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Introduction

T cell plays a significant role in anti-tumor immunity, 
and TCR executes immune function by cooperating 
with CD4/8 and co-stimulatory signals. CAR-T cells 
are genetically engineered T cells with the expression of 
tumor-targeting receptors and increased cytotoxic potency 
to target cells, which have undergone several generations 
of enhancement. CAR-T cells recognize tumor antigens 
without MHC restriction and the aid of antigen presenting 
cells (APCs). CAR is composed of the extracellular, hinge, 
transmembrane and intracellular domains. The intracellular 
domain is mostly CD3ζ or FcRγ, however, there are more 
investigations regarding the CAR attached with CD3ζ, due 
to its quantitative superiority of intracellular ITAMs. The 
transmembrane domain mostly consists of CD3ε, CD8 or 
CD28, which also influences the expression and anti-tumor 
capability of CAR. Currently, CD19, Her-2, ROR1, CD20, 

etc. are common scFv targets in the extracellular domain. 
CAR-T cell immunotherapy has made unprecedented 
progress in acute lymphoblastic leukemia (ALL) treatment, 
among which B-ALL is the most prevalent type in children. 
The relapse-free survival rate of adolescents and children 
with ALL, who received CAR-T therapy, reached more 
than 50%. And complete response rate reached over 90% 
with long persistence. However, prognosis in the elderly 
and children with B-ALL was poor, with about 10–20% 
suffering from relapse, demonstrating that CAR-T therapy 
still requires refinement (1-3). Adverse effects such as 
cytokines release syndrome and tumor lysis syndrome 
are also obstacles to CAR-T application. Therefore, it is 
imperative to identify and design appropriate management 
strategies for all complications and toxicities associated 
with CAR-T therapy. In this review, we propose several 
measures in order to improve CAR-T cell construction so 
as to minimize the potential risks related to CAR-T therapy. 
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In future, a more refined CAR-T therapy would offer 
substantial advancements in anti-tumor practice.

CAR-T cell preparation and design

CAR-T cell construction is a comprehensive discipline, 
which incorporates immunology and gene engineering. 
Transfection via electroporation or viral vectors is used 
to introduce CAR into T or NK cells. Generally, T cells 
are isolated from peripheral blood, and most of CAR-T 
treatments initially involve leukapheresis, which is followed 
by IL-2 administration or CD3/CD28 microbead expansion 
ex vivo (4). Leukapheresis reduces GVHD risk, achieves 
cell-mediated cancer regression, and increases anti-tumor 
efficacy. The amplified T cells are finally re-infused into the 
autologous host after radiation therapy and chemotherapy, 
both of which lead to great toxicity. Recent clinical trials 
preferred retroviral and lentiviral vectors as transgenes for 
CAR-T construction. However, screening for potent viral 
vectors for replication will inevitably bring about high cost. 
Compared with viral vectors, the introduction of transposons 
into cells by electroporation provides a stable, easy and 

inexpensive method for CAR-T cell construction (5). 
Another issue concerning CAR-T cell preparation is the 

selection of an appropriate TAA. Several common criteria 
are summarized below based on antigen characteristics. 
(I) Compared with the low expression level in normal 
tissue, several differentiation-related antigens, such as 
Her-2, gp100, and MART, are overexpressed in breast 
carcinoma and melanoma, which can serve as therapeutic 
targets (6,7). Among them, Her-2 has recently become a 
hotspot in CAR-T research. Her-2 inhibitor, trastuzumab, 
offers a novel therapeutic approach against the EGFR 
mediated pathway in lung cancer (8). Four of the 17 
patients who received Her2-CAR infusion (1×104/m2 to 
1×108/m2) had stable diseases for a period of 12 weeks- 
14 months, and the median overall survival time was  
10.3 months (NCT00902044) (9). (II) Proteins that 
showed abnormalities in structure or expression, including  
MUC-1, Ras and p53, may be tightly related to CAR 
expression and regarded as specific antigens (10,11). (III) 
Antigens mainly presented in tumor cells, including BRAF 
in melanoma and EGFR Ⅷ mutation in breast carcinoma, 
variably affect CAR expression and could be selected to 
minimize impairment (12,13). (IV) Viruses like HBV can be 
rationally treated as CAR targets. EBV specific CTLs with 
anti-Her2 CAR expression can function as tumor directed 
effector cells and survive longer in vivo, due to persistent 
stimulation from viral antigens (14,15). (V) Mesenchymal 
molecules like VEGF receptor, would become candidate 
targets (16), however, it may be associated with irreversible 
hematopoietic injury. (VI) Cancer-testis antigens like NY-
ESO-1, which are only expressed in embryonic period, are 
preferred in multiple myeloma treatment because of their 
low expression levels after puberty (17) (Table 1).

The first generation of CAR was mainly composed of 
two parts, an extracellular scFv and an intracellular CD3ζ. 
Due to the lack of co-stimulatory signals, this generation of 
CAR-T cells could not proliferate continuously and produce 
cytokines sufficiently, therefore the anti-tumor effect was 
not very good. The second generation of CAR made great 
breakthroughs because of the intracellular co-stimulatory 
signals provided by 4-1BB and OX40, etc. (18). However, 
contrary to the success in vitro, second generation of 
CAR-T cells did not stably proliferate to produce sufficient 
IL-2 in vivo, because of the lack of exogenous signals. And 
supplementation of exogenous 4-1BB or replacement 
with third generation facilitated massive proliferation of 
CAR-T cells (19). The third generation integrates multiple  
co-stimulatory molecules and produces cytokines intensively. 
Based on preclinical results, the third generation attached 
with both 4-1BB and CD28 presents superiority to second 

Table 1 Criteria for selecting tumor associated antigens

Characteristics

Antigens excessively expressed in tumor and remaining low 
level in normal tissues (6-9)

Proteins showed abnormalities in structure or expression 
(10,11)

Antigens mainly expressed in tumor cells (12,13)

Viruses (14,15)

Mesenchymal molecules (16)

Sexual differentiation related antigens (17)

Example

gp100, MART, Her-2

p53, GM2, Ras, MAGE, MUC-1

BRAF, EGFR VⅢ

EBV, HBV

VEGF Receptor

NY-ESO-1

EBV, Epstein-Barr virus; EGFR, epidermal growth factor receptor;  
HBV, Hepatitis B virus; Her-2, human epidermal growth factor 
receptor-2; MAGE, melanoma antigen gene; MART, melanoma 
antigen recognized by T cells; MUC-1, Mucin 1; VEGF, vascular 
endothelial growth factor.
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generation attached only with CD28 (20). However, apart 
from co-stimulatory molecules, hinge, intracellular and 
transmembrane domains will also influence the clinical 
effects of CAR-T cells, so it remains unknown whether the 
third generation is more capable in tumor treatment. Tumor 
cells exhibit heterogeneity in antigens, therefore antigen-
negative tumor cells tend to proliferate and enter into relapse 
in CAR-T therapy. The fourth generation (TRUCK) is 
specifically designed with promoters or NFAT responsive 
expression cassette to redirect the tumor microenvironment, 
deal with disadvantages of pre-conditioning, and prevent 
antigen negative relapse. TRUCKs actively release cytokines 
to prolong persistence, recruit more immune cells and 
enhance therapeutic index (21). Pegram et al. (22) have 
designed an anti-CD19 CAR with a good anti-tumor 
effect, which releases cytokines, augments T-cell activation, 
and stimulates innate immune cells to mitigate immune  
escape (21). Figure 1 In addition, Tandem CAR-T cell will 
provide a fresh outlook for tumor treatment, which may be 
attributed to high selectivity, optimized cytokine production, 
and limited tumor escape. Tandem CAR exodomain 
(TanCAR) introduces double CARs simultaneously or only 
comprises a single CAR targeting bi-specific antigen, which 

increases sensitivity and mitigates immune escape. Hegde 
et al. (23) have created a CAR that incorporates CD28ζ as 
an endodomain with the Her-2/IL13Rα2 compound as an 
exodomain. And a patient who received Tandem CAR-T 
cells had capability to lyse glioblastoma. TanCAR binding 
with CD19/CD20 demonstrated that single vector targeting 
bi-specific antigens was more effective to control tumor 
and less toxic in the high disease burden group (24). This 
indicates the possibility that TanCAR can play a pivotal role 
in overcoming challenges associated with anti-tumor therapy. 

CAR-T cell immunotherapy in clinical trial

Clinical efficacy of CAR-T therapy

Currently, CAR-T therapy has achieved success in 
hematogenous tumor treatment. (I) CD19-specific CAR-T 
immunotherapy induced complete remissions of B cell 
lymphoma with long durability and decreased relapse. From 
2009 to 2015, 6 patients with ALL and 14 patients with 
chronic lymphocytic leukemia (CLL) received anti-CD19 
CAR-T therapy. The overall response rate of the CLL 
subjects reached 42.9%, and the complete remission rate of 
the ALL subjects reached 83.4% (NCT01029366). Among 

Figure 1 The first generation of CAR is mainly composed of CD3ζ and scFv. The second generation additionally introduces co-stimulatory signals. 

The third generation contains multiple co-stimulatory molecules. The fourth generation is updated with promoters and releases cytokines intensively. 
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patients with non-Hodgkin lymphoma (NHL), 25% of the 
participants who received CD19 specific CAR-T cells had 
partial responses, and 38% were identified with complete 
responses (25). Furthermore, infusion of anti-CD19 CAR-T 
cells in combination with SCT and vaccine could safely 
enhance persistence in relapsed pediatric ALL (26). (II) 
CD33-targeted CAR-T cells effectively ameliorated acute 
myeloid leukemia (AML), and complete remissions were 
discovered among 30% of patients with relapsed/refractory 
leukemia in phase 1 (NCT01902329) (27). (III) Moreover, 
after administration of anti-CD30 CAR-T therapy in 
7 patients with relapsed Hodgkin lymphoma, complete 
response was observed in 1 patient, and 3 patients showed 
transient stable conditions (NCT01316146) (28). (IV) 
VEGFR is a vital molecule involved in tumor growth, and 
anti-VEGFR1 CAR-T cell exhibits both cytolytic effect and 
anti-angiogenic potency (16). From 2010 to 2016, patients 
with melanoma and renal cancer received anti-VEGFR 
CAR-T therapy, plus with cyclophosphamide, aldesleukin, 
and fludarabine. Consequently, 1 out of 4 patients in 
a cohort (infusion within 1×1010 cells) demonstrated a 
partial response (NCT01218867). (V) Presently, CAR-T 
clinical trials are being conducted for the treatment of solid 
tumors, mainly PSMA for prostate carcinoma, CEA for 
colon carcinoma, and GD2 for melanoma (29-31). Two 
patients in a 5-individual cohort had partial responses with 
a decline in PSA levels (NCT01929239) (29). Furthermore, 
7 patients who received anti-CEA CAR-T cells remained 
stable conditions, and one was alive 56 months post infusion 
(NCT01212887) (30). Currently, iC9-GD2 CAR-T 
cell is being tested among patients with neuroblastoma 
(NCT01822652) (Table 2).

Complications and related managements 

(I) CAR antigens are possibly expressed or have a common 
segment in normal tissues, this inevitably leads to off target 
effect, thereby causing multiple systemic organ failure. A 
recent research has revealed that after administration of  
Her-2 specific CAR-T therapy, a patient with colon cancer 
later manifested with pulmonary infiltrates and respiratory 
failure (32). Furthermore, FcμR is vastly overexpressed in CLL 
and naturally becomes a perfect therapeutic target. However, 
FcμR-CAR therapy leads to elimination of healthy B cells with 
Fcμ segment. (II) Following CAR-T cell transfusion, activated 
T cells release inflammatory mediators and large amounts 
of tumor cells undergo necrosis: this is referred as cytokines 
release syndrome and tumor lysis syndrome respectively. 
Patients would manifest with fever, chills, leukocytopenia, 
anemia, neurotoxicity and hypotension, etc. (33,34) (Table 3). 
It has been revealed that multiple-times infusion of mesothelin 
specific CAR-T cells resulted in fatal hypersensitivity 
and cardiac arrest in the patient with mesothelioma (35).  
The release of large amounts of tissue factors also contributes 
to high incidence of coagulation disturbance and rapid 
accumulation of uric acid, which results in kidney failure, 
hyperkalemia, and other fatal complications (36). (III) 
Neurotoxicity is one of the major complications of CAR-T 
immunotherapy. Endothelial cells in the central nervous 
system maintain the integrity of the blood brain barrier 
(BBB). However, CAR-T cell activation induces inflammatory 
mediators, which stimulate pericytes, enhance endothelial 
permeability, and increase vascular coagulation (34).  
The disruption of the BBB finally results in cerebral 
hemorrhage and edema, contributing to high morbidity and 
mortality among patients. Therefore, the anti-IL-6 agent, 
siltuximab, which has demonstrated superiority to tocilizumab 
in penetrating the CNS, is recommended. Besides, plasma 
exchange and platelet transfusion serve as strategies for 
controlling coagulation degree and cytokines levels (37).

Concerning managements of complications and toxicities, 
before CAR-T cell infusion, precautionary measures should 
be taken. For example, medical doctors may give NSAIDs 
instead of glucocorticoids to prevent fever and anaphylaxis. 
Besides, patients with high-tumor-burden lymphoma, who 
received allopurinol followed by cyclophosphamide, would 
show tolerance and no evidence of TLS was identified (38). 
To prevent potential risks in CAR-T immunotherapy, we 
propose the following measures. (I) To avoid hypersensitivity 
and CRS, we advocate a low dosage but multiple-times 
infusion of CAR-T cells to induce tolerance and memory 
in the central immune system. The dosage of universal 
cytokines like IL-2 should be reduced to make the therapy 

Table 2 Tumor associated antigens applied in clinical trial

TAA Targeted tumor

Her-2 (6) Breast carcinoma

MUC-1 (11) Pancreatic and prostate cancer

CD19 (25,26) B cell lymphoma, acute lymphoblastic leukemia

CD33 (27) Acute myeloid leukemia

CD30 (28) Hodgkin lymphoma

PSMA (29) Prostate carcinoma

CEA (30) Rectal and colon carcinoma

GD2 (31) Neuroblastoma, melanoma

CEA, carcinoembryonic antigen; Her-2, human epidermal growth 
factor receptor-2; MUC-1, Mucin 1; PSMA, prostate specific 
membrane antigen; TAA, tumor associated antigen.
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more safe and controllable. The IL-6 receptor inhibitor 
tocilizumab is used as standard practice to reduce cytokines 
levels in ALL patients. (II) In terms of hypotension, blood 
volume can be maintained by administrating saline or 
vasopressor agents. (III) Regarding the hematopoietic 
system defects induced by cytokine disorder, rituximab or 
alemtuzumab can be used to temporarily deplete T cell with 
no interference in the CAR-T function as a whole (39).  
( IV) With respect  to leukocytopenia,  the colony 
stimulating factor, filgrastim, should be considered for 
stimulating leukocyte production. (V) Lastly, CD19-
positive CAR-T cell immunotherapy impairs healthy 
B cells to cause hypo-gammaglobulinemia and B cell 
exhaustion. γ-immunoglobulin and antibiotics can be used to 
intermittently alleviate the B cell defect and prevent potential 
infections. After administrating CAR-T cell therapy, patients 
must stay in hospital for routine examination of blood and 
urine according to National Cancer Institute. In addition, 
medical doctors should monitor vital signs, including 
temperature, pulse, respiration, and blood pressure.

Future perspectives

The clinical efficacy of CAR-T therapy has become more 
prominent in hematogenous tumor treatment. However, 
compared to the accomplishments made with anti-
leukemia agents, CAR-T therapy encounters a deadlock 
in the treatment of solid tumors, and the high risks of 
complications make it a dilemma. With regard to these 
factors, we here discuss some expectations towards future 
development: (I) In clinical treatment, medical doctors 
should sketch out an anti-tumor plan both independently 
and individually. Due to tumor heterogeneity in plasticity, 
phenotype and drug resistance, CAR-T cell immunotherapy 
may not be so sensitive and highly effective. Therefore, 
unique targets of tumor should be selected, real time 

patient status should be taken into consideration, and 
clinical complications should be disposed of in time. (II) 
Combination therapy may open the new chapter for 
CAR-T therapy. (i) T cell homing needs to penetrate the 
mesenchyme, where stromal cells and mesenchymal stem 
cells (MSC) may produce fibroblast activation protein 
(FAP), facilitate tumor metastasis, and induce immune 
suppressive environment (40). Inducible co-stimulators of 
CAR-T cell, such as MyD88 with CID binding domain, 
are helpful to maintain T cell activation, and CAR-T cell 
with high expression of heparanase can enhance T cell 
trafficking (41,42). (ii) Bruton’s tyrosine kinase (BTK) and 
immune checkpoint PD-1, which regulate tumor growth 
and metastasis, cannot be ignored. BTK inhibitor (Ibrutinib) 
and PD-1 blockade in combination with CAR-T therapy 
may increase T cell survival, and kill PD-L1 positive 
tumor cells (43). Presently, 20 patients are participating 
in the herinCAR-PD1 clinical trial for the treatment of 
EGFR-positive solid tumor since 2016 (NCT02873390). 
(iii) Indoleamine 2,3-dioxygenase (IDO) is involved in 
tryptophan metabolism. The tryptophan metabolites result 
in the inhibition of CAR-T cells proliferation and cytotoxic 
capability via activating the aryl-hydrocarbon receptor and 
the expression of the related gene. Besides, it was discovered 
that the treatment of IDO inhibitor (1-methyl-tryptophan), 
plus fludarabine and cyclophosphamide, remarkably 
increased CAR-T anti-tumor efficacy, improved survival 
rate and decreased IFN-γ induced IDO expression (44). 
Therefore, IDO inhibitors may provide novel therapeutic 
approaches for CAR-T treatment. (iv) Pembrolizumab 
is the first-line anti PD-1 monoclonal antibody and it 
ameliorates the immune suppression mediated by tumor 
microenvironment. The anti-GD2 CAR-T cell plus 
pembrolizumab demonstrated a long persistence and limited 
immune escape (31). (v) It has been observed that tumor 
vaccines can augment the anti-tumor activity of CAR-T 

Table 3 Adverse effects of CAR-T immunotherapy

Region Manifestation

Overall manifestation (33) Fever, chills, fatigue

Respiratory system (32,33) Respiratory failure, pulmonary edema, dyspnea

Nervous system (33,34) Convulsion, aphasia, fatigue, headache, seizures, encephalopathy

Cardiovascular system (33) Cardiac arrest, hypotension, decreased cardiac output, cardiac dysfunction

Hematologic system (33) Leukocytopenia, lymphohistiocytosis, anemia, hypofibrinogenemia

Digest system (33) Vomiting , nausea

Renal system (33) Renal impair, renal failure, azotemia
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cells and contribute to CAR-T cells ablation to prevent their 
overgrowth. The CMV specific vaccine, which comprises 
the endogenous CMVpp65 T cell receptor, significantly 
improves CAR-T cell persistence and IFN-γ secretion 
without evidence of GVHD. The fraction of CAR-T cells in 
the total cell population, which was detected by cetuximab, 
reached nearly 50% with 120–150 fold increase (45).  
(vi) Small molecule inhibitors will also offer novel 
approaches for tumor treatment because of their efficiency 
and sensitivity. ABT-737 is a small-molecule inhibitor of 
Bcl-2, which has been reported to exhibit synergistic effects 
on CAR-T anti-tumor efficacy. The combination therapy of 
ABT-737 and anti-CD19 CAR-T cells induces tumor cell 
apoptosis via caspases 3/7/9 and increases T cell recognition 
via cell phenotype changes (46). (III) Preconditioning 
of CAR-T therapy requires optimization. Currently, 
leukapheresis, chemotherapy, radiation therapy and 
autologous hematopoietic stem cell transplantation (HSCT), 
are the standard strategies to reduce immune rejection 
and improve survival rate. However, excessive use of IL-2 
in preconditioning will consequently aggravate CRS and 
immune disorder. Therefore, humanization of engraftment, 
activation of specific CAR-T cells, and selection of 
appropriate TAAs are the 3 most important challenges that 
need to be addressed urgently. Besides, the cultivation of 
CAR-T cells in vitro and promotion of T cell homing in 
vivo should also be strengthened to sustain T cell activity. 
(IV) Simultaneous and sequential CAR-T cells are being 
studied for clinical applications. The sequential therapy of 
CD19 and CD20 bi-specific CAR-T cells was administrated 
among patients with diffuse large B cell lymphoma since 
2016 (NCT02737085). Besides, EGFR and CD133 bi-
specific CAR-T cells were infused sequentially in a 52-year-
old female with advanced cholangiocarcinoma. 8.5-month 
partial response was reported in anti-EGFR therapy and 
4.5-month partial response was observed in later anti-CD133 
therapy (47). (V) Other ongoing clinical trials are directed at 
renovating design and introducing on-off molecular switches 
in initial stage of CAR-T cell construction. Actually, this 
switch is an apoptosis gene to induce T cell inactivation and 
restrain cytokine overproduction, with no interference in 
the potent anti-tumor activity. Recently, Caspase-9 (iC9) 
has been introduced as a suicide gene in anti-CD19 CAR 
design, which not only improves the B cell aplasia, but also 
demonstrates sustainable remission, great safety and limited 
toxicity (48). Another apoptosis switch is the WOX1 and 
MEK interaction. MEK relocates to the lipid raft, and 
WOX1 transfers to the mitochondria, in which it undergoes 
phosphorylation and induces apoptosis subsequently (49). 
This switch may play a crucial role in leukemia, which 

guides the management of the CAR-T cell overgrowth. In 
addition, TanCAR could be a positive signal for CAR-T 
therapy development. By introducing double targets, CAR 
would be more efficient and sensitive. However, questions 
such as whether TanCAR can target more tumor antigens or 
how its design can be improved require further exploration.

Conclusions

CAR comprises scFvs and co-stimulatory signals to sustain 
proliferation, enhance cytokine production, and improve 
scope of anti-tumor response, which has undergone 
several generations of enhancement. The selection of 
CAR-T antigens can be summarized according to antigen 
characteristics. Lesion size was identified with a decrease 
and prolonged survival time was exhibited among patients 
who received CAR-T therapy. However, adverse effects 
cannot be ignored, and should be managed before, during, 
and after CAR-T therapy. Further investigations regarding 
CAR-T therapy are required before it can be successfully 
utilized as a standard strategy for anti-tumor treatment.
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