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Abstract 

The last decade has witnessed significant advances in the adoptive cell transfer (ACT) technique, 
which has been appreciated as one of the most promising treatments for patients with cancer. 
Utilization of ACT can enhance the function of the immune system or improve the specificity and 
persistence of transferred cells. Various immune cells including T lymphocytes, natural killer cells, 
dendritic cells, and even stem cells can be used in the ACT despite their different functional 
mechanisms. Colorectal cancer (CRC) is among the most common malignancies and causes millions 
of deaths worldwide every year. In this review, we discuss the status and perspective of the ACT in 
the treatment of CRC. 
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Introduction 
Colorectal cancer (CRC) is one of the most 

prevalent cancers worldwide and is the second most 
commonly diagnosed cancer in women and the third 
in men [1]. Also, CRC accounts for approximately 10% 
of cancer morbidity and is the fourth leading cause of 
cancer-related mortality. About 1.2 million people are 
diagnosed with CRC each year worldwide. Although 
multi-disciplinary efforts have led to significant 
progress and improvement in treating patients with 
CRC, half of the patients die from the disease 
eventually [2]. Surgery is currently the sole approach 
with the possibility to cure CRC and is generally the 
upfront option for patients with localized CRC 
significantly improving the overall survival (OS) [3]. 
Generally, chemotherapy and/or radiotherapy are 
prescribed following surgery to prevent local 
recurrence and distant organ metastases; however, 
liver metastases often occur among more than half of 
CRC patients, decreasing the survival rate [4, 5]. Thus, 

it is imperative to develop novel therapies for patients 
with CRC. 

Onco-immunology and Adoptive Cell 
Transfer (ACT) for Cancer 

 The immune system can protect the host from 
tumorigenesis through immune surveillance mechan-
isms [6, 7]. The occurrence and development of cancer 
result from, at least partially, the deficiency of the 
immune system. The immune response is a highly 
coordinated process in healthy individuals for 
eliminating exogenous pathogen and mutated cells, 
but an excessive activity of this process may cause 
autoimmune damage. The schemes that the immune 
system uses to control the extent of immune reactivity 
such as upregulated expression of checkpoint 
proteins, activation of cell death programs, and 
accumulation of various immunosuppressive cells can 
also be exploited by cancer cells to escape the immune 
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attack. Also, malignant cells may employ additional 
immune tolerance mechanisms including down-
regulation of MHC I molecules and specific antigens, 
reduced secretion of some immune suppressive 
molecules [8], depletion of the materials necessary for 
immune cells [9], and acquiring an acidic and hypoxic 
condition hostile to antitumor cells [10, 11]. The tumor 
entity contains a variety of stromal cells that can 
develop assorted mechanisms to prevent penetration 
of effector cells and to cause anergy or apoptosis [12]. 
It is known that the immune cells become deficient 
not only within tumor microenvironment but also 
during tumor initiation.  

More than two decades ago, it was demonstrated 
that the expression of CD3ζ, a T cell receptor (TCR) 
intracellular domain, was downregulated in tumor- 
infiltrating lymphocytes (TILs) in a variety of cancers 
and caused a functional deficiency of immune effector 
cells [13-15]. It was also observed that the circulating 
lymphocytes of patients with malignant tumors had a 
downregulated expression of CD3ζ and an 
upregulated expression of the apoptosis-inducing 
molecule caspase3, which further inhibited the 
antitumor potential of the systemic immunity [16-18]. 
Although the existence of cytolytic effector cells 
within the tumor can elicit a naturally occurring 
antitumor response, the functional deficiency of the 
immune system suggests the necessity of therapeutic 
intervention to improve the immune function. The 
major objective of cancer immunotherapy is to reverse 
the immunosuppression and/or immune deficiency 
and to enhance the activity of immune effector cells.  

A variety of strategies have been exploited to 
improve the immune function of cancer patients 
which include monoclonal antibodies, immune- 
activating cytokines, cancer vaccines, checkpoint 
inhibitors, and ACT. Soluble IL-2 was the first agent 
used to reverse the anergy of T cells [19, 20], but it had 
a moderate therapeutic activity and severe adverse 
effects. The first study of the ACT for cancer was 
reported in 1955 by Mitchison et al [21]. The 
therapeutic potential of the ACT, which is based on 
tumor-specific lymphocytes, was first tested by Fefer 
and Rosenberg about 40 years ago [22, 23] showing 
only limited efficacy. In 1998, Matsumoto showed that 
ACT could upregulate CD3ζ expression in peripheral 
blood lymphocytes and improve the immune function 
of cancer patients [24]. In recent years, due to the 
advancement of cellular and molecular biology 
techniques, such as T cell extraction, expansion and 
activation ex vivo, and genetic engineering techniques, 
ACT is becoming a viable therapeutic option for 
cancer patients who are refractory to conventional 
therapy. Indeed, ACT can lead to tumor regression 
and even eradication in some patients with advanced 

cancers. The ACT requires immune cells prepared 
from patients or donors or differentiated from stem 
cells. These immune cells are then activated and 
expanded in vitro, subjected to gene modification, and 
then infused into the patients through a peripheral 
vein or regional artery.  

The ACT can also include dendritic cells (DCs) 
and/or immune effector cells, or combination of both. 
DCs are often used as vaccine carriers or antigen 
presenting cells (APCs) to prime naive T cells in vitro 
or in vivo. Cytotoxic T lymphocytes (CTL) and natural 
killer cells (NK) are the major effector cells in 
naturally occurring anti-tumor response and were 
exploited very early as tool cells for the ACT. An 
impressive success of ACT has been achieved in 
several types of cancers during the last two decades, 
and the most prominent progress was made in B 
lymphocyte leukemia and lymphoma [25, 26]. 
Rosenberg and his colleagues at the National Institute 
of Health (NIH) employed ACT in a hallmark study in 
solid tumors in 1988 [27] where 20 patients with 
advanced melanoma were treated with TILs and 
demonstrated therapeutic benefits. Since then, 
promising results were obtained in a variety of solid 
tumors including metastatic melanoma [28-31], renal 
cell carcinoma (RCC) [32, 33] , nasopharyngeal cancer 
[34], gastric cancer [35], hepatocellular carcinoma [36], 
and lung cancer [37]. ACT with TILs is yet the most 
effective immunotherapy strategy for patients with 
metastatic melanoma. Compared to other passive 
cancer immunotherapy strategies, ACT has several 
advantages: (1) tumor-specific lymphocytes can be 
selected, stimulated, and expanded to large numbers 
in vitro; (2) the infused cells can be genetically 
engineered with artificial genes to target desired 
tumor-associated antigens (TAA) selectively; (3) the 
host can be conditioned through lymphodepletion 
prior to ACT to yield a favorable condition for infused 
cell persistence. The ACT is now becoming one of the 
most promising strategies in cancer immunotherapy, 
and numerous clinical trials are in progress around 
the world which are listed in Table 1. In 2017, FDA 
approved two CD19-CAR (chimeric antigen receptor) 
T cells for acute refractory leukemia in children and B 
cell lymphoma in adults, indicating that ACT is now a 
treatment option in clinic.  

Cell sources and modality of the ACT for 
treatment of CRC  

 Application of ACT for cancer treatment 
originated from the observation of TILs, which were 
the initiating cells used for the ACT. TILs can be 
extracted from freshly resected or biopsy tumor 
specimens, and the lymphocytes within the 
tumor-draining lymph nodes (lymph node 
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lymphocytes, LNLs) have characteristics similar to 
TILs. However, it is often not easy to obtain fresh 
tumor specimens and lymph nodes from patients with 
advanced cancers. The peripheral blood mononuclear 
cells (PBMCs) are now used as the major alternative 
cell source for the ACT because of their easy 
extraction from the whole blood from patients or 
donors and expansion in vitro. More recently, stem 
cells have been used as a possible source for the ACT. 
Due to the urgent need for an industrial production of 
cells for the ACT, several strategies have been 
established for inducing differentiation of various 
immune cells from stem cells. Several cell types of 
ACT are listed in Table 2. 

ACT with TILs and LNLs 
 TILs are the lymphocytes that accumulate at the 

tumor margins or infiltrate within the tumor. Use of 
TILs was first recommended by Klein and Vanky 
approximately four decades ago [38, 39]. TILs 
represent the host’s naturally occurring antitumor 
response and can recognize and destroy cancer cells 
expressing TAAs, which are frequently mutated 
molecules and considered as foreign. TILs are not a 
homologous population of lymphocytes, whose 
function was first described in detail by Klein et al 

[40]. TILs can be isolated from single cell 
homogenates of fresh tumor specimens or cultured 
from tumor fragments. Several approaches for the 
preparation of TILs from fresh specimens have been 
developed which can expand TILs by thousands of 
folds in vitro for reinfusing back to the host (Figure 1). 
ACT using autologous TILs has achieved success in 
various malignancies, especially in metastatic 
melanoma. TILs can be produced massively from a 
variety of tumors including colon adenocarcinoma 
[41]. It was demonstrated that TILs had a protective 
role in rectal cancer and were positively correlated 
with patients’ five-year survival rate [42]. More 
recently, Fridman et al performed a series of seminal 
basic studies on the role of TILs in CRC and 
demonstrated that TILs within CRC were beneficial to 
the patient’s survival, suggesting that TILs can be 
used as a prognostic index [43-46]. Rosenberg et al 
conducted the first clinical trial of ACT using TILs at 
NIH in 1988 [27]. In this trial, 20 patients with 
advanced melanoma and renal cancer were treated 
with TILs followed by a high dose of IL-2 injection, 
and an objective response was observed in five 
patients. 

 

Table 1. Clinical trials of the ACT in CRC 

Condition Sponsor Status clinicaltrials.gov Identifier Biological 
Metastatic colorectal 
cancer 

Gangham severance hospital, Seoul, The 
Republic of Korea 

Enrolling by invitation NCT03220984 Immuncell-LC intravenous 
infusion using a CIK cell agent 

Colorectal cancer National center for tumor disease NCT 
Heidelberg, BW, Germany 

recruiting NCT02577588 Re-activated T cells 

Colorectal cancer  Jingzhou central hospital immunotherapy 
center, China 

unknown NCT02202928 DC-CIK 

Colorectal cancer Guangxi Medical University Nanning, 
Guangxi, China 

recruiting NCT01839539 DC-CIK 

Colorectal cancer Biotherapeutic Department of Chinese 
PLA General Hospital, China 

unknown NCT01801852 NKT cells 

Colorectal cancer Envita Medical Centers Scottsdale, 
Arizona, United States 

suspended NCT00909558 Autologous Natural Killer/Natural 
Killer T Cell Immunotherapy 

 

Table 2. Cell resource, types, management, and other characteristics of the ACT for CRC  

Cell modality Cell resource Phenotype of the 
cell pool 

Handling method of cell Cell working mechanism  Shortage of the 
cell 

Perspective of the 
method 

TILs Fresh resected 
specimen 

Mixed lymphocytes Anti-CD3, anti-CD28, IL-2 Including tumor-specific 
lymphocytes 

Few and difficult 
to extract 

Identification of 
tumor-specific 
TCR 

LNLs Regional lymph 
node 

Mixed lymphocytes Anti-CD3, anti-CD28, IL-2 Including tumor-specific 
lymphocytes 

Operation 
technique needed 

Similar as above 

CIKs PBMCs CD3+CD56+ IFN γ, anti-CD3, IL-2 APC independent natural killer No tumor-specific Gene engineered 
NK PBMCs CD16+CD56+ IL-2, IL-15 APC independent natural killer No tumor-specific Gene engineered 
Vγ9Vδ1+  PBMCs CD3+γδ TCR Zoledronate, IL-2/ 2-methyl- 

3-butenyl-1-pyrophosphate 
(2M3B1PP) 

Innate and adaptive function No tumor-specific Exploring  

αβ T cells PBMCs CD3+αβ TCR CD3, CD28, IL-2 Generally used to edit with 
TCR or CAR 

No tumor-specific Gene engineered 

Differentiated 
lymphocytes 

Stem cells Variable 
phenotypes or gene 
engineered  

Variable protocols According to the final cells At the initiation of 
development 

Universal ACT 
cells resource 
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Figure 1. ACT using TILs. The specimens for preparing TILs can be obtained via surgery or puncture. These specimens can be homogenized or fragmented and then 
cultured. There are various protocols for the expansion of TILs in the presence of different cytokines or APC. 

 
 Although early trials of the ACT with TILs 

demonstrated efficacy for CRC patients, the results 
were also paradoxical. Gardini conducted a clinical 
trial in the 1990s in which 14 CRC patients with liver 
metastases were treated with TILs for the therapeutic 
effects of the ACT. TILs were extracted from the liver 
metastases of the radical resection specimens, 
stimulated, and expanded with IL-2. The TILs were 
then reinfused back to the patients. There was no 
significant difference in disease-free survival (DFS) 
between the TILs group and traditional chemotherapy 
[47]. In a later clinical study with patients with 
malignancies other than CRC, the investigators did 
not observe any encouraging objective response 
within heterogenous patients. Nevertheless, a 
moderate improvement in median survival was 
observed amongst patients receiving an intermediate 
or high dose of TILs compared with a low dose, 
suggesting that the high dose of TILs may be an 
effective approach [48]. The results suggested the 
need for improvement in procedures for TILs 
acquisition and expansion. TILs not only can be 
expanded directly from tumor specimens for the ACT 
in CRC but also be used to isolate TAA-specific CD8+ 
T cell clones or even identify tumor-specific TCRs.  

In 2016, Rosenberg’s team at NIH identified 
polyclonal CD8+ T cells against mutant KRAS G12D in 
TILs from metastatic lung lesions of a CRC patient. 
They expanded the KRAS G12D-specific CD8+ T cell 
clones and reinfused the TILs back to the patient and 
observed that 6 in 7 lung metastases were eradicated. 
Further, they resected the progressing lesion and 
found that it still expressed the mutated KRAS G12D 
but lost the gene encoding HLA-C*08:02 alleles. 
Subsequently, Tran et al. sequenced and synthesized 
the mutated KRAS G12D targeting TCRs, treated the 
in vitro expanded T cells with the TCRs and 

cocultured with pancreatic cells expressing the 
mutated KRAS G12D and observed a significant 
killing effect in the in vitro culture system [49]. 
Although there are different explanations for the 
results of this study [50], it demonstrated the existence 
of naturally occurring tumor-specific CTLs within 
TILs and showed the way to explore tumor-specific 
TCRs from millions of tumor-associated mutant 
epitopes [51]. More recently, various 
neoantigen-targeting CD8+ T cell clones and TCRs 
have been identified in patients with different types of 
cancers. However, several factors may hamper the 
successful application of TILs in CRC patients. It is 
difficult to harvest sufficient number of TILs from 
CRC specimens as relatively few effector cells 
infiltrate the CRC tumors [52, 53]. So far, sufficient 
TILs could only be obtained from patients with 
resectable melanoma and renal cancer. Several groups 
have exploited strategies to efficiently expand TILs in 
vitro along with improvements of TILs isolation and 
proliferation.  

Another problem is of the presence of flora 
within the intestine which often contaminate the CRC 
specimens making it difficult to grow TILs from CRC 
tumors. To bypass this limitation, the tumor-draining 
lymph nodes were used to acquire the tumor-specific 
T cells. Lymph nodes are the major site for antigen 
presenting cells (APC) to process TAAs and present 
the determinant epitopes to TCR through MHC class 
II or I molecules. Tumor-draining lymph nodes 
receive lymph drainage from the tumor lesion and 
therefore LNLs contact the whole repertoires of TAAs 
and are primed naturally. It is hypothesized that 
tumor draining LNLs may have more tumor 
specificity than lymphocytes within general lymph 
nodes. Upon stimulation, LNLs displayed stronger 
proliferative potential than lymphocytes from 



 Theranostics 2018, Vol. 8, Issue 20 
 

 
http://www.thno.org 

5788 

uninvolved lymph nodes and may represent a reliable 
aseptic source of tumor-specific lymphocytes for ACT 
[54]. In the late 1990s, Satoh and Triozzi reported their 
individual studies on patients with metastatic CRC. 
They treated the patients with LNLs, which were 
expanded in vitro and observed positive response and 
significantly prolonged survival [55, 56], suggesting 
that ACT with LNLs can be safely used to treat 
malignant CRC. In a recent study, 16 middle and 
advanced stage CRC patients (seven with stage II-III 
and nine with stage IV CRCs) were treated with 
LNLs. The results showed that all patients with stage 
IV disease had an objective response and the survival 
of ACT group was significantly prolonged from 0.8 
years to 2.6 years [57], further demonstrating the 
efficiency and feasibility of clinical application of 
LNLs in patients with CRC.  

Based on these promising results, Jin et al. 
conducted a large phase I/II clinical study in 71 CRC 
patients (46 stage I-III patients underwent radical 
surgery and 25 stage IV patients underwent palliative 
surgery). The trial demonstrated that LNLs contained 
more activating CD3+CD69+ and CD4+CD69+ T 
lymphocytes than TILs. The major subtypes of 
expanded cells from LNLs were tumor-specific 
effector and central memory T cells. The OS of the 
patients in the LNL group improved significantly as 
compared to the control group (28 vs 14 months), and 
no side effects were observed [58]. Because the LNLs 
show similar or even better effects of ACT in CRC 
without the problem of contamination, they could be 
the major source of TIL-like cells for CRC adoptive 
therapy. Further investigations are warranted to 
address some hurdles for the use of TILs and LNLs as 
the ACT for CRC as these cell types occur naturally 
and have no immunogenicity and little adverse 
effects. More importantly, there exist tumor-specific 
TCRs against thousands of unknown TAAs. Liver 
metastasis is the most frequent complication in 
patients with advanced CRC ultimately leading to 
death. However, it is feasible to eliminate liver 
metastasis using the improved technique developed 
recently. Liver metastases may be an ideal source of 
TILs that can be harvested aseptically without 
contamination with the intestinal flora and used for 
the ACT to treat patients with CRC.  

ACT with PBMCs 
 Acquisitions of TILs and LNLs require exquisite 

surgery techniques which are not feasible in patients 
with visceral cancers at a late stage. Most solid tumors 
are not as immunogenic as melanoma with too few 
TILs for harvesting and expansion to meet the 
requirements for the ACT. Also, the time required for 
ex vivo expansion of TILs is about 1 ~ 2 months which 

is too long for patients with the terminal disease. 
Therefore, it is necessary to explore an alternative 
source of TILs. PBMCs have been exploited as a 
source of ACT cells for three decades because of their 
large quantity and the simple isolation procedure. 
PBMCs can also be harvested from donors other than 
patients which is beneficial for the patients receiving 
standardized chemo/ radiotherapy. PBMCs can be 
stimulated in vitro with high doses of IL-2 to yield 
lymphokine-activated killer (LAK) cells. PBMCs are a 
heterogeneous cell population comprising 
lymphocytes (T cells, B cells, and NK cells), 
monocytes and dendritic cells, with lymphocytes 
typically in the range of 70-90%. PBMCs can not only 
be used as an integral heterogeneous cell pool but can 
also be purified as single phenotype cells. They can be 
used in their natural status after activation, expanded 
by different procedures, or genetically engineered 
with various artificial or selected genes to enhance 
their persistence and specificity (Figure 2).  

Cytokine-induced killer (CIK) cells 
The first antitumor effector cells generated from 

PBMCs are LAK cells, which can be isolated and 
activated in vitro by a high dose of IL-2. LAK cells are 
a heterogeneous cell pool consisting of NK cells and 
various T cells. This strategy had been a major method 
of cell transfer in cancer immunotherapy for almost 
two decades but was abandoned later because of its 
limited efficiency and severe adverse effects. CIK cells 
are the successor of LAK cells and can be obtained 
from PBMCs by sequentially adding variable 
cytokines instead of only IL-2 (Table 2). PBMCs 
acquire CD56 phenotype as well as nonspecific NK 
cell-like antitumor cytotoxicity in vitro. CIK cells were 
first characterized by Schmidt-Wolf in 1991 [59]. 
Compared to LAK cells, CIK cells can be produced 
more easily and display greater proliferation potential 
and stronger cytotoxicity against cancer cells [59-63]. 
The procedure for obtaining CIK cells in vitro has been 
well established [64-67].  

 The cytotoxic activity of CIK cells is mainly 
afforded by CD3+ CD56+ cells [68], which work in an 
MHC I molecule independent fashion, and is relevant 
for cancers that downregulate expression of MHC 
class I to escape immune reactivity. The cytotoxicity of 
CIK cells results from the release of granzyme B and 
perforin. However, the molecules involved in tumor 
recognition are not yet identified, although NKG2D 
signaling was considered as a candidate [69]. CIK cells 
do not display cytotoxicity against normal tissues 
particularly graft-versus-host disease. Several clinical 
protocols have been developed and demonstrated the 
feasibility of these passive transfer approaches with 
moderate toxicity [70]. 
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Figure 2. ACT using PBMCs. PBMCs are the most universal cell source of the ACT and are extracted from whole blood from patients or healthy donors. Various 
immune cells can be obtained for ACT using different protocols of cytokine management or gene edition. 

 
 The first clinical trial involving CRC patients 

with CIK cells was carried out by Schmidt-Wolf et al. 
in 1994 [71]. Ten patients with metastatic CRC, renal 
cell cancer, and lymphoma were included in the 
clinical trial of which five received CIK cells 
transfected with the IL-2 plasmid and another five 
received non-transfected CIK cells. Although the 
authors did not acquire any positive results, they 
showed, for the first time, that CIK cells could be 
safely administered in CRC patients. Since then, many 
clinical trials of ACT with CIK cells were carried out 
in patients with CRC. In a retrospective study, Zhang 
and his colleagues evaluated the effects of CIK cells on 
the prognosis of CRC patients and found that the ACT 
with CIK cells can decrease the recurrence and 
improve the OS [72]. CIK cells are not tumor 
type-specific enabling a broader application range. 
However, enhancing the antitumor specificity of CIK 
cells remains an unresolved issue.  

While CIK cells express the NK cell marker CD56 
and the T cell marker CD3, they may also work in an 
MHC-dependent fashion and eradicate cells 
presenting MHC molecules; this ability could be 
enhanced by TAA-bearing dendritic cells (DCs) [73, 
74]. In recent years, the combination of CIK cells with 
DCs is emerging as an active immunotherapy 
research field. DCs can be pulsed with a specific 
antigen, whole tumor lysis, or even mutated RNAs to 
enhance the immune response and therapeutic effects 
of CIK cells by presenting specific TAAs to the cells. 
Gao et al. evaluated the effect of DC/CIK combination 

therapy in a group of patients following radical 
surgery for gastric cancers (GCs) and CRC. They 
found that ACT using DC/CIK could inhibit disease 
progression and increase OS [75]. In a series of clinical 
trials including hundreds of patients with CRC, 
several groups reported that DC/CIK-based 
immunotherapy could induce an antitumor response 
against CRC and increase PFS and OS [76-78]. 
Combination of the DC/CIK-based ACT with 
conventional chemotherapy was also tested and 
showed a significant improvement of OS in patients 
with CRC [79].  

CIK cells could be engineered to express a 
chimeric antigen receptor (CAR) gene to enhance the 
specificity and penetration potential. Schmidt-Wolf et 
al. modified CIK cells with a CEA targeting CAR 
plasmid and demonstrated that the gene-engineered 
CIK cells displayed stronger cytotoxicity against 
autologous, primary CRC cells as compared with the 
unmodified CIK cells [67]. Thus, CIK cells may 
represent a new option in cancer immunotherapy. The 
perspectives and challenges of CIK in ACT remain in 
the exploitation of synergism with immunotherapy, 
other targeted therapies or, conventional chemo-
therapy [80].  

NK cells 
NK cells belong to the innate immunity system 

and constitute the first line of host defense against 
pathogens and mutated cells. The main characteristic 
of NK cells is the expression of CD56 and/or CD16 
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but without TCR-CD3 complex. NK cells can 
recognize and kill the pathogen-infected and mutated 
cells in an antigen presenting independent manner. 
Activation of NK cells is orchestrated through the 
integration of signals deriving from inhibitory and 
activating receptors expressed on their surface. Both 
activating and inhibitory receptors play key roles in 
tuning NK cell function, preventing NK cells from 
targeting “self” normal cells while allowing them to 
attack mutated or infected cells [81-83]. The most 
important activating receptors include natural killer 
group 2 (NKG2) and natural cytotoxicity receptors 
(NCR), which recognize ligands in cancer cells or 
infected cells. The inhibitory receptors of NK cells 
include killer immunoglobulin-like receptors (KIRs) 
that interact with their cognate MHC ligands. MHC 
class I molecules are aberrantly expressed in most 
CRC cells [84-86] which makes them susceptible to the 
NK cell-mediated cytotoxicity.  

The antitumor activity of NK cells was first 
studied in hematopoietic malignancies prior to solid 
tumors. Miller and Burns reported in a series of 
clinical trials that autologous NK cells, although 
proliferating in vitro, did not show expansion and 
cytotoxicity in vivo after infusion [87, 88], but 
allogeneic NK cells could expand in vivo and showed 
cytotoxicity in certain hematopoietic malignancies 
and solid tumors [89]. It was reported that NK cells, 
isolated from PBMCs, activated and expanded in vitro, 
showed potent cytotoxic effects in various CRC cell 
lines and primary CRC cells, and the cytotoxic effect 
could be further enhanced by cetuximab, an EGFR 
monoclonal antibody [90]. NK cells can selectively 
infiltrate into and accumulate within tumors making 
them an ideal carrier of targeted therapy. It is believed 
that genetic engineering is an attractive approach to 
enhancing the potency and specificity of NK cells 
[91-94]. For instance, Yong et al. modified NK cells 
with a secretory TNF-related apoptosis-inducing 
ligand (TRAIL) gene and then injected the engineered 
NK cells into the peritoneal cavity of mice. They 
observed that the infused cells infiltrating into and 
accumulating in the tumor sites induced cancer cell 
apoptosis and delayed disease progression without 
significant adverse effects [95]. These studies 
underscored the therapeutic potential of the 
genetically engineered NK cells in treating CRC 
patients. Strandmann et al. tested a bispecific fused 
protein containing ULBP2 (a ligand of NKG2D) and a 
single chain of CEA antibody, which could bind with 
NKG2D on NK cells and CEA on CRC cells, and 
demonstrated that the bispecific ligand could induce 
the potent antitumor activity of NK cells against CRC 
cells [96]. More recently, Hans et al. [97] reported a 
protocol for obtaining NK cells from umbilical cord 

blood (UCB) stem cells (UCB-NK) and observed the 
potent antitumor activity of the UCB-NK cells. 
Despite the high rate of success in differentiating NK 
cells from UCB, it is recognized that the differentiated 
NK cells are easy to undergo apoptosis in the body. 
Stem cell-derived immune cells have their unique 
advantages in the ACT, which will be reviewed later.  

Unselected or selected T lymphocytes 
T lymphocytes, which are the major cell 

component of PBMCs and the critical effector cells in 
antitumor response, are the primary source of the 
ACT in cancer treatment. The phenotypic character-
istic of T lymphocytes is the expression of TCR-CD3 
complex, which can bind with the antigen epitope 
presented by MHC molecules and initiate the 
activation of signaling pathways with the help of 
co-receptors (CD4 and CD8) and costimulatory 
molecules (CD28, CD137). There are two major types 
of TCRs based upon the differences in the 
hypervariable chain and function, - αβ TCR and γδ 
TCR. The classical TCR is αβ TCR, which has 
hypervariable α and β chains. The frame of the TCR 
molecule is homogeneous, but the αβ chains are 
heterogeneous. Theoretically, there are approximately 
millions or even billions of TCRs, which can recognize 
millions of antigens epitopes. Despite the existence of 
cross-recognition, one TCR generally recognizes only 
one epitope. αβ T cells can be classified into CD4+ and 
CD8+ families according to their co-receptor 
molecules. CD8+ T cells are the main cytotoxic T 
lymphocytes, and CD4+ T cells are a heterogeneous T 
cell population with complicated “helping” functions 
as well as cytotoxic activity. Although CD8+ T cells are 
the main effector cells, purified CD8+ T cells have a 
poor persistence ability as they are not able to 
maintain their activity without the help of CD4+ T 
cells; therefore, mixed T cells are used in the ACT.  

June et al. reported a seminal study in which 
they engineered the purified CD4+ and CD8+ T cells 
with different genes to improve specificity and 
potency [98]. Hasegawa et al. reported a series of 
clinical trials in which they used purified αβ T cells in 
combination with chemotherapy or monoclonal 
antibody to treat advanced or recurrent CRC patients. 
In these studies, they observed promising response 
rates and moderate adverse effects, and the CRC 
patients with liver metastasis could undergo surgical 
resection after chemo-immunotherapy [99-101]. As 
liver metastasis is the most common complication and 
the major reason for mortality in patients with 
advanced CRC, ACT using αβ T cells may be an 
effective way to improve the outcome of surgery. The 
major modality of adoptive infused cells, especially 
for gene engineering, are αβ T cells, unless specific 
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lymphocytes from PBMCs, such as CIK, NK, and γδ T 
cells, are required. γδ T cells, a distinct subset of T 
cells that work in a unique fashion with αβ T cells, are 
comprised of about 0.5% of total CD3+ cells in human 
peripheral blood cells [102]. Although γδ T cells 
consist of a very low frequency of the CD3+ cell pool, 
they can be rapidly expanded both ex vivo and in vivo. 
γδ T cells can recognize and attack pathogens and 
mutated cells in an MHC class I molecule-unrestricted 
manner, displaying combined characteristics of both 
innate and adoptive immunity. They act as the 
upfront anticancer immune surveillance and possess 
cytotoxic activity and antigen-presenting capability 
[103, 104]. These features make γδ T cells an excellent 
candidate for the ACT. γδ T cells were previously 
recognized as homogeneous but are now considered 
heterogeneous. There are about 70 subsets of γδ T 
cells according to the hypervariable γ and δ chain but 
to date, only two of them, Vγ9Vδ1+ and Vγ9Vδ2+, 
have been exploited for ACT [105, 106]. Vγ9Vδ2+ T 
cells are the predominant subset of γδ T cells, but the 
Vγ9Vδ1+ subset may possess stronger antitumor 
activity. In 1996, Lotze reported that γδ T cells could 
recognize epithelium-derived malignant cells [107]. 
Kakimi and Ogawa independently reported in 2008 
that γδ T cells could be isolated from PBMCs and 
expanded rapidly in vitro and secreted effector 
molecules such as IFN-γ, and showed cytotoxicity in a 
range of solid malignancy tumors including CRC 
[108, 109]. More recently, Capone and colleagues 
reported that systemic treatment of a CRC model with 
the human Vδ1+ γδ T cells not only controlled 
primary tumor growth but also prevented metastasis 

in the lung and liver [110]. Similarly, Jian et al. 
reported that the human Vδ1+ γδ T cells prepared 
from PBMCs showed more potent therapeutic activity 
than Vδ2+ γδ T cells in colon cancer both in vivo and in 
vitro, suggesting that Vδ1+ γδ T cells may be a 
promising candidate for the ACT for the treatment of 
CRC [111]. Further investigations are needed to 
improve the in vitro expansion strategies of γδ T cells 
and to better understand the mechanisms underlying 
the therapeutic efficacy of γδ T cells.  

ACT using stem cell-derived immune cells  
It is often difficult to get sufficient numbers of 

lymphocytes from patients, because: (a) most of the 
patients have been treated with chemotherapy and/or 
radiotherapy and have severe immune deficiency; (b) 
the immunogenicity of transferred allogeneic cells 
may induce autoimmunity; (c) a long waiting 
time-period for individual production; (d) high cost 
and unstable quantity of cell production. Therefore, 
the availability of “universal” immune cells for ACT 
becomes an overriding consideration. Pluripotent 
stem cells are believed to meet the requirements and 
can be easily passaged and expanded in vitro. The 
immune cells derived from pluripotent stem cells 
have the characteristics of low immunogenicity, 
potent persistence in vivo, and resistance to apoptosis. 
More importantly, pluripotent stem cells can be easily 
engineered in vitro with required genes and yield 
tumor-specific lymphocytes bearing TAA-specific 
receptor (TCR or CAR). Thus, pluripotent stem cells 
are suitable for generating homogenous cells for the 
ACT as well as reducing the cost (Figure 3).  

 

 
Figure 3. Differentiated immune cells from pluripotent stem cells for the ACT. Stem cells are considered as the most promising cell source for universal production 
of the ACT. Stem cells can differentiate into T cells or NK cells before or after gene edition. 
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Table 3. TAAs exploited for CRC ACT 

TAAs Interventions Sponsor Status clinicaltrials.gov Identifier 
CEA CAR-T Shanghai Tumor Hospital Recruiting  NCT02959151 
CEA CAR-T Christie Hospital Manchester Terminated (due to 

safety concerns and 
lack of efficacy) 

NCT01212887 

CEA CAR-T Roger Williams Medical Center Providence Suspended (Funding)  NCT01723306 
CEA CAR-T Southwest Hospital of Third Military Medical 

University 
Recruiting  NCT02349724 

MUC1 CAR-T PersonGen Biomedicine (Suzhou) Co. Ltd Recruiting  NCT02617134 
MUC1 CAR-pNK PersonGen Bio Therapeutics (Suzhou) Co. Ltd. Recruiting  NCT02839954 
HER2 CAR-pNK Southwest Hospital of Third Military Medical 

University 
Recruiting  NCT02713984 

CD133 CAR-T Chinese PLA General Hospital Recruiting  NCT02541370 
EpCAM CAR-T IEC of Chengdu Medical College Recruiting  NCT03013712 
EGFR CAR-T The Second People’s Hospital of Shenzhen recruiting NCT03152435 
Mutant KRAS G12D Young TILs National institutes of health clinical center  Recruiting  NCT01174121 
P53 Soluble TCR with IL2 gene University of Colorado 

MD Anderson Cancer Center Orlando 
H.Lee Moffitt Cancer Center & Research Institute 
Tampa 
University of Washington, Seattle Cancer Care 
Center Seattle 

Completed  NCT00496860 

KRAS G12 V  HLA-A*1101 restricted mTCR National Institutes of Health Clinical Center recruiting NCT03190941 
Anti CEA Murine derived Ig TCR Beth Israel Deaconess Medical Center 

Boston, Massachusetts, United States 
completed NCT00004178 

  
 
There are several types of stem cells with the 

potential to differentiate into lymphocytes, including 
embryonic stem cells (ESCs), hematopoietic stem cells 
(HSCs), mesenchymal stem cells (MSCs), umbilical 
cord blood stem cells (UCB-SCs), and induced 
pluripotent stem cells (iPSCs). Several studies have 
reported the ability of pluripotent stem cells to 
differentiate into T lineage cells in vitro and in vivo 
[112-114]. ESCs are the most potent stem cells that can 
produce lymphocytes, but, due to ethical issues, it is 
difficult to obtain ESCs. iPSCs provide another 
homogenous starting cell platform for the ACT 
because they have characteristics similar to ESCs. 
Both ESCs and iPSCs can be genetically engineered in 
vitro to produce specific cells to serve as a “universal” 
cell source for cancer killing lymphocytes. By contrast, 
genetic modification is often difficult with 
PBMCs-derived NK and T cells. In 2011, Song et al. 
reported a proof-of-concept study of obtaining 
Ag-specific T lymphocytes from iPSC for the ACT. In 
this study, they demonstrated that the genetically 
modified iPSCs with ovalbumin (OVA)-specific TCR 
could develop OVA-specific CD8+ T cells in vivo and 
control tumor growth [115]. More recently, the same 
group reported another seminal study in which 
OVA-specific CTLs were developed through a 
combination of in vitro and in vivo differentiation. The 
investigators demonstrated that adoptive transfer of 
iPSC-derived CTLs could successfully suppress tumor 
growth and that the integration of BCL-xL and 
surviving genes could enhance the persistence and 

anti-tumor effect of the CTLs [116]. Kawamoto et al. 
reported a study in which they generated iPSCs from 
mature CTLs specific for MART-1 (a melanoma 
antigen epitope) and regenerated the iPSCs back to T 
lymphocytes. They showed that the iPSCs could 
efficiently generate TCRβ+CD4+CD8+ cells expressing 
MART-1-specific TCR, and the regenerated T cells 
displayed specific reactivity to MART-1 epitope [117]. 
UCB-SCs are another important cell source to produce 
cells for the ACT and reliable to yield NK cells from 
UCB-SCs. Hans et al. demonstrated the antitumor 
activity of UCB-NK cells [97], but, compared with the 
ESC-derived NK cells, UCB-NK cells displayed less 
cytotoxicity against tumor cells because of their 
functional immaturity [118]. Although stem 
cell-derived immune cells display several advantages 
for the ACT, there are still hurdles to their successful 
application in clinical trials. Since it is difficult to 
develop human-derived feeder cells, murine feeder 
cells are used for propagating T lymphocytes in vitro 
which may result in immunogenicity in patients. 
Another major obstacle is that the differentiation of T 
lymphocytes from stem cells is not stable, and it is a 
major challenge to increase the stability and 
standardize this approach. 

Gene engineering strategies in ACT 
 The major advance of the ACT during the past 

decades is of the gene editing technique, which makes 
it possible to generate TAA-specific effector cells for 
the tumors that lack immunogenicity or to reprogram 
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the adoptively transferred cells to improve their 
persistence and/or anti-apoptosis potential. Table 3 
lists a variety of TAAs that are being tested in CRC. 
The approaches to modify effector cell’s genome can 
be classified into two categories: gene insertion and 
gene knockout. As the gene knockout technique has 
been used in several experimental therapies, here we 
mainly focus on the gene insertion techniques that 
have been used in the treatment of CRC. Gene 
insertion is a strategy to insert an artificial or selected 
gene into the immune cell’s genome to enhance the 
specificity, persistence, and anti-tumor activity. The 
goal can be achieved mainly through viral vectors, 
such as retroviruses and the lentivirus system, or 
transposons and electroporation technique. TCR and 
CAR are the star genes that have been tested in 
numerous experiments and clinical trials. Other genes 
with the ability to improve the antitumor effects of 
effector cells, such as synthetic Notch receptor, are 
being tested. 

TCR engineering 
T lymphocytes work in a TCR-dependent 

manner, as immune surveillance and mutated cell 
eradication depend on recognition of abnormal 
antigens by TCR on the surface of T lymphocytes. 
However, most cancer cells lack specific antigen 
expression and/or have a downregulated expression 
of MHC class I molecule and therefore cannot be 
recognized by effector T cells. There may be naturally 
occurring antitumor response caused by 
tumor-specific TILs, but they may be in small 
numbers or inhibited by the immunosuppressive 
mechanism. To overcome this problem, a possible 
scheme is to exploit artificial TCRs or screen naturally 
occurring TCRs targeting the antigens overexpressed 
by cancer cells but not expressed or expressed at a 
low level by normal cells and engineer infused cells 
with these TCR genes. T cells with engineered TCRs 
have demonstrated therapeutic potential in 
immunotherapy, although they only have a limited 
antigen repertoire and still need antigen presentation. 

An artificial TCR is generally produced from 
immunized murine, because the TCRs bypass the 
self-tolerance process of the natural TCRs in the 
thymus, and theoretically they can be designed to 
target self-antigens [119]. Although artificial TCRs can 
elicit a potent antitumor effect, they may cause severe 
adverse effects and immunogenicity in humans. In a 
reported phase I study, three patients with advanced 
CRC refractory to conventional treatments were 
infused with autologous T cells genetically 
engineered with murine-derived CEA- 
targeted TCRs. All three patients showed a profound 
decrease in the serum CEA level and one patient 

experienced tumor regression; nevertheless, all 
patients had severe autoimmune colitis. The results of 
the study indicated the risk of using the antigens 
expressed by cancer cells as well as normal tissues as 
the target of TCRs [120]. Due to this risk, further 
investigations of the CEA-specific TCRs have been 
suspended. On the other hand, use of naturally 
occurring TCRs in cancer treatment appears to be 
promising. In 1991, van der Bruggen identified the 
first human TAA-MAGEA1 antigen in a melanoma 
patient and cloned the gene which was a hallmark in 
ACT therapy using TCRs [121]. Since then, many 
other antigen genes have been cloned [122, 123]. 
NY-NEO-1, a cancer testis antigen (CTA), is an 
attractive target antigen for immunotherapy, 
although it is only expressed in a minority of CRC 
patients [124] but can be induced by DNA 
methylation inhibitor, 5-aza-2’-deoxycytidine (DAC). 
The approach has been used to enhance the sensitivity 
of tumor cells to NY-ESO-1 TCR-transduced T cells. 
Richard and Edus reported a study combining 
epigenetic modulation of cancer cells with DAC and 
ACT based on NY-ESO-1-targeting TCRs [125, 126]. 
They induced NY-ESO-1 expression in CRC cells both 
in vitro and in vivo, then treated the cells and 
tumor-bearing animals with the NY-ESO-1 specific 
TCR-engineered T cells. They observed that the 
epigenetic modulation could sensitize CRC cells to 
NY-ESO-1-specific T cells. Gustav et al. isolated a 
naturally occurring TCR from a long-term surviving 
CRC patient who received treatment with a synthetic 
TGFβRII peptide vaccine, and then engineered the 
autologous T cells with the TCR gene. They 
demonstrated that the genetically modified cells could 
produce several cytotoxic cytokines following a short 
incubation with the target cells [127].  

In a xenograft mouse model of colon cancer, 
significant suppression of tumor growth and 
improved survival rate were achieved following 
infusion of the T cells [125]. This pilot study paved a 
new way in the development of ACT through use of 
TCRs from successfully vaccinated patients. In a 
recent study reported by Rosenberg’s group 
mentioned previously, four different TCR subsets 
specific to mutant KRAS G12D were identified, 
synthesized, and transduced to autologous T cells. 
The transduced T cells could recognize the allogeneic 
pancreatic tumor cells expressing a mutant KRAS 
G12D [49]. The results indicated the possibility that 
we can clone TCRs targeting some mutant epitopes 
from one patient and modify T cells with the TCRs to 
target allogeneic patients bearing different tumors but 
with the same mutant epitopes. However, screening a 
TAA-specific TCR among millions or even billions of 
naturally occurring TCRs remains a technical 
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challenge. Besides, there are several other problems 
associated with the application of the TCR-engineered 
T cells. For instance, TCR-antigen recognition requires 
the antigen presented by MHC class I molecule to be 
expressed on the cancer cell surface, but most cancer 
cells have a down-regulation of MHC class I 
expression [128, 129]. Although one TCR recognizes 
one antigen epitope theoretically, the on-target 
off-tumor effect can cause lethal side effects and must 
be considered carefully as some TCRs not only 
recognize the epitope on the targeting antigen but also 
target similar epitopes on unknown antigens. 
Therefore, exploring and developing new more 
powerful and specific approaches with less/minimal 
side effects are imperative. Also, the immunogenicity 
of most types of cancers to host lymphocytes is low 
because of the positive and negative selection through 
the immune system during the development of 
malignancy. This suggests that with the exception of 
some mutant peptides, there is a lack of exclusive 
tumor-specific antigens, which are not expressed on 
normal tissues. However, the existence of naturally 
occurring antitumor response and the complete 
regression of some tumors under nonspecific immune 
activation therapy, such as IL-2 and checkpoint 
inhibitors, indicate that combined targeting of the 
TCR may eliminate malignant cells.  

CAR engineering 
TCR initiates T cell activation and the activated T 

cells exert antitumor effects. Since it is difficult to 
utilize tumor-specific TCR and TCR-specific antigens 
are rare, efforts have been made to exploit synthetic 
molecules to mimic TCR signaling that targets 
selected antigens. These efforts began three decades 
ago when Gross et al. used an artificial molecule 
containing a double CD3 ζ chain as the intercellular 
signaling domain and heavy and light chains of an 
antibody as the extracellular binding domain [130]. As 
described by Irving [131] and Romeo [132], the 
first-generation CAR was exploited by Eshhar et al. in 
1992 with a chimeric single chain comprising an 
antibody-binding domain and a CD3 ζ chain [133]. 
The basic structure of CAR consists of a costimulatory 
molecule signal and a transmembrane domain. 
Indeed, CARs are a series of artificial genes that 
comprise an extracellular antigen-binding domain, an 
extracellular spacer, a transmembrane hinge domain, 
and an intracellular signaling domain with 
costimulatory molecules such as CD28, and/or 4-1BB, 
and/or OX40, and a T cell activating signaling 
domain-CD3ζ chain [134, 135]. The extracellular 
component derived from an antibody single chain 
variable fragment (scFv) binds with a specific TAA in 
an MHC-independent manner. The hinge domain, 

generally derived from CD4, CD8, CD28, or IgG1 
molecule, connects scFv with the intracellular domain 
derived from a costimulatory molecule and then CD3ζ 
molecule. The intracellular domain of the 
first-generation CAR was designed by using a CD3ζ 
domain. The second and third generation of CARs has 
one or two costimulatory domains with a CD3ζ 
segment. The gene complex is typically inserted into 
the T cell genome using γ-retroviral or lentiviral 
transduction systems. Unlike TCR-recognizing 
peptide epitopes, the variable region of CAR may 
recognize protein, lipid, or carbohydrate motifs, i.e., 
CAR may recognize a wider range of antigens in an 
MHC-unrestricted fashion [126]. The affinity and 
avidity of CAR with its targeting antigen can be tuned 
by designing the molecular structure, and one TAA 
can be selected by different epitopes to be exploited as 
a CAR target.  

Compared to TCR, CAR is considered as more 
feasible in both experimental and clinical therapies. 
The clinical success of CD19-targeted CAR-T cells in 
hematological malignancies has attracted great 
attention in the last decade. Although the success of 
ACT in treating solid tumors is limited, progress is on 
the way, and several CAR-T-based ACT clinical trials 
for solid tumors are currently ongoing [136-138]. CEA 
might also be an important target of CAR in CRC, 
because it showed effectiveness in some late-stage 
CRC patients. In 2006, Robert and Takashi 
independently developed a protocol to transduce 
CEA-targeted CAR genes into PBMCs by using 
lentivirus and retrovirus systems, and successfully 
edited PBMCs with the CAR genes and demonstrated 
its potent cytotoxic effect against CEA+ tumor cells in 
vitro and in vivo [139, 140]. More recently, Qian et al. 
reported a phase I clinical trial of the ACT with CAR 
against CEA in CRC patients with CEA+ metastases. 
They observed that after infusion with the CAR-T 
cells, 70% of the patients refractory to conventional 
treatments experienced stable disease with two 
patients showing tumor shrinkage, and no severe 
adverse effects occurred. Furthermore, most of the 
patients had a long-term reduction of serum CEA. The 
persistent CAR-T cells in peripheral blood could be 
detected for a long period of time, especially in the 
patients who received a second CAR-T cell infusion 
[141].  

CEA-targeted CAR-T cells can also be used 
regionally to treat the peritoneal and liver metastases, 
the deadliest complications of the advanced CRC and 
the major cause of death. A group at Boston 
University reported a series of pre-clinical and clinical 
trials using the CEA-targeted CAR-T cells infused via 
the hepatic artery to treat CRC liver metastasis. They 
showed the safety and effectiveness of CAR-T cells in 
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the regional treatment as compared to systemic 
delivery [142-144]. More recently, this team reported a 
pre-clinical study demonstrating that intraperitoneal 
infusion of CAR-T cells could more effectively reduce 
the peritoneal tumor burden than systemic delivery. 
They also observed that regional delivery of CAR-T 
cells into the intraperitoneal cavity not only provided 
durable protection against intraperitoneal metastases 
but also restrained the growth of extra-abdominal 
tumor [145]. Guanylate cyclase C (GUCY2C) is a 
membrane-bound cyclase selectively expressed on the 
apical surfaces of the normal intestinal epithelium 
from the duodenum to the rectum and has limited 
expression in extra-intestinal tissues [146]. Primary 
and metastatic CRC, esophageal, and gastric cancers 
universally overexpress GUCY2C [147-150]. Magee et 
al. found in a murine model with CRC metastases that 
the GUCY2C-targeted CAR-T cells showed an 
immense potential to treat CRC metastases without 
autoimmune adverse effect which is likely due to 
GUCY2C expression on the apical surfaces of 
intestinal epithelial cells. This study established the 
first proof-of-principle for the GUCY2C CAR-T cells 
as a candidate for the ACT in treating CRC patients 
[151].  

Tumor-associated glycoprotein-72 (TAG-72) is 
an oncofetal mucin-like glycoprotein overexpressed 
by most human epithelial adenocarcinomas including 
CRC but rarely in benign or normal cells [152-154]. 
TAG-72 was first used in immunotherapy as a target 
of monoclonal antibody but did not show any 
significant effect. Moghimi et al. developed TAG-72 as 
a target of CAR-T cells and generated four 
TAG-72-specific CARs with the same antigen binding 
site but with different spacers and signaling domains 
[155]. Their results suggested that TAG-72-targeting 
CARs might be a promising tool for the ACT. Two 
Phase I clinical trials using the first-generation 
TAG-72 CAR-T cells were conducted two decades 
ago. In these studies, the investigators infused the 
TAG-72 CAR-T cells through intravenous or hepatic 
artery injection in patients with advanced CRC and 
observed infiltration of TAG-72-specific engineered 
CAR-T cells into the tumor [156].  

Despite the promising results of the CAR-based 
ACT, further studies are needed to validate this 
approach for CRC especially because an extremely 
adverse reaction was observed in a patient with 
advanced CRC after treatment with the 
ERBB2-targeting CAR-T cells. This patient received 
adoptive transfer of the T cells engineered to express 
ERBB2-targeted CARs containing CD28, 4-1BB and 
CD3 ζ signaling moieties; within 15 minutes after cell 
infusion, the patient experienced respiratory distress 
and died 5 days later. This case alerts us to the risk of 

ACT using CAR-T cells and the importance of the 
target antigen epitope of CAR [157]. Because the T 
cells have to be activated and expanded for a long 
time before and after gene engineering, persistence is 
another important problem that needs to be resolved 
for CAR-T therapy.  

Combination of different strategies for 
the ACT  

 As promising immunotherapy for cancer, ACT 
has its advantages in expanding the cohort of in vivo 
tumor-specific effector lymphocytes. However, this 
therapy also has disadvantages, which mainly include 
the lack of tumor-specific antigens and poor stability 
and trafficking of the transferred cells. A variety of 
strategies have been explored to overcome these 
shortcomings and to sensitize tumor cells to ACT. As 
mentioned above, modification of artificial genes for 
engineering cells to be transferred is an active field. 
ACT, in combination with other therapies, is another 
attractive approach to enhancing the effectiveness of 
the ACT. Chemotherapy and/or radiotherapy, or 
lymphodepletion to yield space for transferred cell 
expansion are often used before ACT as a general 
treatment. In a pilot study, Hodge et al. demonstrated 
that irradiation could enhance Fas expression in the 
MC38 cell line (a colorectal cancer cell line) and 
improve the in vivo as well as in vitro antitumor 
activity of the infused CEA-targeting CD8+ 
lymphocytes [158]. Monoclonal antibodies have been 
extensively used to treat malignant tumors as a single 
regimen and can also be utilized to enhance the effect 
of NK cells likely by binding with Fc receptors (CD16) 
and mediating ADCC (antibody-dependent cell- 
mediated cytotoxicity). Also, it was reported that an 
EGFR monoclonal antibody, cetuximab, can enhance 
the antitumor ability of NK cells [90].  

The feasibility and safety of the combination of 
chemotherapy or monoclonal antibody with 
transferred αβ T cells were demonstrated in a phase I 
clinical study in patients with stage IV CRC 
[100-102]. Surgery in combination with ACT has 
been tested in clinical trials in patients with hepatic 
metastases. Promising results were obtained after 
injecting the CAR-T cells through the liver artery 
during radical liver resection. Regional delivery can 
enhance the trafficking of the transferred cells within 
the tumor site and alleviate or avoid the adverse 
effects of the gene-modified cells. Cytoreduction by 
surgery can enhance the penetration of infused cells 
by decreasing the mass of tumor which is beneficial 
for the ACT. Thus, a combination of different 
immunotherapies may hold the most promising 
prospect for the ACT because they can modulate the 
immune surveillance with different targets or 
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mechanisms, produce synergistic effects, and/or 
neutralize the adverse effects.  

Immune checkpoint inhibitors are an important 
component of immunotherapy and have shown 
impressive results in several malignant diseases. 
Checkpoint molecules belong to B7 family proteins, a 
group of important negative modulators of T cell 
activation which play important roles in avoiding an 
autoimmune reaction. Most of the checkpoint 
molecules can be exploited by cancer cells and cancer 
stroma cells (MDSC and Treg cells) to induce immune 
tolerance and T cells anergy. Increased expression of 
immune checkpoint proteins is one of the most 
important characteristics of cancer cells and activated 
T cells, and checkpoint signals are the leading cause of 
anergy and apoptosis of transferred T cells. The 
combination with a checkpoint inhibitor may improve 
the trafficking of infused cells and reverse their 
anergy. In a pilot study published in 2013, it was 
reported that PD-1 blockade could increase the 
activation and proliferation of the Her-2-targeting 
CAR-T cells in vitro and regress the growth of 
established tumors in vivo. The PD-1 inhibitor did not 
increase the number of CAR-T cells in the tumor, but 
enhanced their antitumor effect and was associated 
with a reduction of MDSCs at the tumor site, 
suggesting that PD-1 blockade can improve the 
immune microenvironment of the tumor [159].  

Costimulatory molecules may be another 
promising target that can be exploited to improve the 
ACT. It was demonstrated that 4-1 BB was expressed 
in activated T cells especially TILs [160, 161], and the 
agonistic 4-1 BB monoclonal antibody could increase 
the antitumor response through directly activating 
CD8+ T cells [162, 163]. More recently, it was reported 
that in Her2 + colon cancer, the Her-2-targeting CAR-T 
cells had an increased 4-1 BB expression upon contact 
with targeted cells, and treatment with an anti-4-1 BB 
enhanced the IFN γ secretion by CAR-T cells in vitro. 
Further, CAR-T in combination with the 4-1 BB mAb 
could completely regress the established tumors in 
mice without causing autoimmunity [164]. This study 
also reported reductions of MDSCs and Tregs, and 
mature NK cells within the tumor site, which might 
be the underlying mechanism for the increased 
antitumor activity of the combination of CAR-T with 
the 4-1 BB antibody [164].  

Immunotherapy for malignant cancers utilizing 
vaccines can also be exploited to enhance the 
specificity of transferred cells. Tumor vaccines consist 
of whole tumor cell lysates, DC vaccines, peptide 
vaccines, and mRNA vaccines. DCs as an antigen 
presenting cells can prime and activate naïve T cells 
through MHC-peptide complex and co-stimulatory 
molecules pathway and are often used together with 

effector T cells especially CIK cells. Two clinical trials 
combining DC vaccines and CIK cells for CRC 
patients showed the elevation of serum levels of 
cytokines and OS benefit without severe adverse 
effects except for fever [75, 76]. The potential 
deficiency of the DC-CIK therapy is that the percent of 
the T cells with corresponding TCR that can bind with 
the peptide presented by the DCs may be low in the 
whole pool of transferred CIK cells, and the efficiency 
of the antigen presentation is not high. Currently, 
studies are exploring the personal neoantigen vaccine 
and RNA mutanome vaccines for enhancement of the 
specificity and efficiency of antigen presentation [165, 
166].  

Conclusions and Perspectives 
 Although the therapeutic potential of the ACT 

in the treatment of cancers has been increasingly 
appreciated, there are still numerous impediments to 
the effectiveness of ACT in the treatment of CRC and 
other solid tumors. These drawbacks include brief 
persistence and poor trafficking of immune cells 
within the immunosuppressive tumor microenviron-
ment, anergy, and weak and inadequate proliferation 
of immune cells as well as removal of the 
gene-engineered T cells upon tumor regression. Some 
of these problems can be resolved by better 
manipulating the engineered T cells. However, most 
of the obstacles mentioned above can only be 
overcome by a combination of other treatment 
methods, such as chemo and/or radiotherapy, 
surgery, and use of check-point inhibitors, mono-
clonal antibodies, DC vaccines, and even some small 
molecules that can modulate the metabolism and 
immune microenvironment of cancer cells. As solid 
tumors are extremely heterogeneous and may possess 
multiple immunosuppressive mechanisms, it is 
imperative to explore more effective and personalized 
strategies to strengthen the efficacy of ACT. 

 Most of the preclinical and clinical studies of 
ACT used unselected T cells including cytotoxic, 
helper, and even immune suppressive Treg cells, as 
cytotoxic T cells cannot proliferate without helper T 
cells. Recently, CD4+ and CD8+ T cells were modified 
with various CAR genes. CD4+ and CD8+ T cells could 
be redirected with a CAR gene containing ICOS 
signaling domain and a CAR gene containing CD28 or 
4-1BB signaling domain, respectively. The ICOS 
signaling dramatically enhanced the in vivo stability of 
CD4+ CAR T cells thereby increasing the persistence 
of CD8+ T cells, because of the high dependence of 
CD8+ CAR T cells on the helper effect provided by the 
redirected CD4+ CAR T cells [98]. These studies may 
pave the way for further investigating the cooperation 
of CD4+ and CD8+ T cells. Another critical issue of the 
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ACT lies in the genes used to edit transferred cells. 
The naturally occurring in vivo antitumor response 
suggests the existence of tumor-specific epitopes and 
TCRs. However, despite considerable advances in the 
techniques, it is difficult to identify such epitopes or 
TCRs among the repertoire of billions of candidates. 
Designing of CAR molecules may present another 
challenge to the successful application of the ACT. 
CD3 and CD28 signaling pathways are important for 
the initiation of T cell priming but adversely affect T 
cell activation and proliferation if they are stimulated 
repeatedly. This may be one of the reasons for the 
anergy of transferred cells since the CAR is designed 
to activate CD3 and CD28 signaling pathways 
forcibly. A recent study reported a novel CAR that 
stimulated IL-2R intracellular signaling pathway 
JAK-STAT and demonstrated the advantage of the 
novel CAR T cells with antitumor effects in blood 
cancers and solid tumors as compared with 
conventional second generation CAR with CD28 or 
4-1BB co-stimulatory domain [167]. Since the IL2R 
signaling pathway is the main mechanism for 
maintaining the function and proliferation of 
activated T cells, this approach may represent another 
promising strategy of ACT gene design-for 
stimulating the IL2R signaling pathway. It is believed 
that ACT, alone or in combination with other 
therapies, may hold great promise for the treatment of 
CRC and other cancers. 
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