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Abstract
T cells survival, proliferation, and anti– tumor response are closely linked to their mito-
chondrial health. Complement C1q binding protein (C1QBP) promotes mitochondrial 
fitness through regulation of mitochondrial metabolism and morphology. However, 
whether C1QBP regulates T cell survival, proliferation, and anti– tumor immune func-
tion remains unclear. Our data demonstrated that C1QBP knockdown induced the 
accumulation of reactive oxygen species (ROS) and the loss of mitochondrial mem-
brane potential to impair T cell mitochondrial fitness. At the same time, C1QBP in-
sufficiency reduced the recruitment of the anti– apoptotic proteins, including Bcl- 2 
and Bcl- XL, and repressed caspase- 3 activation and poly (ADP- ribose) polymerase 
cleavage, which consequently accelerated the T cell apoptotic process. In contrast, 
C1QBP knockdown rendered T cells with relatively weaker proliferation due to the 
inhibition of AKT/mTOR signaling pathway. To investigate the exact role of C1QBP 
in anti– tumor response, C1QBP+/− and C1QBP+/+ mice were given a subcutaneous 
injection of murine MC38 cells. We found that C1QBP deficiency attenuated T cell 
tumor infiltration and aggravated tumor- infiltrating T lymphocytes (TIL) exhaustion. 
Moreover, we further clarified the potential function of C1QBP in chimeric antigen 
receptor (CAR) T cell immunotherapy. Our data showed that C1QBP+/− CAR T cells 
exhibited relatively weaker anti– tumor response than the corresponding C1QBP+/+ 
CAR T cells. Given that C1QBP knockdown impairs T cells’ anti– apoptotic capacity, 
proliferation as well as anti– tumor immune function, development of the strategy for 
potentiation of T cells’ mitochondrial fitness through C1QBP could potentially opti-
mize the efficacy of the related immunotherapy.
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1  |  INTRODUC TION

The immune system has evolved multiple cellular mechanisms for the 
detection and elimination of transformed cells. During the course of 
an immune response, naive T cells recognize tumor antigen, rapidly 
proliferate, and subsequently produce a variety of effector mole-
cules, which leads to tumor regression.1- 3 At the same time, tumor 
cells generate an immunosuppressive microenvironment to restrict 
T cell proliferation, survival, and effector function through direct 
repression as well as the recruitment of immunosuppressive pop-
ulations tasked with maintaining immune tolerance.4- 6 Therefore, a 
successful immune response relies on T cells with extensive prolifer-
ation, robust effector function as well as long- term lifespan.

Mitochondria are essential hubs of metabolic activity to meet 
the increased bioenergetic and biosynthetic demands following T 
cell activation and proliferation.6- 8 Once T cells are activated by 
antigenic substances, they rapidly expand and proliferate through 
synthesizing high levels of cytokines and delivering cytotoxic pay-
load to target cells. Recent studies show that T cell proliferation 
and longevity are closely linked to mitochondrial fitness, suggest-
ing that mitochondria represent the key organelles by which the 
fate and function of T cells can be regulated and determined.7,9,10 
Complement C1q binding protein (C1QBP), as an evolutionarily 
conserved and multifunctional protein, is predominately localized 
to the mitochondrial matrix. It has been reported that C1QBP, as an 
important mitochondrial regulator, is involved in mitochondrial me-
tabolism and function.11- 14 Mouse embryonic fibroblasts (MEF) iso-
lated from C1QBP knockout embryos are characterized by severely 
impaired ATP production and reduced mitochondrial membrane 
potential.15 Moreover, C1QBP silencing changed mitochondrial 
morphology from fusion with the linear and tubular networks to fis-
sion with the discrete and fragmented phenotypes.16,17 Therefore, 
C1QBP is regarded to be implicated in the maintenance of mito-
chondrial integrity and dynamics, which determines mitochondrial 
fitness.8- 10 Recently, C1q, as the identified ligand of C1QBP, was 
reported to be associated with CD8+ T cell differentiation and sur-
vival.18 However, whether C1QBP, as an important sustainer of mi-
tochondrial fitness, plays an indispensable role in T cell longevity 
and proliferation as well as anti– tumor immune function remains 
unclear.

Given that C1QBP- knockout mice exhibited midgestation lethal-
ity due to the dysfunction of the mitochondrial respiratory chain and 
the fatal deficiency of mitochondrial protein translation,15 here we 
isolated T cells from mice with one allele of C1QBP knockout and 
found that C1QBP+/− T cells had diminished proliferation in response 
to the T cell receptor (TCR)- mediated antigen activation. At the same 
time, C1QBP knockdown caused T cells to lose mitochondrial mem-
brane potential and be susceptible to apoptosis in the context of the 
reactive oxygen species (ROS)- induced stress. To further investigate 
the underlying molecular mechanism, we assessed the Bcl- 2 anti– 
apoptotic signaling pathway and found that C1QBP knockdown in-
duced T cells with less accumulation of the anti– apoptotic proteins, 
such as Bcl- 2 and Bcl- XL, thus triggering caspase- 3 activation and 

poly (ADP- ribose) polymerase (PARP) cleavage to initiate T cells 
apoptosis.

To delineate the specific role of C1QBP in T cells’ anti– tumor 
immune function, murine colon adenocarcinoma MC38 cells were 
injected into C1QBP+/+ and C1QBP+/− mice. Our data showed that 
C1QBP+/− mice had relatively weaker tumor repression when com-
pared to C1QBP+/+ mice. C1QBP+/− T cells also exhibited less tumor 
infiltration and more exhausted phenotype than C1QBP+/+ T cells. 
To confirm the exact function of C1QBP in T cell- related immuno-
therapy, we constructed the chimeric antigen receptor (CAR)- T cells 
targeting human B7- H3 (huB7- H3) antigen with different amounts 
of C1QBP to test whether C1QBP would impact the immunothera-
peutic efficacy of CAR T cells. Our data demonstrated that C1QBP 
knockdown dampened the anti– tumor immune function of CAR T 
cells in vivo and in vitro.

Because the enhancement of T cells’ mitochondrial health and 
function has been gradually regarded to the improvement of current 
and developing immunotherapies, understanding how C1QBP regu-
lates T cell proliferation, survival, and anti– tumor immune function 
through maintaining mitochondrial fitness is of broad interest and 
clinical importance.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

Complement C1q binding protein heterozygous mice were donated 
by Dr Yanping Zhang from the Department of Radiation Oncology 
and Lineberger Comprehensive Cancer Center, the University of 
North Carolina, USA. C1QBP heterozygous (C1QBP+/−) and wild- 
type (C1QBP+/+) mice were on a C57BL/6 background.19 All mice 
were housed and bred in the specific pathogen- free animal facility of 
the Experimental Animal Center, Xuzhou Medical University, China.

2.2  |  Antibodies and reagents

Rabbit anti– C1QBP (cat. #24474- 1- AP), anti– Caspase3 (cat. #19677- 
1- AP), anti– Bcl- XL (cat. #10783- 1- Ap), anti– Bax (cat. #50599- 2- Ig), 
anti– Puma (cat. #55120- 1- AP), anti– Bcl- 2 (cat. #12789- 1- AP), anti– 
PARP (cat. #13371- 1- AP), anti– Ki67 (cat. #27309- 1- AP), anti– AKT 
(cat. #10176- 2- AP), anti– mTOR (cat. #20657- 1- AP), anti– Raptor 
(cat. #20984- 1- AP), anti– p70(S6K) (cat. #14485- 1- AP), anti– CD3 
(cat. #17617- 1- AP), and mouse anti– β- Actin (cat. #60008- 1- Ig) were 
purchased from Proteintech. Rabbit anti– phospho- Akt (Ser473) (cat. 
#4060), anti– phospho- mTOR (Ser2448) (cat. #5536), anti– phospho- 
Raptor (Ser792) (cat. #2083), anti– phospho- p70S6 Kinase (Ser371) 
(cat. #9208), anti– CD8α (cat. #98941) and anti– CD4 (cat. #25229) an-
tibodies were purchased from Cell Signaling Technology. Moreover, 
PerCP- anti– mouse- CD4 (cat. #100538), APC- anti– mouse- CD8α 
(cat. #100712), FITC- anti– mouse- CD3ε (cat. #100306), PE- Cy7- 
anti– mouse- CD3ε (cat. #100320), PE- Cy7- anti– mouse- CD45 (cat. 
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#147704), PE- anti– mouse- PD- 1 (cat. #109103), PE- anti– mouse- 
LAG- 3 (cat. #125207), and PE- anti– mouse- Tim- 3 (cat. #119703) an-
tibodies were purchased from BioLegend.

2.3  |  T cell isolation and culture

The spleens of 6- to 8- week- old C1QBP+/− and C1QBP+/+ C57/BL6 
mice were harvested, gently ground in MACS buffer (PBS + 0.5% 
BSA + 2 mM EDTA) and then passed through a sterile 40- µm nylon 
filter (BD Falcon). Red blood cells were lysed with RBC Lysing Buffer 
(BioLegend). The murine T cells were isolated by Pan T magnetic 
Microbeads (Miltenyi Biotec) from splenocytes obtained from 
C1QBP+/+ and C1QBP+/− mice. CD4+ or CD8+ T cells were sorted 
on a FACSAria III Cell Sorter (BD Biosciences) and planted in 24- well 
plates coated with 2.5 μg/mL anti– CD3ε (145- 2C11, Bio- X- Cell) and 
1 μg/mL anti– CD28 antibodies (37.51 Bio- X- Cell). All the above cells 
were cultured in RPMI- 1640 medium (Corning) supplemented with 
10% FBS, 4 mM l- glutamine, 1% penicillin/streptomycin, 2 ng/mL IL- 
2, 10 ng/mL IL- 7, 5 ng/mL IL- 15, and 75 μM β- mercaptoethanol and 
incubated at 37°C in a 5% CO2 humidified atmosphere.

2.4  |  Immunoblot analysis

Immunoblot analysis was performed as described previously.20 The 
lysates of T cells were prepared in 0.5% NP- 40 lysis buffer (50 mM 
Tris- HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.2% Triton 
X- 100, 0.5% NP- 40, and protease inhibitor cocktail) and separated on 
12% SDS/PAGE gel. The proteins were transferred to nitrocellulose 
membranes and then immunoblotted using the primary antibodies 
overnight at 4°C. Membranes were washed with PBST, incubated with 
the appropriate HRP- conjugated anti– mouse or anti– rabbit second-
ary antibodies in 5% (w/v) non– fat dried skimmed milk powder/PBST, 
and visualized using enhanced chemiluminescence reagents (Thermo 
Scientific) according to the manufacturer’s instructions.

2.5  |  Immunohistochemistry

The tumors were fixed in 10% neutral buffered formalin and included 
in paraffin, which was performed as described previously.21 The slides 
were incubated in 3% hydrogen peroxide for 20 minutes to quench en-
dogenous peroxidases. Next, the sections were washed and incubated 
in the relevant primary antibodies including anti– Ki67 (1:4000 dilution), 
anti– Puma (1:200 dilution), anti– CD4 (1:100 dilution), and anti– CD8α 
(1:400 dilution) antibodies overnight at 4°C. The slides were then in-
cubated with the enhancer solution for 20 minutes at room tempera-
ture, followed by the secondary antibody (Beijing Zhongshan Jinqiao 
Biotechnology) for 30 minutes. Diaminobenzidine tetrahydrochloride 
(DAB) solution (Beijing Zhongshan Jinqiao Biotechnology) was added for 
visualization. Immunoreactivity was observed using an Olympus BX51 
microscope and captured using Camedia Master C- 3040 digital camera.

2.6  |  Flow cytometry and analyzation

For preparation of single cell suspensions, tumor tissues were me-
chanically dissected and washed with PBS. The cell suspension was 
passed through a sterile 40- µm nylon filter (BD Falcon). A single- 
cell suspension was obtained, and 0.5- 1 × 106 cells were collected 
and stained with PerCP- anti– mouse- CD4 and APC- anti– mouse- 
CD8α antibodies to detect the percentage of CD4+ and CD8+ T cell 
tumor infiltration. Next, to further examine tumor infiltrating T cell 
exhaustion, the cell suspensions continued to be stained by PE- anti– 
mouse- PD- 1, PE- anti– mouse- LAG- 3, or PE- anti– mouse- Tim- 3 anti-
bodies, respectively. Finally, these stained cells were analyzed on 
the FACSCanto II Flow Cytometer (BD Biosciences), and FACS data 
were analyzed with FlowJo software (TreeStar).

2.7  |  T cell proliferation assay

For carboxyfluorescein succinimidyl ester (CFSE) dilution assay, the 
isolated T cells were labeled in 2 μM CFSE (Life Technologies, C1157) 
for 10 minutes and then washed with 10 volumes of PBS. Stained T 
cells were seed on in 24- well plates coated with anti– CD3ε/CD28 
antibodies and cultured in RPMI- 1640 medium supplemented with 
10% FBS, 4 mM l- glutamine, 1% penicillin/streptomycin, 75 μM β- 
mercaptoethanol, 2 ng/mL IL- 2, 10 ng/mL IL- 7, and 5 ng/mL IL- 15, 
under 5% CO2, atmospheric oxygen, at 37°C in a humidified incuba-
tor. After 1, 2, and 3 days, T cells were harvested and analyzed with 
a FACSCanto II Flow Cytometer.

2.8  |  T cell apoptosis assays

The apoptotic rate of T cells was assayed using an Annexin V- FITC 
Apoptosis Detection Kit (NanJing KeyGen Biotech). The treated T 
cells were briefly washed with ice- cold PBS twice and resuspended in 
200 μL binding buffer containing 5 μL Annexin V- FITC for 15 minutes 
and then in 300 μL binding buffer containing 5 μL propidium iodide (PI) 
for 5 minutes at room temperature in the dark. After incubation, these 
T cells were analyzed using a FACSCanto II Flow Cytometer.

2.9  |  Mitochondrial membrane potential assay

For evaluation of mitochondrial membrane potential of T cells, the 
treated T cells were incubated in 500 μL of 1 μM JC- 10 working so-
lution (NanJing KeyGen Biotech) at 37°C in a 5% CO2 incubator for 
30 minutes, protected from the light. Both FL1- FITC channel (green flu-
orescent monomeric signal) and FL2- PE channel (orange fluorescent ag-
gregated signal) can be detected using a FACSCanto II Flow Cytometer. 
A tetramethylrhodamine methyl ester (TMRM) assay was also used to 
assess the mitochondrial membrane potential. The treated T cells were 
stained with TMRM (T668; ThermoFisher) for 30 minutes at 37°C and 
then analyzed using a FACSCanto II Flow Cytometer.



878  |    TIAN eT Al.

2.10  |  Reactive oxygen species assay

To detect the ROS levels of C1QBP+/+ and C1QBP+/− T cells in response 
to the TCR activation or the oxidative stress, the treated T cells were 
stained with 2′,7′- dichlorofluorescin diacetate (DCFDA, also known as 
H2DCFDA, D399; ThermoFisher) for 10 minutes at 37°C. After incuba-
tion, these cells were analyzed using a FACSCanto II Flow Cytometer.

2.11  |  MC38- induced xenograft mouse models

The murine colon carcinoma MC38 cells were transduced with lenti-
viral particles carrying firefly luciferase (Luc) and the puromycin resist-
ance gene. After 48 hours, the positive MC38 cells expressing firefly 
luciferase were screened with 1 μg/mL puromycin. The selected posi-
tive Luc- MC38 cells (2 × 105) were injected subcutaneously into the 
flanks of 2- month old C1QBP+/+ and C1QBP+/− mice (five mice per 
group). Tumor volume (width × length × width/2; cm3) was determined 
with calipers. After 21 days, these mice were humanely euthanized by 
CO2 asphyxiation. The corresponding tumor tissues were collected for 
flow cytometry analysis or were fixed in formalin for immunohisto-
chemistry. All animal experiments were approved by the Animal Care 
Committee of the Xuzhou Medical University.

2.12  |  Generation of C1QBP+/+ and C1QBP+/− 
chimeric antigen receptor T cells targeting huB7- H3

To prepare the targeted huB7- H3 CAR T cells, we first constructed 
the retroviruses expressing huB7- H3 CAR. Briefly, the chimeric an-
tigen receptor was pieced together using portions of the human-
ized B7- H3 (8H9 clone 3.1) single chain variable fragment and the 
published portions of the murine CD28 and CD3ζ sequences.22 
The huB7- H3 CAR cassettes were ligated into the mouse stem cell 
virus- based splice- gag vector (MSCV) retroviral vector. Next, the 
293T cells were co– transfected with huB7- H3 CAR MSCV vector 
and pCL- Eco helper vector. The supernatant containing the CAR 
retrovirus targeting huB7- H3 antigen were collected 48 hours later 
and filtered with a 0.22- μm filter. Next, we generated the murine 
CAR T cells targeting huB7- H3. The murine T cells obtained from 
splenocytes of C1QBP+/+ and C1QBP+/− mice were stimulated by 
the anti– CD3ε/CD28 antibodies for 24 hours. The activated T cells 
were then transduced with the above retroviral supernatants using 

retronectin- coated plates (Takara Bio). The transfection of murine T 
cells was performed according to the previous protocols.23 After re-
moval from the retronectin- coated plates, T cells were expanded in 
RPMI- 1640 medium. After 48 hours, the murine CAR T cells target-
ing huB7- H3 were collected and used for the next functional assays.

2.13  |  Murine MC38 cell line expressing 
huB7- H3 antigen

To establish murine MC38 cells stably expressing huB7- H3 antigen, 
MC38 cells were transduced with the lentiviral particles carrying the 
open reading frame of 4Ig- B7- H3 (GenBank: NM_001024736), Luc, 
and green fluorescent protein (GFP). After 48 hours, the positive 
huB7- H3 MC38 cells expressing Luc and GFP were screened with 
1 μg/mL puromycin and used for the next experiment.

2.14  |  Co– culture experiments

The huB7- H3 MC38 cells marked by GFP were seeded in 24- well 
plates at a concentration of 2 × 105 cells/well for 24 hours. C1QBP+/+ 
and C1QBP+/− CAR T cells targeting huB7- H3 antigen were added 
to the culture at different effector to target ratios (E:T = 1:2 or 1:1) 
without the addition of exogenous cytokines. At the same time, 
their corresponding control groups were set up through the non– 
transduced C1QBP+/+ or C1QBP+/− T cells co– cultured with huB7-
 H3 MC38 cells (E:T = 1:2). After 6 hours of co– culture, the residual 
amount of huB7- H3 MC38 cells (marked by GFP) and the control T 
cells or CAR T cells (identified by PE- Cy7- CD3) were analyzed by 
FACS. Dead cells were gated out by Zombie Aqua Dye (Biolegend) 
staining.

2.15  |  ELISA

The CAR T cells targeting huB7- H3 were co– cultured with huB7-
 H3 MC38 tumor cells (2 × 105 cells/well) in 24- well plates at differ-
ent effector to target ratios (E:T = 1:2 or 1:1) without the addition 
of exogenous cytokines. After 6 hours, the supernatant was col-
lected, and cytokines (IFN- γ and TNF- α) were measured in duplicate 
using specific ELISA kits (Proteintech) following the manufacturer’s 
instructions.

F I G U R E  1  Complement C1q binding protein (C1QBP) knockdown induces the increase of reactive oxygen species (ROS) and the 
decrease of mitochondrial membrane potential (ΔΨM). T cells isolated from C1QBP+/+ and C1QBP+/− mice were stimulated with anti– CD3/
CD28 antibodies for 24 or 48 h or stimulated with anti– CD3/CD28 antibodies for 24 h and then treated with the different doses of H2O2 
for 30 min. A, ROS levels of C1QBP+/+ and C1QBP+/− T cells in response to TCR activation or H2O2- induced oxidative stress were detected 
through by 2′,7′- dichlorofluorescin diacetate (DCFDA) assa ys. B, ΔΨM of C1QBP+/+ and C1QBP+/− T cells in response to T cell receptor (TCR) 
activation or H2O2 treatment were evaluated by tetramethylrhodamine methyl ester (TMRM) assay. C, ΔΨM of CD4+ and CD8+ T cells from 
C1QBP+/+ and C1QBP+/− mice under TCR activation or H2O2 treatment were measured through JC- 10 assay. Data are means ± standard 
deviation (SD) from three independent experiments (n = 3); **P < .01, *P < .05

info:refseq/NM_001024736
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2.16  |  Tumor model and chimeric antigen receptor 
T cell treatment

In an adoptive CAR T cell transfer animal model, the huB7- H3 
MC38 cells expressing Luc (1 × 106) were subcutaneously (sc) 
engrafted into one flank of C57BL/6 mice on Day 0. On Day 9, 
200 mg/kg cyclophosphamide was injected intraperitoneally 1 day 
before acceptance of adoptive transfer of CAR T cells. One day 
later, the murine C1QBP+/+ and C1QBP+/− CAR T cells targeting 
huB7- H3 (4 × 106) were adoptively transferred intravenously (iv) 
into acceptor C57BL/6 mice bearing the huB7- H3 MC38 tumor 
cells. The progress of tumor growth was monitored by measuring 
the bioluminescence signal or calculating tumor volumes using the 
vernier caliper.

2.17  |  Animal experiments guidelines

All animal experiments were carried out in compliance with the guide-
lines of Xuzhou Medical University Animal Care and Use Committee 
following an approved Animal Utilization Project Protocol (AUPP 
#SYXK0030) and the ARRIVE guidelines.

2.18  |  Statistical analysis

Data were analyzed using Graph Pad Prism 6.0 software. Statistical com-
parisons were evaluated using Student’s t test and two- sway multiple- 
range analysis of variance. A P- value <.05 was considered statistically 
significant. All results are presented as means ± standard deviation.

F I G U R E  2  Complement C1q binding 
protein (C1QBP) knockdown aggravates 
T cells apoptosis. T cells isolated from 
C1QBP+/− and C1QBP+/+ mice were 
stimulated with anti– CD3/CD28- induced 
T cell receptor (TCR) activation for 24 h 
and then treated with the different 
doses of H2O2 for 30 min. A, T cells 
apoptosis was measured by annexin 
V- FITC plus propidium iodide staining 
and FACS analysis. B, TUNEL assay was 
used to evaluate damaged DNA under 
the above experimental condition. Scale 
bar, 100 μm. Bars show the percentages 
of T cell apoptosis, including the early 
apoptotic (Annexin+/PI−) cells and the 
late apoptotic/dead (Annexin+/PI+) 
cells as well as TUNEL positive T cells in 
response to the H2O2 stimulation. Data 
are means ± standard deviation from 
three independent experiments (n = 3); 
**P < .01, *P < .05
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F I G U R E  3  Complement C1q binding protein (C1QBP) knockdown impairs T cell apoptosis resistance through regulation of Bcl- 2 family 
proteins. T cells isolated from C1QBP+/+ and C1QBP+/− mice were stimulated with anti– CD3/CD28 antibodies for the indicated times. A, 
Protein levels of anti– apoptotic proteins, including Bcl- 2 and Bcl- XL, pro– apoptotic executioner protein Bax, cleaved caspase- 3, caspase- 3, 
cleaved PARP, and PARP from C1QBP+/+ and C1QBP+/− T cells, were analyzed by immunoblotting. B, Bars show the alteration of these above 
protein expressions. Data are means ± SD from three independent experiments (n = 3); **P < .01, *P < .05
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3  |  RESULTS

3.1  |  Complement C1q binding protein knockdown 
aggravates T cell apoptosis

Complement C1q binding protein plays an unignorable role in the 
maintenance of mitochondrial function and integrity.12,14,15 At the 
same time, mitochondrial fitness is closely associated with T cell 
apoptosis upon extracellular adverse stresses.4,9,10 Therefore, we 
wondered whether C1QBP would retain mitochondrial fitness 
to affect T cell apoptosis in response to TCR activation and ROS 
stress. As shown in Figure 1A, we isolated T cells from C1QBP+/− 
and C1QBP+/+ mice to assess their ROS production after activation 
of the anti– CD3/CD28 antibody. We found that C1QBP+/− T cells 
exhibited more ROS production along with the extension of TCR 
activation. H2O2- induced oxidative stress also triggered more ROS 
accumulation in C1QBP+/− T cells when compared with the corre-
sponding C1QBP+/+ T cells. At the same time, the significant marker 
of mitochondrial dysfunction is the loss of mitochondrial mem-
brane potential (ΔΨM). Here, the mitochondrial membrane potential 
was detected through TMRM assay and JC- 10 assay, as shown in 
Figure 1B,C. C1QBP+/− T cells displayed more obvious loss of ΔΨM 
than corresponding C1QBP+/+ T cells under either TCR activation 
or H2O2 stimulation. These data suggested that C1QBP knockdown 
facilitated the decrease of ΔΨM and exacerbated mitochondrial de-
polarization. In this regard, C1QBP is involved with the maintenance 
of mitochondrial fitness through reduction of ROS accumulation and 
prevention of ΔΨM diminishment especially under the stimulation of 
TCR activation and oxidative stress.

Next, we continued to evaluate the apoptotic rate, including early 
apoptosis (Annexin+/PI−) and late apoptosis/death (Annexin+/PI+), 
under treatment of the different doses of H2O2. Our data showed 
that both C1QBP+/+ and C1QBP+/− T cells had gradually increased 
apoptotic ratea accompanied by enhancement of H2O2 concentra-
tion. C1QBP+/− T cells displayed a more striking apoptotic pheno-
type from 30.15% (0 μM H2O2) to 50.42% (600 μM H2O2), whereas 
C1QBP+/+ T cells exhibited relatively milder apoptosis from 19.18% 
(0 μM H2O2) to 28.94% (600 μM H2O2), as shown in Figure 2. 
Consequently, these data indicated that C1QBP knockdown partially 
deprived T cells of apoptosis resistance in response to ROS stress. 
Consistently, TUNEL assay also demonstrated that C1QBP+/− T cells 
possessed more damaged DNA than corresponding C1QBP+/+ T 
cells, especially under treatment of 300 and 600 μM H2O2, which 
suggested that C1QBP knockdown rendered T cells prone to cellular 
apoptosis (Figure 2B).

Together, our data illustrated that C1QBP+/− T cells exhibited a 
ROS increase and ΔΨM decrease when compared with C1QBP+/+ T 
cells, suggesting that C1QBP knockdown impaired T cell mitochon-
drial fitness, making them susceptible to apoptosis.

3.2  |  Complement C1q binding protein knockdown 
sensitizes T cells to apoptosis through regulation of 
Bcl- 2 family proteins

Next, we explored the underlying mechanism of C1QBP knockdown 
on the regulation of T cell apoptosis. Anti– apoptotic members such 
as Bcl- 2 were reported to impede the cellular apoptotic process 
through inhibiting the pro– apoptotic BH3- only proteins or binding the 
pro– apoptotic executioner proteins to prevent their oligomerization, 
thereby blocking mitochondrial outer membrane permeabilization 
(MOMP) and cytochrome c release into the cytosol.24,25 Considering 
that Bcl- 2 family proteins play a pivotal role in mitochondria- mediated 
apoptosis,26- 28 we thus asked whether C1QBP knockdown would sen-
sitize T cells to apoptosis through regulation of Bcl- 2 family proteins. 
As shown in Figure 3, our study demonstrated that less protein ex-
pression of the anti– apoptotic Bcl- 2 family proteins, such as Bcl- 2 and 
Bcl- XL, was detected in C1QBP+/− T cells in response to anti– CD3/
CD28- induced TCR activation, although the pro– apoptotic execu-
tioner Bax exhibited a similar protein level.

Next, to further confirm that C1QBP is implicated in the mitochondria- 
mediated apoptosis of T cells, we assessed the downstream target pro-
teins of the Bcl- 2 signaling pathway, such as caspase- 3 and PARP. The 
activation of caspase- 3 contributed to the overall apoptotic morphology 
through cleavage of various cellular substrates.29,30 In this study, we de-
termined that TCR activation gradually enhanced the protein level of 
caspase- 3 in both C1QBP+/− and C1QBP+/+ T cells, as shown in Figure 3. 
However, C1QBP+/− T cells possessed more cleaved p17, an active sub-
unit of caspase- 3, and, thus, exhibited a higher relative ratio of cleaved 
caspase- 3 versus caspase- 3 when compared to C1QBP+/+ T cells. 
Caspase- 3 causes PARP cleavage and inactivation, which is also consid-
ered to be a hallmark of apoptosis.31,32 Here, we found that C1QBP+/− 
T cells also showed a significantly higher ratio of cleaved PARP versus 
PARP, especially in response to stimulation of anti– CD3/CD28 antibod-
ies for 3 days. Consequently, C1QBP knockdown aggravated caspase- 3 
cleavage to facilitate its downstream substrate PARP inactivation.

Together, the above data indicated that C1QBP knockdown de-
creased the protein expression of Bcl- 2 and Bcl- XL, which further 
accelerated the involvement of the cleavage of caspase- 3 and PARP 
with T cell apoptosis.

F I G U R E  4  Complement C1q binding protein (C1QBP) knockdown suppresses T cell proliferation through regulation of the AKT- mTORC1 
signaling pathway. T cells isolated from C1QBP+/+ and C1QBP+/− mice were activated by anti– CD3/CD28 antibodies for the indicated 
times. A, T cell proliferation was assessed by carboxyfluorescein succinimidyl ester (CFSE) dilution assay using flow cytometry. Results 
are representative of three experiments. B, Protein levels of AKT, phospho- AKT (Ser473), mTORC1, phospho- mTORC1(Ser2448), Raptor, 
phospho- Raptor (Ser792), p70S6K, and phospho- p70S6K (Ser371) from C1QBP+/+ and C1QBP+/− T cells were monitored by immunoblotting. 
The bar graphs show the means ± standard deviation of three independent experiments (n = 3); **P < .01, *P < .05



884  |    TIAN eT Al.

3.3  |  Complement C1q binding protein knockdown 
suppresses T cell proliferation through dampening the 
AKT- mTORC1 signaling pathway

Upon activation, T cells adapt their metabolic reprogramming to meet 
the increased bioenergetic and biosynthetic demands during rapid 
proliferation and clonal expansion.3,33,34 Furthermore, some studies 
have recently reported that mitochondrial function and fitness are 
indispensable for T cells to escape from quiescence as well as clonal 
expansion.1,35 To explore whether C1QBP knockdown would impact 
T cell proliferation and uncover its underlying molecular mechanism, 
we detected the proliferation of C1QBP+/− and C1QBP+/+ T cells and 
found that C1QBP knockdown obviously suppressed T cell prolifera-
tion along with activation of anti– CD3/CD28 antibodies (Figure 4A).

Given that mTOR, as the key metabolic regulator, integrates the 
extrinsic and intrinsic signals associated with nutrient levels, energy 
status, and stress to remodel mitochondrial metabolism for clonal ex-
pansion,36- 39 we further investigated whether C1QBP knockdown- 
mediated T cell proliferation decrease is at least partially attributed 
to the alteration of the AKT- mTORC1 signaling pathway. As shown in 
Figure 4B, although AKT protein expression demonstrated a gradual 
increase in both C1QBP+/− and C1QBP+/+ T cells with the TCR activa-
tion, phosphorylation of AKT at Ser473 exhibited a smaller increase in 
C1QBP+/− T cells than the corresponding C1QBP+/+ T cells. C1QBP+/− 
T cells also displayed weaker protein expression and phosphorylation of 
mTOR, Raptor and p70S6K. Together, these data suggested that C1QBP 
knockdown attenuated T cell proliferation, which is at least partially due 
to repression of the activation of the AKT- mTORC1 signaling pathway.

3.4  |  Complement C1q binding protein knockdown 
impedes T cell tumor infiltration and exacerbates T 
cell exhaustion

Next, we utilized C1QBP+/− and C1QBP+/+ mice injected with mu-
rine MC38 cells to investigate whether C1QBP knockdown would 
affect tumor progression. As shown in Figure 5A- C, we found that 
C1QBP+/− mice exhibited relatively stronger tumor progression when 
compared to the corresponding C1QBP+/+ mice. We also assessed 
the expression of proliferation marker Ki67 and pro– apoptotic 
marker Puma in tumor tissues from C1QBP+/− and C1QBP+/+ mice 
(Figure 5D). Our results showed that more Ki67 accumulated in the 
tumor tissues from C1QBP+/− mice, while more Puma was observed 

in the tumor tissues from C1QBP+/+ mice, suggesting that the whole- 
body C1QBP knockdown exhibited more obvious tumor progression.

To further investigate whether T cells are at least partially re-
sponsible for the tumor progression of C1QBP+/− mice, we detected 
T cell tumor infiltration as well as exhaustion phenotype. Our data 
showed that the percentage of tumor- infiltrating C1QBP+/− T cells 
was approximately 1.47% (CD4+) and 4.27% (CD8+), while that of 
C1QBP+/+ T cells was approximately 3.3% (CD4+) and 7.8% (CD8+), as 
shown in Figure 5E. Consistently, the immunohistochemistry stain-
ing also confirmed that fewer CD4+ and CD8+- positive C1QBP+/− T 
cells infiltrated the tumor microenvironment (TME) than the corre-
sponding C1QBP+/+ T cells (Figure 5F). Notably, some previous stud-
ies reported that impaired mitochondrial oxidative phosphorylation 
was sufficient to upregulate genes linked to T cell exhaustion.8,9,40 
Next, we further evaluate whether C1QBP knockdown- induced 
mitochondrial dysfunction would impact the exhausted phenotype 
of these tumor- infiltrating T cells (TIL). We assessed the exhaustion 
markers, such as PD- 1, Tim- 3, and LAG- 3, in these tumor specific 
CD4+ and CD8+ T cells and found that these inhibitory receptors 
exhibited higher expression in tumor- infiltrating CD4+ and CD8+ 
C1QBP+/− T cells than the corresponding C1QBP+/+ T cells, as shown 
in Figure 5G. In this regard, C1QBP knockdown actually retarded T 
cell tumor infiltration and exacerbated the TIL exhaustion, leading to 
a weaker anti– tumor immune response.

3.5  |  Complement C1q binding protein knockdown 
impairs chimeric antigen receptor T cell anti– tumor 
immunotherapeutic efficacy

To further evaluate whether C1QBP may directly impact T cell- 
mediated immunotherapy, we designed CAR- modified T cells with 
different amounts of C1QBP. The B7- H3 protein has limited ex-
pression in normal human tissues, including liver, breast, and colon, 
whereas it is abnormally expressed in a high proportion of human 
malignancies.41- 44 Moreover, B7- H3, as one member of B7 immune 
co– stimulatory and co– inhibitory family, possesses two isoforms 
in humans, 2Ig- B7- H3 and 4Ig- B7- H3.45,46 Here, we constructed 
the C1QBP+/− and C1QBP+/+ CAR T cells targeting human B7- H3 
(huB7- H3). Of course, we also transfected the MC38 cells with 
the lentivirus system expressing hu4Ig- B7- H3 to assess the anti– 
tumor immune function of C1QBP+/− and C1QBP+/+ CAR T cells. 
The huB7- H3 MC38 cells were co– cultured with C1QBP+/− and 

F I G U R E  5  Complement C1q binding protein (C1QBP) knockdown impacts tumor progression. 2 × 105 MC38 cells were injected 
subcutaneously into the flanks of C1QBP+/+ and C1QBP+/− mice (five mice per group). A, Representative bioluminescence images of MC38 
xenograft tumors in C1QBP+/+ and C1QBP+/− mice after 21 d of injection. B, Tumor tissues were collected from C1QBP+/+ and C1QBP+/− 
mice after 21 d of injection. C, The bar graphs show the alterations of tumor volume and weight from C1QBP+/+ and C1QBP+/− mice after 
21 d of tumor injection. D, Ki67 (proliferation marker) and Puma (anti– apoptotic marker) expressed in tumor tissues from C1QBP+/+ and 
C1QBP+/− mice were assessed by immunohistochemistry. Scale bars, 10 μm (200×), 5 μm (400×). E, The relative percentages of tumor- 
infiltrating CD4+ and CD8+ T cells from C1QBP+/+ and C1QBP+/− mice were assessed by flow cytometry. F, The anti– CD4 and anti– CD8 
antibodies were used to detect T cell tumor infiltration in C1QBP+/+ and C1QBP+/− mice by immunohistochemistry. Scale bars, 10 μm (200×), 
5 μm (400×). G, Exhaustion markers (PD1, Tim- 3, LAG3) expressed in CD4+ and CD8+ T cells from C1QBP+/+ and C1QBP+/− mice were 
assessed by flow cytometry. The bar graphs show the means ± SD of three independent experiments (n = 3); ***P < .001, **P < .01, *P < .05
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C1QBP+/+ CAR T cells at different effector to target (E:T) ratios. 
Our data demonstrated that C1QBP+/− CAR T cells exhibited rela-
tively weaker immune function and repressed huB7- H3 MC38 cells 
to 48.9% (E:T = 1:2) and 21.3% (E:T = 1:1), while C1QBP+/+ CAR T 
cells significantly limited huB7- H3 MC38 cells to 30.4% (E:T = 1:2) 
and 10.5% (E:T = 1:1), as shown in Figure 6A. Moreover, to com-
pare the cytolytic activity of these CAR T cells, we detected the 
relative cytokines, including IFN- γ and TNF- α released in the cul-
ture supernatant, as shown in Figure 6B. Our data showed that 
C1QBP+/− CAR T cells generated relatively less IFN- γ and TNF- α 
when compared with C1QBP+/+ CAR T cells, suggesting that 
C1QBP knockdown actually impaired the anti– tumor immune ca-
pacity of CAR T cells in vitro.

At the same time, we also investigated the exact role of C1QBP 
in the anti– tumor immune function of CAR T cells in vivo. We in-
jected huB7- H3 MC38 cells into mice and then adoptively trans-
ferred the corresponding C1QBP+/+ and C1QBP+/− CAR T cells to 
these mice. First, both C1QBP+/+ and C1QBP+/− CAR T cell groups 
exhibited striking tumor suppression when compared to the con-
trol non– transduced T cell group. Second, we measured the volume 
of tumors and found that the CAR T cells with insufficient C1QBP 
had relatively weaker tumor regression than the CAR T cells with 
sufficient C1QBP, as shown in Figure 6C,D. At the same time, the 
immunohistochemistry results also confirmed that the C1QBP+/− 
CAR T cell group had fewer CD4+ and CD8+- positive T cells infil-
trating tumor tissues (Figure 6E). The data from flow cytometry 
also confirmed this conclusion, as shown in Figure 6F. Furthermore, 
greater expression of proliferation marker Ki67 was detected in the 
tumor tissues from C1QBP+/− CAR T cells group. Together, these 
data suggested that C1QBP knockdown actually attenuated the 
corresponding immunotherapeutic efficacy of CAR T cells.

4  |  DISCUSSION

During the anti– tumor immune response, T cells transfer from 
nutrient- sufficient lymphoid organs to nutrient- deficient TME. 
Adaptation to the nutrient- restrictive environment is necessary for 
T cells to survive, proliferate, and perform their anti– tumor immune 
functions.4,6 Metabolic insufficiency is a fundamental limitation by 

which environmental context dampens the TIL effector function to 
induce their tolerance as well as anergy.5,6,47,48 Therefore, improve-
ment of TIL mitochondrial fitness could be crucial to maintain their 
survival, proliferation, and effector function.

Indeed, previous studies using both gain-  and loss- of- function 
approaches have demonstrated that C1QBP is implicated in the 
potentiation of mitochondrial metabolism.14,17 In fact, C1QBP 
knockdown shifts cellular metabolism from oxidative phosphory-
lation toward aerobic glycolysis. In addition, C1QBP has been re-
ported to be involved in the protection of mitochondrial dynamics 
and integrity.16,49 For example, C1QBP knockdown induced mi-
tochondrial fragmentation and fission in response to DNA dam-
ages treatment.12,16,49,50 In this regard, C1QBP is indispensable for 
maintaining mitochondrial function and integrity. Here, our data 
also showed that one allele of C1QBP knocking out decreased T 
cells’ mitochondrial membrane potential and increased their ROS 
accumulation, suggesting that C1QBP deficiency induced the im-
pairment of T cell mitochondrial fitness. Besides, we found that 
C1QBP insufficiency attenuated T cell apoptotic resistance in 
response to TCR activation as well as ROS stress. To further ex-
plore the underlying mechanism, we evaluated the alteration of 
anti– apoptotic proteins, such as Bcl- 2 and Bcl- XL, as well as pro– 
apoptotic executioner protein Bax. Although Bax has no obvious 
alteration in these T cells, C1QBP+/− T cells exhibited less accu-
mulation of Bcl- 2 and Bcl- XL when compared to C1QBP+/+ T cells. 
Several studies have reported that Bax was constitutively active 
and oligomerized to induce MOMP, unless it was held in check by 
anti– apoptotic proteins like Bcl- 2 and Bcl- XL.27,28,51 Consequently, 
we presume that the decrease of Bcl- 2 and Bcl- XL due to C1QBP 
knockdown probably fails to effectively sequestrate Bax and con-
versely facilitates MOMP process. Moreover, C1QBP knockdown 
also induced caspase- 3 activation to initiate its downstream tar-
get PARP cleavage, which subsequently triggered the execution 
phase of T cell apoptosis. In this regard, C1QBP enhances the anti– 
apoptotic proteins like Bcl- 2 and Bcl- XL to limit caspase- 3 activa-
tion and PARP cleavage, which therefore resists T cell apoptosis 
through maintaining their mitochondrial fitness.

In addition to regulation of T cells apoptosis, we found that 
C1QBP knockdown suppresses T cell proliferation through damp-
ening the AKT- mTORC1 signaling pathway. Some previous studies 

F I G U R E  6  Complement C1q binding protein (C1QBP) knockdown impairs the anti– tumor immune function of chimeric antigen receptor 
(CAR) T cells in vivo and in vitro. A, The huB7- H3 MC38 cells (marked by green fluorescent protein [GFP]) were co– cultured with the 
control non– transduced T (NT) cells or the C1QBP+/+ and C1QBP+/− CAR T cells (marked by PE- Cy7- CD3) at the different effector to target 
ratio (E:T = 1:2 or 1:1) for 6 h and were then evaluated by flow cytometry. B, IFN- γ and TNF- α in the co– culture supernatant (E:T = 1:2 
or 1:1) were measured by ELISA. C, Schematic representation of the procedure in huB7- H3 MC38 subcutaneous xenograft mouse model 
adoptively transferred with CAR T cells. The representative picture and the calculation of tumor volumes from the C57BL/6 mice adoptively 
transferred with control NT, C1QBP+/+ as well as C1QBP+/− CAR T cells on Day 24. D, Representative bioluminescence images of tumor 
progression in the huB7- H3 MC38 xenograft mouse model adoptively transferred with control NT, C1QBP+/+, and C1QBP+/− CAR T cells on 
Days 10, 17, and 24 (three mice/group). E, The anti– CD4, CD8 and Ki67 antibodies were used for immunohistochemistry staining to detect 
T cell infiltration and tumor proliferation of the above three groups. Scale bars, 50 μm (200×), 20 μm (400×). F, The relative percentages 
of tumor- infiltrating T cells were assessed by flow cytometry. The FACS plots are representative for three independent experiments. G, 
Schematic model of C1QBP regulation of T cell mitochondrial fitness to potentiate their anti– tumor immune function. The static graphs 
show the means ± standard deviations of three independent experiments (n = 3); ***P < .001, **P < .01, *P < .05
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have pointed out that mTORC1 is closely linked to mitochondrial 
function.37,52- 54 For example, genetic activation of mTORC1 through 
depletion of TSC2 may elevate mitochondrial function through mi-
tochondrial biogenesis and oxidative metabolism.52,54 Moreover, 
mTORC1 increased mitochondrial mass, mitochondrial DNA lev-
els, and mitochondrial proteins translation, which correlated with 
high ATP production and increased mitochondrial function.37,53,55 
Consequently, whether C1QBP could be involved in the regulation 
of T cell mitochondrial metabolism and whether C1QBP would im-
pact mitochondrial biogenesis through the activation of the AKT- 
mTORC1 signaling pathway are still intriguing questions.

A restrictive microenvironment forces T cells to utilize meta-
bolic reprogramming for adaptation to the adverse stresses and to 
exert their anti– tumor immune functions. Metabolic insufficiency 
may be a fundamental mechanism by which TME inhibits T cells’ 
tumor infiltration and their effector function.6- 8,40,56 In this study, 
C1QBP knockdown impeded CD4+ and CD8+ T cells’ tumor in-
filtration and aggravated their exhausted phenotype through in-
creasing co– inhibitory molecules such as PD- 1, Tim- 3, and LAG- 3. 
Therefore, it is highly possible that C1QBP insufficiency results 
in the impairment of TIL mitochondrial fitness, which subse-
quently deprives these TIL of metabolic competition and attenu-
ates their tumor infiltration as well as persistent immune efficacy. 
In contrast, some studies have reported that the enhancement 
of mitochondrial function endows TIL with the robust and dura-
ble effector function.6,57 Notably, PGC1α was reported to regu-
late mitochondrial biogenesis and mitochondrial plasticity.6,58,59 
For example, overexpression of PGC1α could effectively rescue 
exhausted T cells due to their metabolic insufficiency. PGC1α 
significantly potentiated effector function of these hyporespon-
sive T cells through augment of mitochondrial biogenesis.59 The 
enhancement of PGC1α obviously reversed PD- 1- induced bio-
energetic insufficiencies and renovated T cells’ immune func-
tion.60 Consequently, whether the involvement of C1QBP in the 
regulation of mitochondrial biogenesis via PGC1α and C1QBP 
knockdown- mediated TIL exhaustion is partially attributed to the 
decrease of mitochondrial biogenesis warrants further investiga-
tion. Finally, we constructed huB7- H3 targeted CAR T cells with 
a different amount of C1QBP to further confirm the exact role 
of C1QBP on T cell- related immunotherapy. Our results demon-
strated that the C1QBP+/− CAR T cells had relatively weaker tumor 
repression in vivo and in vitro than the corresponding C1QBP+/+ 
CAR T cells. In other words, C1QBP knockdown rendered CAR T 
cells with lower anti– tumor immunotherapeutic efficacy through 
diminishment of their tumor infiltration and immune cytolytic ac-
tivity. Potentiation of the mitochondrial fitness through C1QBP 
could be an attractive approach to acquire persistent adaptation 
to the relentless TME and enhance CAR T cells’ anti– tumor im-
mune function.61,62

Taken together, as shown in Figure 6G, C1QBP, as an important 
modulator to maintain mitochondrial fitness, is involved in regula-
tion of T cell proliferation and anti– apoptosis. On the one hand, 
C1QBP promotes T cell rapid proliferation through activation of 

the AKT- mTORC1 signaling pathway. On the other hand, C1QBP 
improves T cells\ survival through recruitment of anti– apoptotic 
proteins, such as Bcl- 2 and Bcl- XL, thus inhibiting caspase- 3 cleav-
age and its downstream PARP inactivation. Finally, C1QBP endows 
T cells with enhanced mitochondrial adaptation to relentless TME 
through promotion of their tumor infiltration and repression of TIL 
exhaustion, thereby ensuring T cells exert a robust and persistent 
anti– tumor immune function. Although mitochondria underlie the 
fate and function of T cells, metabolic interventions for manipulat-
ing immunity are rare and can be considered to represent a largely 
untapped opportunity. Therefore, development of strategies for 
potentiation of T cells’ mitochondrial fitness and metabolic plas-
ticity through C1QBP could improve immunotherapeutic efficacy 
for tumor treatment.
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