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Abstract
Background aims: Chimeric antigen receptor T cells (CAR‐T cells) have been 
successfully used in treatments of hematological tumors, however, their anti‐tumor 
activity in solid tumor treatments was limited. As IL‐12 increases T‐cell immune 
functions, we designed carcinoembryonic antigen (CEA) specific CAR‐T (CEA‐
CAR‐T) cells and, for the first time, used them in combination with recombinant 
human IL‐12 (rhIL‐12) to treat several types of solid tumors.
Methods: In vitro anti‐tumor activity of CEA‐CAR‐T cells in combination with 
rhIL‐12 was confirmed by evaluation of CEA‐CAR‐T cell activation, proliferation, 
and cytotoxicity after co‐incubation with CEA‐positive or CEA‐negative human 
tumor cells. In vivo anti‐tumor activity of CEA‐CAR‐T cells in combination with 
rhIL‐12 was confirmed in a xenograft model in nude mice for treatments of several 
types of solid tumors.
Results: In vitro experiments confirmed that rhIL‐12 significantly increased the 
activation, proliferation, and cytotoxicity of CEA‐CAR‐T cells. Similarly, in vivo 
experiments found that CEA‐CAR‐T cells in combination with rhIL‐12 had signifi-
cantly enhanced anti‐tumor activity than CEA‐CAR‐T cells in growth inhibition of 
newly colonized colorectal cancer cell HT‐29, pancreatic cancer cell AsPC‐1, and 
gastric cancer cell MGC803.
Conclusions: These works confirmed that simultaneous use of cytokines, for ex-
ample, rhIL‐12, can increase the anti‐tumor activity of CAR‐T cells, especially for 
treatments of several types of solid tumors.
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1 |  INTRODUCTION

In recent years, chimeric antigen receptor T (CAR‐T) cells 
have been used as a new way of cancer treatment.1 Using 
CAR‐T cells to treat B‐cell malignances, especially acute 
lymphocyte leukemia, has achieved promising clinical re-
sults.2 Although promising results were achieved in CAR‐T 
cell treatments of hematological cancer, the efficacy of their 
treatments of solid tumors is limited.3 Many reasons exist for 
the limited efficacy, of which the components of tumor mi-
croenvironments (TME) remains the main obstacle.4 The es-
tablished solid tumor tissue includes not only tumor cells but 
also inhibitory immune cells (eg, regulatory T cells, tumor‐
associated macrophages, myeloid‐derived suppressor cells), 
inhibitory cytokines (eg, IL‐4, IL‐6, IL‐10, and TGF‐β), in-
hibitory immune molecules (eg, PD‐1, CTLA‐4, LAG3, and 
Tim3) and other inhibitory factors (eg, oxidative stress, lack 
of nutrients, acidic pH and hypoxia) and all these factors form 
TME.5,6 TME decreases immune cell infiltration and inhibits 
their functions which leads to tumor immune escape.7 New 
treatment strategies are urgently needed to aid CAR‐T cells 
to treat solid tumors within this TME. Normally, the concen-
trations of cytokines that are the main components for T‐cell 
activation, proliferation, and cytotoxicity are low in TME.8 
Preclinical studies have confirmed that the usage of cytokines 
such as IL‐2, IL‐7, IL‐12, IL‐15, IL‐21 showed anti‐tumor 
activity.9-11 Of these immune stimulating cytokines, IL‐12 is 
a central cytokine and the most promising candidate in can-
cer treatment.12 Research has found that IL‐12 can induce the 
formation of Th1 and Th17 cells,13 increase the secretion of 
IFN‐γ and the cytotoxic effect of NK and T cells,14 recruit 
and activate innate immune cells, strengthen antigen cross 
presentation, and re‐edit T regulatory cells.15 These functions 
contributed to the confirmed anti‐tumor activity of ectogenic 
IL‐12 in treatment of solid tumors.16,17 Recently, Oladapo 
O. Yeku et al designed a CAR‐T cell that can constitutively 
express IL‐12. Secreted IL‐12 helped the CAR‐T cells to 
overcome the hostile TME and strengthen their anti‐tumor 
activity.18 However, other research found that constitutive 
expression of IL‐12 led to nonspecific activation of CAR‐T 
cells which also caused serious side effect.19

In this study, we propose that combination use of rhIL‐12 
and CAR‐T cells can enhance the anti‐tumor activity of 
CAR‐T cells. As a tumor‐associated antigen, carcinoem-
bryonic antigen (CEA) is expressed in a polarized way in 
health cells whereas it is expressed on the whole cell sur-
face of cancer cells. CEA has been found to be expressed on 

several types of cancer, for example, colorectal cancer, pan-
creatic cancer, gastric cancer, lung cancer, breast cancer, and 
its expression is correlated with the degree of cancer malig-
nancy.20 Therefore, we designed CEA‐specific CAR‐T cells 
and evaluated their efficacy in solid tumor treatment when 
in combination use with rhIL‐12. The results confirmed that 
combination use of CEA‐CAR‐T cells and rhIL‐12 showed 
significantly enhanced anti‐tumor activity against in vivo 
growth of colorectal cancer cell HT‐29, pancreatic cancer 
cell AsPC‐1 and gastric cancer cell MGC803 than single use 
of CEA‐CAR‐T cells. These results show that combination 
use of CEA‐CAR‐T cells and rhIL‐12 can overcome the lim-
itation of their single use as anti‐cancer drugs and provide a 
new strategy for solid cancer treatment.

2 |  MATERIALS AND METHODS

2.1 | Cell lines and culture conditions
Fresh blood was collected from healthy volunteers after 
obtaining informed consent from the review committee of 
China Pharmaceutical University. Peripheral blood mono-
nuclear cells were isolated from fresh blood by gradient 
centrifugation with use of Lymphoprep™ (Axis‐Shield, 
Norseland). T cells were selectively enriched with CD3+ 
separation beads (Miltenyi Biotec Inc, Auburn, CA, USA). 
Isolated T cells were cultured in X‐VIVO15 culture me-
dium (Lonza, Switzerland) supplemented with 5% human 
AB serum (Valley Biomedical Inc, Winchester, VA, USA), 
10 mM N‐acetyl l‐cysteine (Sigma Aldrich, St. Louis, MO, 
USA), and 300 IU/mL recombinant human IL‐2 (PeproTech, 
Rocky Hill, CT, USA).

Human pancreatic cancer cell AsPC‐1 and BxPC‐3, col-
orectal cancer cell HT‐29 and gastric cancer cell MGC803 
were obtained from American Type Culture Collection. 
AsPC‐1 cells were cultured in RPMI1640 culture (Hyclone, 
Logan, UT, USA) and PANC‐1, HT‐29, and MGC‐803 cells 
were cultured in DMEM culture (Hyclone). All the tumor cul-
tures were supplemented with 10% fetal bovine serum (FBS) 
(Gibco, Gaithersburg, MD, USA), 2  mmol/L Glutamine 
(Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin 
(Sangong Biotech, Shanghai, China).

2.2 | Construction of plasmid
Based on pLV‐puro carrier (Hanbio Biotechnology Co., 
LTD, Shanghai, China), various lentiviral carriers encoding 
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CAR and red fluorescence protein (RFP) were constructed. 
In brief, for CEA‐CAR‐T cell construction, CEA‐CAR plas-
mid contains the following gene elements (from 5′ end to 3′ 
end): Xho Isite, Kozak and CD8 signal peptide, anti‐CEA 
scFv, hinge region and CD8α transmembrane domain, 4/1BB 
cytoplasm structure domain and CD3ζ, P2A and green fluo-
rescence protein (GFP) sequence, and aXba I site. For target 
cell construction, RFP carrier contains the following elements 
(from 5′ end to 3′ end): Xho Isite, Kozak and signal peptide 
sequence, RFP sequence and Xba Isite. The CEA scFV in 
the CAR carrier was kindly provided by Prof. Hanmei Xu in 
China Pharmaceutical University. The sequence of the other 
gene elements was obtained from National Biotechnology 
Information Center. After codon optimization, the DNA 
molecules of the carriers were synthesized by GENEWIZ 
(Suzhou, China) and the synthesized DNA molecules were 
cut and incoporated into pLV‐puro carrier by Xho I and Xba 
I sites.

2.3 | Construction of T cells and target cells 
by lentiviral transfection
Freshly isolated human T cells were incubated with CD3/
CD28 magnetic beads (Invitrogen, Carlsbad, CA, USA) at a 
ratio of 3:1 beads:cells. After T‐cell activation for 48 hours, 
engineered lentivirus was added into the cell culture with a 
MOI of 15 and polybrene was also added with a final con-
centration of 6 µg/mL. The cells were incubated at 37°C in 
5% CO2 overnight. After viral infection for 5 days, T cells 
were collected and their expression of CAR were analyzed 
and confirmed by flow cytometry analysis and western blot 
analysis.

For target cell transfection, AsPC‐1, BxPC‐3, HT‐29, and 
MGC803 cells were cultured to logarithmic growth phase. 
The cells were collected and added to a six well plate and in-
cubated in presence of 6 µg/mL polybrene and proper amount 
of lentivirus in fresh culture medium. After incubation for 
24 hours, culture supernatant was replaced with fresh culture 
medium. After incubation for 5 days, puromycin was used to 
select RFP expressing tumor cells. The expression of RFP 
was confirmed by flow cytometry analysis and western blot 
analysis.

2.4 | Flow cytometry analysis and western 
blot analysis
For flow cytometry analysis, all the cells were collected by 
centrifugation and were washed by FACS washing buffer 
that contains 0.5% BSA and 0.03% sodium azide for three 
times. Anti‐CEA monoclonal antibody (BD, San Jose, 
CA, USA) was used to detect CEA using the FITC chan-
nel. For T‐cell activation detection, after overnight activa-
tion, the activation marker CD25 and CD69 were detected 

with APC‐conjugated anti‐CD25 or anti‐CD69 antibody 
(Biolegend, San Diego,CA). Anti‐CD4 (BD, APC‐conju-
gated) and anti‐CD8 (BD, PE‐conjugated) antibodies were 
used to examine the phenotype of T cells in vivo. Antibody 
was incubated with the cells for 30 minutes at 4°C in dark. 
Finally, cells were washed and detected.

Traditional western blot was performed to detect GFP 
and RFP expression. Protein samples were extracted from 
lyzed cells and kept in −80°C refrigerator until use. The 
first antibodies for GFP or RFP detection were from abcam 
(Cambridge, UK).

2.5 | Enzyme‐linked immunosorbent assays
For enzyme‐linked immunosorbent assays (ELISA) in 
in vitro experiments, CEA‐CAR‐T cells and target cells 
were co‐cultured at a ratio of 2:1 in a 96‐well round bot-
tom plate. After overnight incubation, supernatant was col-
lected and IL‐2 and IFN‐γ were measured with an ELISA 
kit (MultiSciences, Hangzhou, China). For ELISA in in vivo 
experiments, 100 µL of blood was collected from experimen-
tal mice at indicated time points and levels of cytokines were 
measured with an ELISA kit (MultiSciences).

2.6 | Quantitation of T‐cell proliferation
Tumor cells were treated with 10 µg/mL Mitomycin C (Sigma 
Aldrich) for 2  hours. Then 5  ×  104 Mitomycin C‐treated 
tumor cells were co‐cultured with four types of effector cells 
individually with each sample containing 1  ×  105 effector 
cells. The density of T cells was 5 × 105/mL. After 7 days’ of 
co‐culture, cell counting for all the samples was performed 
and the positive ratio of CAR‐T cells in the CEA‐CAR‐T 
treatment samples was determined. IL‐12 was the only exog-
enous cytokines added during the proliferation assays.

2.7 | Cytotoxicity assays
Carcinoembryonic antigen‐specific CAR‐T cells were co‐cul-
tured with target cells at a ratio of 2:1 in 10% FBS‐containing 
T‐cell culture at 37°C for 24 hours. The cytotoxicity of CEA‐
CAR‐T cells to target cells was evaluated by measuring lactic 
dehydrogenase (LDH) levels in cell culture supernatant with 
a LDH kit (Cayman, Ann Arbor, MI, USA). Experimental 
samples and control samples were set according to the 
manufacturer's suggestion. LDH levels in the samples were 
spectrometrically detected at a wavelength of 490 nm with 
a Multiscan FC plate reader (Thermo Scientific, Waltham, 
MA, USA). Finally, T‐cell cytotoxicity was calculated by the 
following formula: specific cytotoxicity (%) = (mixture cell 
experiment‐effector cell spontaneous‐target cell spontane-
ous‐medium control)/(target cell maximum‐target cell spon-
taneous‐medium control) × 100%.
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2.8 | Xenograft mouse models and 
in vivo imaging
Female Balb/c nude mice of 7‐9  weeks were kept in the 
Animal Center of China Pharmaceutical University. All 
animals were housed in a controlled environment (25°C; 
12 hours light‐dark cycle), with water and food provided 
freely. The authors confirm that experiments involving 
animals adhered to the institutional ethical standards of 
China Pharmaceutical University and the care of animals 
was independently assessed and approved in accordance 
with the licensing guidelines of China Pharmaceutical 
University.

At the beginning, mice were put in four groups with 
each group innoculated with one type of the tumor cells. 
For the mice injected with CEA‐positive AsPC‐1‐RFP, 
HT‐29‐RFP, or MGC803‐RFP cells, they are further put 
in four groups. For the mice injected with CEA‐negative 
BxPC‐3‐RFP cells, they are further put in two groups. 
All the mice were intravenously injected with 5  ×  106 
engineered tumor cells on day 0. Seven days after tumor 
cell injections, we measured fluorescent signal for each 
mouse and based on this data mice are grouped so that 
the difference in total fluorescent signal strength be-
tween different groups is minimal. At day 7 after tumor 
cell innoculation, each mouse was intravenously injected 
with 1 × 107 CEA‐CAR‐T cells or untransduced T cells. 
For the mice in the group with rhIL‐12 (PeproTech) 
treatment, each mouse was intravenously injected with 
1500  U/mouse rhIL‐12 at day 7, 9 ,12, 15, 19, and 25 
according to the literature.21,22

To detect the anti‐tumor activity of CEA‐CAR‐T cells, 
tumor burden of each mice was measured by detection of the 
fluorescence signal with an in vivo imaging system (Fx Pro, 
Carestream Health,USA) at day 7, 14, 21, 28, and 35. T‐cell 
cytotoxicity was calculated according to fluorescence signal 
strength emitted from RFP expressing tumor cells in tumor 
tissue. Finally, relative cytotoxicity of engineered T cells was 
calculated at day 35 by comparison of average fluorescence 
signal strength in engineered T cell inoculated mice with 
average fluorescence signal strength in untransduced T cell 
inoculated mice.

2.9 | Quantitation of T‐cell counts and 
cytokine production in vivo
In the same animal experiment as described above, 100 µL 
of blood was collected from mice at day 21 after inoculation 
of tumor cells to measure in vivo T‐cell proliferation. T‐cell 
counts were quantified for the collected blood samples. At 
the end of the animal experiment, levels of cytokines such as 
IL‐2, IL‐12, IFN‐γ, and TNF‐α in blood samples from each 
mouse were measured with ELISA assays.

2.10 | Statistical analysis
Statistical significance was determined by Student's t test 
(two‐tailed). All statistical analysis was performed with 
GraphPad Prism 7. All error bars represent either SEM or 
SD.

3 |  RESULTS

3.1 | Construction of antigen‐specific 
CAR‐T cells and fluorescence generating target 
cells
We constructed a second‐generation CEA targeting CAR, in 
which CD3ζ induces T‐cell activation and 4‐1BB behaves as 
a co‐stimulator. A GFP reporter protein was inserted in CAR 
sequence which helps to detect T cells which are successfully 
transduced and express CAR. After lentiviral infection, flow 
cytometry analysis (Figure 1A), and western blot analysis 
(Figure 1B) confirmed GFP expression and successful CAR 
transduction in T cells with untransduced T cells as a nega-
tive control cell. Ratios of CAR‐positive T cells for the four 
time CEA‐T cell construction were shown in Figure S1.

We selected colorectal cancer cell HT‐29, pancreatic can-
cer cell AsPC‐1, and gastric cancer cell MGC803 as target 
cells as they highly express CEA. A pancreatic cancer cell 
BxPC‐3 was used as a negative control cell as it does not 
express CEA (Figure 1C). For convenience of detection in 
the following experiments, these cells were genetically mod-
ified to express RFP by lentiviral infection. After antibiotics 
selection, transfected cells that stably express RFP were ob-
tained with name HT‐29‐RFP, AsPC‐1‐RFP, MGC803‐RFP, 
and BxPC‐3‐RFP. Their expression of RFP was confirmed by 
flow cytometry analysis (Figure 1D) and western blot analy-
sis (Figure 1E).

3.2 | Optimal effector cell to target cell 
ratio of CEA‐CAR‐T cells and dose titration 
for rhIL‐12
In vitro cytotoxic experiment was performed to define a 
proper effector cell to target cell ratio for subsequent experi-
ments. In this experiment, CEA‐CAR‐T cells and tumor cell 
HT‐29, AsPC‐1, or MGC803 were co‐cultured at an effector 
cell to target cell ratio of 4:1, 2:1, 1:1, 1:2, or 1:4. After an 
overnight incubation, supernatant of cell culture under each 
experimental condition was collected and LDH level was 
measured with an ELISA method to evaluate and compare 
the anti‐tumor effect of CEA‐CAR‐T cells under each effec-
tor cell to target cell ratio. The experimental results showed 
that with the increase of effector cell to target cell ratio, 
the cytotoxic effect of CEA‐CAR‐T cells to CEA‐positive 
HT‐29, AsPC‐1 or MGC803 cells increased correspondingly. 
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And the LDH level or the cytotoxic effect of CEA‐CAR‐T 
cells at an effector cell to target cell ratio of 4:1 was similar to 
a ratio of 2:1 (Figure 2A). Therefore, an effector cell to target 
cell ratio of 2:1 was used for the following experiments.

A dose‐titration experiment for rhIL‐12 was performed 
with the CEA‐CAR‐T cell cytotoxicity experiment. In this 
experiment, effector cells and target cells were co‐cultured 
at a ratio of 2:1 and after 24 hours, LDH levels in the culture 
supernatant were measured. The target cells are CEA‐posi-
tive HT‐29 cells and the series of rhIL‐12 dose are 1, 10, 50, 
100, 200, 500, and 1000 U/ml. Experiment results showed 
that within 50  U/mL, the cytotoxic effect of CAR‐T cells 
increased with the increase in rhIL‐12 dose. When rhIL‐12 

dose is more than 50 U/mL, the cytotoxic effect of CAR‐T 
cells is close to saturation (Figure S2).

3.3 | rhIL‐12 significantly enhanced 
activation of CEA‐CAR‐T cells in vitro
To evaluate the in vitro effect of rhIL‐12 on CEA‐CAR‐T 
cell activation, four experimental conditions were set 
in which cancer cells are incubated with control‐T cells, 
control‐T cells and rhIL‐12, CEA‐CAR‐T cells, and CEA‐
CAR‐T cells and rhIL‐12, respectively. Cancer cells in-
clude CEA‐positive HT‐29, AsPC‐1 and MGC803 cells and 
CEA‐negative BxPC‐3 cells. Effector cells (CEA‐CAR‐T 

F I G U R E  1  Construction of CEA‐specific CAR‐T cells and target tumor cells. (A) Flow cytometry detection of green fluorescence protein 
(GFP) expression by CEA‐CAR‐T cells to evaluate their transfection rate. (B) Western blot analysis of GFP expression in CEA‐CAR‐T cells. 
GAPDH as a loading control is at 36kD in all lanes. (C) Flow cytometry analysis of CEA levels on target tumor cells. (D) Flow cytometry analysis 
of reporter protein red fluorescence protein (RFP) levels to evaluate lentiviral transfection of tumor cells. (E) Western blot analysis of RFP 
expression in tumor cells. GAPDH as a loading control. CAR‐T, chimeric antigen receptor T
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cells) and target cells (tumor cells) were cultured to-
gether at a ratio of 2:1 for 24 hours. In rhIL‐12 treatment 
groups, based on the results of dose titration experiment 
for rhIL‐12 and literatures, the dose of rhIL‐12 was set at 
200  U/mL.21,22 CEA‐CAR‐T cell activation was evalu-
ated by their expression of cell surface markers CD25 and 
CD69 (Figure 2B), and their secretion of cytokine IL‐2 and 
IFN‐γ (Figure 2C,D).

Compared with CEA‐negative BxPC‐3 cells, in experi-
ments with CEA‐positive HT‐29, AsPC‐1 and MGC803 cell 
as target cells, cytokine IL‐2 and IFN‐γ expression levels in 
CEA‐CAR‐T cell group and CEA‐CAR‐T cell in combina-
tion with rhIL‐12 group were much higher than control‐T cell 
group and control‐T cells in combination with rhIL‐12 group. 
Furthermore, cytokine expression levels of CEA‐CAR‐T cell 
in combination with rhIL‐12 group were significantly higher 

F I G U R E  2  In vitro activation of CEA‐CAR‐T cells in combination with rhIL‐12. (A) 1 × 104 tumor cells were put in each well of the plate. 
CEA‐CAR‐T cells or untransduced T cells were cocultured with target tumor cells at different effector to target ratios and the lactic dehydrogenase 
(LDH) levels in the culture supernatant were measured after 24 h. (B) 1 × 104 tumor cells were put in each well of the plate at an effector cell to 
target cell ratio of 2:1 and the cells were cocultured for 24 h. Activation marker of CD25 and CD69 on T‐cell surface were detected with flow 
cytometry analysis (n = 3, error bars denote standard deviation,*P < 0.05, **P < 0.01). (C) 1 × 104 tumor cells were put in each well of the plate at 
an effector cell to target cell ratio of 2:1 and the cells were co‐cultured for 24 h. Levels of IL‐2 secreted by T cells were measured (n = 3, error bars 
denote standard deviation, *P < 0.05). (D) 24 h after incubation of effector cells and target cells, levels of IFN‐γ secreted by T cells were measured 
(n = 3, error bars denote standard deviation, *P < 0.05). CAR‐T, chimeric antigen receptor T; CEA, carcinoembryonic antigen
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than CEA‐CAR‐T cell group (Figure 2C,D). Whereas in the 
experiment with CEA‐negative BxPC‐3 cells as target cells, 
CEA‐CAR‐T cells were not activated and there were no sig-
nificant changes of cytokine levels among the four groups 
(Figure 2C,D). Experiments were also performed to detect 
cell surface expression of CD25 and CD69, the expression 
levels of which were upregulated after T‐cell activation. 
Similarly, in the experiments with CEA‐positive tumor cells 
as target cells, the expression levels of CD25 and CD69 on 
CEA‐CAR‐T cells surface under CEA‐CAR‐T cells in com-
bination with rhIL‐12 treatment were significantly higher 
than CEA‐CAR‐T cell treatment. In experiment with CEA‐
negative tumor cells as target cells, the expression levels of 
CD25 and CD69 had no significant changes among the four 
treatment conditions (Figure 2B). These results confirmed 
that rhIL‐12 can significantly enhance the activation of CEA‐
CAR‐T cells in vitro.

3.4 | rhIL‐12 promoted CEA‐CAR‐T cell 
proliferation in vitro
Significantly increased CAR‐T cell proliferation after in vitro 
activation is an important parameter to evaluate CAR‐T cell 
activity. In this experiment, the four types of tumor cells 
after mitomycin C treatment were co‐cultured with control‐
T cells, control‐T cells and rhIL‐12, CEA‐CAR‐T cells, and 
CEA‐CAR‐T cells and rhIL‐12. The dose of rhIL‐12 was 
200 U/mL. After co‐culture for 7 days, T‐cell counting for all 
the samples was performed and the positive ratio of CAR‐T 
cells in the CEA‐CAR‐T treatment samples was determined. 
The experimental results showed that there was no signifi-
cant change in T‐cell numbers when co‐cultured with CEA‐
negative BxPC‐3 cells under the four treatment conditions 
whereas T‐cell number after co‐cultured with CEA‐positive 
tumor cells significantly increased under CEA‐CAR‐T treat-
ment or CEA‐CAR‐T cells and rhIL‐12 treatment. T‐cell 
number under CEA‐CAR‐T cell and rhIL‐12 treatment was 
significantly more than CEA‐CAR‐T cell treatment when 
co‐culturing with each type of CEA‐positive tumor cells 
(Figure 3A). In addition, flow cytometry analysis showed 
that the positive ratio of CAR‐T cells was higher in rhIL‐12 
treatment samples which confirmed that rhIL‐12 can induce 
CEA‐CAR‐T proliferation (Figure 3B). The experiment in 
Figure 3A,B confirmed that rhIL‐12 can promote the prolif-
eration of CEA‐CAR‐T cells in presence of tumor cells that 
express the specific tumor‐associated antigen.

3.5 | rhIL‐12 enhanced the cytotoxic 
effect of CEA‐CAR‐T cells
In the in vitro experiment, CAR‐T cells can specifically tar-
get and kill tumor cells and with this experimental system, we 
tested if rhIL‐12 can increase the cytotoxic effect of CAR‐T 

cells by measuring the supernatant LDH level that was re-
leased by tumor cells after their cytolysis. The experimen-
tal conditions and target tumor cells used were similar to the 
experiment shown in Figure 2C,D. Under control‐T cell or 
control‐T cells in combination with rhIL‐12 treatment, there 
was no significant changes in the levels of released LDH. 
Under CEA‐CAR‐T cell treatment or CEA‐CAR‐T cells in 
combination with rhIL‐12 treatment, there were significantly 
increased LDH levels in the supernatant of CEA‐positive 
tumor cell cultures and the LDH level under CEA‐CAR‐T 

F I G U R E  3  In vitro proliferation and cytotoxicity of CEA‐
CAR‐T cells in combination with rhIL‐12. (A) Number of T cells in 
each sample in which 5 × 104 Mitomycin C‐treated tumor cells were 
co‐cultured with 1 × 105 effector cells for 7 d (n = 3, error bars denote 
standard deviation,****P < 0.0001). (B) The positive ratio of CAR‐T 
cells in CEA‐CAR‐T cell treatment groups after effector and target 
cell co‐culture for 7 d. (C) 1 × 104 tumor cells were put in each well 
of the plate at an effector cell to target cell ratio of 2:1 and the cells 
were co‐cultured for 24 h. Levels of lactic dehydrogenase (LDH) in the 
supernatant of cell cocultures were measured (n = 3, error bars denote 
standard deviation, **P < 0.01). CAR‐T, chimeric antigen receptor T; 
CEA, carcinoembryonic antigen
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cells in combination with rhIL‐12 treatment were signifi-
cantly higher than CEA‐CAR‐T cells treatment. In addition, 
there were no significant changes in the LDH level in the 
supernatant of CEA‐negative BxPC‐3 cell culture and this 
LDH level was similar to the supernatant of BxPC‐3 under 
control‐T cell or control‐T cells in combination with rhIL‐12 
treatment (Figure 3C). This in vitro experiment confirmed 
the specific cytotoxic effect of CEA‐CAR‐T cells and the en-
hanced cytotoxic effect after rhIL‐12 incubation.

3.6 | In vivo anti‐tumor effect of CEA‐
CAR‐T cells in combination with rhIL‐12
To evaluate the in vivo anti‐tumor effect of CEA‐CAR‐T 
cells in combination with rhIL‐12, transfected tumor cell 
lines were used which express fluorescence reporter protein 
RFP. In this model, mice were intravenously injected with 
CEA‐positive HT‐29‐RFP, AsPC‐1‐RFP, MGC803‐RFP or 
CEA‐negative BxPC‐3‐RFP cells and each mouse received 
5 × 106 tumor cells. After 7 days, mice injected with CEA‐
positive tumor cells were put into four groups. The mice in 
each group were treated with control‐T cells, control‐T cells 
and rhIL‐12, CEA‐CAR‐T cells or CEA‐CAR‐T cells and 
rhIL‐12. For mice injected with BxPC‐3‐RFP, we further 
divided the mice into two groups. The mice in each group 
were treated with control‐T cells or CEA‐CAR‐T cells in 
combination with rhIL‐12. 1 × 107 CEA‐CAR‐T cells were 
intravenously injected into each mouse. RhIL‐12 was used 
according to the literatures21,22 and 1500 U/mouse was intra-
venously injected at day 7, 9, 12, 15, 19, and 25 (Figure 4A). 
Fluorescence signal from RFP expressing tumor cells in mice 
were measured to follow the change of in vivo tumor growth 
after CEA‐CAR‐T cells treatment. Differences in fluorescent 
signal over time were provided in Figure S3. Based on the 
in vivo imaging result, in the mice that were intravenously 
injected with CEA‐positive HT‐29‐RFP, AsPC‐1‐RFP, or 
MGC803‐RFP cells and thereafter CEA‐CAR‐T cells 7 days 
later, the in vivo tumor generating fluorescence signal sig-
nificantly decreased at 21 day after tumor cell inoculation, 
and the fluorescence signal decreased further at day 28. In 
the mice that were intravenously injected with CEA‐positive 
HT‐29‐RFP, AsPC‐1‐RFP or MGC803‐RFP cells and there-
after injected with CEA‐CAR‐T cells in combination with 
rhIL‐12 at day 7, the in vivo tumor generating fluorescence 
signal significantly decreased at 21 and almost disappeared 
at day 28. In the mice that were injected with CEA‐negative 
BxPC‐3 cells, CEA‐CAR‐T cells treatment or CEA‐CAR‐T 

cells in combination with rhIL‐12 treatment did not cause a 
decrease in in vivo fluorescence signal (Figure 4B).

Next, we used the average fluorescence signal of the mice 
in control‐T cell treatment group at day 35 to calibrate the 
relative cytotoxicity of the other treatment conditions (Figure 
4C). The results showed that CEA‐CAR‐T cell treatment 
had significant anti‐tumor effect compared with control‐T 
cells. CEA‐CAR‐T cells in combination with rhIL‐12 had 
even stronger anti‐tumor effect than CEA‐CAR‐T cell treat-
ment. Furthermore, no obvious body weight loss was found 
for mice in all treatment groups (Figure S4). The above in 
vitro experiment results were in line with the in vivo results 
and they together confirmed that CEA‐CAR‐T cell in com-
bination with rhIL‐12 had even better anti‐tumor effect than 
CEA‐CAR‐T cell treatment.

3.7 | In vivo CEA‐CAR‐T cell 
persistence and cytokine release
Previous research showed that the persistence of CAR‐T 
cells is in line with their anti‐tumor effect and high CD8 T 
cell to CD4 T cell ratio results in better therapeutic effect 
of adoptive cell therapy.23,24 In the same animal work as 
shown in Figure 4A, we measured T‐cell number in mouse 
circulation and the ratio of CD8 T cell to CD4 T cell. As 
shown in Figure 5A, in mice injected with CEA‐positive 
tumor cells, the number of T cells and the ratio of CD8 T 
cell to CD4 T cell in CEA‐CAR‐T cell in combination with 
rhIL‐12 treatment group was higher than CEA‐CAR‐T cell 
treatment group. In addition, we detected the ratio of CEA‐
CAR‐T cells in the samples of CEA‐CAR‐T treatment 
group and CAR‐CAR‐T cell in combination with rhIL‐12 
treatment group. As shown in Figure S5, almost all T cells 
are CEA‐CAR‐T cells. From the above results, the higher 
number of T cells and CD8/CD4 ratio under CEA‐CAR‐T 
cell in combination with rhIL‐12 treatment was in line with 
their higher anti‐tumor activity.

Normally, the activation of CAR‐T cells in vivo will 
result in their killing of tumor cells accompanied with 
release of cytokines such as IL‐2, IFN‐γ, and TNF‐α. As 
shown in Figure 5B, in mice injected with CEA‐positive 
HT‐29‐RFP, AsPC‐1‐RFP, or MGC803‐RFP tumor cells 
and thereafter injected with CEA‐CAR‐T cells, the levels 
of serum cytokines were significantly increased compared 
with control‐T cell or control‐T cell in combination with 
rhIL‐12 treatment mice. Compared with CEA‐CAR‐T cell 
treatment mice, CEA‐CAR‐T cell in combination with 

F I G U R E  4  In vivo anti‐tumor activities of CEA‐CAR‐T cells in combination with rhIL‐12 on established xenografts. (A) Animal work 
strategy. (B) In vivo imaging of the fluorescence signal of mice at day 7, 14, 21, 28, and 35 after tumor cell inoculation (n = 4). (C) Survival rate of 
target cells in experimental mice 28 d after CEA‐CAR‐T cell inoculation (n = 4, error bars denote standard deviation, **, P < 0.01;***, P < 0.001). 
CAR‐T, chimeric antigen receptor T; CEA, carcinoembryonic antigen
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F I G U R E  5  In vivo persistence and cytokine release levels of CEA‐CAR‐T cell in combination with rhIL‐12. (A) 14 d after effector cell 
infusion, 100 µL blood was collected and T‐cell number and CD8/CD4 T‐cell ratio were detected with flow cytometry analysis (n = 4, error bars 
denote standard deviation,*P < 0.05). (B) At the end of the experiment, blood levels of IL‐2, IL‐12, TNF‐α, and IFN‐γ were measured (n = 4, error 
bars denote standard deviation,*P < 0.05, **P < 0.01). CAR‐T, chimeric antigen receptor T; CEA, carcinoembryonic antigen
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rhIL‐12 resulted in a significant increase of serum IL‐2, 
IFN‐γ, and TNF‐α levels. And blood IL‐12 level was 
higher in mice of exogenous IL‐12 treatment groups. These 
changes of serum cytokine levels indirectly indicated the 
in vivo activity of CEA‐CAR‐T cells and were in line with 
the anti‐tumor activity of CEA‐CAR‐T cells under the cor-
responding treatment conditions.

The in vitro and in vivo experiments confirmed that 
rhIL‐12 can in vivo increase the anti‐tumor activity of 
CEA‐CAR‐T cells. Combination of CEA‐CAR‐T cells with 
rhIL‐12 may be an effective strategy in treatment of solid 
tumor.

4 |  DISCUSSION

Chimeric antigen receptor T cell therapy showed significant 
anti‐tumor activity in treatment of hematological cancers,25 
however, expected anti‐tumor effect was limited in solid 
tumor treatment.26 Limited efficacy may result from the 
obstacles in tumor microenvironment.27 The inhibitory 
factors in TME inactivate the infiltrating CAR‐T cells 
and inhibit their anti‐tumor activity. Studies found that 
some cytokines can increase T‐cell activity, of which 
IL‐12 can mediate multiple immune reactions and some 
preclinical studies found that IL‐12 had anti‐tumor activity 
by regulation of immune reactions.28 Clinical studies found 
that intravenous injections of low dose rhIL‐12 resulted in 
significant anti‐tumor activity and the corresponding toxic 
effect was tolerable.29 Therefore, we used CEA‐CAR‐T 
cells in combination with rhIL‐12 to enhance their activity 
in treatment of solid tumors.

Carcinoembryonic antigen is a tumor‐associated an-
tigen and is a promising target for CAR‐T cells to treat 
solid tumors.30 At the moment, there are four clinical trials 
with use of CEA specific CAR‐T cells (NCT03682744, 
NCT03818165, NCT02850536, NCT02349724). 
Therefore we used several cancer cell lines with high CEA 
expression, which include colorectal cancer HT‐29, pan-
creatic cancer AsPC‐1, and gastric cancer MGC803 cells, 
and tested the strong anti‐tumor activity of CEA‐CAR‐T 
cells in combination with rhIL‐12 against these cancer 
cell lines. The results confirmed that rhIL‐12 effectively 
activated CEA‐CAR‐T cells and increased the cytotoxic 
activity of CEA‐CAR‐T cells to CEA‐positive cancer 
cells. Furthermore, xenograft tumor model in nude mice 
was established with the individual human cancer cell 
lines that express fluorescence reporter protein and it was 
found that rhIL‐12 can in vivo increase the anti‐tumor ac-
tivity of CEA‐CAR‐T cells and promote the proliferation 
of CEA‐CAR‐T cells in mice. A CEA‐negative cancer cell 
BxPC‐3 was also used in the in vitro and in vivo work and 
it was found that in this case the CEA‐specific CAR‐T 

cells cannot be activated and effectively kill the cancer 
cells. These works also showed that CEA is a promising 
target for CAR‐T cell treatment of cancer cells, especially 
treatment of solid tumors.

The results that rhIL‐12 can increase the anti‐tumor activ-
ity of CEA‐CAR‐T cells provide us a referential strategy to 
use other cytokines to strengthen the anti‐tumor activity of 
CAR‐T cells. Some potential cytokines can be used in this 
case. For instance, IL‐7 can regulate the homeostasis of naive 
T cells and memory T cells.31-33 It was also reported that IL‐7 
can increase the number of circulating naive and memory T 
cells in SIV‐infected primates.34 Memory CAR‐T cell gener-
ation is reported to be crucial for the efficacy in the course of 
CAR‐T cell therapy.35 IL‐15 is another promising cytokine. 
It induces the proliferation of CD8 + T cells rather than Treg 
cells and effectively stimulates NK cells and T cells to exert 
their anti‐tumor activity.36 IL‐21 is also a promising cytokine 
with clinical application potential. In several tumor models, 
it induced the proliferation of CD8 + T cells and B cells after 
CD40 engagement.37 A phase II clinical trial in which IL‐21 
is used to treat melanoma, renal carcinoma and non‐Hodgkin 
lymphoma is ongoing.38 Based on their in vivo functions, it 
is a promising strategy to use these cytokines in combination 
with CAR‐T cells.

Although we have used several in vitro and in vivo exper-
iments to confirm that rhIL‐12 can increase the anti‐tumor 
activity of CEA‐CAR‐T cells, flaws exist. We have not dif-
ferentially measured the changes of T‐cell subtype and have 
not investigated the mechanism for rhIL‐12 to strengthen 
CEA‐CAR‐T cells functions. The animal models we used 
are xerograph tumor model in nude mice and we did not use 
primary tumor model. These are the works we should do in 
the future. In general, we used several human tumor cell lines 
to establish animal models and confirmed that rhIL‐12 can 
increase the anti‐tumor activity of CEA‐CAR‐T cells and 
the combination use showed significantly better anti‐tumor 
activity than conventional CEA‐CAR‐T cells. These results 
strengthen our confidence to test whether other cytokines can 
increase CAR‐T cell activity, especially in treatment of solid 
tumors.

ACKNOWLEDGMENTS

This work was supported by “Double First‐Class” University 
project, the Project Program of State Key Laboratory of 
Natural Medicines (No. SKLNMZZCX201821) and the 
National Science and Technology Major Projects of New 
Drugs (2018ZX09301053‐001, 2018ZX09301039‐002, 
2018ZX09201001‐004‐001) in China. This project 
was also funded by the Priority Academic Program 
Development of Jiangsu Higher Education Institutions 
(PAPD) and Natural Science Foundation of Jiangsu 
Province (BK20160757)



4764 |   CHI et al.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT

The datasets generated in this study are available from the 
corresponding author on reasonable request.

ORCID

Jialiang Hu   https://orcid.org/0000-0002-8449-5551 

REFERENCES

 1. Davila ML, Bouhassira D, Park JH, et al. Chimeric antigen re-
ceptors for the adoptive T cell therapy of hematologic malignan-
cies. Int J Hematol. 2014;99:361‐371. https ://doi.org/10.1007/
s12185-013-1479-5.

 2. Quintas‐Cardama A. CAR T‐cell therapy in large B‐cell lym-
phoma. N Engl J Med. 2018;378:1065. https ://doi.org/10.1056/
NEJMc 1800913

 3. Newick K, O'Brien S, Moon E, Albelda SM. CAR T cell therapy 
for solid tumors. Annu Rev Med. 2017;68:139‐152. https ://doi.
org/10.1146/annur ev-med-062315-120245

 4. Migliorini D, Dietrich P‐Y, Stupp R, Linette GP, Posey AD, 
June CH. CAR T‐cell therapies in glioblastoma: a first look. Clin 
Cancer Res. 2018;24:535‐540. https ://doi.org/10.1158/1078-0432.
CCR-17-2871

 5. Klemm F, Joyce JA. Microenvironmental regulation of therapeutic 
response in cancer. Trends Cell Biol. 2015;25:198‐213. https ://doi.
org/10.1016/j.tcb.2014.11.006

 6. Devaud C, John LB, Westwood JA, Darcy PK, Kershaw MH. 
Immune modulation of the tumor microenvironment for enhancing 
cancer immunotherapy. Oncoimmunology. 2013;2:e25961. https ://
doi.org/10.4161/onci.25961 

 7. Tang H, Qiao J, Fu YX. Immunotherapy and tumor microenvi-
ronment. Cancer Lett. 2016;370:85‐90. https ://doi.org/10.1016/j.
canlet.2015.10.009

 8. Jewett A, Kos J, Fong Y, et al. NK cells shape pancreatic and 
oral tumor microenvironments; role in inhibition of tumor growth 
and metastasis. Semin Cancer Biol. 2018;53:178‐188. https ://doi.
org/10.1016/j.semca ncer.2018.08.001

 9. Spolski R, Leonard WJ. Interleukin‐21: basic biology and im-
plications for cancer and autoimmunity. Annu Rev Immunol. 
2008;26:57‐79. https ://doi.org/10.1146/annur ev.immun 
ol.26.021607.090316

 10. Su EW, Moore CJ, Suriano S, et al. IL‐2Ralpha mediates tempo-
ral regulation of IL‐2 signaling and enhances immunotherapy. Sci 
Transl Med. 2015;7:311ra170. https ://doi.org/10.1126/scitr anslm 
ed.aac8155

 11. Waldmann TA. The biology of interleukin‐2 and interleukin‐15: 
implications for cancer therapy and vaccine design. Nat Rev 
Immunol. 2006;6:595‐601. https ://doi.org/10.1038/nri1901

 12. Vignali DA, Kuchroo VK. IL‐12 family cytokines: immunolog-
ical playmakers. Nat Immunol. 2012;13:722‐728. https ://doi.
org/10.1038/ni.2366

 13. Teng M, Bowman EP, McElwee JJ, et al. IL‐12 and IL‐23 cyto-
kines: from discovery to targeted therapies for immune‐mediated 
inflammatory diseases. Nat Med. 2015;21:719‐729. https ://doi.
org/10.1038/nm.3895

 14. Otani T, Nakamura S, Toki M, et al. Identification of IFN‐γ‐
producing cells in IL‐12/IL‐18‐treated mice. Cell Immunol. 
1999;198:111‐119. https ://doi.org/10.1006/cimm.1999.1589

 15. Saito T, Nishikawa H, Wada H, et al. Two FOXP3(+)CD4(+) T cell 
subpopulations distinctly control the prognosis of colorectal can-
cers. Nat Med. 2016;22:679‐684. https ://doi.org/10.1038/nm.4086

 16. Lenzi R, Edwards R, June C, et al. Phase II study of intraperitoneal 
recombinant interleukin‐12 (rhIL‐12) in patients with peritoneal 
carcinomatosis (residual disease < 1 cm) associated with ovarian 
cancer or primary peritoneal carcinoma. J Transl Med. 2007;5:66. 
https ://doi.org/10.1186/1479-5876-5-66

 17. Hurteau JA, Blessing JA, DeCesare SL, Creasman WT. Evaluation 
of recombinant human interleukin‐12 in patients with recur-
rent or refractory ovarian cancer: a gynecologic oncology group 
study. Gynecol Oncol. 2001;82:7‐10. https ://doi.org/10.1006/
gyno.2001.6255

 18. Yeku OO, Purdon TJ, Koneru M, Spriggs D, Brentjens RJ. 
Armored CAR T cells enhance antitumor efficacy and overcome 
the tumor microenvironment. Sci Rep. 2017;7:10541. https ://doi.
org/10.1038/s41598-017-10940-8

 19. Zhang L, Morgan RA, Beane JD, et al. Tumor‐infiltrating lympho-
cytes genetically engineered with an inducible gene encoding in-
terleukin‐12 for the immunotherapy of metastatic melanoma. Clin 
Cancer Res. 2015;21:2278‐2288. https ://doi.org/10.1158/1078-
0432.CCR-14-2085

 20. Holzinger A, Abken H. CAR T cells targeting solid tumors: 
carcinoembryonic antigen (CEA) proves to be a safe target. 
Cancer Immunol Immunother. 2017;66:1505‐1507. https ://doi.
org/10.1007/s00262-017-2045-4

 21. Eisenring M, vom Berg J, Kristiansen G, Saller E, Becher B. 
IL‐12 initiates tumor rejection via lymphoid tissue‐inducer cells 
bearing the natural cytotoxicity receptor NKp46. Nat Immunol. 
2010;11:1030‐1038. https ://doi.org/10.1038/ni.1947

 22. Cavallo F, Giovarelli M, Forni G, et al. Antitumor efficacy of ad-
enocarcinoma cells engineered to produce interleukin 12 (IL‐12) 
or other cytokines compared with exogenous IL‐12. J Natl Cancer 
Inst. 1997;89:1049‐1058.

 23. Lu W, Mehraj V, Vyboh K, Cao W, Li T, Routy J‐P. CD4:CD8 
ratio as a frontier marker for clinical outcome, immune dysfunction 
and viral reservoir size in virologically suppressed HIV‐positive 
patients. J Int AIDS Soc. 2015;18:20052. https ://doi.org/10.7448/
IAS.18.1.20052 

 24. Scarfo I, Maus MV. Current approaches to increase CAR T cell 
potency in solid tumors: targeting the tumor microenviron-
ment. J Immunother Cancer. 2017;5:28. https ://doi.org/10.1186/
s40425-017-0230-9.

 25. Romero D. Immunotherapy: a CAR T‐cell recipe for success. 
Nat Rev Clin Oncol. 2017;14:330. https ://doi.org/10.1038/nrcli 
nonc.2017.64

 26. Quintarelli C, Orlando D, Boffa I, et al. Choice of costimulatory 
domains and of cytokines determines CAR T‐cell activity in neu-
roblastoma. Oncoimmunology. 2018;7:e1433518. https ://doi.
org/10.1080/21624 02X.2018.1433518

 27. Zolov SN, Rietberg SP, Bonifant CL. Programmed cell death 
protein 1 activation preferentially inhibits CD28.CAR‐T cells. 

https://orcid.org/0000-0002-8449-5551
https://orcid.org/0000-0002-8449-5551
https://doi.org/10.1007/s12185-013-1479-5
https://doi.org/10.1007/s12185-013-1479-5
https://doi.org/10.1056/NEJMc1800913
https://doi.org/10.1056/NEJMc1800913
https://doi.org/10.1146/annurev-med-062315-120245
https://doi.org/10.1146/annurev-med-062315-120245
https://doi.org/10.1158/1078-0432.CCR-17-2871
https://doi.org/10.1158/1078-0432.CCR-17-2871
https://doi.org/10.1016/j.tcb.2014.11.006
https://doi.org/10.1016/j.tcb.2014.11.006
https://doi.org/10.4161/onci.25961
https://doi.org/10.4161/onci.25961
https://doi.org/10.1016/j.canlet.2015.10.009
https://doi.org/10.1016/j.canlet.2015.10.009
https://doi.org/10.1016/j.semcancer.2018.08.001
https://doi.org/10.1016/j.semcancer.2018.08.001
https://doi.org/10.1146/annurev.immunol.26.021607.090316
https://doi.org/10.1146/annurev.immunol.26.021607.090316
https://doi.org/10.1126/scitranslmed.aac8155
https://doi.org/10.1126/scitranslmed.aac8155
https://doi.org/10.1038/nri1901
https://doi.org/10.1038/ni.2366
https://doi.org/10.1038/ni.2366
https://doi.org/10.1038/nm.3895
https://doi.org/10.1038/nm.3895
https://doi.org/10.1006/cimm.1999.1589
https://doi.org/10.1038/nm.4086
https://doi.org/10.1186/1479-5876-5-66
https://doi.org/10.1006/gyno.2001.6255
https://doi.org/10.1006/gyno.2001.6255
https://doi.org/10.1038/s41598-017-10940-8
https://doi.org/10.1038/s41598-017-10940-8
https://doi.org/10.1158/1078-0432.CCR-14-2085
https://doi.org/10.1158/1078-0432.CCR-14-2085
https://doi.org/10.1007/s00262-017-2045-4
https://doi.org/10.1007/s00262-017-2045-4
https://doi.org/10.1038/ni.1947
https://doi.org/10.7448/IAS.18.1.20052
https://doi.org/10.7448/IAS.18.1.20052
https://doi.org/10.1186/s40425-017-0230-9
https://doi.org/10.1186/s40425-017-0230-9
https://doi.org/10.1038/nrclinonc.2017.64
https://doi.org/10.1038/nrclinonc.2017.64
https://doi.org/10.1080/2162402X.2018.1433518
https://doi.org/10.1080/2162402X.2018.1433518


   | 4765CHI et al.

Cytotherapy. 2018;20:1259‐1266. https ://doi.org/10.1016/j.
jcyt.2018.07.005

 28. Osada T, Berglund P, Morse MA, et al. Co‐delivery of antigen and 
IL‐12 by Venezuelan equine encephalitis virus replicon particles 
enhances antigen‐specific immune responses and antitumor ef-
fects. Cancer Immunol Immunother. 2012;61:1941‐1951. https ://
doi.org/10.1007/s00262-012-1248-y

 29. Atkins MB, Robertson MJ, Gordon M, et al. Phase I evaluation 
of intravenous recombinant human interleukin 12 in patients with 
advanced malignancies. Clin Cancer Res. 1997;3:409‐417.

 30. Kitadani J, Ojima T, Iwamoto H, et al. Cancer vaccine therapy 
using carcinoembryonic antigen—expressing dendritic cells gen-
erated from induced pluripotent stem cells. Sci Rep. 2018;8:4569. 
https ://doi.org/10.1038/s41598-018-23120-z

 31. Schluns KS, Kieper WC, Jameson SC, Lefrancois L. Interleukin‐7 
mediates the homeostasis of naive and memory CD8 T cells in vivo. 
Nat Immunol. 2000;1:426‐432. https ://doi.org/10.1038/80868 

 32. Seddon B, Tomlinson P, Zamoyska R. Interleukin 7 and T cell 
receptor signals regulate homeostasis of CD4 memory cells. Nat 
Immunol. 2003;4:680‐686. https ://doi.org/10.1038/ni946 

 33. Sportès C, Hakim FT, Memon SA, et al. Administration of rhIL‐7 
in humans increases in vivo TCR repertoire diversity by preferential 
expansion of naive T cell subsets. J Exp Med. 2008;205:1701‐1714. 
https ://doi.org/10.1084/jem.20071681

 34. Beq S, Nugeyre M‐T, Fang R, et al. IL‐7 induces immunological 
improvement in SIV‐infected rhesus macaques under antiviral ther-
apy. J Immunol. 2006;176:914‐922.

 35. Kalos M, Levine BL, Porter DL, et al. cells with chimeric antigen 
receptors have potent antitumor effects and can establish memory in 

patients with advanced leukemia. Sci Transl Med. 2011;3:95ra73. 
https ://doi.org/10.1126/scitr anslm ed.3002842

 36. Evert J‐V, Maas RJ, van der Meer J, et al. Peritoneal NK cells 
are responsive to IL‐15 and percentages are correlated with 
outcome in advanced ovarian cancer patients. Oncotarget. 
2018;9:34810‐34820. https ://doi.org/10.18632/ oncot arget.26199 

 37. Surh CD, Sprent J. Homeostasis of naive and memory T 
cells. Immunity. 2008;29:848‐862. https ://doi.org/10.1016/j.
immuni.2008.11.002

 38. Andorsky DJ, Timmerman JM. Interleukin‐21: biology and appli-
cation to cancer therapy. Expert Opin Biol Ther. 2008;8:1295‐1307. 
https ://doi.org/10.1517/14712 598.8.9.1295.

SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section at the end of the article.  

How to cite this article: Chi X, Yang P, Zhang E, et al. 
Significantly increased anti‐tumor activity of 
carcinoembryonic antigen‐specific chimeric antigen 
receptor T cells in combination with recombinant 
human IL‐12. Cancer Med. 2019;8:4753–4765. https ://
doi.org/10.1002/cam4.2361

https://doi.org/10.1016/j.jcyt.2018.07.005
https://doi.org/10.1016/j.jcyt.2018.07.005
https://doi.org/10.1007/s00262-012-1248-y
https://doi.org/10.1007/s00262-012-1248-y
https://doi.org/10.1038/s41598-018-23120-z
https://doi.org/10.1038/80868
https://doi.org/10.1038/ni946
https://doi.org/10.1084/jem.20071681
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.18632/oncotarget.26199
https://doi.org/10.1016/j.immuni.2008.11.002
https://doi.org/10.1016/j.immuni.2008.11.002
https://doi.org/10.1517/14712598.8.9.1295
https://doi.org/10.1002/cam4.2361
https://doi.org/10.1002/cam4.2361

