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Abstract: Colorectal cancer is one of the most common malignancies worldwide, as it is often diagnosed at an ad-
vanced stage. Chimeric antigen receptor (CAR) T cell therapy has demonstrated remarkable success and emerged 
as one of the most promising therapeutic strategies in multiple malignancies. The purpose of this study was to 
investigate the anti-tumor activity of NKG2D CAR-T cells against human colorectal cancer cells. A non-viral third-
generation NKG2D CAR was constructed, and subsequently transduced into T cells to obtain the NKG2D CAR-T cells. 
In vitro, NKG2D CAR-T cells showed cytotoxicity against human colorectal cancer cells in a dose-dependent manner 
compared with untransduced T cells. In addition, IL-2 and IFN-γ secreted by these cells were significantly higher than 
those by untransduced T cells. In vivo, NKG2D CAR-T cells significantly suppressed tumor growth, reduced tumor 
sizes and extended overall survival of mice in a xenograft model of HCT-116 cells. Furthermore, human NKG2D-pos-
itive lymphocytes infiltration could be found in the tumor sections of NKG2D CAR-T cells-treated mice. There were 
no severe pathological changes found in vital organs in any of the treatment groups. NKG2D CAR-T cells showed 
excellent killing effect and represented a promising immunotherapeutic strategy against human colorectal cancer.
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Introduction

Colorectal cancer is one of the most common 
malignancies among both men and women 
worldwide, with about 1.4 million new cases 
and almost 700,000 deaths in 2012. In 2015, 
191,000 deaths (111,100 male and 80,000 
female) were ascribed to this disease and 
376,300 new cases (215,700 male and 
160,600 female) were diagnosed in China [1]. 
By 2030, the global burden of colorectal cancer 
is expected to increase by 60% to more than 
2.2 million new cases and 1.1 million deaths 
[2]. However, the majority of patients are diag-
nosed with an advanced stage of the disease 
due to insidious onset and lack of early onset 
specific symptoms. In the United States, local-
ized stage of colorectal cancer is diagnosed in 
39% of patients, for which the 5-year survival 
rate is 90%. The survival rate declines to 71% 
and 14% for patients diagnosed with regional 
and distant-stage disease, respectively [3]. 
Therefore, powerful therapeutic strategies for 

the treatment of colorectal cancer are urgently 
needed.

Chimeric antigen receptor (CAR) T cell therapy, 
as a novel adoptive cellular immunotherapy, 
has recently provided promising treatment 
modality for various malignancies. Generally, 
CARs are synthetic receptors that combine an 
extracellular ligand-specific recognition domain, 
typically a single-chain variable fragment, with 
a transmembrane domain and one or several 
intracellular signaling domains. When express- 
ed in T cells using viral-based and non-viral 
approaches, CARs will provide both antigen-
binding and T cell activating functions in a 
major histocompatibility complex (MHC)-inde- 
pendent manner. A number of CARs have been 
reported over the past decade, targeting an 
array of cell surface tumor antigens [4]. Early 
trials using CAR-T cells have showed promis- 
ing results in the treatment of patients with 
advanced hematologic cancers, including re- 
lapsed or refractory acute lymphoblastic leuke-
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mia, chronic lymphocytic leukemia, and non-
Hodgkin lymphoma [5]. Recently, two CD19 
CAR-T cell therapies (KymriahTM & YescartaTM) 
have received FDA approval for the treatment 
of B-cell malignancies [6]. The clinical progress 
obtained in the treatment of hematological 
cancers with CAR-T cell therapies has not been 
recapitulated in the treatment of solid tumors, 
mainly due to the inefficient T cell trafficking, 
immunosuppressive tumor microenvironment, 
suboptimal antigen recognition specificity, and 
lack of safety control [7]. Furthermore, virtually 
all CARs are transduced into the T cells using 
viral vectors, which may contribute to clonal 
expansion, oncogenic transformation, variegat-
ed transgene expression and transcriptional 
silencing [8]. 

Natural killer group 2, member D (NKG2D) is  
an important activating receptor expressed on 
the surface of human natural killer (NK) cells, 
invariant natural killer T (NKT) cells, γδ T cells, 
CD8+ T cells, and some autoreactive or immu-
nosuppressive CD4+ T cells [9]. In humans, 
NKG2D ligands (NKG2DLs) include major his- 
tocompatibility complex (MHC) class I-related 
chain A and B (MICA and MICB, respectively) 
and six unique long 16 binding protein (UL- 
BP1-6). These molecules are present at low or 
undetectable levels on normal cells but rapidly 
appear on the surface of stressed, malignant 
transformed, and infected cells [10]. Upon lig- 
ands binding, NKG2D activates immune cells 
through the adaptor molecule DAP10, thereby 
triggering cellular proliferation, pro-inflammato-
ry cytokines production, and target cell elimi- 
nation. These functions emphasize the impor-
tance of the receptor NKG2D in immunothera- 
py for cancer. Currently, several preclinical stu- 
dies and clinical trials applying NKG2D CAR-T 
cells in cancer immunotherapy have been per-
formed [11-14].

In this study, a non-viral third-generation NK- 
G2D CAR was constructed, and subsequently 
transduced into T cells to obtain the NKG2D 
CAR-T cells. NKG2D CAR-T cells demonstrate a 
specific and efficient cytotoxicity against human 
colorectal cancer cells both in vitro and in vivo.

Materials and methods

Cell lines and reagents

Two human colorectal cancer cells (LS174T and 
HCT-116) were obtained from American Tissue 
Culture Collection (ATCC, USA) and cultured in 
RPMI-1640 supplemented with 10% fetal bo- 

vine serum, 1% streptomycin-penicillin mixture 
in a 95% air and 5% CO2 atmosphere at 37°C.

NKG2D CAR construction

NKG2D CAR consists of the CD8α signal 
sequence, the extracellular portion of human 
NKG2D receptor (amino acids 82-216), the 
hinge region of CD8α, the transmembrane and 
intracellular domain of CD28, the intracellular 
signaling domains of human 4-1BB and CD3ζ. 
The above sequences were all referred to NCBI 
GeneBank based on previous reports and opti-
mized suitable for expression. EcoRI and BamHI 
sites were included at both ends. The sequence 
was synthesized by DetaiBio Co., Ltd (Nanjing, 
China) and confirmed by gene sequencing (Life 
Technologies, China). The entire sequence was 
cloned into the parental minicircle plasmid 
pMC.CMV-MCS-EF1-GFP-SV40polyA (System 
Biosciences, Palo Alto, CA, USA) according to 
the manufacturer’s instructions. This parental 
minicircle plasmid was transformed into ZYCY- 
10P3S2T minicircle production E. coli to gener-
ate minicircle vector. The new minicircle DNA 
vector was named NKG2D CAR minicircle DNA 
vector (Figure 1). 

CAR-T cells preparation

Human peripheral blood mononuclear cells 
(PBMCs) from healthy donors were isolated by 
Ficoll density gradient centrifugation (Tianjin 
Haoyang Biological Manufacture Co., Ltd., 
China). Isolated PBMCs were cultured and 
expanded in RPMI 1640 (Gibco, Life Tech- 
nologies) supplemented with 10% fetal bovine 
serum (Gibco, Life Technologies) in a 95% air 
and 5% CO2 atmosphere at 37°C on day 1. 
Human recombinant interleukin-2 (IL-2; Pepro- 
Tech, Rocky Hill, NJ, USA) was added every 2 
days to a 300 IU/ml final concentration, and a 
cell density of 0.5-2 × 106 cells/ml was main-
tained. Three days after isolation, 5 × 106 
PBMCs were electroporated with 10 µg NKG2D 
CAR minicircle DNA vector or empty minicircle 
DNA vector using the P3 Primary Cell 4D- 
Nucleofector X Kit (Lonza, Switzerland) follow-
ing the manufacturer’s instructions. Subse- 
quently, the cells were activated with Human 
T-Activator CD3/CD28 Dynabeads (Thermo Fi- 
sher Scientific, Waltham, MA) for 2 days. After 
48 h, cells were collected for further transfec-
tion efficiency and cytotoxicity analysis.
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Flow cytometric analysis

Cell phenotypes were analyzed by flow cyto- 
metry. NKG2DLs expressions of two human 
colorectal cancer cells (LS174T and HCT-116) 
were detected with human MICA PE-conjugat- 
ed antibody, human MICB PE-conjugated anti-
body, human ULBP-1 PE-conjugated antibody, 
human ULBP-2/5/6 PE-conjugated antibody, 
and human ULBP-3 PE-conjugated antibody (all 
R&D Systems, Inc., Minneapolis, MN, USA). The 
expression of NKG2D, CD4 and CD8 on CAR-T 
cells was directly detected with human NKG2D/
CD314 APC-conjugated antibody, CD4 PerCP-
Cy5.5-conjugated antibody and CD8  PerCP-
Cy5.5-conjugated antibody (all BD, San Diego, 
CA, USA). 1 × 105 cells were incubated with 
saturating amounts of antibodies in the dark 
for 30 min at room temperature, washed in 
PBS, and then resuspended in a proper volume 
of PBS. Flow cytometry acquisition was per-
formed with a FACSCalibur Flow Cytometer (BD 
Immunocytometry Systems, Franklin Lakes, 
NJ). FlowJoTM 7.6.5 software (TreeStar, San 

Carlos, USA) was used for data analysis and 
calculation of the geometric mean fluorescen- 
ce intensity (MFI). Isotype-matched antibodies 
were used in all analyses.

Western blot analysis

After treatment, the cells were washed twice 
with ice cold PBS, lysed in protein lysis buffer 
for 30 min on ice, and centrifuged at 12,000 
rpm at 4°C for 20 min. Protein concentration 
was quantified using the BCA protein assay Kit 
with BSA as the standard. Protein samples 
were separated with SDS-PAGE, and trans-
ferred to PVDF membranes, which were then 
blocked with 5% (v/v) non-fat milk at 37°C for 2 
h. The membranes were subsequently incubat-
ed overnight at 4°C with anti-CD3ζ antibody 
(1:1000) (Santa Cruz Biotechnology, CA), and 
then with secondary antibody (1:5000) for 1 h 
at room temperature. Imaging was performed 
using the Odyssey Fc System (LICOR, USA). The 
densitometry of the bands was analyzed using 
NIH ImageJ software.

Figure 1. Schema of NKG2D CAR minicircle DAN non-viral vector construction. NKG2D CAR contains a CD8α leader 
signal sequence sequence, an extracellular domain (ECD) of human NKG2D receptor, a hinge region of CD8α, a 
transmembrane domain (TMD) of CD28, and an intracellular domain (ICD) of CD28, 4-1BB and CD3ζ. This gene 
fragment was cloned into the parental cloning vector pMC.CMV-MCS-EF1-GFP-SV40polyA. After transformation into 
ZYCY10P3S2T minicircle production E. coli, the parental cloning vector underwent a recombination event between 
the PhiC321 attB and attP sites, resulting in two products --- the NKG2D CAR minicircle DNA vector and the miniplas-
mid backbone. In the process, L-arabinose was added into the media to induce the I-SceI endonuclease expression, 
resulting in degradation of the miniplasmid backbone.
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Cytotoxicity assays

According to the manufacturer’s instructions, 
the cytotoxicity and specificity of engineered T 
cells was evaluated by lactate dehydrogena- 
se (LDH) release assay kit (Biyotime, China), 
which was a nonradioactive alternative to the 
[51Cr] and [3H]-thymidine release assay. Briefly, 
colorectal cancer cells were plated in 96-well 
plates at a density of 1 × 105 cells per well. 
Following overnight incubation, the medium 
was replaced with serum free medium. Then, 
control T cells, or NKG2D CAR-T cells were co-
incubated with target cells at different effector: 
target cell (E:T) ratios of 5:1, 10:1, 20:1 for 24 
h. Following this, the plates were centrifuged 
for 5 min at 400 × g. 120 μl of supernatant 
from each well was transferred to a new 96-well 
plates and mixed with 60 μl of lactic acid dehy-
drogenase substrate mixture. To determine the 
maximal LDH release, 20 μl LDH release solu-
tion was added to the maximum release control 
1 h prior to harvesting supernatant. After incu-
bation at room temperature for 30 min, the 
absorbance was measured at 490 nm using a 
BioTek’s Microplate spectrophotometer (Gene 
Company Limited, USA). The percentage of 
cytotoxicity was calculated using the following 
formula: Cytotoxicity (%) = (experimental LDH 
release - spontaneous LDH release)/(maximal 
LDH release - spontaneous LDH release) × 
100. All conditions were carried out in tripli-
cate, and the experiments were replicated 
three times.

Cytokine release assays

T cells and target cells were cocultured at a 
10:1 E:T ratio for 24 hours (not supplemented 
with IL-2). Cell supernatants were harvested for 
cytokine measurements of IL-2 and interferon 
(IFN)-γ concentrations using enzyme-linked 
immunosorbent assay (ELISA) kits (eBioscien- 
ce, San Diego, CA, USA), according to the manu-
facturer’s protocols.

Mice and in vivo experiments

Four to six-week-old male NOD/SCID mice were 
purchased from Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China) and hous- 
ed in the specific-pathogen-free (SPF) condi-
tions with clean sawdust bedding. All proce-
dures involving mice were reviewed and appro- 
ved by the Ethics Committee of Hebei Medical 
University. HCT-116-Luc human colorectal can-
cer cells were purchased from China Infrastru- 
cture of Cell Line Resources (Beijing, China) 

and cultured in RPMI-1640, supplemented with 
10% fetal bovine serum, 1% streptomycin-peni-
cillin mixture in a 95% air and 5% CO2 atmo-
sphere at 37°C. To establish the tumor model, 
each mouse was inoculated subcutaneously 
with 1 × 106 HCT-116-Luc cells in 200 μl phos-
phate buffered saline (PBS) on the right flank. 
When the tumor burden reached about 150-
250 mm3 after tumor cell inoculation, the mice 
were randomly divided into three groups (5 in 
each group). On day 0 and 7, tumor-bearing 
mice were treated by the tail vein injection with 
PBS (control group), 1 × 107 untransduced T 
cells (untransduced T cells group), or 1 × 107 
NKG2D CAR-T cells (NKG2D CAR-T cells group), 
respectively. The body weight and tumor vol-
ume of mice was recorded every 5 days. Tumor 
growth was also monitored by luciferase activi-
ty on day 20 using the In Vivo Imaging System 
(Berthold Technologies, German) 10 min after 
subcutaneous injection with 150 mg/kg D-luci- 
ferin (Solarbio, Beijing, China). On day 25, blood 
samples were collected from mice. Samples 
were centrifuged and serum was used for cyto-
kine detection assay as described previously. 
Subsequently, the animals were sacrificed and 
the heart, liver, lungs, spleen, and kidneys were 
harvested for further analysis.

Immunohistochemistry

For immunohistochemical analysis, all samples 
were fixed in 4% paraformaldehyde and embed-
ded in paraffin. Paraffin sections were cut at 4 
mm and deparaffinized with xylene and rehy-
drated in graded ethanol. Internal peroxidase 
was inactivated with 3% hydrogen peroxide in 
100% methanol for 30 min. Antigen retrieval 
was performed by microwave oven heating in 
10 mM citrate buffer for 15 min. 10% normal 
goat serum in PBS was then added to the sec-
tions for 30 min at room temperature to block 
nonspecific antibody binding. The sections 
were then incubated with primary antibodies 
for human NKG2D (diluted 1:300) overnight at 
4°C. After rinses in PBS, the sections were then 
incubated with biotinylated secondary antibody 
and horseradish peroxidase-conjugated strep-
tavidin. Labeling was visualized with diamino-
benzidine (DAB) to produce a brown color, and 
sections were counterstained with hematoxy-
lin. For negative controls, the primary antibody 
was omitted. 

Statistical analysis

Data are expressed as means ± standard devi-
ation (SD). Statistical analysis was performed 
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by one-way ANOVA. Statistical significance was 
defined as P < 0.05.

Results

Expression of NKG2DLs on human colorectal 
cancer cells

The surface expression of ligands for NKG2D 
receptor on two human colorectal cancer cells 
(LS174T and HCT-116) was assayed by flow 
cytometry. As shown in Figure 2, LS174T cells 
expressed high levels of MICA and ULBP-3 but 
low levels of MICB, ULBP1, and ULBP-2/5/6 on 
their surface. HCT-116 cells expressed high lev-
els of MICA, MICB, ULBP-2/5/6 and ULBP-3. No 
detectable levels of surface ULBP-1 was found 
in HCT-116 cells. These data were consistent 
with previous reports [15, 16].

Construction of NKG2D CAR and generation of 
NKG2D CAR-T cells

To generate NKG2D CAR-expressed T cells in 
vitro, we constructed a minicircle DNA vector 
encoding a non-viral third-generation NKG2D 
CAR. The minicircle DNA vector incorporated a 
green fluorescent protein (GFP) sequence 
which was driven by the moderate EF1α pro-
moter to facilitate identification of transfec-
tants via GFP imaging. CD3/CD28-activated T 
cells from healthy donors were electroporated 
with the NKG2D CAR minicircle DNA vector, and 
expanded in the presence of IL-2 for further 
analysis of transfection efficiency. The surface 
expression of NKG2D on T cells was detected 
by flow cytometric analysis using human NK- 
G2D/CD314 APC-conjugated antibody at days 
2 after electroporation. As shown in Figure 3A, 
the proportion of cells expressing NKG2D was 
much higher in NKG2D CAR-T cells than that in 
control T cells. GFP expression detected by flow 
cytometry also confirmed the successful gen-
eration of NKG2D CAR-T cells.

As shown in Figure 3B, fluorescence microsco-
py images showed that GFP expression was 
observed at 24 hours after the minicircle DNA 
vector NKG2D CAR transfection, and sustained 
to at least 72 hours. As shown in Figure 3C, the 
expression level of exogenous CD3ζ was nota-
bly upregulated in NKG2D CAR-T cells than that 
in control T cells. In addition, as shown in Figure 
3D, control T cells and NKG2D CAR-T cells dis-
played a similar expansion rate (5-6 folds) aft- 
er 12 days of culture, despite a significant 
decrease in NKG2D CAR-T cells count on day 2 
to 4 possibly due to the cells injury caused by 
electroporation.

Expression of lymphocytic phenotypes on 
NKG2D CAR-T cells

In healthy donors, peripheral T cells are usually 
either CD4+ or CD8+ with a small percentage of 
CD4+ CD8+ double positive cells (< 5%) [17]. 
CD4+ T cells are crucial for CD8+ T cell respons-
es. In the absence of CD4+ help, primed CD8+ T 
cells never develop the enhanced capacity to 
divide and secrete cytokines characteristic of 
CD8+ memory cells [18]. Alteration in the T-cell 
composition and phenotype is related to the 
production of an effective immune response. 
Therefore, we determined the frequencies and 
phenotypes of CD4+ and CD8+ cells subsets 
among the T cells or NKG2D CAR-T cells by flow 
cytometry. As shown in Figure 4A, in the NKG2D 
CAR-T cells, there were a slightly larger propor-
tion of CD4+ cells compared to T cells after elec-
troporation and expansion. As shown in Figure 
4B, the increased abundance of CD4+ cells was 
accompanied by a decreased percentage of 
CD8+ cells in NKG2D CAR-T cells. 

Anti-tumor capacity of NKG2D CAR-T cells in 
vitro

To determine the cytotoxic activity, NKG2D 
CAR-T cells were co-cultured with LS174T or 
HCT-116 cells at the E:T ratios of 5:1, 10:1, 20:1 
for 24 hours in 96-well-plate triplicately. Target 
cell death and cell lysis were analyzed based on 
the measurement of LDH activity released from 
the cytosol of damaged cells into the superna-
tant. As shown in Figure 5A, compared with 
untransduced T cells, NKG2D CAR-T cells 
showed stronger cytolytic effect on both of 
LS174T and HCT-116 cells at each E:T ratio. The 
cytotoxicity against LS174T and HCT-116 cells 
exceeded 47% and 52% at 20:1 of E:T ratio, 
respectively. Furthermore, to determine the T 
cell activation, NKG2D CAR-T cells were co-cul-
tured with LS174T or HCT-116 cells at the E:T 
ratios of 10:1 for 24 hours in 96-well-plate trip-
licately. Cell-free medium was collected and 
analyzed for IL-2 and IFN-γ production by ELISA. 
As shown in Figure 5B, compared with untrans-
duced T cells, NKG2D CAR-T cells secreted a 
substantial amount of IL-2 and IFN-γ when they 
were co-cultured with LS174T or HCT-116 cells.

Anti-tumor capacity of NKG2D CAR-T cells in 
vivo

To further confirm the anti-tumor effect of 
NKG2D CAR-T cells in vivo, we established 
xenograft models by intravenously inoculating 
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Figure 2. Detection of NKG2DLs expression on two human colorectal cancer cells. LS174T and HCT-116 cells were stained with the specific antibody (human MICA 
PE-conjugated antibody, human MICB PE-conjugated antibody, human ULBP-1 PE-conjugated antibody, human ULBP-2/5/6 PE-conjugated antibody, and human 
ULBP-3 PE-conjugated antibody, filled histogram) or isotype control antibody (mouse IgG2B PE-conjugated antibody and mouse IgG2A PE-conjugated antibody, open 
histogram). MFI ratios of specific staining versus staining of isotype control are detailed in the histograms.
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Figure 3. Characterization of NKG2D-specific CAR-T cells. A. Expression of NKG2D CAR and GFP on T cells or NKG2D 
CAR-T cells detected by flow cytometry. Left, isotype control. Middle, T cells control. Right, NKG2D CAR-T cells. B. 
Fluorescence microscopy images of GFP expression in CAR-T cells were observed by fluorescence microscopy for 
24, 48, or 72 hours (Magnification × 200). C. The expression level of exogenous CD3ζ was analyzed by Western 
blotting. D. In vitro fold expansion of T cells following stimulation of Human T-Activator CD3/CD28 Dynabeads was 
assayed using cell counting assays.

HCT-116-Luc human colorectal cancer cells 
into NOD/SCID mice. A schema of the experi-

mental protocol for this in vivo model was pro-
vided in Figure 6A. As shown in Figure 6B, on 
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day 20, the in vivo bioluminescence imaging 
results showed that tumor growth was signifi-
cantly suppressed in the mice treated with 
NKG2D CAR-T cells, as compared with those 
treated with PBS or untransduced T cells. As 
shown in Figure 6C, the tumor volumes were 
consistent with the corresponding results 
obtained by in vivo bioluminescence imaging. 
Moreover, better survival (Figure 6D) were 
observed in the mice treated with NKG2D 
CAR-T cells, compared with those treated with 
PBS or untransduced T cells. In order to track 
the tumor homing of CAR-T cells, we investigat-
ed NKG2D expression by immunohistochemis-
try in tissue samples from mice. As shown in 
Figure 6E, human NKG2D-positive lymphocytes 
infiltration was found in the tumor sections of 
NKG2D CAR-T cells-treated animals.

Safety of NKG2D CAR-T cells in vivo

We further confirm the safety of NKG2D CAR-T 
cells in xenograft models. Despite a gradual 
loss of body weight (Figure 7A) in the mice 
treated with NKG2D CAR-T cells, there was no 
pronounced fever, loss of appetite, fatigue, 

vomiting, diarrhea, seizures, tremor, or other 
severe cytokine release syndrome observed in 
any of three groups. To further evaluate the 
organ toxicities in vivo, we performed patho-
logical inspections of vital organs to investi- 
gate pathological changes by hematoxylin-
eosin (HE) staining. As shown in Figure 7B, 
except for obvious congestion and inflamma-
tion (especially in the lungs) in the mice treat- 
ed with PBS, no other obvious pathological 
changes were found in the heart, liver, lungs, 
spleen, and kidney sections in any of the treat-
ment groups.

Discussion

Globally, colorectal cancer is one of the com-
mon causes of cancer related death. Despite 
great advances in the diagnosis and treatment 
over the past decade, colorectal cancer contin-
ues to have a high incidence rate and mortality 
rate [1]. Therefore, it is of great significance to 
develop effective targeted drugs for the treat-
ment of colorectal cancer. In recent years, 
numerous studies have highlighted CAR-T cell 
therapy as a promising therapeutic strategy to 
redirect the immune system to selectively 

Figure 4. Phenotype Changes of NKG2D-specific CAR-T cells. A. Expression of CD4 on T cells or NKG2D CAR-T cells 
detected by flow cytometry. B. Expression of CD8 on T cells or NKG2D CAR-T cells detected by flow cytometry. Left, 
isotype control. Middle, T cells control. Right, NKG2D CAR-T cells.
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resulted in superior protec-
tion against carcinoembryon-
ic antigen (CEA+) murine 
colon cancer cells compared 
with systemically infused CAR-
Ts [24]. In 2017, Ang et al. 
reported the effectiveness of 
anti-epithelial cell adhesion 
molecule (EpCAM) CAR-expre- 
ssing T cells for the local treat-
ment of rectal cancer in mice 
[25]. In 2018, Magee et al. 
reported GUCY2C murine 
CAR-T cells recognized and 
killed human colorectal can-
cer cells endogenously ex- 
pressing GUCY2C, providing 
durable survival in a human 
xenograft model in immuno-
deficient mice [26]. In addi-
tion to these preclinical stud-
ies, several clinical trials have 
confirmed the safety and effi-
cacy of this approach in the 
treatment of colorectal can-

Figure 5. In vitro anti-tumor capacity of NKG2D CAR-T cells. A. The cytotoxicity 
of T cells (black line) and NKG2D CAR-T cells (gray line), against LS174T (left) 
or HCT-116 (right) was analyzed by LDH release assay at the indicated E:T 
ratios. B. Levels of IL-2 (left) and IFN-γ (right) secreted by T cells and NKG2D 
CAR-T cells were analyzed by ELISA after co-cultured with LS174T or HCT-116 
cells for 24 hours. Results are expressed as means ± SD of triplicate experi-
ments. Differences between the T cells and NKG2D CAR-T cells at each E:T 
ratio were evaluated using Student’s t-test. *P < 0.05 vs. T cells. **P < 0.01 
vs. T cells.

attack tumor cells. The anti-tumor effect of 
CAR-T therapy has been evaluated in a variety 
of preclinical tumor models and clinical trials 
for the treatment of hematopoietic malignan-
cies and solid tumors, including lymphoma, 
multiple myeloma, osteosarcoma, head/neck 
cancer, breast cancer, glioblastoma, pancreatic 
cancer, neuroblastoma, ovarian cancer and so 
on [19, 20]. Moreover, exciting progresses have 
been made as evidenced by the two CAR-T ther-
apies against the CD19 protein approved for 
clinical use by the U.S. FDA in 2017 [6].

Specially, several published studies have sh- 
own promising results of CAR-T therapy in the 
treatment of colorectal cancer. In 2000, Daly et 
al. reported that human lymphocytes trans-
duced with chimeric GA733 specifically recog-
nized colon carcinoma cells in cytokine release 
assays and lysed EGP40-expressing tumor 
cells [21]. In 2012, Tamada et al. engineered an 
anti-FITC CAR-T cells resulting in delayed growth 
of colon cancer but unexpectedly led to the out-
growth of EGF receptor (EGFR)-negative tumor 
cells [22]. In 2014, Blat et al. reported that 
CEA-specific CAR regulatory T cells (Tregs) sig-
nificantly decreased the lung tumor burden in 
the azoxymethane-dextran sodium sulfate 
model [23]. In 2016, Katz et al. reported that 
pegional intraperitoneal infusion of CAR-T 

cer [27, 28], although not in all studies [29]. 
Therefore, CAR-T therapy may represent a novel 
therapeutic strategy for patients with colorec-
tal cancer. 

Target antigen selection is a critical factor for  
a successful CAR-T therapy since it determines 
the off-target toxicity, specificity, and efficacy. 
In contrast to haematopoietic malignancies, 
many tumor antigens of epithelial cancer ori- 
gin are not only expressed on tumors but also 
on other normal tissues [30]. To some extent, 
solid tumors may not be an ideal target for 
immune cells. Therefore, it would be necessary 
to explore highly specific CARs target antigens. 
To date, several antigens have been studied as 
targets for CAR-T therapies in solid tumors, 
such as CD70, CD171, EGFRvIII, ErbB, GPC3, 
PSCA, ROR1 [31].

NKG2D is an important activating receptor 
encoded by the killer cell lectin-like receptor 
subfamily K member 1 (Klrk1) gene [32]. It is 
mainly present on NK cells in both mice and 
humans, whereas it is constitutively expressed 
on CD8+ T cells in humans but only expressed 
upon T-cell activation in mice [32]. Human 
NKG2D receptor recognizes numerous and hi- 
ghly diversified ligands, including MICA, MICB, 
ULBP1, ULBP-2, ULBP-3, ULBP-4, ULBP-5, and 
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ULBP6 [10]. Generally, NKG2DLs are absent on 
normal cells, but can be induced by a variety of 
stresses. Upon binding to NKG2DLs, NKG2D 
can modulate cell activity and survival. On 
tumor cell, NKG2DLs can participate in immune 

cell-mediated destruction by engaging NKG2D 
to activate NK cells and costimulate effector T 
cells [33]. In this study, we analyzed the surface 
expression of NKG2DLs on two human colorec-
tal cancer cells, LS174T and HCT-116 cells. 

Figure 6. Anti-tumor capacities of NKG2D CAR-T cells in vivo. A. Schematic of the experimental protocol. NOD/SCID 
mice were inoculated subcutaneously with 1 × 106 HCT-116-Luc cells on day-12, and subsequently treated by the 
tail vein injection with 1 × 107 NKG2D CAR-T cells (NKG2D CAR-T cells group) on day 0 and 7. B. In vivo biolumines-
cence imaging was used to measure tumor growth of mice on day 20. C. Tumor volumes were measured by calipers 
every 5 days. Data are expressed as means ± SD. D. Overall survival of mice was presented in Kaplan-Meier curves. 
E. Tumor sections were stained with anti-human NKG2D specific antibody for detection of T cells (Magnification × 
400).

Figure 7. Safety of NKG2D CAR-T cells in vivo. A. Body 
weight was measured using an electronic scale every 5 
days. Data are expressed as means ± SD. B. HE stain-
ing analysis was performed to examine the pathological 
changes of the heart, liver, lungs, spleen, and kidneys of 
the mice. (Magnification × 200).
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Consistent with other reports [15, 16], LS174T 
cells expressed high levels of MICA and ULBP-
3, and HCT-116 cells expressed high levels of 
MICA, MICB, ULBP-2/5/6 and ULBP-3. These 
results suggest that LS174T and HCT-116 cells 
are potential targets for immunotherapeutic 
approaches. 

Thus, we designed and constructed a non-viral 
vector encoding NKG2D CAR by using minicir- 
cle DNA. Generally, most researchers employed 
lentiviral or retroviral vector systems for trans-
duction of T cells with CAR. These viral vector 
systems can efficiently and lastingly transfect T 
cells. The transfection process itself is usually 
a simple addition of the vector reagent to the 
culture vessel [34]. Nevertheless, host immune 
response and insertional mutagenesis remain 
the major obstacles in their safe and broad 
application. To bypass these obstacles, Sleep- 
ing Beauty transposon system, recombinant 
eukaryotic expression vector and, in vitro tran-
scription (IVT) mRNA vector were also used as 
vector systems for transduction of T cells with 
CAR [20]. In this study, we constructed a mi- 
nicircle DNA vector encoding a non-viral third-
generation NKG2D CAR. Non-viral vectors pres-
ent certain advantages over viral vector, such 
as simple large scale production and low host 
immunogenicity. We found that NKG2D CAR 
could be properly folded and specifically bind  
to the T cell membrane, which was determin- 
ed by flow cytometry, fluorescence microscopy, 
and western blotting. Frankly, we found some 
limitations in our study. One problem is that the 
NKG2D and GFP expression were apparently 
time-dependent, and persistence was relative-
ly short. Another problem is that transfection 
efficiency of the minicircle DNA vector was par-
ticular low by using Lipofectamine reagent. 
Electroporation seems to be optimal for higher 
transfection efficiency but reduced viability. 
Despite these issues, in vitro and in vivo anti-
tumor capacity of NKG2D CAR-T cells seems 
not to be influenced.

In our study, NKG2D CAR contains the CD8α 
signal sequence, the extracellular domain of 
human NKG2D receptor, the hinge region of 
CD8α, the transmembrane and intracellular 
domain of CD28, the intracellular signaling 
domains of human 4-1BB and CD3ζ. Classical 
CARs are classified into three or even more 
generations, differing on the intracellular sig-
naling domain number of T cell receptors [35]. 

Compared with the first generation of CARs, the 
second and third generation of CARs incorpo-
rated activation domain and costimulatory do- 
main for the expansion, prolonged antitumor 
activity, and cytokine secretion (such as IL-2, 
TNFα, and IFN-γ) of T cells [36]. On this basis, 
CAR-modified T cells therapy has emerged as  
a promising strategy for cancer immunothera-
py. Indeed, consistent with previous studies, 
our findings suggested that NKG2D CAR-T ce- 
lls had stronger cytolytic effect and secreted 
increased levels of IL-2 and IFN-γ against 
LS174T and HCT-116 cells in vitro. 

To further confirm the anti-tumor effect of 
NKG2D CAR-T cells in vivo, we established 
xenograft models by intravenously inoculating 
human colorectal cancer cells into NOD/SCID 
mice. Considering that HCT-116 cells are more 
sensitive than LS174T cells to NKG2D CAR-T 
cells, we established HCT-116 xenograft mod-
els into NOD/SCID mice. As expected, the 
results obtained by in vivo demonstrated that 
NKG2D CAR-T cells significantly reduced tumor 
growth and extended overall survival of mice. 
Surprisingly, a mouse of NKG2D CAR-T cells 
group displayed an extraordinary effect of 
tumor suppression. The underlying mechanism 
remains to be further explored. Moreover, the 
mice treated with NKG2D CAR-T cells showed a 
gradual loss of body weight. We presumed that 
the suppressed tumor growth might be the 
main cause of this symptom. Nevertheless, 
there was no dramatical fever, loss of appetite, 
fatigue, vomiting, diarrhea, seizures, tremor, or 
other severe cytokine release syndrome ob- 
served in any of three groups. Additionally, 
NKG2D CAR-T cells have not shown toxicity 
against healthy tissues in animal models. 

Taken together, the present study described 
the first report of antitumor activity of NKG2D 
CAR-T cells against human colorectal cancer 
cells in vitro and in vivo by using a non-virus 
vector. Our study demonstrated that the NK- 
G2D CAR-T cells exhibited specific cytotoxicity 
against LS174T and HCT-116 cells in an NKG2D 
specific manner in vitro, particularly for HCT-
116 cells. In vivo treatment of NKG2D CAR-T 
cells significantly reduced tumor growth and 
extended overall survival of HCT-116 xenograft 
models. In conclusion, NKG2D CAR-T cells sh- 
owed excellent killing effect and represents a 
promising immunotherapeutic strategy against 
human colorectal cancer.
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