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Abstract. Chimeric antigen receptor (CAR)-modified T-cells 
are T-cells that have been genetically engineered to express 
CAR molecules to target specific surface antigens on tumor 
cells. CAR T-cell therapy, a novel cancer immunotherapy, has 
been attracting increasing attention, since it exhibited notable 
efficacy in the treatment of hematological tumors in clinical 
trials. However, for this type of therapy, challenges must be 
overcome in the treatment of solid tumors. Furthermore, 
certain side effects associated with CAR T-cell therapy, 
including cytokine release syndrome, immune effector cell-
related neurotoxicity syndrome, tumor lysis syndrome and 
on-target off-tumor toxicity, must be taken into consideration. 
The present study provides a systematic review of the principle, 
clinical application, current challenges, possible solutions and 
future perspectives for CAR T-cell therapy.
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1. Introduction

With the marked progress of molecular and cellular research 
and technology over the last few decades, notable advances 
have been made in the elucidation of the mechanisms under-
lying tumor development. The focus of cancer therapy has 
shifted from traditional therapy, including surgery, radio-
therapy and chemotherapy (1), to biotherapy, including cancer 
immunotherapy, which was declared the annual scientific 
breakthrough in 2013 by Science (2).

Cancer immunotherapy has incomparable advantages 
over traditional cancer treatment, which may prolong the 
progression-free survival and overall survival of patients by 
unleashing an immune system attack against tumor cells in 
multiple targets and directions (3).

Immunotherapy, including immune checkpoint inhibitors, 
adoptive cellular therapy and tumor vaccines, is considered 
a milestone in cancer therapeutic strategies and is leading 
to a paradigm transformation in cancer management  (4). 
Chimeric antigen receptor (CAR) T-cell therapy is a novel 
approach to cell adoptive immunotherapy after the advent of 
cell therapies, including the use of tumor-infiltrating lympho-
cytes, cytokine-induced killer (CIK) cells, natural killer 
cells, dendritic cells (DC)-CIK cells and T-cell receptor-
engineered T-cells.

To date, the US Food and Drug Administration (FDA) 
and European Medicines Agency have approved two CAR 
T-cell therapies, Novartis' Kymriah (tisagenlecleucel; 
CTL019) and Kite's Yescarta (Axicabtagene ciloleucel; 
KTE-C19) (5), of which Kymriah was aimed to treat relapsed 
B-cell acute lymphoblastic leukemia and Yescarta was 
indicated for the treatment of adult patients with relapsed 
or refractory large B-cell lymphoma  (6). Furthermore, 
hundreds of novel CAR T-cell therapy clinical trials are 
underway worldwide with government support, indicating 
that CAR T-cell therapy has become widely accepted by 
both official agencies and the public due to its marked effi-
cacy in treating certain malignancies (7,8).

The aim of the present review was to provide an over-
view of the principle and clinical application of CAR T-cell 
therapies prior to addressing major challenges and proposing 
possible solutions and a future outlook.
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2. CAR T-cell therapy and the construction of CAR 
molecules 

CAR T-cells are extracted autologous or allogeneic T-cells that 
have been genetically modified to express major histocompat-
ibility complex-unrestricted and antigen-specific receptors on 
the surface, which are able to recognize and attack antigen-
bearing tumor cells after reinfusion (9). In brief, CAR T-cell 
therapy is a method that activates the patient's own immune 
system to eradicate cancer cells.

The accuracy and efficiency of CAR T-cell therapy 
largely depend on the structure of the CARs. CARs consist 
of an extracellular antigen recognition domain, hinge region 
and transmembrane domain, which is riveted to an intracel-
lular signaling domain. The extracellular domain is usually a 
single-chain variable fragment (scFv) derived from an anti-
body, with the ability to specifically target tumor cells with 
the tumor-specific antigen. The antibodies are usually derived 
from humans or mice or from humanization of murine anti-
bodies. The hinge is the crystalline fragment (Fc) region of 
immunoglobulin (Ig), mediating the antigen-antibody reac-
tion and the elimination of antibodies. At the same time, it 
may provide a flexible connection between binding sites and 
contribute to the binding affinity. The transmembrane domain 
has the role of an anchor to the cell membrane and connects 
the ectodomain and endodomain, which affects the transmis-
sion of activating signals  (10). The intracellular signaling 
domain, consisting of costimulatory domains and T-cell 

activation moieties, is involved in signal transduction, which 
is initiated by the binding of the extracellular domain to the 
antigen, in order to activate the immune system to eliminate 
the target cell (11).

CARs may be classified into four generations: The first 
generation is a fusion protein linked to the extracellular 
scFv and CD3ζ chain of the T-cell activation signal region, 
but cells lack long-term survival and robust proliferation. 
Therefore, by incorporating costimulatory endodomain mole-
cules into CD3ζ, such as 41BB and/or CD28, the persistence 
and antitumor ability of CAR T-cells in the body have been 
significantly improved (12). Of note, according to whether 
one or two co-stimulatory domains are added, the CARs are 
referred to as second- or third-generation CARs, respectively 
(Fig. 1) (13).

Until the emergence of the fourth generation of CAR 
T-cells redirected for universal cytokine-mediated killing, 
the exploration of the structure of CARs advanced a step 
further by adding an encoded vector on the basis of the 
previous structure to induce the expression of corresponding 
cytokines and enhance other effectors of the immune 
system in order to release cytokines in the immunosuppres-
sive tumor microenvironment to recruit and activate more 
immune cells to strengthen the antitumor activity of CAR 
T-cells  (14). Consequently, due to the high efficacy and 
selectivity, CAR T-cell therapy is becoming a promising 
novel therapeutic strategy which is inspiring increased 
research efforts.

Figure 1. Schematic depiction of the structure of chimeric antigen receptor-modified molecules.
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3. Clinical applications of CAR T-cell therapy

Hematological malignancies. CAR T-cell therapy holds 
great promise for hematological malignancies and is widely 
used in the management of lymphoma, leukemia and 
myeloma (15).

In August 2017, the first CAR T-cell therapy, Kymriah, was 
historically approved for the treatment of certain pediatric and 
young adult patients with B-cell acute lymphoblastic leukemia 
(B-ALL), with an overall response rate of 52% in a clinical 
trial (16). In October of the same year, a second CAR T-cell 
therapy named Yescarta was approved for the treatment of 
adult patients with certain types of relapsed/refractory (R/R) 
B-cell non-Hodgkin lymphoma. Both these therapies are anti-
CD19 CAR T-cell therapies with the ability to induce durable 
responses.

CD19 is a member of the Ig superfamily and is a type of 
transmembrane glycoprotein and a biomarker for lymphoma 
primarily expressed on malignant B-cells (17). As a popular 
immunotherapy target, CD19 is widely used in the treatment 
of hematological malignancies for its considerable efficacy. In 
a clinical trial using anti-CD19 CAR T-cell therapy for ALL, 
the response rate achieved was up to 81% with a complete 
remission rate of 78% (18).

Furthermore, CD-19-targeted CAR T-cell therapy may be 
applied for treating patients with chronic lymphocytic leukemia 
(CLL), but at present, it is mostly used in clinical trials and is 
lacking official approval (19). As a B-cell malignancy, CLL is 
the most common type of adult leukemia in western countries 
and is associated with defects of the immune system. There 
are several potentially effective treatment options available, 
but CLL cannot be cured with traditional therapies and the 
progression of the disease is inevitable. A previous study 
demonstrated that in patients with R/R CLL, CD19-directed 
CAR T-cells were able to clear tumor cells in the body with an 
overall response rate of 57% (20).

In addition to the CD19 antigen, novel targets are being 
continuously identified. In a clinical trial of CAR T-cell 
therapy targeting CD22, 73% (11/15) of B-ALL patients 
achieved complete remission after receiving anti-CD22 CAR 
T-cell therapy (21). A retrospective analysis demonstrated that 
conventional CD19 may be combined with aberrant antigens, 
such as CD123, to form CARs with bi-specific antigens, which 
may significantly improve the efficacy when treating R/R 
B-ALL (22). Furthermore, CD123 is considered a promising 
target for acute myeloid leukemia (AML) (23). It was previ-
ously demonstrated that CD33-targeted CAR T-cells may 
clear leukemia without causing myelosuppression in the treat-
ment of AML (24).

In addition to leukemia, CAR T-cell therapy also demon-
strated great potential in the management of multiple myeloma 
(MM). MM is a hematological malignancy with the second-
highest annual incidence among hematological tumors, caused 
by gene mutations during B-lymphocyte differentiation into 
plasma cells. In an experiment using biepitope-targeting CAR 
T-cells against B-cell maturation antigen (BCMA) in 17 cases 
of R/R MM, the overall response rate reached 88.2% (25). As 
a transmembrane glycoprotein, BCMA belongs to the tumor 
necrosis factor receptor superfamily, which has an important 
role in long-term plasma cell survival and B-cell differentiation 

into plasma cells. In addition, BCMA is important for the 
survival of malignant plasma cells and its upregulation may 
promote MM-cell growth, while its downregulation inhibits 
MM-cell proliferation. Furthermore, BCMA is usually 
expressed at higher levels in malignant plasma cells compared 
to normal plasma cells, which may be an important factor 
for the effectiveness of CAR T-cell therapy when applied 
to patients with MM (26). Other clinical trials also reported 
promising results. A clinical study including patients with 
MM who received BCMA-targeting CAR T-cell therapy 
reported an overall response rate of 81% (27). In addition, 
CD38 and CD138 may be potential targets for MM treatment 
strategies (28,29).

Solid tumors. CAR T-cell therapy has achieved great successes 
in treating hematological malignancies, but its application 
in solid tumors has not been as successful due to the lack of 
optimal antigens and the immunosuppressive tumor microen-
vironment (TME).

Continuous research and ongoing experiments aim at 
constructing solid tumor-associated antigens. For instance, 
CAR T-cells against human epidermal growth factor receptor 2 
(HER2) may not only recognize and kill HER2+ breast cancer 
cells but also induce regression of experimental breast cancer 
in vivo (30). In addition, a previous study demonstrated that 
phosphatidylinositol 3 (GPC3)-targeted CAR T-cell therapy 
may also be a potential treatment for liver cancer (31). In a recent 
study, a CAR (hYP7) T-cell model was constructed, which was 
able to eliminate GPC3-positive hepatocellular cancer (HCC) 
cells, possibly by inducing perforin- and granzyme-mediated 
apoptosis or reducing Wnt signaling in tumor cells (32), empha-
sizing the potential of CAR T-cell therapy targeting GPC3 in the 
treatment of patients with HCC. In addition, GPC3-targeting 
CAR T-cells expressing IL-12 have been constructed, which 
may significantly enhance the function of CAR T-cells with 
relatively fewer side effects (33).

A study demonstrated that prostate-specific membrane 
antigen and MUC1 may serve as potential targets in non-
small cell lung cancer (34). Furthermore, mesothelin, anthrax 
toxin receptor 1 (ANTXR1; also known as tumor endothe-
lial marker 8) and mucin 3A are possible targets for CAR 
T-cell therapy in gastric adenocarcinomas (35). Anti-CD22/
anti-CD19 CAR T-cell therapy has been successfully used 
to treat R/R B-cell lymphoma involving the gastrointestinal 
tract. Out of 14 patients, 10 achieved an objective response 
and 7 patients achieved a complete response (36). Previous 
studies have indicated that programmed cell death protein 1 
knockout may enhance the lytic activity of epidermal growth 
factor receptor variant III (EGFRvIII)-CAR T-cells against 
programmed death-ligand 1 EGFRvIII glioblastoma multi-
forme (GBM) cells, which may provide a novel therapeutic 
strategy for GBM (37). In addition, CAR T-cell therapy is also 
applied to treat solid tumor types, including pancreatic cancer, 
renal cell carcinoma, ovarian cancer, colorectal cancer and 
melanoma (38).

Regarding the use of CAR T-cells for the management of 
solid tumors, our group has also performed various prelimi-
nary investigations. A number of tumor antigens have been 
screened to be used for CAR T-cell therapy, among which, 
our previous study constructed a humanized protein tyrosine 
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kinase 7-CAR through genetic engineering to perform genetic 
modification of lymphocytes (Fig. 2) (39).

4. Current challenges and treatment principles of CAR 
T-cell therapy

Cytokine release syndrome (CRS). CRS is a systemic 
inflammatory state that occurs as a result of robust immune 
activation. As one of the most frequent serious adverse events 
associated with CAR T-cell therapy, CRS is reported in 
patients who receive CAR T-cell therapy with an incidence 
of 57-93%, depending on the type of immunotherapy and the 
disease burden (40).

CRS is mainly triggered by a large number of cytokines 
and inflammatory factors, and interleukin (IL)-6 has a key role 
in mediating CRS. However, the levels of other cytokines also 
increase over the course of CRS, including IL-2, interferon-γ, 
tumor necrosis factor, GM-CSF, IL-5, IL-8 and IL-10 (41).

As a systemic inflammatory response, CRS involves 
multiple systems and has various aspects, such as circulatory, 
breathing, urinary and digestive system disorders. The patient 
may develop fever, skin rash, cardiac dysfunction, respiratory 
failure, renal failure, nausea, vomiting, hepatic dysfunction, 
disseminated intravascular coagulopathy and neurotoxicity 
after undergoing CAR T-cell therapy (42,43).

Although most cases of CRS are self-limited, it may prove 
life-threatening without timely and effective treatment (44). 
For instance, respiratory symptoms are common in mild cases. 
CRS may manifest as cough and tachypnea, but it may progress 
to acute respiratory distress syndrome with hypoxemia and 
dyspnea. When respiratory dysfunction occurs, mechanical 

ventilation is usually required. Similarly, if cardiovascular 
(CV) side effects occur, patients must be promptly transferred 
to the intensive care unit where fluids and pressors may be 
administered to effectively manage tachycardia and hypoten-
sion (45). A study on CRS and cardiotoxicity caused by CAR 
T-cell therapy reported that heart injury and CV events are 
common in adult patients following CAR T-cell therapy, but a 
shorter time from CRS onset to the utilization of tocilizumab 
was associated with a lower rate of CV events (46). Therefore, 
it is crucial to ensure timely detection and treatment for 
patients receiving CAR T-cell to prevent further damage to the 
body from CRS.

Of note, patients with mild and moderate symptoms may 
require supportive measures, such as antibiotics and anti-
pyretics, while tocilizumab is usually required in severe cases. 
As the first-line medicine in the clinical treatment of CRS, 
tocilizumab may ameliorate CRS by antagonising IL-6 (47). 
Furthermore, tocilizumab has already demonstrated clinical 
efficacy in treating CRS, without compromising the antitumor 
effects, and clinical improvement is usually observed within 
hours. As a consequence, tocilizumab was approved by the 
FDA in August 2017 and is currently considered as the main-
stay of treatment for severe CRS (48).

Of note, both tocilizumab and steroids may be used to 
treat CRS. However, the use of tocilizumab is favored over 
corticosteroids, as the latter may adversely affect the treatment 
efficacy (49).

Regarding the treatment of R/R chronic leukemia, studies 
have confirmed that the combination of ibrutinib and anti-CD19 
CAR T-cell immunotherapy was able to effectively improve 
the antitumor efficacy of CAR T-cells and reduce the incidence 

Figure 2. Schematic illustration of the mechanisms of action of CAR T-cells against esophageal squamous cell carcinoma. (A) Role of CAR T-cells in targeting 
PTK7 to treat esophageal squamous cell carcinoma. (B) CAR T-cells (CAR + CXCR3A + T-cells) expressing CXCR3A. CAR T-cells, chimeric antigen 
receptor-modified T-cells; PTK7, protein tyrosine kinase 7; CXCR/L, C-X-C motif chemokine receptor/ligand.
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of CRS (50). The use of dual-target chimeric antigen receptor 
T-cells may also be considered. A case report on a patient 
with R/R primary central nervous system (PCNS) diffuse 
large B-cell lymphoma treated with anti-CD19- and anti-
CD70-specific CAR T-cell therapy indicated that CAR T-cells 
were able to effectively target PCNS lymphomas and maintain 
disease-free survival without inducing CRS  (51). Another 
study reported that, with the use of real-time monitoring of 
cytokines, CAR T-cell therapy against CD19 may be safely 
applied in patients with R/R leukemia (52).

Immune effector-related neurotoxicity syndrome (ICANS). 
ICANS is the second most common complication of CAR 
T-cell therapy with an incidence of 12-55%.

ICANS may manifest with a diverse range of symptoms, 
spanning from mild confusion with tremor, dysgraphia, mild 
expressive aphasia and apraxia, to seizures, somnolence, 
global aphasia and, in a minority of cases, death  (53,54). 
Fatal cerebral edema has also been reported (55). Another 
previous study indicated that patients with a higher tumor 
burden were more likely to develop neurotoxic symptoms 
when receiving high-dose CAR T-cell therapy. Of the 25 adult 
patients who developed ICANS following CAR T-cell therapy, 
12 (48%) developed grade 1-2 neurotoxicity, whereas 13 (52%) 
presented with grade 3-4 neurotoxicity (56). In a phase I study 
including 53 adult patients with B-ALL treated with CD19 
CAR T-cell therapy, grade 1 and 2 neurotoxicity was observed 
in 11 patients, and grade 3 and 4 neurotoxicity was observed 
in 22 patients  (57). Although the pathophysiology of the 
neurotoxicity has yet to be fully elucidated, there is evidence 
of breakdown of the blood-brain barrier in patients with severe 
neurotoxicity and the protein concentration in the cerebro-
spinal fluid (CSF) is correlated with the grade of neurotoxicity, 
indicating that there is increased permeability of the blood-
CSF barrier during ICANS. It was previously reported that 
the neurotoxicity of CAR T-cell therapy may be associated 
with the proliferation of CAR T-cells in the central nervous 
system. A phase I study enrolled 21 pediatric and young adult 
patients (aged 1-30 years) with R/R ALL or non-Hodgkin 
lymphoma (58) and reported that those who developed neuro-
toxicity had higher concentrations of CAR T-cells in their 
CSF. In this trial, the numbers of CAR T-cells in the CSF of 
patients exhibiting neurotoxicity were higher compared with 
those in patients who did not receive this therapy. Similar to 
CRS, ICANS is also self-limited and the therapeutic interven-
tions are mainly supportive, aimed at attenuating the immune 
system response by using steroids (59).

Tumor lysis syndrome (TLS). TLS refers to the metabolic 
disorder caused by the excessive release of uric acid, potas-
sium and phosphorus following the death of a large number of 
cancer cells within a short time period.

In general, the symptoms are non-specific, including 
nausea, fatigue, numbness, hallucinations, cramps and 
palpitations. TLS is a common tumor emergency and, if left 
untreated, may lead to kidney failure, heart failure and death 
in severe cases (60). When patients with a high tumor burden 
receive CAR T-cell therapy, plenty of tumor cells are killed by 
CAR T-cells within a short period, releasing their contents into 
the blood and leading to the development of TLS. Therefore, 

when administering CAR T-cell therapy, the results of blood 
tests and the characteristics of the cancer should be taken 
into consideration to evaluate the risk of developing TLS. 
Furthermore, adequate preventive measures are required to 
reduce the risk of TLS (61,62).

Homing disorders. Another cause for the lack of response in 
numerous patients receiving CAR T-cell therapy is the poor 
homing of T-cells into tumors.

This may be caused by the lack of optimal tumor-associated 
or tumor-specific antigens. An optimal target should have wide 
tumor coverage and be highly specific for the tumor in order to 
ensure safety and efficacy. Unlike hematological cancer cells 
carrying homogeneous target antigens, the antigens on solid 
tumor cells are heterogeneous and may differ between the 
primary and metastatic stages of the same tumor; therefore, 
finding a suitable antigen may prove difficult (63).

The second reason for homing disorders is the immunosup-
pressive TME. The lack of sufficient blood supply, low pH and 
certain cytokines prevent the continued antitumor activity of 
the immune system (64). In addition, fibroblasts and myeloid 
cells may form a physical barrier around the tumor to prevent 
CAR T-cells from entering the TME. Furthermore, a variety 
of chemokines secreted by solid tumors may lead to immune 
escape and make the penetration of CAR T-cells less efficient. 
As a consequence, it is difficult for CAR T-cells to adequately 
home to and infiltrate the tumor.

In order to solve these problems, methods for improving 
the treatment efficacy of CAR T-cells in solid tumors have 
been under investigation. In a study by Katz et al (65), CAR 
T-cell therapy was applied to patients with liver metastases 
through percutaneous hepatic artery infusions, which limited 
extrahepatic toxicity while optimizing treatment efficacy. 
Other methods, such as engineering CAR T-cells to express 
cytokines, such as IL-7 and CCL19, may enhance the efficacy 
of this therapeutic application by recruiting T-cells and DCs 
to tumor tissues (66). In addition, as a chemokine receptor, 
C-X-C motif chemokine receptor 3 has a key role in activating 
T-cells and is involved in the development and persistence of 
tissue-resident memory CD8+ T-cells (67).

Poor proliferation and short-term persistence. As well as the 
antigen loss, poor persistence of the infused CAR T-cells is 
one of the major causes of treatment failure, resulting from 
programmed cell death or exhaustion of T-cells. Of note, 
the exhaustion of T-cells is complex and may be affected by 
a variety of factors, including the starting state of T-cells, 
patient age and the TME (68). It has been reported that CAR 
T-cells may be functionally suppressed under adverse condi-
tions, including poor blood supply, low pH and hypoxia (69). 
Furthermore, tumors secrete cytokines to recruit various 
types of immunosuppressive cells that may secrete anti-
inflammatory cytokines and/or express ligands for immune 
checkpoint receptors, which potentially causes the exhaustion 
of CAR T-cells (70). As a consequence, these negative regula-
tors lead to the poor expansion or short-term persistence of 
CAR T-cells.

On-target, off-tumor toxicity. On-target off-tumor toxicity is 
an adverse effect associated with CAR T-cell-induced injury 
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of normal tissues. Since tumor-associated antigens may also 
be weakly expressed in normal tissues (71), potential damage 
of normal tissues may occur during immunotherapy (72). A 
severe event was reported during the treatment of a patient 
with colon cancer metastasis to the lungs and liver (73). In that 
case, the patient developed respiratory distress within 15 min 
after the CAR T-cell infusion and succumbed to the condi-
tion 5 days later. The final conclusion was that the patient's 
death was caused by the localization of a large number of 
CAR T-cells in the lungs and severe injury of the pulmonary 
epithelial cells.

Current research indicates that the introduction of suicide 
gene systems may be used to address the possible on-target off-
tumor toxicity (74). Furthermore, by engineering CAR T-cells 
to express two or more receptors, such CARs may recognize 
the tumor cells more specifically, while normal tissues are 
protected as they only express one antigen (75).

5. Conclusions and outlook

Compared with traditional therapy, immunotherapy exhibits 
higher specificity and stronger antitumor efficacy. Furthermore, 
this field is rapidly advancing due to continuous scientific 
breakthroughs.

Although CAR T-cell therapy is rapidly developing and 
appears to hold great promise, several issues remain to be 
resolved, such as increasing the ability of CAR T-cells to 
infiltrate solid tumor tissues, enhancing their specificity when 
applied to various solid tumors and increasing their ability to 
cope with the immunosuppressive TME.

With the continuous development of tumor immuno-
therapy, the related anticancer drugs are expected to be more 
widely used in the future. Therefore, the incidence of immune-
related adverse reactions is expected to increase over the next 
few years and effectively reducing various adverse reactions 
should be the focus of future research. In addition, traditional 
CARs have a fixed design, which limits their clinical applica-
tion due to the high manufacturing cost, lengthy production 
process and an inherent risk of production failure; therefore, 
the design of a universal CAR represents a new goal as well as 
a significant challenge (76).
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