based immunotherapies.

RESULTS

Autophagic flux is functionally active during yé T cell development and maturation
To examine whether autophagy is dynamically regulated throughout yd T cell
development, we profiled autophagic activity across successive thymocyte
developmental stages using CAG-RFP-EGFP-LC3 reporter mice. This reporter system

enables real-time visualization and quantification of autophagosome dynamics via
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expression of LC3 fused to RFP and EGFP. Briefly, EGFP* RFP* puncta represent intact
autophagosomes, where both fluorophores remain stable within the neutral
autophagosomal lumen. EGFP RFP* puncta correspond to autolysosomes, as EGFP
fluorescence is quenched in the acidic lysosomal compartment (Figure S1A). Flow
cytometry revealed substantial autophagic flux across major thymocyte subsets, including
double-negative (DN; CD4 CD8"), double-positive (DP; CD4*CD8"), and CD4* or CD8*
single-positive (SP) thymocytes (Figure 1A, B). DN thymocytes showed the highest
autophagic activity, with significantly higher frequencies of EGFP*RFP* and EGFP RFP*
cells relative to other thymocyte populations (Figure 1A, B). To validate these
observations at the protein level, we performed intracellular flow cytometry for LC3B, a
core autophagosome marker, on wild-type (WT) thymocytes. Among major thymocyte
subsets, DN thymocytes displayed the highest LC3B mean fluorescence intensity (MFI)
(Figure 1C). We further measured autophagosome abundance using an
autophagosome-specific fluorescent probe. Consistent with the LC3B data, DN
thymocytes had the highest autophagosome-probe MFI of all thymic populations (Figure
1D). Collectively, these data demonstrate functional autophagic flux during early
thymocyte development, with peak LC3B expression and autophagosome accumulation
occurring at the DN stage, a critical checkpoint for vy T cell lineage specification.

To confirm that these autophagosome-associated signals reflect functional autophagic
flux rather than static accumulation, we treated primary thymocytes from
CAG-RFP-EGFP-LC3 reporter mice with bafilomycin Al (BafAl). BafAl inhibits
vacuolar H*-ATPase, suppresses lysosomal acidification, and blocks autophagic turnover.
Following BafAl exposure, we observed a marked increase in the frequency of
EGFP*RFP* cells across all major thymocyte subsets (Figure 1E, F). This effect was most
pronounced in DN thymocytes, which showed robust autophagosome accumulation upon
BafAl treatment (Figure 1E, F). These findings indicate that high autophagic activity in
early thymocytes stems from continuous autophagosome formation and lysosomal
degradation, confirming functional autophagic flux during the developmental window for
vo T cell lineage commitment.

After TCR rearrangement, thymocytes commit to either the aff or yd T-cell lineage. We

next asked whether lineage specification is accompanied by intrinsic differences in basal
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autophagic activity. We compared autophagic flux between thymic yd T cells
(CD3*TCRyd") and off T cells (CD3*TCRyd") isolated from CAG-RFP-EGFP-LC3
reporter mice. Thymic yo T cells contained significantly higher fractions of EGFP*RFP*
and EGFP RFP* cells than aff T counterparts, pointing to higher autophagic flux within
the yo T-cell lineage (Figure 1G, H). In agreement with this result, both LC3B MFI and
autophagosome probe signals were substantially higher in thymic yo T cells (Figure 11,
J). BafAl treatment triggered clear accumulation of EGFP'RFP* autophagosomes in
thymic yd T cells (Figure 1K), verifying active autophagosome synthesis and turnover
under homeostatic conditions.

Upon exiting the thymus, mature yd T cells traffic to secondary lymphoid organs to
carry out effector functions. We therefore assessed autophagic activity in peripheral yo T
cells from CAG-RFP-EGFP-LC3 reporter mice. Splenic WT 3 T cells exhibited high
proportions of EGFP*RFP* and EGFP RFP* puncta-positive events, consistent with intact
autophagic flux (Figure S1B, C). At the protein level, splenic yd T cells had significantly
higher LC3B MFI and autophagosome probe signals than splenic aff T cells (Figure S1D,
E). BafAl treatment increased EGFP*RFP* frequencies among splenic yo T cells (Figure
1L), confirming basal autophagic flux in mature peripheral yo T cells. Taken together,
our results define stage- and lineage-dependent autophagic regulation during T-cell
thymic development. Autophagic flux peaks at the DN stage of early thymopoiesis and
remains constitutively higher in lineage-committed and mature yo T cells, suggesting
autophagy may support yo T-cell lineage specification and homeostasis.

VPS34 deficiency disrupts autophagic flux in y6 T cells

VPS34, encoded by Pik3c3, is the sole class-1II PI3-kinase in mammals and a central
upstream regulator of autophagosome biogenesis and autophagic flux. To investigate the
cell-intrinsic role of VPS34 in yo T cell autophagy and to define the affected regulatory
stage, we generated Pik3c3"'CD2¢ conditional knockout (cKO) mice by crossing loxP-
flanked Pik3c3 mice with CD2" transgenic mice, with Pik3c3™" littermates serving as
wild-type (WT) controls. CD2¢" drives recombination specifically at the DN2/3 stage of
thymocyte development, enabling targeted VPS34 deletion in developing yd T cells for
subsequent autophagy assays (Figure S2A). Quantitative real-time PCR confirmed

efficient Pik3c3 deletion, with Pik3c3 mRNA nearly undetectable in cKO thymocytes
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relative to WT littermates (Figure S2B). We next profiled autophagy-related markers in
CD3*TCRyd" v T cells by intracellular flow cytometry, given the limited numbers of
primary yo T cells available for biochemical assays. Relative to WT yo T cells,
VPS34-deficient v T cells showed elevated levels of LC3B and the autophagy adaptor
p62 (SQSTMI1) (Figure 2A, B), alongside marked accumulation of autophagosome-probe
signal (Figure 2C). These data indicate that VPS34 is required for normal autophagic flux
inyo T cells.

To confirm these autophagy defects result specifically from VPS34 loss, we treated
primary WT vyd T cells for 24 h with the selective VPS34 inhibitor VPS34-IN-1 (5 uM).
DMSO-treated cells served as vehicle controls. Immunoblot analysis showed that
VPS34-IN-1 increased the LC3-II and p62 protein abundance relative to DMSO (Figure
2D, E). Of note, a higher LC3-II and autophagosome accumulation can arise either from
enhanced autophagy initiation or from impaired turnover after autophagosome formation.
To distinguish these possibilities, we added BafA1 to block lysosomal degradation. In
DMSO-treated cells, BafAl caused robust accumulation of LC3-II and p62,
demonstrating active autophagic flux. In VPS34-IN-1-treated cells, however, BafAl
produced no further increase in LC3-II or p62 (Figure 2D, E). The absence of additive
accumulation suggests VPS34 acts upstream of lysosomal-acidification-dependent
autophagic turnover, rather than primarily controlling autophagosome biogenesis itself.

We repeated this experiment using yd T cells purified from CAG-RFP-EGFP-LC3
reporter mice as an independent readout. Cells were pretreated for 24 h with VPS34-IN-1
or DMSO, then exposed to BafAl for an additional 4h. Consistent with our cKO
observations, VPS34-IN-1-pretreated cells displayed higher basal EGFP*RFP* frequency
and lower EGFP RFP* frequency compared with DMSO controls (Figure 2F, G).
Moreover, BafAl failed to further increase EGFP'RFP* proportions in
inhibitor-pretreated yo T cells (Figure 2F, G). These in-vitro pharmacological results
recapitulate our genetic-deletion data and reinforce that VPS34 is necessary to sustain
complete autophagic flux in yo T cells.

VPS34 deficiency impairs yo T cell thymic development and maturation
Having established that VPS34 supports autophagic flux in yd T cells, we next examined

whether VPS34 deficiency affects thymic y0 T cell development and maturation. In line
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with published roles for VPS34 in thymocyte homeostasis, Pik3¢c3™'CD2¢ ¢cKO mice
exhibited obvious thymic hypoplasia compared with Pik3c3"" littermates; both thymus
weight and total thymocyte counts were significantly reduced (Figure 3A, B). We used
CD4 and CDS surface staining to map developmental blocks. VPS34-deficient thymi
contained fewer double-positive (DP; CD4"CD8") and single-positive (SP; CD4* or CD8")
thymocytes, with a concomitant relative expansion of the double-negative (DN;
CD4CD8") compartment (Figure 3C). Further subdivision of the DN pool, where yo
T-cell lineage commitment occurs, revealed an increased frequency of DN3
(CD44 CD25%) thymocytes and a corresponding reduction in DN4 (CD44 CD25") cells
(Figure 3D), pointing to a developmental arrest at the B-selection checkpoint. In keeping
with this arrest, DN thymocytes from cKO mice had higher CD25 surface expression
(Figure 3E). Peripheral lymph-node and spleen aff T-cell numbers were also strongly
diminished in cKO animals (Figure S3A-C), confirming broad impairment of T-cell
development upon VPS34 ablation.

Because y6 T-cell lineage commitment takes place within the DN window, the same
window when CD2"*-driven deletion occurs and autophagic flux peaks, we focused next
on thymic yd T-cell development. Total thymic yd T-cell (CD3*TCRy6*) absolute
numbers were markedly lower in cKO mice than WT littermates (Figure 3F). To dissect
stage-specific maturation defects, we used CD24 and CD73, markers tracking yo T-cell
commitment and terminal maturation. yd T-cell maturation proceeds sequentially through
uncommitted (CD24*CD73"), lineage-committed (CD24*CD73"), and terminally mature
(CD24-CD73") stages; CD73 acquisition marks definitive yd-lineage commitment[27,
28]. Loss of VPS34 did not substantially change the frequency of uncommitted
CD24*CD73" precursors. The proportion of committed CD24"CD73* cells increased
moderately, whereas terminally mature CD24 CD73* yo T cells were significantly
reduced (Figure 3G). These results suggest VPS34-dependent autophagy contributes to
terminal maturation of thymic yo T cells.

We next examined TCRy chain usage, which shapes subset identity and functional
properties. TCR-repertoire analysis showed subset skewing in VPS34-deficient mice.
Vy4+ vd T cells were reduced, whereas the relative proportion of Vyl* cells increased

compared with WT controls (Figure 3H). Within each major subset (Vyl*, Vy4*,
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Vy17Vy4"), the frequency of terminally mature CD24 CD73" cells was lower in cKO
mice (Figure 31-K). Collectively, these data demonstrate that VPS34 is required for
terminal maturation and normal TCRy-repertoire homeostasis among thymic yo T cells.
VPS34 deficiency disrupts peripheral yo T cell homeostasis and tissue distribution
We then evaluated peripheral yo T-cell homeostasis, subset composition, and tissue
distribution in VPS34-deficient animals. Flow-cytometry analysis of CD3*TCRyd" cells
in spleen and lymph nodes showed significantly reduced absolute yd T-cell numbers in
Pik3c3"CD2¢™ mice relative to littermate controls (Figure 4A). Notably, the subset
skewing observed in the thymus, reduced Vy4* populations and expanded Vyl* subsets,
was also evident in these peripheral lymphoid tissues (Figure 4B, C). To test whether
these peripheral defects reflect cell-intrinsic VPS34 requirements, we set up competitive
bone-marrow (BM) chimeras. Irradiated CD45.17CD45.2% recipient mice were
reconstituted with a 1:1 mixture of CD45.1" WT and CD45.2* VPS34-deficient BM
progenitors (Figure 4D). This experimental setup permits direct side-by-side comparison
of WT and VPS34-deficient yo T cells sharing identical in-vivo microenvironments. In
both spleen and lymph nodes, VPS34-deficient (CD45.2%) yo T cells contributed far less
to the total yo T-cell pool than their WT (CD45.1%) counterparts (Figure 4E). This
confirms a cell-autonomous requirement for VPS34 in maintaining peripheral yd T-cell
homeostasis.

Beyond secondary lymphoid organs, we next investigated whether tissue-resident y6 T
cells in barrier and parenchymal tissues are similarly dependent on VPS34. We first
assessed autophagic flux in tissue-resident yd T cells from barrier and parenchymal tissues
(skin, cLP, small intestine, liver, and lung) of CAG-RFP-EGFP-LC3 reporter mice by
flow cytometry. Tissue-resident yo T cells from all examined tissues showed measurable
autophagic flux, with readily detectable EGFP*RFP* autophagosome and EGFP RFP*
autolysosome populations (Figure S4A). Thus tissue-resident yo T cells maintain
constitutive autophagic activity under homeostatic conditions. We next enumerated yo T
cells across these tissues and found consistent numerical reductions in VPS34-deficient
mice (Figure 4F, G). Given the importance of Y0 T cells in skin physiology, we further
separated skin-resident yo T cells into epidermal and dermal subsets. Both epidermal and

dermal yd T-cell populations were significantly depleted in frequency and absolute
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number in ¢cKO animals (Figure 4H, I). Collectively, these findings demonstrate that
VPS34-dependent autophagy is required to maintain Y8 T cell homeostasis and tissue
distribution across multiple anatomical sites.

VPS34 deficiency induces mitochondrial dysfunction, metabolic reprogramming
and ROS accumulation in yo T cells

Autophagy mediates clearance of damaged mitochondria, and autophagy impairment
results in accumulation of dysfunctional mitochondria[29]. We therefore assessed
mitochondrial homeostasis in yd T cells from cKO and WT mice. VPS34-deficient yd T
cells exhibited increased mitochondrial mass and elevated mitochondrial membrane
potential, both signatures of dysfunctional mitochondria accumulating due to defective
autophagic turnover (Figure 5A, B). Mitochondria govern core immune-cell metabolism,
balancing oxidative phosphorylation and glycolysis[30]. To quantify single-cell
metabolic perturbations, we employed SCENITH (Single-cell Metabolism by Analysis
of Translation Inhibition)[31], a flow cytometry-based assay for resolving cellular
metabolic dependencies. Comparison of y& T cells purified from Pik3c3'CD2¢ cKO
and Pik3c3" WT mice revealed profound metabolic reprogramming upon VPS34
deletion. VPS34-deficient yo T cells shifted away from a quiescent metabolic baseline
toward greater reliance on mitochondrial oxidative metabolism, accompanied by reduced
glycolytic capacity (Figure 5C). Consistent with this hypermetabolic state,
VPS34-deficient yo T cells expressed higher Ki-67 (marker of cellular proliferation), and
displayed increased cell size and granularity (Figure 5D, E). These data indicate that
mitochondrial dysfunction-driven metabolic activation disrupts the quiescent state of
VPS34-deficient yo T cells.

Damaged mitochondria constitute a major source of intracellular reactive oxygen
species (ROS). We detected significantly higher total ROS and mitochondrial-derived
ROS in VPS34-deficient yo T cells relative to WT controls (Figure 5F, G). Excess ROS
compromises cell viability; accordingly, we observed an increased fraction of 7-AAD*
dying cells among VPS34-deficient yo T cells (Figure SH). To establish a functional link
between ROS excess and reduced viability, we treated WT and cKO yo T cells with the
ROS scavenger N-acetyl-L-cysteine (NAC). NAC treatment lowered intracellular ROS
(Figure 51) and significantly rescued the viability defect of VPS34-deficient yo T cells
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(Figure 5J). Collectively, these results outline a stress cascade triggered by VPS34 loss.
Defective autophagic turnover leads to accumulation of dysfunctional mitochondria,
which drives metabolic reprogramming and excessive ROS production, ultimately
impairing v T-cell survival.
VPS34 deficiency compromises iron and lipid homeostasis and concurrent
ferroptosis and apoptosis in y6 T cells
Mitochondrial dysfunction and excessive ROS production are critical upstream triggers
of multiple cell death programs[32]. We next sought to define the cell-death mechanisms
responsible for yo T-cell loss in VPS34-deficient mice. Mitochondrial respiratory chain
dysfunction facilitates lipid peroxidation, a core initiating event of ferroptosis, while
intracellular iron overload further exacerbates lipid peroxide accumulation and ferroptotic
progression[33]. We first detected key indicators governing iron and lipid metabolism.
VPS34-deficient v T cells exhibited significantly increased intracellular iron levels
compared with WT cells (Figure 6A). Transferrin receptor 1 (CD71), the major mediator
of cellular iron uptake, was markedly upregulated in VPS34-deficient y6 T cells,
suggesting enhanced iron acquisition (Figure 6B). CD36, a scavenger receptor that
imports polyunsaturated fatty acids and facilitates lipid peroxidation, was also increased
in cKO y6 T cells (Figure 6C). Consistent with disrupted iron-lipid homeostasis, lipid
ROS accumulation was markedly higher in VPS34-deficient yd T cells (Figure 6D). To
test the contribution of ferroptosis, we used the specific inhibitor Ferrostatin-1 (Fer-1).
Fer-1 treatment significantly improved the viability of VPS34-deficient yo T cells (Figure
6E), demonstrating ferroptosis as an important driver of cell loss under VPS34 deficiency.
Beyond ferroptosis, persistent mitochondrial damage and ROS overload also activate
intrinsic apoptotic signaling. Flow cytometry detected more Annexin V-positive
apoptotic Y8 T cells in Pik3c3"CD2¢¢ mice (Figure 6F). At the molecular level,
VPS34-deficient yd T cells showed increased cleaved-Caspase-3 and elevated
pro-apoptotic Bim protein, two central mediators of the intrinsic apoptotic cascade
(Figure 6G, H). Pharmacological apoptosis inhibition with Z-VAD-FMK also partially
restored survival of VPS34-deficient yo T cells (Figure 61). Notably, combined Fer-1 plus
Z-VAD-FMK treatment produced additive protective effects compared with single-agent

treatment (Figure 61). This indicated that ferroptosis and apoptosis operate independently
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and together eliminate VPS34-deficient y0 T cells. In summary, VPS34 deficiency
disturbs iron and lipid homeostasis in Y0 T cells, triggering concurrent ferroptotic and
apoptotic death and driving net yo T-cell loss.

VPS34 deficiency disrupts the homeostasis of effector yo T cells

Within secondary lymphoid organs, peripheral yo T cells can be subdivided by
CD44/CD62L into naive CD44°CD62L" and effector CD44"CD62L" subsets[34].
Effector-phenotype yo T cells arise from naive precursors following antigen-driven
differentiation and represent the main cytotoxic population mediating anti-pathogen and
anti-tumor immunity. Using CAG-RFP-EGFP-LC3 reporter mice, we compared basal
autophagic flux between naive and effector y0 T-cell subsets. Effector yo T cells
contained significantly higher frequencies of both EGFP*RFP* autophagosome-positive
and EGFP RFP* autolysosome-positive events than naive y0 T cells (Figure S5A, B),
indicating intrinsically higher basal autophagic flux in effector yo T cells.

We next tested whether this elevated autophagic flux depends on VPS34 catalytic
activity. WT effector yo T cells were cultured for 24 h with VPS34-IN-1 or DMSO vehicle.
VPS34-IN-1 exposure increased the frequency of EGFP*RFP* autophagosome-positive
cells relative to DMSO controls, consistent with impaired autophagosome maturation
(Figure S5C, D). BafA1 addition further accumulated autophagosomes in DMSO-treated
cells, yet produced no additional increase in VPS34-IN-1-pretreated effector yo T cells
(Figure S5C, D). The lack of BafA1-responsive autophagosome buildup indicates VPS34
catalytic function is required to sustain complete autophagic flux in effector yo T cells.

We then assessed the in-vivo consequences of VPS34 loss for effector-subset
maintenance. In Pik3c3™CD2¢™ mice, the frequency of CD44MCD62L"° effector y5 T
cells was substantially reduced compared with Pik3c3"" littermates, accompanied by a
reciprocal expansion of CD44'°CD62L" naive y§ T cells (Figure 7A, B). To determine if
this skewing is cell-intrinsic, we generated competitive BM chimeras by transferring a
1:1 mixture of CD45.1" WT and CD45.2* VPS34-deficient BM progenitors into irradiated
recipients. Within the same host, VPS34-deficient y6 T cells were under-represented
among the effector pool, whereas the naive subset was largely preserved (Figure S6A, B).

This establishes cell-autonomous VPS34 dependence for effector y6 T-cell maintenance.
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Given this selective effector-subset loss, we examined cell survival in subset-gated
populations. VPS34-deficient CD44™ effector y5 T cells showed greatly increased
Annexin V* and 7-AAD" fractions compared with WT counterparts. In contrast, CD44'°
naive Y0 T cells showed only modest changes in cell-death markers (Figure 7C, D). These
data confirm that effector yd T cells are selectively vulnerable to VPS34 loss. We further
characterized effector-subset metabolic defects. VPS34-deficient CD44" effector y5 T
cells displayed higher mitochondrial mass and mitochondrial-membrane
hyperpolarization (Figure 7E, F), alongside elevated total cellular ROS, mitochondrial
ROS, and lipid peroxidation (Figure 7G-I). Collectively these findings demonstrate that
VPS34 sustains constitutive autophagic flux in effector yd T cells. Loss of VPS34 results
in mitochondrial dysfunction, excessive ROS generation, and increased lipid peroxidation
within this subset.

VPS34-dependent autophagy restrains pro-inflammatory polarization and sustains
anti-tumor function of Y6 T cells

vo T cells recognize target antigens in an MHC-independent manner and execute diverse
immune functions via the production of signature effector cytokines[5]. To explore how
VPS34-dependent autophagy shapes yo T-cell effector responses, we employed two
established in-vivo models, including imiquimod (IMQ)-induced psoriatic inflammation
and B16F0 melanoma tumor models. The IMQ model activates TCR signaling and
engages the IL-23-STAT3-IL-17A axis, which drives pro-inflammatory yo T-cell
function during cutaneous inflammation[35]. In this inflammatory setting, yo T cells
isolated from draining lymph nodes of VPS34-deficient mice produced markedly more
IL-17A than WT vy6 T cells (Figure 8A). In the BI6FO melanoma model,
tumor-infiltrating VPS34-deficient yo T cells displayed altered cytokine profiles eleven
days after tumor inoculation. IFN-y (key mediator of y6 T-cell anti-tumor cytotoxicity)
was reduced, while IL-17A secretion was enhanced (Figure 8B). To exclude confounding
secondary developmental defects caused by lifelong VPS34 deletion, we acutely inhibited
VPS34 in mature WT 8 T cells during in-vitro functional polarization. Short-term
VPS34-IN-1 treatment reproduced the in-vivo functional shift. Activated yo T cells

showed suppressed IFN-y and augmented IL-17A production (Figure 8C, D). These
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results demonstrate that VPS34-dependent autophagy directly controls mature yo T-cell
cytokine polarization, independent of earlier developmental events.

Given the essential role of IFN-y in yd T cell-based tumor surveillance, we further

evaluated whether VPS34 inhibition impairs yd T cell anti-tumor activity. Ex-vivo
expanded yo T cells were pretreated with either VPS34-IN-1 or DMSO, then adoptively
transferred into tumor-bearing TCRJ/ mice. Mice receiving VPS34-IN-1-pretreated yo
T cells failed to constrain tumor growth effectively, showing accelerated tumor
progression, larger tumor volumes, and heavier tumor weights relative to the vehicle
group (Figure 8E-G). These data indicate basal VPS34-dependent autophagic signaling
is essential to preserve the anti-tumor effector identity of yd T cells and limit excessive
pro-inflammatory polarization.
Pharmacological autophagy activation potentiates yo T cell anti-tumor cytotoxicity
To further support the functional link between autophagic activity and yo T-cell effector
capacity, we pharmacologically induced autophagy using metformin, an AMPK agonist
known to suppress mMTORC1 and boost autophagic flux in immune cells[36]. Intracellular
LC3B staining by flow cytometry showed that metformin treatment increased autophagic
flux in mature yo T cells (Figure 8H). Functionally, autophagy induction was
accompanied by a significant enhancement of the anti-tumor effector functions.
Metformin-conditioned yd T cells displayed increased production of IFN-y, a signature
cytokine for tumor immune surveillance (Figure 8I). We next measured direct cytotoxicity
by co-culturing yo T cells with B16F0 melanoma targets across multiple effector-to-target
(E:T) ratios. Metformin-pretreated yo T cells exhibited substantially greater tumor-killing
capacity at all tested E:T ratios, as reflected by reduced target-cell viability (Figure 8J,
K).

We extended these in-vitro findings to a pre-clinical adoptive-transfer tumor model
using Rag2” mice, which lack endogenous mature T and B lymphocytes. B16F0 tumor
cells were inoculated subcutaneously, and tumor engraftment was confirmed prior to the
initiation of Y3 T cell adoptive transfer. WT yd T cells were pre-cultured for 24 h with or
without metformin, then administered by repeated intravenous infusion (Figure 8L).
Consistent with in-vitro cytotoxicity data, mice receiving metformin-preconditioned yo T

cells exhibited slower tumor progression, with smaller tumor volumes and lower tumor
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weights compared with animals given untreated yo T cells (Figure 8M-0O). Analysis of
tumor-infiltrating yd T cells further revealed higher intratumoral IFN-y expression
following metformin pre-treatment (Figure 8P). These results demonstrate that
pharmacological autophagy enhancement via metformin strengthens yd T-cell anti-tumor
capacity, further supporting that intact autophagic flux is necessary for normal yo T-cell

anti-tumor function.

DISCUSSION
Autophagy controls immune cell development, organelle quality maintenance and
metabolic homeostasis. While VPS34-dependent autophagy is well studied in
conventional af3 T cells and Tregs, stage-specific autophagic dynamics during yo T cell
development remain unclear. Using LC3 dual-fluorescence reporter mice, we found
autophagic flux peaks at the DN thymocyte stage and is intrinsically higher in thymic and
peripheral yo T cells relative to afy T cells. We further showed that VPS34-dependent
autophagy controls yd T cell development, peripheral survival, metabolic homeostasis
and anti-tumor polarization. VPS34 deletion blocks autophagic flux, disrupts
mitochondrial and iron-lipid redox balance, reduces effector yo T cell survival and
redirects cytokine secretion from IFN-y to IL-17A, impairing anti-tumor immunity.
Supporting these loss-of-function results, metformin-mediated autophagy activation
boosted IFN-y production and anti-tumor activity of yd T cells. Collectively, our
experiments establish autophagy as an essential regulator sustaining yo T cell survival
and effector function, advancing our knowledge of immunometabolism in innate T cells.
By profiling autophagic dynamics throughout thymocyte development using LC3 dual-
fluorescence reporter mice, we detected functionally active autophagic flux during early
T cell development, with peak autophagic activity at the DN stage, a critical window for
vd T cell lineage specification. Inter-lineage comparison revealed that thymic and
peripheral yo T cells display higher basal autophagic flux than of T cells under
physiological conditions, pointing to sustained autophagy activation during y6 T cell
maturation and peripheral maintenance. VPS34 is the sole class III PI3K in mammals and
functions as an upstream master regulator of canonical autophagy, endosomal trafficking

and lysosomal maturation. Prior work has demonstrated that T cells are highly sensitive
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to perturbations in autophagy, with autophagy serving as a key regulator across distinct T
cell subsets. In CD4-Cre and Lck-Cre mouse models, VPS34 deficiency reduces off T cell
numbers and induces metabolic and differentiation defects[21, 37]. Our earlier work also
established that VPS34 is essential for the survival and functional integrity of regulatory
T cells (Tregs)[22]. Complementarily, Chi and colleagues showed that VPS34-dependent
metabolic signaling shapes the transitional heterogeneity and maintenance of effector
Tregs (eTregs), with these adaptations governing both autoimmune and anti-tumor
immune responses[38]. Nevertheless, these investigations centered exclusively on
adaptive T cell lineages and did not address the unique developmental and functional
features of yo T cells, including their thymus-primed effector commitment, rapid
activation, and distinct metabolic requirements. Using Pik3c¢3"'CD2¢ cKO conditional
knockout mice, we found that VPS34 ablation impairs the DN3-to-DN4 transition and
limits the progenitor-stage generation of both afy and yo T lineages. Despite this shared
early thymic developmental block at the progenitor stage, marked phenotypic differences
emerge between aff and yo T cell lineages in the periphery upon VPS34 deletion. Previous
studies reported that VPS34 deficiency mainly impairs the survival of naive aff T cells[39].
In contrast, our results show that VPS34 loss selectively eliminates CD44" effector y5 T
cells. This lineage- and subset-selective vulnerability reveals a unique requirement for
VPS34-dependent autophagy to sustain effector yo T cell maintenance. These findings
connect the intrinsically elevated basal autophagic activity of yo T cells to their effector
homeostasis and developmental fitness. We propose that this phenotypic discrepancy
arises from intrinsic developmental and metabolic differences between aff and yo T cells.
Most peripheral yd T cells, including IFN-y* and IL-17A* subsets, acquire effector fates
before exiting the thymus, resulting in a larger fraction of effector cells within the
peripheral yo T pool relative to aff T cells[40]. Furthermore, the rapid TCR responsiveness
of yd T cells imposes high acute metabolic demand, which further increases their reliance
on VPS34-mediated autophagy to preserve bioenergetic and homeostatic balance.

The inherent metabolic and effector priming status of yd T cells renders them
particularly dependent on constitutive autophagic activity to sustain intracellular quality
control and redox stability. As rapidly responsive pre-committed effector cells, yo T cells

maintain high metabolic flux and baseline oxidative stress, creating a demand for
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autophagy-supported mitochondrial quality control and metabolite recycling. In this
context, VPS34 ablation substantially diminishes basal autophagic flux in y6 T cells,
leading to defective mitochondrial quality surveillance. The inadequate autophagy-
supported mitochondrial quality control results in accumulation of damaged mitochondria,
mitochondrial hyperpolarization, and excessive ROS production, thereby disrupting
intracellular redox homeostasis. In line with this metabolic deterioration, VPS34-
deficient yd T cells exhibit iron overload and enhanced lipid peroxidation, while
compensatory CD71 upregulation further exacerbates iron accumulation, forming a
persistent oxidative stress loop that drives effector cell death[41]. This mechanistic
cascade explains the selective loss of effector Y6 T subsets upon VPS34 deletion and
establishes a direct link between developmentally programmed high autophagic flux,
VPS34-dependent metabolic control, and peripheral effector y6 T cell survival. These
observations extend previous models established in adaptive T cells and highlight a
lineage-specific metabolic safeguard mechanism that is particularly critical for innate yd
T lymphocytes.

Beyond governing peripheral effector survival and metabolic homeostasis, VPS34-
dependent autophagy also critically shapes the functional polarization of yo T cells. Prior
VPS34 studies in conventional aff T cells mainly concentrated on thymic development
and peripheral homeostasis maintenance. Although several studies have described
VPS34-mediated functional regulation in regulatory T cells[22, 38], few reports have
addressed its role in governing cytokine polarization and functional specification of
innate yd T cells. Our genetic and pharmacological evidence demonstrates that VPS34
insufficiency fundamentally alters Yo T cell functional identity, suppressing IFN-y-
mediated anti-tumor cytotoxicity while exaggerating IL-17A-associated pro-
inflammatory programming. Given that high basal autophagic flux is a constitutive
feature of developmentally primed yo effector cells, autophagy impairment disrupts their
innate effector transcriptional and metabolic programming. Unlike adaptive a3 T cells,
which acquire effector functions post-antigen stimulation, yo T cells rely on steady-state
VPS34-autophagy to sustain their predominant anti-tumor effector profile and limit
excessive pro-inflammatory IL-17A* polarization. This subset-specific functional

regulation further distinguishes VPS34-autophagy functions in innate yo T cells from
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conventional T cell subsets.

To further validate the causal link between autophagic activity and y3d T cell anti-tumor
function, we performed metformin-mediated autophagy activation assays. Metformin is
a well-characterized metabolic activator that elevates cellular autophagic flux via
canonical AMPK-mTORCI1 signaling. Prior work has shown metformin can modulate yo
T cell function[42, 43], and our results further demonstrate that metformin treatment
effectively enhances basal autophagic activity in wild-type y6 T cells. Functionally,
autophagy augmentation significantly reinforces IFN-y production and tumor-killing
capacity of yo T cells. In vivo adoptive transfer experiments further demonstrated that
metformin-preconditioned y6 T cells exert superior anti-tumor efficacy and sustain
elevated intratumoral IFN-y expression. Collectively, these results fully support our
genetic knockout findings, demonstrating that intact autophagic flux is required to

maintain the anti-tumor effector competence of yo T cells.

MATERIALS AND METHODS

Mice

Pik3c3™ CD2¢*, CAG-RFP-EGFP-LC3 transgenic mice, CD45.1 congenic, Rag2” and
TCRS5” mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
VPS34 conditional knockout (cKO) mice (Pik3c3'CD2¢™) were generated by crossing
Pik3c3™" with CD2¢™ mice. Age- and sex-matched Pik3c3™" littermates served as
wild-type (WT) controls. Unless otherwise specified, 8-10-week-old male and female
mice were utilized for all experiments. Mice were housed in a specific pathogen-free (SPF)
facility at Jinan University, with controlled temperature, humidity and 12-h light/dark
cycles, and provided with standard chow and water ad libitum. All animal procedures
were performed in accordance with institutional animal care guidelines and approved by
the Animal Ethics Committee of Jinan University.

Quantitative real-time PCR (qQRT-PCR)

Total RNA was extracted from cells using TRIzol reagent (Invitrogen) and reverse-
transcribed into cDNA using the PrimeScript™ RT Reagent Kit (Takara). qRT-PCR was
performed on a Bio-Rad CFX Connect™ cycler using SYBR Green Master Mix (Takara).

The following primer sequences were used: Pik3c3 (F: 5'-
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CATGTTTCGCCAAGGAATG-3"; R: 5'-GGGAGTTCTTGTAGGTTCAG-3"); Gapdh
(F: 5'-CCAGCTTAGGTTCATCAGGT-3"; R: 5-TTGATGGCAACAATCTCCAC-3").
Relative mRNA expression was calculated using the 224t method and normalized to the
housekeeping gene Gapdh.

Flow cytometry

Flow cytometric analysis was performed on a Cytek Aurora™ analyzer (Cytek), and data
were processed using FlowJo software (v10.8). The following fluorochrome-conjugated
antibodies and staining reagents were used. Surface markers: CD3 (145-2C11), TCRp
(H57-597), TCRyd (GL3), CD4 (GK1.5), CD8 (53-6.7), CD25 (PC-61), CD44 (1M7),
CD62L (MEL-14), Vyl.1/CR4 (2.11), Vy2 (UC3-10A6), CD24 (M1/69), CD73
(TY/11.8), CD45 (30-F11), CD45.1 (A20), CD45.2 (104), CD71 (R17217), CD36
(HM36); Intracellular markers: IFN-y (XMG1.2), IL-17A (TC11-18H10.1), Caspase-3
(C92-605) (BD Biosciences); Phosphoproteins & apoptosis: Bim (C34C5) (Cell
Signaling Technology); ROS & mitochondrial function: MitoSOX Red (Invitrogen, Cat#
M36008), CellROX Deep Red (Invitrogen, Cat# C10422), TMRM (Invitrogen, Cat#
134361), MitoTracker (Invitrogen, Cat# M?22426); Iron metabolism: FerroOrange
(Dojindo, Cat# F374); Lipid peroxidation: BODIPY 581/591 C11 (Thermo Fisher, Cat#
D3861); Autophagy markers: LC3B (Novus Biologicals, Cat# NB100-2220),
SQSTM1/p62 (Novus Biologicals, Cat# NBP1-48320). Live-cell kit-derived fluorescent
probes: Autophagosome-selective Green Detection Reagent (Abcam, Autophagy
Detection Kit, Cat# ab139484). FerroOrange, BODIPY 581/591 Cl11, and
autophagosome-selective Green Detection Reagent were used for live-cell staining.
Briefly, cells were incubated with corresponding probes  following
manufacturer-recommended concentration and incubation time at 37°C prior to
flow-cytometric acquisition. Intracellular staining for cleaved Caspase-3, Bim and
anti-Puromycin was performed using the Foxp3/Transcription Factor Buffer Set (Thermo
Fisher, Cat# 00-5523-00) according to the manufacturer’s instructions.

Bone marrow chimeric mice

Donor WT (CD45.1%) and Pik3c3™'CD2* (CD45.2") mice were intravenously injected
with 150 mg/kg S-fluorouracil (5-FU). Four days post-treatment, bone marrow (BM) cells

were harvested by flushing femurs and tibias with sterile PBS, and red blood cells were
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lysed with Red Blood Cell Lysis Buffer. WT (CD45.1*) and Pik3c3™'CD2¢™ (CD45.2%)
BM cells were mixed at a 1:1 ratio, and 1x10” mixed BM cells were intravenously
transplanted into lethally irradiated (8 Gy) CD45.17CD45.2" recipient mice.
Hematopoietic reconstitution and immune cell subsets were analyzed by flow cytometry
8 weeks after transplantation.

SCENITH analysis

Splenocytes were seeded in 96-well plates at 5x10° cells/mL, and pre-treated with the
following reagents at 37°C with 5% CO; for 30 min: untreated control, 2-Deoxy-D-
Glucose (DG, 200 mM, MedChemExpress, Cat# HY-13966), Oligomycin (Oligo, 2 uM,
MedChemExpress, Cat# HY-16589), or 2-DG plus Oligomycin combination. Puromycin
(10 pg/mL, MedChemExpress, Cat# HY-B1743A) was added for an additional 30 min to
label nascent proteins. Cells were washed with ice-cold PBS, stained with fluorochrome-
conjugated surface antibodies at 4°C for 20 min, then fixed and permeabilized using the
Foxp3 Buffer Set. Intracellular puromycin was detected with anti-Puromycin antibody
(12D10, Sigma-Aldrich, 1:100 dilution) at 4°C for 45 min. Flow cytometry was
performed on a Cytek Aurora™ analyzer, and translational rates were calculated as
previously described[44].

In vitro yo T1/y6 T17 differentiation

48-well plates were pre-coated with purified anti-mouse yo TCR antibody (UC7-13D5,
10 ug/mL, Bio X Cell) at 4°C overnight. Mouse splenocytes were seeded at 3.5 x 10°
cells/mL in RPMI-1640 complete medium supplemented with 10% FBS and 1% pen-
strep. For yd T1 differentiation, cultures were supplemented with anti-CD28 (1 pg/mL)
and anti-IL-2 neutralizing antibody (2 ng/mL). For yd T17 differentiation, recombinant
Recombinant murine IL-1B (10 ng/mL, PeproTech, Cat# 211-11B), Recombinant murine
IL-23 (10 ng/mL, BioLegend, Cat# 589002) and Recombinant murine IFN-y (10 pg/mL,
PeproTech, Cat# 315-05-20UG) were additionally added. Cells were cultured at 37°C
with 5% CO2; medium was refreshed on day 2 (i.e., on days 2 and 4), and cells were
harvested on day 6. In selective experiments, VPS34-IN-1 (5 uM, MedChemExpress,
Cat# HY-12795) was added to cultures 24 h prior to harvest. Total yo T cells were
enriched and analyzed by flow cytometry.

Western blotting



623  Cell samples were washed twice with ice-cold PBS (pH7.4) and pelleted by
624  centrifugation at 4 °C. Cell pellets were lysed on ice for 30 min in ice-cold RIPA buffer
625 containing protease and phosphatase inhibitors, with brief vortexing every 10 min.
626  Lysates were cleared by centrifugation at 4°C for 15 min, and supernatants were
627  quantified using a BCA protein assay kit (Thermo Fisher Scientific). Equal-quantity
628  protein samples were mixed with 5xSDS loading buffer, boiled at 95 °C for 10 min, and
629  stored at -80 °C. Proteins and prestained molecular weight markers were resolved by 10%
630 SDS-PAGE (80 V for stacking gel, 120 V for separation gel), followed by electro-transfer
631  onto 0.45 um PVDF membranes at 400 mA for 40 min. Membranes were blocked with 5%
632  non-fat dry milk in TBST for 2 h at room temperature, and incubated overnight at 4°C
633  with primary antibodies. After three 5-min TBST washes, membranes were probed with
634  HRP-conjugated secondary antibodies for 1h at room temperature. Immunoreactive bands
635  were visualized with enhanced chemiluminescence (ECL) and imaged using a ChemiDoc
636  MP system (Bio-Rad).

637 Imiquimod-induced psoriasis mouse model

638  Eight-week-old female WT and cKO mice were depilated on the dorsal skin using
639  depilatory cream (Veet) 24 h before the first application. Mice were topically treated with
640 62.5mg of 5% imiquimod cream (Med-Shine Pharmaceutical, China) daily for 7
641  consecutive days on the depilated dorsal skin to induce psoriasis-like skin inflammation.
642  On day 7, mice were euthanized, and draining inguinal and axillary lymph nodes were
643  harvested. Intracellular staining and flow cytometry were performed to quantify IFN-y
644  and IL-17A production by yo T cells.

645 B16F0 melanoma mouse model

646  For tumor growth assessment, WT and cKO mice were subcutaneously inoculated in the
647  left flank with 3 x 10° B16F0 melanoma cells suspended in 100 pL sterile PBS. Mice
648  were euthanized on day 11 post-inoculation, and tumors were harvested, minced, and
649  mechanically dissociated through a 70-um cell strainer. The resulting single-cell
650  suspension was layered onto a 40% Percoll gradient and centrifuged at 400 x g for 20
651  min. Cells were collected, and treated with Red Blood Cell Lysis Buffer for 2-5 min at
652 room temperature to remove red blood cells. After washing, tumor-infiltrating

653  lymphocytes (TILs) were resuspended in FACS buffer and analyzed by flow cytometry.
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For adoptive co-transfer experiments, ex vivo expanded yo T cells were pretreated with 5
uM VPS34-IN-1 or DMSO vehicle for 24 h, then co-injected with B16F0 melanoma cells
at a 1:4 ratio (yd T cells: tumor cells) into TCRJ”" mice. Tumor size was measured daily
with a caliper, and tumor volume was calculated. Mice were sacrificed on day 20 post-
injection; tumors were dissected, weighed and imaged for comparative analysis.
Effector-to-Target ratio analysis

Mouse splenocytes were prepared as single-cell suspensions in serum-free RPMI-1640
and counted. yo T1 cells were differentiated and treated with metformin (0 or 10 pg/mL)
for 24 h prior to harvest. BI6F0 melanoma cells were trypsinized, centrifuged, and
washed, then labeled with 10 uM CFSE in serum-free RPMI-1640 for 15 min at 37°C in
the dark. Labeling was quenched with complete medium (10% FBS) for 10 min. Cells
were centrifuged, washed 2-3 times to remove residual CFSE, and resuspended in R10F.
CFSE-labeled B16FO cells (1 x 10 cells/well) were co-cultured with yo T cells in 96-well
round-bottom plates at effector-to-target (E:T) ratios of 0:1, 5:1, 10:1, and 20:1 for 24 h
at 37°C. Cells were then harvested and analyzed by flow cytometry for the percentage of
CFSEM 7AAD* cells.

Adoptive transfer melanoma model in Rag2”- mice

Rag2” mice (6-8 weeks old) were maintained under specific pathogen-free conditions.
B16F0 melanoma cells (3 % 10° cells) were subcutaneously inoculated into the lower
dorsal flank. After tumor engraftment was confirmed, mice were randomly assigned into
three groups (n = 5 per group): (1) Control (PBS), (2) yo T cells alone, and (3) Metformin
+v0 T cells (Combination). yd T cells were pre-treated ex vivo with or without metformin
(10 pg/mL, MedChemExpress, Cat# HY-17471A) for 24 h. Then, 1 X 10¢yd T cells were
intravenously infused into tumor-bearing recipients on days 0, 4, and 8. PBS control mice
received an equal volume of PBS on a matching schedule. Tumor growth was monitored
every 2 days by caliper measurement, and tumor volume was calculated as (length X
width?)/2. Mice were euthanized on day 12 after the first yo T cell transfer, and tumor
tissues were harvested for subsequent isolation of tumor-infiltrating lymphocytes and
flow cytometric analysis of intracellular [FN-y.

Statistics

Statistical analyses were performed using GraphPad Prism 8. Two-tailed unpaired

Student’s t-fest was used for two-group comparisons, one-way ANOVA for multiple
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groups, and Mann-Whitney U test for tumor burden data.

DATA AVAILABILITY

Data will be made available on request.
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FIGURE LEGENDS

Figure 1. Autophagic flux dynamics during thymocyte development and in yo T cells.
(A) Representative flow plots of RFP and EGFP signals in thymocyte subsets (DN, DP,
CD4*, CD8") from CAG-RFP-EGFP-LC3 transgenic mice. (B) Quantification of
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EGFP'RFP* (autophagosome-containing, left) and EGFP RFP* (autolysosome-
containing, right) cell percentages in the indicated thymocyte subsets (n = 4). (C, D)
Representative histograms (left) and quantification (right) of LC3B (C) and
autophagosome (D) MFI in thymocyte subsets from wild-type (WT) mice (n = 3). (E)
Representative flow plots of RFP and EGFP signals in thymocyte subsets from CAG-
RFP-EGFP-LC3 mice treated with DMSO (top) or bafilomycin A1 (BafAl, bottom). (F)
Quantification of EGFP*RFP* cell percentages in thymocyte subsets with DMSO or
BafAl treatment (n = 4). (G) Representative flow plots of RFP and EGFP signals in
thymic y0 T and aff T cells from CAG-RFP-EGFP-LC3 transgenic mice. (H)
Quantification of EGFP*RFP" (left) and EGFP RFP" (right) cell percentages in thymic yo
Tand af T cells (n=4). (I, J) Representative histograms (left) and quantification of LC3B
(D) and autophagosome (J) MFI (right) in thymic yo T and aff§ T cells from WT mice (n =
3). (K, L) Representative flow plots (left) and quantification (right) of EGFP*RFP* cell
percentages in BafA1/DMSO-treated thymic (K) and splenic (L) yd T cells from CAG-
RFP-EGFP-LC3 mice (n = 4). Data are presented as mean + SD and represent three
independent experiments. *P < 0.05, **P < 0.01, ***P <(0.001.

Figure 2. VPS34 deficiency blocks autophagic flux in yo T cells. (A-C) Representative
histograms (left) and corresponding quantification (right) for LC3B (A), p62 (B), and
autophagosome signal (C) in CD3*TCRy&" cells from Pik3c3™" and Pik3c3"'CD2¢"
mice (n = 4). (D, E) Western blot analysis of LC3 II and p62 protein levels in WT yd T
cells treated with DMSO (vehicle) or VPS34-IN-1 (5 uM, 24 h), with BafA1 (100 nM, 4
h) added during the final 4 h of incubation. GAPDH was used as the loading control (n =
4). (F, G) Representative flow plots and quantification of EGFP*RFP* and EGFP RFP*
populations in yd T cells from CAG-RFP-EGFP-LC3 mice treated with DMSO (vehicle)
or VPS34-IN-1 (5 uM 24 h), with BafA1l (100 nM, 4 h) added during the final 4 h of
incubation (n = 4). Data are presented as mean + SD and are representative of three
independent experiments. *P < 0.05, **P < 0.01, ***P < (.001.

Figure 3. Deletion of VPS34 disrupts thymocyte development and peripheral T cell
homeostasis. (A) Representative macroscopic images of thymi isolated from Pik3c3™
and Pik3c3"CD2¢" (cKO) mice. (B) Quantification of thymus weight (left) and total

thymic lymphocyte counts (right) from WT and cKO mice (n = 4). (C) Representative
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flow plots (left) and quantitative analysis (right) of CD4/CD8-defined thymocyte subsets
(DN, DP, CD4*, CD8") from WT and cKO mice (n = 4). (D) Representative flow plots
(left) and quantification (right) of CD44/CD25-defined DN thymocyte subsets (DN1-
DN4) from WT and cKO mice (n = 4). (E) Representative histograms (left) and MFI
quantification (right) of CD25 expression in DN thymocytes from WT and ¢cKO mice (n
= 4). (F) Representative flow plots (left) and absolute cell counts (right) of yo T cells in
the thymus from Pik3c3™ and Pik3c3™CD2¢™ mice (n = 4). (G) Representative flow
plots (left) and quantitative analysis (right) of Yo T cell maturation subsets (uncom.:
CD24*CD73", com.: CD24*CD73", mature: CD24°CD73") in the thymus from WT and
cKO mice (n =4). (H) Representative flow plots (left) and quantitative analysis (right) of
Vy1*, Vy4* and Vy1 Vy4~ cells in thymic y8 T cells from Pik3c3™" and Pik3c3"CD2¢
mice (n = 4). (I-K) Representative flow plots (left) and quantitative analysis (right) of
Vy4* (I), Vyl1* (J) and Vy1 Vy4~ (K) T cell maturation subsets in the thymus from WT
and cKO mice (n = 4). All data are presented as mean + SD and represent three
independent experiments. *P < 0.05, **P < 0.01, ***P <(0.001.

Figure 4. Loss of VPS34 disrupts peripheral yo T cell maintenance and subset
homeostasis. (A) Representative flow plots (left) and absolute cell counts (right) of yo T
cells in the spleen and LNs from Pik3c3™ and Pik3c3™CD2¢ mice (n = 4). (B, C)
Representative flow plots (B) and quantification (C) of yo T cell subsets (Vy4, Vyl, Vy4
Vy1Y) in the spleen and LNs from Pik3c3™" and Pik3c3™CD2 mice (n = 4). (D)
Schematic of the competitive bone marrow chimera experimental setup. (E)
Representative flow plots (left) and quantitative analysis (right) for WT (CD45.1%) and
cKO (CD45.2%) yo T cell frequencies among total yo T cells in the spleen and LNs from
recipient chimeric mice (n = 3). (F, G) Representative flow plots (F) and absolute cell
counts (G) of yo0 T cells in multiple peripheral tissues, including skin, colonic lamina
propria (cLP), small intestine (SI), liver and lung from WT and cKO mice (n = 7). (H)
Representative flow plots of skin yo T cell subsets (epidermis and dermis) from WT and
cKO mice. (I) Quantification of the percentage (left) and absolute cell counts (right) of
epidermal and dermal yo T cells from WT and cKO mice (n = 7). All data are presented
as mean + SD and represent at least three independent experiments. *P < 0.05, **P <

0.01, ***P < 0.001.
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Figure 5. VPS34 deficiency induces mitochondrial dysfunction and oxidative stress
in y0 T cells. (A, B) Representative histograms (left) and quantification (right) of
mitochondrial mass (mitoTracker MFI) (A) and mitochondrial membrane potential
(TMRM MFI) (B) in v8 T cells from Pik3c3™ (WT) and Pik3c3"'CD2¢" (cKO) mice (n
= 4). (C) Metabolic capacity profiling of WT and ¢cKO vyd T cells (n = 3). (D)
Representative flow plots (left) and quantification (right) of Ki67" proliferating yd T cells
from WT and cKO mice (n = 4). (E) Quantification of forward scatter (FSC-A) and side
scatter (SSC-A) as indicators of cell size and granularity for WT and cKO o T cells (n =
4). (F, G) Representative histograms (left) and quantification (right) of cellular ROS
(CellROX MFI) (F) and mitochondrial superoxide (mitoSOX MFI) (G) in WT and cKO
vo T cells (n = 4). (H) Representative histograms (left) and quantification (right) of 7-
AAD" dead yo T cells from WT and cKO mice (n =4). (I) Representative histograms (left)
and quantification (right) of cellular ROS (CellROX MFI) in WT and cKO 6 T cells
treated with DMSO (vehicle) or N-acetylcysteine (NAC, 5 mM, 24 h) (n = 3). (J)
Representative flow plots (left) and quantification (right) of 7-AAD™ dead yd T cells from
WT and cKO mice treated with DMSO or NAC (5 mM, 24 h) (n = 3). All data are
presented as mean + SD and represent at least three independent experiments. *P < 0.05,
*P <0.01, #**P <0.001.

Figure 6. VPS34 deficiency promotes lipid accumulation and ferroptosis in yo T cells.
(A-D) Representative histograms (left) and quantification (right) of iron levels
(FerroOrange MFI) (A), CD71 (transferrin receptor) (B), CD36 (fatty acid translocase)
expression (C), and intracellular lipid accumulation (Bodipy C11 MFI) (D) in yo T cells
from Pik3c3"" (WT) and Pik3c3™'CD2¢™ (cKO) mice (n = 4). (E) Representative flow
plots (left) and quantification (right) of 7-AAD™ dead yd T cells in WT and ¢cKO mice
treated with DMSO (vehicle) or Ferrostatin-1 (Fer-1, 10 uM, 24 h) (n = 3). (F)
Representative flow plots (left) and quantification (right) of Annexin V* apoptotic yd T
cells from WT and ¢cKO mice (n = 4). (G, H) Representative histograms (left) and
quantification (right) of cleaved Caspase-3 (G) and Bim (H) expression (MFI) in WT and
cKO yo T cells (n = 4). (I) Representative flow cytometry plots (left) and quantification
(right) of 7-AAD* dead yd T cells in WT and cKO mice treated with DMSO, Z-VAD-
FMK (Z-V-F, 20 uM, 24 h, apoptosis inhibitor), or a combination of Fer-1 and Z-V-F
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(Combo) for 24 h (n = 3). All data are presented as mean + SD and represent at least three
independent experiments. **P < 0.01, ***P <(.001.

Figure 7. VPS34 deficiency disrupts CD44" effector yd T cell homeostasis via
mitochondrial dysfunction and cell death. (A, B) Representative flow plots (left) and
percentages (right) of CD44 CD62L" naive and CD44*CD62L" effector yo T cell subsets
in the spleen (A) and LNs (B) from Pik3c3"" (WT) and Pik3c3™CD2¢" (¢cKO) mice (n
= 4). (C, D) Representative flow plots (C) and quantification (D) of Annexin V* and 7-
AAD" cells in CD44" and CD44'° y§ T cell subsets from WT and cKO mice (n = 4). (E-
I) Representative histograms (left) and quantification (right) of mitochondrial mass
(mitoTracker MFI) (E), mitochondrial membrane potential (TMRM MEFI) (F), total
cellular ROS (CellROX MFI) (G), mitochondrial superoxide (mitoSOX MFI) (H), and
intracellular lipid peroxidation (Bodipy C11 MFI) (I) in CD44" effector y5 T cells from
WT and cKO mice (n = 4). All data are presented as mean + SD and represent at least
three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 8. VPS34 is essential for the functional maintenance and anti-tumor activity
of y8 T cells. (A) Representative flow plots (left) and quantification (right) of IL-17* yd
T cells in lymph nodes (LNs) from IMQ-treated Pik3c3™" (WT) and Pik3c3""CD2¢"
(cKO) mice (n =4). (B) Representative flow plots (left) and quantification (right) of IFN-
v* and IL-17" tumor-infiltrating yd T cells from WT and ¢cKO mice (n = 4). (C, D)
Representative flow plots (left) and quantification (right) of IFN-y* (C) and IL-17* (D) v
T cells with or without VPS34-IN-1 treatment under y6 T1- and yd T17-skewing
conditions (n =4). (E-G) Ex vivo expanded yd T cells (treated with DMSO or VPS34-IN-
1) were co-cultured with B16F0 melanoma cells and adoptively transferred into TCRo/
mice. (E) Tumor growth kinetics curve; (F) representative tumor images; (G)
quantification of final tumor weight (n = 5). (H) Quantification of LC3B MFIinyd T cells
with or without metformin treatment (n = 3). (I) Representative flow plots (left) and
quantification (right) of IFN-y* yd T cells with or without metformin treatment (n = 3). (J,
K) Representative flow plots of 7-AAD* dead B16F0 melanoma cells (J) and statistical
analysis of y0 T cell-mediated specific killing (K) at different effector-to-target ratios,
with or without metformin treatment (n = 3). (L) Schematic diagram of the in vivo

adoptive transfer experiment in Rag2” mice bearing B16F0 tumors. (M-O) Tumor growth
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kinetics (M), representative tumor images (N), and quantification of final tumor weight
(O) in mice receiving adoptively transferred yd T cells with or without metformin (n=5).
(P) Quantification of IFN-y* yo T cells isolated from the adoptive transfer groups (n = 5).
All data are presented as mean + SD and represent at least three independent experiments,
except for Fig. 8E and 8M, which are presented as mean + SEM. *P < 0.05, **P < 0.01,
kP <0.001.
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