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ABSTRACT

ATP synthase inhibitory factor 1 (ATPIF1) is a mitochondrial protein with an activity in inhibition of F,F,-
ATP synthase. ATPIF1 activity remains unknown in the control of immune activity of T cells. In this study,
we identified ATPIF1 activity in the induction of CD8* T cell function in tumor models through genetic
approaches. ATPIF1 gene inactivation impaired the immune activities of CD8" T cells leading to quick
tumor growth (B16 melanoma and Lewis lung cancer) in ATPIF1-KO mice. The KO T cells exhibited
a reduced activity in proliferation and IFN-y secretion with metabolic reprogramming of increased
glycolysis and decreased oxidative phosphorylation (OXPHOS) after activation. T cell exhaustion was
increased in the tumor infiltrating leukocytes (TILs) of KO mice as revealed by the single-cell RNA
sequencing (scRNA-seq) and confirmed by flow cytometry. In contrast, ATPIF1 overexpression in T cells
increased expression of IFN-y and Granzyme B, subset of central memory T cells in CAR-T cells, and survival
rate of NALM-6 tumor-bearing mice. These data demonstrate that ATPIF1 deficiency led to tumor immune
deficiency through induction of T cell exhaustion. ATPIF1 overexpression enhanced the T cell tumor
immunity. Therefore, ATPIF1 is a potential molecular target in the modulation of antitumor immunity of
CD8" T cells in cancer immunotherapy. Induction of ATPIF1 activity may promote CAR-T activity in cancer
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Introduction

Metabolic reprogramming through PD-1/PD-L1 antibodies is
an effective strategy in cancer therapy for advanced or drug-
resistant cancers. The metabolic reprogramming induces
immune activities of T cells in durability, longevity, and
functionality."” Energy supply is a primary factor in the con-
trol of the T cell activities, especially in the glucose-limiting
tumor microenvironment, in which T cells suffer energy defi-
ciency from low supplies of glucose and other nutrients.’
Glucose provides energy (ATP) and building materials to sup-
port T cell survival and function.* The energy shortage is
intensified by the exhaustion proteins (PD-L1) released from
tumors.” Metabolic reprogramming is a potential strategy to
overcome the energy shortage for energy homeostasis in
T cells.” The metabolic remodeling is critical for the effector
functions, epigenetic changes, and cell differentiation of
T cells.”” However, the strategy is limited by a lack of mole-
cular targets in the metabolic reprogramming.*®

ATPIFI (IF1) is an inhibitory protein of F;Fo-ATP synthase
(ATP synthase, Complex V) that catalyzes ATP production by
phosphorylation of ADP at the expense of mitochondrial
potential in the energy-enriched environment.” The ATP

synthase hydrolyzes ATP in the energy-deficient conditions
to protect cells from apoptosis, in which the energy is used to
maintain the mitochondrial potential. Both activities of the
ATP synthase are regulated by ATPIF1 through a physical
interaction.”™!! Additionally, ATPIF1 is vital in the mainte-
nance of mitochondrial structure.'” It was reported that global
ATPIF1 deficiency did not impact the mouse growth and
breeding."> However, ATPIF1 inactivation protected mice
from hyperglycemia in diet-induced obese mice and attenuated
colitis in the mouse model.'*'> ATPIF1 activity has been
investigated in the regulation of metabolism in the neuronal
cells,'® red blood cells,'” epithelial cells,'® hepatocytes,19 and
tumor cells.”® However, its role remains unclear in
lymphocytes.

In this study, we analyzed Atpifl expression in tumor infil-
trating leukocytes (TILs) based on the results of single-cell
sequencing (scRNA-seq) and tested ATPIFI activity in T cells
in the ATPIF1-KO mice. The results suggest that Atpifl inac-
tivation impaired the CD8" T cell activities in proliferation,
IFN-y secretion, and resistance to exhaustion. The impact was
a consequence of metabolic reprogramming in CD8" T cells
following the Atpifl gene inactivation. In contrast, Atpifl
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overexpression enhanced the antitumor efficacy of CD19-
targeted chimeric antigen receptor (CAR) T cells. These results
suggest that APTIF1 is a potential molecular target in the
metabolic  reprogramming of T-cells for cancer
immunotherapy.

Materials and Methods
Cell lines

Human acute lymphoblastic leukemia CD19* NALM-6 (CRL-
3273, ATCC), mouse B16-F0 melanoma (CRL-6322™, ATCC),
Lewis lung cancer (CRL-1642™, ATCC) were cultured in RPMI
1640 medium (Invitrogen, USA) supplemented with 10% FBS
(Gibco, USA) and 1% (v/v) P/S (Sigma-Aldrich, USA) at 37°C,
5% CO,. CD19* NALM-6 cell line expressing Luciferase
(CD19" NALM-6-luc) was generated by stably transducing
fire-fly luciferase in wild-type CD19" NALM-6 cells.

ATPIF1~~ mice

The ATPIF1 knockout mouse was generated and identified as
described in our previous studies.'>'> The ATPIF1™~'~ mice
were maintained in the pathogen-free animal facility with free
access to food and water, temperature of 20 + 2°C, humidity
of 60 = 5%, 12 h light/dark cycle/day at the Xinxiang Medical
University. All the animal procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of
the Xinxiang Medical University. Male and female ATPIF1~/~
mice at ages of 6-12 weeks were used in this study with the
wild type (WT) littermates in the control.

CD3" T cells were isolated from the human umbilical cord
blood in preparation of the CAR-T cells. The experiment
design was approved by the Medical Ethics Committee in
Xinxiang Medical University, and the informed consent
forms were signed by the patients who gave cesarean birth
before the blood collection.

Tumor growth and tumor-infiltrating T cells

Mice were implanted subcutaneously with 1 x 10°/mouse of
B16-F0 melanoma, Lewis lung cancer or B16-OVA melanoma
cells (day 0) in the right axilla to establish the tumor-bearing
mouse model. Tumor growth was monitored twice/week, and
the tumor size was determined by tissue weight after collection
from each mouse at about 2 weeks (B16 cancer) or 4 weeks
(Lewis lung cancer), when the tumor dimension reached about
20 mm in any direction. The tumor-infiltrating lymphocytes
were investigated in the excised melanoma tumors (2 mm
tissue) following digestion with the type II gelatinases (0.5%)
for 30-40 minutes at 37°C on a shaker. The cell suspension of
tumor tissues was filtered with a 70 pum filter obtain the single-
cell solution, were washed twice with PBS containing 2% FBS
and blocked with CD16/32 Fc block (Cat. 553142, BD
Bioscience) before the analysis. The cell populations were
examined with different antibodies using flow cytometry.

For adoptive T cell transfer experiment, 1 x 10° B16-OVA
melanoma cells were inoculated into the right flank of Ragl ™~
mice (n = 5, purchased from the GemPharmatech Co., Ltd. in

China), and 3 days after tumor inoculation, 2 x 10° CD8" OT-
I T cells or CD8" ATPIF1™'~ OT-I T cells were injected in
150 pl of saline via the tail vein, respectively. Tumors were
measured with a precision caliper every 3 days, and the tumor
size was calculated.

Mitochondrial function and glycolysis

CD8" T cells were isolated from the mouse spleen and acti-
vated with CD3/CD28 antibody stimulation in the culture
medium. The cells (or the CAR-T cells) were loaded at
1 x 10°/well into XF24 plate, which was coated with Cell-Tak
(company name, 22.4 ug/mL, in sterile water) for 20 minutes to
increase the adhesion of T cells. The plate was centrifuged at
200 x g (zero braking) for 1 minute to let the T cells to adhere
to the culture surface. After incubation for 30 minutes at 37°C
without CO, supplementation, Oxygen Consumption Rate
(OCR) and Extracellular Acidification Rate (ECAR) were
determined with the Seahorse XF Cell Mito Stress Test Kit
and Seahorse XF Glycolysis Stress Test kit with the Agilent
Technologies equipment. The final concentrations of inhibi-
tors were 1 uM oligomycin, 2 pM FCCP, 0.5 uM rotenone, and
antimycin A. In the ECAR assay, the final concentrations of
compounds were 10 mM glucose, 1 pM oligomycin, and
50 mM 2-Deoxy-D-glucose. The readings were taken after
each sequential injection of corresponding chemicals.

Targeted metabolomics

The CD8" T cells were isolated from the spleen of tumor-
bearing mice, which were inoculated with B16-OVA tumor
for 2 weeks (n = 6), and frozen immediately with dry ice. The
energy metabolites were quantified using the LC-MS method.
The analysis included 32 major metabolites of the tricarboxylic
acid cycle (TCA), glycolytic pathway, pentose phosphate path-
way, and oxidative phosphorylation pathway. The hierarchical
clustering and quantity of the metabolites are presented to
show the change in lymphocytes.

MitoTracker and ROS assay

T cells were cultured in the high glucose (HG, 4.5 g/L) med-
ium. The mediums were prepared in glucose-free RPMI 1640
medium supplemented with glucose, 10% FBS, 1% Penicillin-
Streptomycin solution. After culture for 24 h in the presence of
stimulation of CD3/CD28 dynabeads (Cat. 11452D,
ThermoFisher), the mitochondrial mass was examined using
Mito-Tracker Red CMXRos (Beyotime, China, Cat#C1049B-
250 pg), and the ROS level was determined with the DCFH-DA
probe (Beyotime, China, Cat#50033M) with flow cytometry
(Beckman, CytoFLEX™).

Mitochondrial membrane potential (Apm)

The T cells were cultured under high glucose (HG, 4.5 g/L
glucose) in the RPMI-1640 medium with the addition of JC-1
in the mitochondrial membrane potential assay kit (Beyotime
Biotechnology Limited Company. Shanghai, China), and incu-
bated in the normal (O, concentration about 20%) condition.



After 24 h cultures with or without CD3/CD28 dynabeads (Cat.
11452D, ThermoFisher) stimulation, the T cells were collected
and stained with CD3-APC/CD8-PerCP antibodies and ana-
lyzed with flow cytometry (BD, FACSCalibur). The ratio of JC-
1 Red/JC-1 Green was used to indicate the Aym of cells.

T cell proliferation

CD3" T cells were isolated from the spleen of unmanipulated
WT or KO C57BL/6 mice using a negative selection T cell
separation kit (Cat. 8802-6840-74, ThermoFisher). CD3"
T cells were labeled with the CellTrace carboxyfluorescein
diacetate  succinimide ester (CFSE, Cat. (C34554,
ThermoFisher), and then cultured with 30 U/mL rIL-2 (Cat.
34-8021-85, eBioscience) and activated with the mouse
T-activator ~CD3/CD28 Dynabeads (Cat. 11452D,
ThermoFisher) for 96 hours under the HG conditions. The
T cells were collected and stained with CD3-PE, CD8-PerCP
and then analyzed with the BD FACSCalibur for evaluation of
cell proliferation.

Cytokine assay

In CD8" T cells, the flow cytometry was used to detect INF-y in
the CD3" T cells after activation with the eBioscience™ Cell
Stimulation Cocktail plus protein transport inhibitors (Cat. 00-
4975-93, 500X). The cells were stained with CD3-PE and CD8-
FITC antibody, then fixed with the eBioscience™ Fixation/
Permeabilization Diluent agents (Cat. 00-5223-56) for 1 h.
After washing, the cells were stained with IFN-y-APC antibody
and then analyzed with the FACS station.

ATP test

The CD3" T cells were isolated from the spleen of WT and KO
mice, cultured in a 24 well plate (2 x 107 cells per well),
stimulated with CD3/CD28 Dynabeads. Four hours later, the
cells were collected after washing in PBS. The cells were lysed,
and the protein content was determined with the BCA assay
(Cat. 23225, Pierce). The ATP concentration was determined
using an ATP determination kits (Cat. A22066, Invitrogen)
according to the protocol. The final ATP content was calcu-
lated after normalization of the ATP concentration with pro-
tein concentration.

RNA-seq of CD8" T cells

The CD8" T cells were isolated from the spleen of WT and
ATPIF1™'" mice and then stimulated with CD3/CD28 antibody
for 24 hours. After that, the cell pellets were collected and
stored at TRIzol solution (Takara, Japan) and then sent to
BGI (BGI, China) for RNA-seq. The data were analyzed at
Dr.com platform which established by BGI. The RNA-seq
data were uploaded to the NCBI with the accession number
of PRJINA796630 (https://www.ncbi.nlm.nih.gov/sra/
PRINA796630).
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ScRNA-seq of TiLs

B16-FO melanoma cells were implanted in the right flank of
male mice (n = 12). On the day 12, the tumors were dissected
from the surrounding fascia, mechanically minced to approxi-
mately 1 mm?® pieces, then the tumor tissue suspension from
six mice was mixed together in each group (WT and KO). The
mixed cell suspension was stored in a solution provided by the
Beijing Analytical Biosciences Technology Co., Ltd.,
a company. The samples were sent to the company for isolation
of tumor infiltrating leukocytes (CD45" cells) immediately and
scRNA-seq analysis. The preparation of TILs, reverse tran-
scription, DNA library construction, DNA sequencing, sample
quality control, scRNA-seq data processing and cluster analysis
were all performed by the Beijing Analytical Biosciences
Technology Co., Ltd. The 10X scRNA-seq protocol was
described in detail in two studies.”** The raw data of scRNA-
seq and TCR sequencing were uploaded to the GEO with the
accession number of GSE158278. (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgitacc=GSE158278)

Construction of CD19 CAR-T and CD19-IF1 chimeric
antigen receptor (CAR)

DNA fragments for scFv anti-CD19 chimeric receptors CD19-
CAR or CD19-IF1 CAR were synthesized by Genescript
(Nanjing, China) and cloned into a lentiviral vector (plenti-
EF1A-CD19-CART-copGFP, CD19 CAR) to obtain the IF1
overexpression vector (plenti-EF1A-CD19-CART-ATPIF1-
copGFP, CD19-IF1 CAR). HEK293T cells (Thermo Fisher)
were transfected with the control vector lenti-CD19 CAR or
expression vector lenti-CD19-IF1 CAR along with packaging
plasmid pMD2.G (Addgene 12259) and psPAX2 (Addgene
12260). Lentivirus was harvested from the cell culture super-
natant after 48-72 hours of incubation by filtering through
0.45 pm filter followed by ultracentrifugation and stored at
-80°C for further use.

Lentiviral transduction, CAR T-cell production, and
proliferation

Single nucleated cells were isolated from the human umbilical
cord blood (n = 3) using the Ficoll Lymphocyte Isolation
Solution (TBD, Tianjin, China) by centrifugation. The cells
were used in preparation of T cells through sorting with the
Human CD3 Positive Selection Kit (Cat. 8802-6830-74,
Invitrogen). The T cells were stimulated with HuCD3/CD28/
CD2 T cell Act (Cat. 10970, Stemcell) for 24 h. The T cells were
then incubated in a complete RPMI 1640 medium containing
hIL-2 (200 U/mL) and 10% FBS (Gibco) for activation. On the
following day, the T cells were infected with the lentivirus
(CD19 CAR and CD19-IF1 CAR) containing the target gene
and GFP at a ratio of MOI = 5:1 of virus vs. cells. The trans-
fected T lymphocytes were amplified and cultured in an incu-
bator of 37°C with 5% CO, to obtain CAR-T cells. Five days
after lentivirus infection, GFP" cells were analyzed, and Goat
anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody
(Alexa Fluor 647, Cat#A-21235, Invitrogen) was used to detect
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the positive ratio of CAR-T cells by flow cytometry. After
2 weeks cultivation, the expanded CAR-T cells were used in
the follow-up experiments.

CAR-T cells analysis

In order to analyze CAR-T cell function, several groups of
coculture experiments were carried out. Before the experiment,
the CAR-T cells were set down overnight, and 2 x 10° CD19-
CAR-T cells or CD19-IF1-CAR-T cells were cultured with
2 x 10° CD19* Nalmé-luc cells in a 24 well plate in 2 ml/well
RPMI 1640 complete medium for 24 h. Expression of PD-1,
TIM-3, LAG-3, Granzyme-B, and the T subset population
(Tnaive: CD45RATCD45RO™, Tey: CD45RA™CD45ROTCCR7,
Tea: CD45RA™CD45ROYCCR7, Tsey: CD45RATCD45RO™)
were analyzed in CAR-T cells by flow cytometry. The anti-
human antibodies were CD3-APC-Cy7 (Cat. 317341, Clone:
OKT3, Biolegend), CD4-APC (Cat. 357407, Clone: A161Al,
Biolegend), CD8-PB450 (Cat. 344717, Clone: SK1, Biolegend)
or CD8-PE (Cat. 344705, Clone: SK1, Biolegend), PD-1-APC
(Cat. 367405, Clone: NATI105, Biolegend), LAG-3-PE (Cat.
369305, Clone: 11C3C65, Biolegend), TIM-3-Percp-Cy5.5 (Cat.
345015, Clone: F38-2E2, Biolegend), CD45RA-PB450 (Cat.
304117, Clone: HI100, Biolegend), CD45RO-PerCP (Cat.
304251, Clone: UCHLI, Biolegend), CCR7-APC-F750 (Cat.
353245, Clone: G043H7, Biolegend), Granzyme B-PE (Cat.
372207, Clone: QA16A02, Biolegend)

In the cytotoxicity test, the un-transfected T cells (UT),
CD19 CART, and CD19-IF1 CAR-T were cocultured with
1 x 10* CD19" Nalmé-luc cells in a 96 well plate at different
E:T ratio (5:1, 3:1, 1:1, 1:2). After 24 hours, the tumor cell lysis
rate was analyzed with the firefly luciferase activity (Beyotime,
one lumitm II firefly luciferase reporter gene detection kit). The
cell supernatants were collected and cytokines (such as IFN-y
and IL-2) were detected with ELISA (IL2: Cat. 88-7025-22 and
IFN-y: Cat. 88-7316-22, Invitrogen). Due to the different CAR"
ratio in CD19 CAR-Ts and CD19-IF1 CAR-Ts in the experi-
ment, the input cell numbers for each experiment of CAR-T's
were normalized, and the samples were prepared with the same
number of transduced CAR" cells for CD19 CAR-Ts and
CD19-IF1 CAR-Ts.

In vivo experiment of CAR-T cell

Six- to eight-week-old NCG mice (NOD/ShiLtJGpt-
Prkdc®™m26C4o2[12rg®™26C422/Gpt,  Strain - NO.  T001475,
GemPharmatech, Nanjing, China) were housed and tested
under pathogen-free conditions. Eighteen NCG mice were
randomly divided into three groups (n = 6), the UT group
(Untransfected T group), the CD19 CAR-T group, and CD19-
IF1 CAR-T group. Mice were intravenously injected with
1.2 x 10° Nalmé-luc cells via the tail vein at day 0. The mice
were treated with 1.2 x 10° UT cells, CD19-CAR-T cells, or
IF1-CD19-CAR-T cells at the day 6. Status of the mice was
observed, and their survival period was recorded. At days 22
and 28, peripheral blood (PB) was collected from the mouse
tail, and the absolute CD19" NALM-6 numbers were

determined using the flow cytometry with the 123count™
eBeads (Thermo Fisher, Cat#: 01-1234-42) as described in
our previous study.”’ At day 35 after NALM-6 inoculation,
the peripheral blood was collected from the mice, and the
CD4" and CD8" subsets of T cells were counted with the
123count™ eBeads.

Statistical analysis

The data are presented as the mean + SD. All of in vitro studies
were repeated at least three times with consistent results, and
the data were analyzed with an unpaired two-tailed t-test. In
the in vivo studies, the data were analyzed with the Post Hoc
tests using ANOVA of the SPSS 20.0 software package. p < .05
was considered statistically significant. FlowJo 10.0 was used to
analyze the flow cytometry results.

Results

Antitumor efficacy of CD8" T cells is impaired in ATPIF1-KO
mice

To understand ATPIF1 activity in T cells, we examined Atpifl
expression in individual T cells based on our scRNA-seq data
of WT mice. The expression was detected in T cells and other
cell types including B cells, macrophages, and dendritic cells
(Figure 1a). The Atpifl1 expression was compared with CD3e
expression to understand the expression pattern in T cells
(Figure 1b). The data suggest that the expression level was
positively associated with CD3e in some but not all T cells,
which suggests heterogenicity in T cell population. To under-
stand the heterogenicity, the expression was examined in four
T cell subsets. A difference was observed with the highest in
naive T cells (T_na) followed by T proliferation cells (T_pro),
T_IL17a cells (T_IL17a), and central memory T cells (T_cm)
(Figure 1c). To study the impact of ATPIF1 on T cells, tumor
immunity was tested in the ATPIF1-KO (ATPIF17”") mice,
which were made by our laboratory as described in other
studies."*'” The KO effect was confirmed by decreased
ATPIF1 protein in the spleen lymphocytes (Fig. S1). The
knockout mice exhibited no difference from the wild type
(WT) mice in growth and reproduction.’?

The antitumor immunity was tested in the KO mice against
two types of tumors, B16 melanoma, and Lewis lung cancer
(LLC). The B16 tumor growth was significantly enhanced in
the KO mice with a larger tumor size at 2 weeks. The tumor
weight was increased in the KO mice by 2-fold on average
(p = .0079,figure 1d). A similar increase was found in LLC
tumor in the KO mice at 1.8-fold in tumor weight relatively
to that of WT mice (p = .027, Figure le). To elucidate the T cell
activity in the phenotype, the KO mice were bred with OT-I
mice to get the ATPIF1-KO OT-I CD8" T cells. In B16-OVA
cell xenografted Ragl™~ mice, the ATPIF1-KO group exhib-
ited more tumor growth than the WT group (p = .008,
Figure 1f). The corresponding tumor weight in B16, LLC, and
B16-OVA xenografted experiment is summarized in
Figure 1g-i. These data suggest that ATPIF1 inactivation
impaired the tumor immunity in the KO mice in favor of
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Figure 1. Antitumor activity is impaired in ATPIF1™/~ mice. (a) Atpif1 expression in immune cells by analysis of scRNA-seq data of normal WT mice. (b) Atpif1 expression
was compared with Cd3e expression for quantification of the expression in T cells by scRNA-seq data of normal mice. (c) Atpif1 expression in subsets of T cells including
central memory T cells (T_cm), IL-17a expressing T cells (T_IL17a), naive T cells (T_na) and proliferative T cells (T_pro) based on the scRNA-seq data. (d and g) Increased
B16 melanoma cancer growth in ATPIF1™~ mice (n = 7). (e and h) Increased Lewis lung cancer growth in ATPIF1™"~ mice (n = 6). The tumors were engrafted
subcutaneously and examined for tumor weight on day 14 (B16 melanoma) and 21 (Lewis lung cancer), respectively. (f and i) Dependence of tumor immunity on CD8*
T cells. Rag1™~ mice were xenografted with B16-OVA melanoma tumor (1 x 10°) for 3 days, then the OT-I CD8" T cells and ATPIF1~~ OT-I CD8" T cells (2 x 10°) were
adoptive transferred via tail vein to test the antitumor efficacy. Nine days later, the mice were sacrificed for tumor size analysis with ANOVA (n = 5). The p value as

indicated, and p < .05 indicated significant difference.

tumor growth, which was related to dysfunction of CD8"
T cells.

Function of CD8" T cells is retarded in KO mice

Above data demonstrated that the CD8" T cells exhibited
a decreased antitumor activity in the KO mice.
Mitochondrial activities were examined in the cells to
understand mechanism of the decrease. F;F,-ATP synthase
makes as well as hydrolyzes ATP, and both activities rise in
the absence of ATPIF1.** Such alterations were not verified
in T cells before this study. Mitochondrial potential (Aym)
and intracellular ATP content were examined to address
the issue. CD8" T cells were isolated from the spleen and
used in the following experiments. Aym was determined in
the intact cells using JC-1, a lipophilic and cationic dye for
detection of mitochondria membrane potential.®> The KO
cells exhibited normal Aym in the resting condition as
shown by the JC-1 red/green ratio (Figure 2a). In the
activation condition, the KO cells had a higher Aym fol-
lowing a sharp Aym reduction in the WT cells. The KO cell
had more intracellular ATP content in the resting and

activated conditions (Figure 2b), supporting an increase in
ATP synthesis. Additionally, IF1 plays a role in the mod-
ulation of mitochondrial cristae.'>*® Mitochondrial mass
was determined using MitoTracker staining. The KO cells
had a lower mitochondrial mass in the resting condition as
indicated by MFI (Figure 2c). However, the difference dis-
appeared after cell activation as the WT cells displayed
a remarkable mass reduction in response to the activation
(Figure 2c). ROS, determined with the fluorescent probe
DCFH-DA, revealed that the KO cells had a normal ROS
level in the resting condition, but less ROS in the activated
status  (Figure 2d). Manipulation of ROS with
N acetylcysteine (NAC) in vivo could not remove the dif-
ference in tumor growth between the KO and WT mice
(Fig. S2), suggesting that ROS may not be responsible for
the difference in tumor immunity. IFN-y secretion and cell
proliferation were examined to understand the impact of
mitochondrial alteration. Following activation, the KO cells
produced less IFN-y as determined by the flow cytometry
(Figure 2e, p < .0001). The proliferation activity was
decreased as well in the CFSE-labeled experiment
(Figure 2f). These data demonstrate that ATPIF1 deficiency



e21147406 (&) G.ZHONG ET AL.

a + CD3/CD28 b
m‘
2 4 2
" & 20+ 10000 p<0.0001
WT & s WT
2 ' 2 Basd T p=00073 ~ 8000 KO
Wl e - il § A @ WT+CD3/CD28 dynabeads
ORI I PO A X §000-] p=0.0005 y
FLEH - JC1PE FLEH - JC1PE 5 104 [ A g v KO+CD3/CD28 dynabeads
0 K £ 4000 == =
o 3] JeaFTe T o o o ey
£ s1aﬂ 2 A = 5 (=
KO3 2 § 3 < 2000+
10° | 0- v
TS RO R R
10 10" 0P 10”10 10 10! 0P 10”10
FLEH - JCPE FLEH : JCAPE
c d
250 50, P=0.0267 WT
a— 5001 250000 p=0.0114
2007 5 40 ns T KO
- e 400 200000 WT + CD3/CD28 dynabeads
= 150 g - a8 +
§ 5 304 ; T [_l - § 300 2 150000 v KO + CD3/CD28 dynabeads
© 1001 = | © K
5 20 200 E 100000
50 £ 10 1004 50000 -,
0 . L . 0 ° LV/7—a0 \\ - 0-
0 1 2 3 4 2 7
100 10 100 10" 10 107100 10 10 10 10
FL4-H :: Mitotracker-red FL1-A:FITC-A
e Isotype +PMA f
o 10tio1 a2 | , 1ot a2 40 p<0.0001
e R | 2 I WT + CD3/CD28 dynabeads
E 5 ® - \
WT 2 i 82 1501 | B KO +CD3/CD28 dynabeads
- Dale BF = % - |
S Sl 8 e 8 20 g 1007 f
P R 8
FL1-H :: CD8-FITC \2
o 10tfar | o wtler @ | °;10 507 !\ﬁ
g o e | & sl 281 ks \/\
£ H ™ 0 \
KOs . 5 2 0 P . . -
£ [ (o} 1 2 3 4
ER By 10 10 10 1010
T ol %89 T ol 79 & FL1-H :: CFSE
10 o 10 - - 4\

— —d
310 mo |ﬂ1 mz m3 0

FL1-H :: CDGFITC

mo |ﬂ1 102 10
FLIH: CDBFITC

Figure 2. Changed characteristic of CD8" T cells in ATPIF1-KO mice. (a) Increased mitochondrial membrane potential in KO cells after CD3/CD28 Dynabeads stimulation.
The ratio of red and green signals of JC-1 was calculated to determine the mitochondrial potential and a comparison was made between the KO and WT cells for the
change. (b) Increased ATP content in KO CD8" T cells. The CD8* T cells were lysed and the intracellular ATP was determined using the assay kit according to the protocol.
(c) Decreased mitochondrial mass. The signals were quantified with flow cytometer and the mean fluorescence intensity (MFI) of Mitotracker was calculated and plotted
in the bar figures. (d) Decreased ROS in KO CD8* T cells after CD3/CD28 Dynabeads stimulation. The signals were quantified with flow cytometer and the mean
fluorescence intensity (MFI) of DCFH-DA was calculated and plotted in the bar figures. The black-line peak in graph D was the negative control without the staining of
DCFH-DA. (e) IFN-y content was decreased in KO CD8* T cells. CD3* T cells were stimulated with 1x Cell stimulation cocktail (plus protein transport inhibitors) for
24 hours. Cultures were then harvested and stained with CD3 and CD8 antibody, then fixed and permeabilized with fixation buffer and permeabilization buffer. Cells
were further stained with anti-mouse IFN-yantibody. Cells in the CD3 + T cells gate were used in the analysis. (f) Delayed proliferation of CD8* T cells after IF1 deficiency.
CD3* T-cells were isolated from the spleen and labeled with CFSE. The cells were stimulated with CD3/CD28 Dynabeads in the culture medium, and the CD8* T cells

were gated for the CFSE.

reprogrammed the energy metabolism in CD8" T cells for
a reduced antitumor efficacy.

Reprogrammed glycolysis and OXPHOS in KO cells

Glucose is the major fuel in T cells for ATP production in the
glycolysis and OXPHOS pathways. The two pathways were
examined in CD8" T cells by measuring the oxygen consump-
tion rate (OCR for OXPHOS) and the extracellular acidifica-
tion rate (ECAR for aerobic glycolysis) using the Seahorse
equipment. The KO cells presented a low activity in
OXPHOS in both the resting and activated states (Figure 3,
aand b. p < .05). The reduction led to a decrease in the spare
respiratory capacity (SRC) in the KO cells (Figure 3, a and b).
The KO cells had a low activity in glycolysis at the resting state
(Figure 3c. p < .05) but exhibited much more activity in the
activated state for a huge rise in ECAR (Figure 3d). The
glycolytic reserve (GR) was significantly higher in the KO
cells in the activated state (Figure 3, ¢ and d. p < .01). An

increase in SRC is a character of energy metabolism in the
memory T cells and in GR is a feature of the effector T cells.””*®
The data suggest that glucose metabolism is reprogrammed in
the KO cells for enhanced glycolysis and decreased OXPHOS.

Targeted metabolomics was used to investigate the meta-
bolic reprogramming in the KO cells. CD8" T cells (1x107)
were purified from the spleen of tumor-bearing (B16-OVA)
mice through FACS-based sorting. Metabolites were tar-
geted in the energy metabolism pathways using the liquid
chromatography-mass spectroscopy (LC-MS). Metabolites
include those in the tricarboxylic acid cycle (TCA), glycoly-
tic pathway, OXPHOS, and pentose phosphate pathway. The
metabolite profile revealed that the KO cells had a higher
activity in glycolysis and the pentose phosphate pathways
for an increase in D-Glucose 1-phosphate, D-Glucose
6-phosphate, a-D-Ribose 5-phosphate, and coenzyme
A (Figure 3, e and f, raw data are summarized in Table
S1). The TCA cycle activity was decreased in the KO cells
for a reduction in acetoacetyl-CoA and acetyl-CoA. The
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Figure 3. KO cells are reprogrammed for active glycolysis and decreased OXPHOS. (a) Oxygen consumption rate (OCR) in the resting CD8" T-cells. Basal and maximal
OCR was determined in the resting cells (without CD3/CD28 antibody stimulation). (b) OCR in the activated cells. The CD8" T-cells were stimulated with CD3/CD28 for
24 h in the culture and then examined for the basal and maximal OCR. (c) Extracellular acidification rate (ECAR) in the resting T-cells. (d) ECAR in the activated T-cells. The
glycolysis, glycolytic capacity and glycolytic reserve were calculated in cells at the basal or activated states. (e) Heatmap of targeted metabolomics focus on the 31
intermediate products of glucose in the tricarboxylic acid cycle (TCA), glycolytic pathway, OXPHOS and pentose phosphate pathway in CD8" T cells of KO and WT mice.
The CD8" T cells were isolated from the spleen of B16-OVA tumor-bearing mice and analyzed as described in the Methods section (n = 6). (f) Quantification of 6
intermediate products in the targeted metabolomics. The data represents mean + SD (n = 6) with p value < .05.
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data provide an extra support that the KO cells were repro-
grammed for active aerobic glycolysis and inactive
OXPHOS, which may account for the ATP elevation in
KO cells.

RNA-seq analysis of CD8" T cells reveals the decreased
cytokine production

To explore the molecular mechanisms of the impaired T cell
functions, RNA-sequencing (RNA-seq) was conducted in
CD8" T cells, which were isolated from the B16 tumor-
bearing mice. The principal component analysis (PCA) showed
that KO cells displayed a significant difference in gene expres-
sion profile (Figure 4a), with 514 genes up-regulated and
855 genes down-regulated in reference to the WT cells. The
differentially expressed genes (DEGs) suggested that the
immune system, signal transduction, and transport and cata-
bolism were significantly changed in the KO cells according to
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Figure 4b). The KO cells exhibited an alteration in the cyto-
kine-receptor interaction and cell differentiation (Figure 4c).
The heatmap of selected DEGs (all p-value < 0.001 as com-
pared) indicated a reduction in the expression of IFN-y, Gzma,
II2ra, and Id2 in the KO cells (Figure 4d). A gene set enrich-
ment analysis (GSEA) was performed on all genes to comple-
ment the inherent limitations of DEGs analysis. The results
demonstrated that the ribosome (FDR = 0.027, FDR = false
discovery rate) and ribosome biogenesis (FDR = 0.026) were
changed significantly in the KO cells, and OXPHOS were also
changed in KO cells (Figure 4e). Overall, the RNA-seq data
provide a support in gene expression for ATPIF1 modulation
of T cell activities in multiple aspects, including cytokine pro-
duction, metabolism, ribosome biogenesis, and cell
differentiation.

scRNA-seq ATPIF1 inactivation promotes CD8" T cell
exhaustion in TILs

Above data consistently suggest that the ATPIF1 inactivation
may generate an impact in CD8" T cells to decrease the tumor
immunity. To investigate the impact on subsets of CD8"
T cells, tumor infiltering leukocytes (TILs) were isolated from
the melanoma using a CD45 antibody and analyzed by 10X
Genomics scRNA-seq technology according to the studies of
liver cancer®' and breast cancer.” In the experiment, TILs were
prepared from the pooled samples of six mice in each group
and 18467 cells (8408 in KO and 10059 in WT cells) were
analyzed (Fig. S3). The qualified data were obtained from
6007 cells in KO and 8010 cells in the WT group (Table S2).
The violin chart and the principal component analysis (PCA)
suggest an excellent quality control in the scRNA-seq assay
(Fig. S4, A and B). The T-distributed random neighborhood
embedding (tSNE) and the uniform manifold approximation
and projection (UMAP) graph revealed similar cluster land-
scapes in the KO and WT mice (Fig. $4, C and D).

ATPIF1 inactivation promoted exhaustion in the prolifera-
tion (CD8T_Proliferation_ KO) and effector memory
(CD8T_EffectorMemory_KO) subsets of CD8" T cells. T cells

were divided into eight subclusters in TILs according to the
scRNA-seq data (Figure 5a). The marker genes for each cluster
are listed in the supplementary file (Fig. S5). The KO cells
exhibited a higher expression of the exhaustion markers
including PD-1, LAG-3, and TIGIT in the subsets of prolifera-
tive and effect memory CD8" T cells (Figure 5b). To verify the
results, their protein levels were examined in CD8" T cells of
the spleen, lymph node (LN), and TILs using flow cytometry.
Up-regulation of exhaustion markers (PD-1 or LAG-3) was
confirmed in the KO T cells, and a difference was observed
among the three tissues (Figure 5, ¢, d and e). PD-1 but not
LAG-3 was upregulated in the spleen and tumor, LAG-3 (not
PD-1) was upregulated in the lymph node. Tim-3 upregulation
was not observed in T cells. Subsets of T cells were examined
using flow cytometry. The percentage of Ty (CD44" CD62L"
CD8") was decreased in the TIL of KO mice (p = .0264, com-
pared to that of WT, figure 5f). These data consistently support
that the functions of CD8" T cells were impaired in TILs of
ATPIF1-KO mice.

Overexpression of ATPIF1 promotes CD19-CAR-T function

Above results demonstrated that ATPIF1 may promote the
antitumor activity of CD8" T cells. To test the possibility,
ATPIF1 overexpression was tested in T cells for antitumor
efficacy. Chimeric Antigen Receptor (CAR)-T cells are effective
in inhibition of CD19" B cell malignancy.*® The human T cells
were infected by an IF1 overexpression lentivirus, which was
generated with the CD19-BB( lentiviral vector for expression
of recombinant IF1 (Figure 6a). The IF1 overexpression CAR-
T (CD19-IF1 CAR-T) was produced and tested for tumor kill-
ing activity (Fig. $6). As shown in Figure 6b, the over expres-
sion CAR-T showed similar expansion curve as compared to
that of control CAR-T (CD19 CAR-T). In the coculture system,
the overexpression CAR-T did not exhibit a significant differ-
ence in the killing efficacy of NALM-6""" tumor cells
(Figure 6¢). However, their activity in expression of IFN-y
and IL2 was altered. The IFN-y content in the supernatant of
overexpression CAR T was significantly higher than that of the
control group (Figure 6d), whereas the IL-2 level was signifi-
cantly lower than that of the control CAR T (Figure 6e).
Granzyme B expression was higher in the overexpression
CAR T over the control (figure 6f). Interestingly, the percen-
tage of CD8" CAR-T cells were increased and the CD4" CAR-T
cells were decreased in the overexpression CAR-T cells relative
to the control, suggesting that the IF1-overexpression might
change differentiation of CAR-T subsets upon challenged with
the NALM-6 tumor cells (Figure 6g). The exhaustion markers
of PD-1, LAG-3, and TIM-3 were all decreased in the subset of
CD4" CAR-T cells. However, the expression of PD-1 and LAG-
3 was increased in CD8" CAR-T cells (Figures 6h and 6i, the
gating strategy was shown in Fig. §7). Subpopulations of T cells
were increased in Ty (CD45ROYCD45RA™CCR7") and Tsem
(CD45RO"CD45RA™) by the overexpression. The subpopula-
tions of Tnaive (CD45ROCD45RAY) and Tpy
(CD45RO"CD45RA™CCR7") were decreased by the overex-
pression (Figures 6j and 6k, the gating strategy was shown in
Fig. S8). This group of data suggests that IF1 overexpression
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Figure 4. RNA-seq of CD8" T cells in TILs. Cytokine production and immune cell differentiation were investigated in CD8" T cells of TILs isolated from the B16 tumor.
RNA-seq was employed to examine gene expression profile in the T cells. (a) The principal component analysis (PCA) of CD8" T cells after CD3/CD28 antibody
stimulation. PCA revealed that the CD8" T cells of WT and KO mice formed distinct clusters. Each symbol represents a biologic sample (Blue circle, WT; Orange circle, KO).
(b) KEGG pathway enrichment analysis differentially expressed genes (DEGs) in CD8" T cells. (c) Bubble plot of top 30 enrichment of KEGG pathways. Advanced bubble
chart shows enrichment of DEGs in signaling pathways. Y-axis represents pathway, and X-axis represents rich factor (rich factor = counts of DEG enriched in the
pathway/amount of all genes in background gene set). Size and color of the bubble represent DEG counts enriched in the pathway and enrichment significance,
respectively. (d) Hierarchical clustering of certain selected significantly changed DEGs between the WT and KO CD8" T cells (p < .0001). The sample parts are listed on
the primary x-axis, while DEGs are listed on the y-axis with their expression ratios (Iog2) expressed per the color gradient shown. (e) GSEA enrichment plots for three
hallmark gene sets enriched in the CD8* T cells based on the whole transcription of RNA-seq. GESA analysis of Ribosome, Ribosome biogenesis, and OXPHOS was

demonstrated. NES, normalized enrichment score; FDR, false discovery rate.
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Figure 5. scRNA-seq analysis of TILs. ATPIF1-deficiency increased the exhaustion of CD8" T cell and decreased the formation of central memory CD8™ T cell in B16 tumor.
(a) t-SNE cluster map of T cells based on the canonical markers in scRNA-seq. Eight T cell subclusters were identified in the graph. (b) Increased percentage of exhaustion
markers in the cluster of CD8" T proliferative-subcluster of KO mice in the scRNA seq analysis. (c), (d) and (e), the expression of exhaustion markers in T cells. CD8* T cells
were isolated from the spleen, LN or tumor and expression of the exhaustion markers (PD-1, LAG-3 and TIM-3) were analyzed with flow cytometry. (f) Percentage of the
central memory CD8" T cells was decreased in the B16 tumor of ATPIF1~~ mice. CD44'°CD62L" CD8* T cells was defined as Naive cell, CD44"CD62L~ CD8" T cells were

defined as Ty, and CD44*'™°9CD62L™ T cells defined as were Tgy,

changed cytokine production and subpopulation differentia-
tion in CAR-T cells.

To investigate the influence of IF1 overexpression in energy
metabolism of CAR-T cells, glucose metabolism in the glyco-
lysis and oxidative phosphorylation pathways was examined
using the Seahorse equipment for ECAR and OCR. As shown
in Figure 7, the overexpression of CAR-T cells exhibited
a decrease in glycolysis and glycolytic capacity as compared
to the control (Figure 7a). However, the oxidative phosphor-
ylation was enhanced by the overexpression as indicated by the
increased OCR value (Figure 7b). The data suggest that IF1
overexpression remodeled the energy metabolism in CAR-T
cells.

IF1 overexpression enhanced antitumor efficacy of
CAR-T in vivo

To evaluate the impact of IF1 overexpression in CAR-T func-
tion in vivo, CAR-T was injected into tumor-bearing NCG

mice via the tail veil. The tumor-bearing mice were generated
by implantation of 1.2 x 10° NALM-6 leukemia cells/mice
(CD19 antigen detection in NALM-6 cell was shown in Fig.
S9). The CAR-T injections were made at day 6 of tumor
implantation (Figure 8a). At day 22, the peripheral blood was
collected and the absolute leukemia cells (CD19" NALM-6
cells) were determined using flowcytometry, and the number
was significantly less in the IF1 overexpression group
(Figure 8b). At day 28, the leukemia cells remained less in the
overexpression group (Figure 8c), suggesting the improved
antitumor efficacy of IF1 overexpression CAR-T. At day 35,
the absolute count of CD4" and CD8" T cells were determined
in the peripheral blood by flow cytometry. CD4™ T cells were
not different (Figure 8d), but CD8" T cells were higher in the
overexpression group (Figure 8e), indicating that the antitu-
mor activity of CD8" CAR-T cells was enhanced by IF1 over-
expression. The mouse survival rate suggests that IFI
overexpression significantly increased the antitumor efficacy
of CAR-T cells and raised the survival time of tumor-bearing
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ATPIF1 overexpression in CD19 CAR-T cells. Cytokine expression and T cell subsets were investigated in T cells after ATPIF1 overexpression in CAR-T cells

in vitro. (a) Schematic figures showing Lentiviral vector constructs of CD19 CAR-T and CD19-IF1 CAR-T. (b) Expansion of UT, CD19 CAR-T and CD19-IF1 CAR-T in the
culture. (c) Lysis ratio of UT, CD19 CAR-T and CD19-IF1 CAR-T on NALM-6Luc+ in different E:T ratio after 24-hour coculture. Lytic function of CAR-T cell was tested in the
bioluminescent killing assay in a 96-well microplate. Results are expressed as mean + SD of triplicates from 3 separate experiments. (d) and (e), the IFN-y and IL-2
content. The culture supernatant of UT, CD19 CAR-T and CD19-IF1 CAR-T with NALM-6 were collected after 24-hour coculture and the IL-2 and IFN-y were determined
using ELISA. (f) The percentage of Granzyme-B in CD3* T cells. The cells of UT, CD19 CAR-T and CD19-IF1 CAR-T were cocultured with NALM-6 for 24 hours, then the
Granzyme B expression in CD3* T cells were detected using flow cytometry. (g) Percentage of CD4" and CD8* CAR-T cells after coculture with NALM-6. (h) and (i),
expression of TIM-3, PD-1 and LAG-3 in CD4" or CD8" CD19 CAR-T and CD19-IF1 CAR-T cells. (j) and (k), subsets of CAR T cells after coculture with NALM-6. The
percentage of different subsets in CD4* or CD8" CAR-T cells were determined using flow cytometer with the antibodies. The markers for different subsets of CAR-T cells
were as following: Tcy (CD45RO"CD45RA™CCR7"), Tscm (CD45ROCD45RA™), Taive (CD45RO™CD45RA™) and Tey (CD45RO*CD45RA™CCR77).

mice (figure 8f). This group of data suggests that IF1 activation
in CAR-T increased the number and antitumor activity of
CD8" cell in vivo.

Discussion

The current study suggests that ATPIF1 is a potential candidate
for molecular targets in the induction of antitumor activity of
CD8" T cells. This study reports that the CD8" T cell activities
were impaired in the ATPIF1-KO mice, which has not been
reported yet according to a keyword search in the PubMed
database. ATPIF1 inactivation in T cells led to a decrease in
tumor immunity in the tumor-bearing mice. Overexpression of
ATPIF1 in CAR-T cells increased the antitumor immunity in
NALM-6 tumor-bearing mice. The data demonstrates a role of
ATPIF1 in the regulation of T cells function.

The conclusion is supported by scRNA-seq analysis of TILs,
in which the decreased T cell activities in KO mice were
observed with an increased expression of exhaustion markers
and decreased expression of IFN-y. scRNA-seq was employed
to determine the subpopulation of CD8" T cells in TILs, which
led to the characterization of eight major subsets of T cells. In
these subclusters, mRNA expression of exhaustion markers,
such as PD-1, LAG-3, and TIGIT, were significantly increased
in the CD8" T proliferative and effector-memory subcluster,

indicating that ATPIF1 inactivation led to the exhaustion of
CD8" T cells for the decreased antitumor efficacy. The
increased PD1 and LAG-3 were confirmed at the protein levels
with flow cytometry in the T cells isolated from TILs, spleen,
and lymph nodes. The heatmap, KEGG pathway, and GSEA
analysis based on the RNA-seq data suggest that the decreased
expression of cytokine genes (such as IFN-y and Gzmb) was
associated with the significant changes in ribosome or ribo-
some biogenesis-related genes. This indicates that ATPIF1
knockout reduced the protein synthesis, which may count for
the decreased IFN-y expression in the KO cells. Id2 (inhibitor
of differentiation-2) expression was decreased significantly in
the KO cells as shown in the heatmap of RNA-seq, which may
be a reason for decreased proliferation and antitumor activity
of KO T cells. It was reported that Id2 was closely related to
CD8" T cell function and differentiation.’"**

Our data reveal that energy metabolism was reprogrammed
in CD8™ T cells of ATPIF1-KO mice for enhanced glycolysis in
ATP production. Glycolysis was enhanced in CD8" T cells of
KO mice for ATP production as indicated by reduced OCR,
increased ECAR, and profile of intermediate metabolites in
metabolomics. In the KO cells, the ATP synthase activity is
supposed to be enhanced in mitochondria in the absence of
ATPIF1, which might increase ATP hydrolysis in the energy
deficient conditions. However, those possibilities were
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Figure 7. ATPIF1 overexpression in CAR-T cells reprogrammed metabolism for a fall in glycolysis and rise in OXPHOS. (a) Extracellular acidification rate (ECAR) in the cells
of UT, CD19 CAR-T and CD19-IF1 CAR-T. The glycolysis, glycolytic capacity and glycolytic reserve were calculated in the cells at the basal or activated states. (b) Oxygen
consumption rates (OCR) in the resting cells of UT, CD19 CAR-T and CD19-IF1 CAR-T. Spare Respiratory Capacity (SRC) of the cells in resting or activated states were

calculated and plotted.

disproved by our data as mitochondrial function was reduced
by ATPIF1 inactivation. The mechanism underlying the KO
phenotype is related a change in mitochondrial structure and
mass. ATPIF1 is important in the maintenance of mitochon-
drial biogenesis and crista density,”>*® and ATPIF1 gene
knockdown was reported to decrease the mitochondrial
crista.’> Our data suggest that mitochondrial mass was
decreased in the KO cells. The enhanced glycolysis is likely
a consequence of mitochondrial deficiency in KO T cells. The
OXPHOS deficiency is a driving force for the induction of
glycolysis.”*

Glycolysis is required for T cell proliferation and production
of cytokines including IFN-y.>> According to this principle,
KO T cells should have an enhanced function in the presence
of more glycolysis. However, the RNA-seq, scRNA-seq, and
flow cytometry data consistently support that the T cell activ-
ities were decreased in the KO mice. The potential mechanism
is that the mitochondrial deficiency from ATPIF1 inactivation
made the T cells unable to function well in the tumor micro-
environment. In the cell culture medium with sufficient glu-
cose, the KO cells had a higher level of ATP from enhanced
glycolysis. This result may not apply to the tumor-infiltrating
T cells for limited glucose supply in the solid tumor, which
suggests that T cells of KO mice might have a low level of ATP
in the solid tumor. The mitochondrial deficiency reduces cell
ability to use other energy substrates (such as fatty acids and
amino acids) except glucose in the production of ATP.***” This
possibility may be responsible for the elevated exhaustion,

reduced proliferation, and down-regulated IFN-y production
in the KO T cells, which were found in the KO mice.

Energy metabolism could significantly impact the differen-
tiation and maintenance of T cell subsets.”®>® Elevated glyco-
lysis could impair the antitumor activity by driving the CD8"
T cells toward a terminally differentiated state, while inhibition
of glycolysis preserves the formation of long-lived memory
CD8" T cells.*>*! Therefore, the decreased percentage of Ty
in the KO mice might be a result of the elevated glycolysis.
OXPHOS is essential for the maintenance of CD8" T memory
cells, and the decreased OXPHOS may explain the exhaustion
of CD8" T cells in the KO mice.

The immune phenotype was supported by the ATPIF1 over-
expression study. CAR-T cells were used in the investigation of
ATPIF1 overexpression, which was conducted in anti-CD19
CAR-T cells. Proliferation and antitumor efficacy of the CAR-
T cells were not influenced by the overexpression in vitro.
However, IFN-y expression was enhanced together with gran-
zyme-B expression by the overexpression. A recent study
reports that IL-2 is a factor for induction of T «cell
exhaustion.*? IL-2 expression was decreased by the overexpres-
sion, which may count for the reduced exhaustion in the over-
expression cells. The expression patterns of exhaustion
markers (PD-1, LAG-3, and TIM-3) were different between
CD4" and CD8" T cells with a reduction in CD4" cells and an
increase in CD8" cells. Interestingly, the percentage of CD4"
and CD8" CAR-T in total cells were changed by the over-
expression, which is likely a result of alterations in cell
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Figure 8. ATPIF1 overexpression CAR-T cells increased survival of tumor-bearing NCG mice. (a) Schedule of in vivo animal experiment. (b) Absolute count of leukemia
cells (CD19* NALM-6 cells) in mice at the day 22 after tumor implantation. (c) Absolute count of CD19* NALM-6 cells in mice at the day 28 after implantation. (d) and (e),
the absolute count of CD4* and CD8" T cells in mouse PBMC at the day 35 after implantation. (f) the survival curve of mice in the three group as indicated (n = 6).

proliferation and subset differentiation in response to the
tumor cells. Moreover, the Ty and Tgop were all increased
by the ATPIF1 overexpression, which is able to increase the
mitochondrial crista density”” and therefore increase the mito-
chondrial OXPHOS. These effects provide a mechanism for the
increased Tcy and Tscy in the overexpression cells. It is
reported that mitochondrial function promotes proliferation
of the two subsets.*’ The subsets of T¢y and Tscy have super-
ior persistence in antitumor efficacy over the subsets of Tgy
and Tggp.** The increased percentage of Ty and Tscm pro-
vides a mechanism for the superior antitumor immunity of the
overexpression cells against the CD19" B leukemia.

In summary, the current study reveals a novel activity of
ATPIFI in T cells for metabolic reprogramming and functional
modulation. The inactivation of ATPIF1 impaired the tumor
immunity in the KO mice obsereved for a faster tumor growth,
which occured by decreasing the CD8" T cell activities in several
aspects including proliferation, exhaustion, cytokine production,
and subset composition. The functional changes were associated
with decreased OXPHOS in metabolic reprogramming of T cells.
The subsets of effector and memory CD8" T cells displayed a rise
in exhaustion in the tumor microenvironment in the immune

deficiency. In contrast, ATPIF1 overexpression enhanced the
T cell-mediated tumor immunity and extended the life span of
tumor-bearing mice. These data suggest that ATPIF1 protein is
required for the maintenance of CD8" cell activities in the physio-
logical conditions. ATPIF1 represents a potential molecular target
in the induction of CD8" T cell activities in the cancer immu-
notherapy. The ATPIF1 effects may not be restricted to CD8"
T cells, and the alterations in other immune cells (such as CD4
T cells, macrophages, and dendritic cells) may contribute to the
tumor immune phenotype of KO mice.
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