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ABSTRACT

Immunotherapy is regarded as the most significant method for cancer treatment in recent years. Chimeric an—
tigen receptor T cell(CAR-T) technology , one form of target immunotherapy, has made a great breakthrough in he-
matological malignancies treatment and also a few progress in solid tumor treatment. This article reviews the history and
mechanism of CAR-T, as well as the advantages and limitations of CAR-T in clinical cancer treatment. Then the review
mainly discussed the clinical trial progress of CAR-T cell therapy in solid tumor treatment. A primary obstacle of CAR—
T therapy is the heterogeneity in solid tumors. With an increasing number of solid tumor surface antigens being discov—
ered, different varieties of CARs have been designed to treat solid tumors and have made some progress in clinical trial.

In the end, this review puts forward a possible development direction of CAR-T.
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The treatment of malignant tumors has long been a
disturbing problem for the public. Traditional methods
of cancer treatment include surgery, chemotherapy,
radiotherapy, while most treatments have no satisfac—
tory therapeutic effect. With the rapid development of
immunology, immunotherapy has become a signifi—
cant treatment method for malignant tumors in recent
years. T lymphocytes, the most effective anti—tumor
immune cells, attract the most widespread attention.
Combined the high specificity of antibody with the cy—
totoxic activity of T cells, chimeric antigen receptor T
cell (CAR-T) technology considered as a pearl of cel—-
lular immunotherapy has made great progress in recent
years. This review summarizes the progress of CAR—
T cell technology and its clinical application in cancer
treatment.

OVERVIEW OF CAR-T TECHNOLOGY

The history of CAR-T technology development

Chimeric antigen receptor (CAR) contains extra—
cellular antigen binding domains, transmembrane and

intracellular signaling domains. Extracellular antigen
binding domains are usually derived from a single chain
antibody (single chain variable fragment, scFv). The
intracellular signaling domain is immunoreceptor tyro—
sine—based activation motif (ITAM), generally includ—
ing CD3 ¢ or Fc ¢ RIy “_2], etc. Fc € RI Y includes 1
ITAM, however, only CD3 ¢ including 3 ITAMs can
activate T cells effectively. Therefore it is more com—
mon that CD3 € is taken as the intracellular signaling
domain.

The first generation of CAR had only one intracel—
lular signaling domain. The signal mainly transducts
through the ITAM of CD3 € . Owing to the lack of the
second signal of T cell proliferation, T cells are difficult
to proliferate further after combining with tumor anti—
gen. Therefore it only has a weak anti—tumor effect.

Based on the first generation of CAR, the second
generation of CAR was produced by adding a stimu—
latory molecule (CM) to the CAR, which is able to
transfer the second signal, such as CD28 or 4-1BB
molecules connected with CD3 € . Thus the second
generation of CAR improves the effects of T cells. Af-
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ter combining with the tumor antigen in vivo, the sec—
ond generation CAR-T cells can kill cancer cells and
complete their amplification at the same time. Adding
the co—stimulatory signal 4—1BB extends the survival
time of CAR-T cells in vivo and increases the amount
of CAR-T cells located in the tumor. Meanwhile it im—
proves the anti—tumor ability.

The third generation of CAR intracellular signaling
domain contains two CM (such as CD28 and CD137/
CD134 chimera connected with CD3 & )", These
transgenic CAR-T cells can produce enough IL-2 to
promote its proliferation with the effect of exogenous
co—stimulatory molecules. Compared with the second
generation CAR, the third generation CAR has stronger
cytotoxicity, amplification and capacity of cytokine
production in vivo.

The fourth generation of CAR, called T cells redi—
rected for universal cytokine killing (TRUCK), intro—
duces proinflammatory cytokines and costimulatory
ligands which cause greater antitumor effects widely in
immune suppression of the tumor microenvironment
by releasing proinflammatory cytokines, recruiting and
activating more immune cells.

The fifth generation of CAR is also called general
CAR. The French Cellectis Company applied TALEN
technology to knock down the T cell receptor (TCR)
and CD52, which could reduce or avoid the risk of
graft—versus—host disease (GVHD) produced by al-
logeneic cells™. CD52, a target for the anticancer drug
alemtuzumab, can protect the CAR-T from killing by
drugs after knocked down.

The killing mechanism of CAR-T cells

Compared with traditional T cell treatment, CAR
recognizes the tumor antigen by passing the antigen
presenting stage without the restriction of MHC. And
CAR also has the recombinant costimulatory signal
which enhances the cytotoxicity of T cells. Therefore
CAR-T can overcome the adverse effects of tumor im—
mune escape caused by down-regulation of MHC of
tumor cells and reduced CM expression and so on.

The CAR was transfected into T cells in vitro to form
CAR-T cells. CAR-T cells can specifically recognize
tumor associated antigens (TAA), which increases the
effects of CAR-T cell targeting, killing activity and
durability compared with traditional immune cells.
CAR-T cells combine with the corresponding tumor
cell specifically and secrete a variety of enzyme pro—
teins including perforin and granzyme and various
cytokines to kill tumor cells”. CAR-T cells can over—
come the local immune suppression microenvironment
of the tumor and breaks the state of immune tolerance.
Antitumor antibodies usually lose their effect in a few

days or weeks, while CAR-T cells are expected to cir—
culate in the body and inhibit tumor recurrence for sev—
eral years.

ADVANTAGES AND LIMITATIONS OF
CAR-T CELL THERAPIES

Advantages of CAR-T cell therapy

Compared with traditional ways of tumor therapy
such as radiotherapy and chemotherapy, CAR-T cells
therapy has the following advantages: (D The preci—
sion killing of tumor cells. CAR-T cell is the geneti—
cally modified autologous T cells. Owing to the an—
tigen and antibody binding mechanism, CAR-T can
overcome tumor immune escape, which is the result
of tumor cells lowering the expression of MHC and
reducing antigen presentation. 2) Multiple target ef—
fect. CAR can recognize tumor cells by not only the
tumor protein antigen, but also glycolipid non—protein
antigens, which expands the range of tumor antigen
target. 3 Wider action range. In view of the variety of
tumor cells that express the same tumor antigen, once
the CAR gene construction targeted a certain tumor
antigen has completed, it can be widely used in the
treatment of multiple tumors. @ Persistent anti—tumor
effects.

Limitations of CAR-T cell therapy

Target antigen

B lymphocyte tumor cells often express CD19 mol—
ecules on the surface of cells, so CD19 CAR-T has a
significant effect on B cell tumors. However, hetero—
geneity is one of the more prominent features of solid
tumors, which means that a tumor does not express
the same tumor correlative antigen. Even on the same
tumor lesion, none of the target antigens can cover all
tumor cells. Therefore, if a single target CAR-T cell is
used to treat a solid tumor, the high heterogeneity of the
solid tumor is thus that it will inevitably relapse or will
not be fully eradicated’. In addition, the target antigen
of CAR-T cell is also expressed in normal cells or tis—
sue in a certain extent. The cross immune killing effect
can be controlled through the strict screening of target
antigens, but still can’t completely be avoided, which

leads to on—target off—tumor effects .

Cytokine release storm

Another serious complication of CAR-T therapy
is cytokine release storm (CRS), which has a high le—
thality. An important pathway for CAR-T cells to kill
tumor cells is by secreting a large number of cytokines
to promote the proliferation of immune cells and to
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enhance their immune response to tumor cells. Af—
ter CAR-T cells enter the body, T cells, B cells, NK
cells, monocytes and macrophages can release a large
number of inflammatory cytokines, including TNF-a |
IL-1, IL—6, IL-12, IFN, etc. These cytokines cause
acute inflammation which leading to adverse reactions
such as nausea, headache, tachycardia, hypotension,
rash and tachypnea, of which severe cases can lead
to multiple organ failure or acute respiratory distress
syndrome, known as CRS. The application of an anti—
inflammatory glucocorticoid or cytokine antagonist can
reduce the adverse reactions caused by CRS. Reduc—
ing the initial dose of CAR-T and increasing from low
doses to high doses can effectively prevent CRS". In
addition, the CAR-T cell with the suicide gene switch
system can also effectively control the occurrence of
CRS. Pre—setting the suicide gene switch system in
the CAR-T cells, which can be activated by small
molecule and clear away the input CAR-T cells when
necessary, consequently reduces the adverse reactions
caused by CRS. There are several suicide gene switch
systems, such as the herpes simplex virus—thymidine
kinase(HSV-TK) system, which are applied in CRS
therapy and show wide application prospects'”.

Homing of CAR-T cells

In the development process of solid tumors, a tumor
microenvironment (TME) is formed. There are infiltra—
tion of regulatory T cells (Treg), tumor associated mac—
rophages and high expressions of PD—1 and inhibitory
cytokines (IL-10, TGF-8), which protect the tumor
very closely. The CAR-T cells transfused through vein
can hardly home to the tumor; therefore, the treatment
effects are poor.

Neurotoxicity

The use of CAR-T in the treatment of leukemia is
known to cause neurological symptoms such as delir—
ium, language impairment, motor disturbance and sei—
zure, etc. The reasons are not clear, although the occur—
rence time is associated with CRS of the whole body.
These symptoms are various and most of them can be
cured by themselves. The application of tocilizumab is
not effective for neurotoxicity.

APPLICATION OF CAR-T CELL HER-
APY IN TREATMENT OF CLINICAL
TUMOR

Hematological malignancy

Currently, the clinical application of CAR-T cell
therapy focuses on hematopoietic tumors. One exam—
ple of the clinical application of CAR-T is the case of

6—year—old Emily Whitehead. In April 2012, Emily
was highly at risk after experiencing two recurrences of
acute lymphoblastic leukemia. The Children’s Hospital
of Philadelphia implemented the Novartis CTL-019
phase I clinical program for Emily. With this, Emily
became the first leukemia child cured by CAR-T cell
immunotherapy. During the treatment, she had severe
CRS, and fortunately, the CAR-T cell played the ther—
apeutic effect and Emily regained her life. According to
the published data by Maude SL et al. in 2014, out of
30 cases of different types of B lymphocyte leukemia
treated by CAR-T cell therapy, 27 patients (90%) ob—
tained a complete response(CR) and 20 patients (67%)
were still clear of cancer cells after half a year'"”. Marco
et al. applied CAR-T cells targeted CD19 to treat re—
crudescent and intractable B cell acute lymphoblastic
leukemia (B—ALL) patients, and the CR rate reached
88% in 16 cases of patients[“]. On July 12, 2017, the
FDA Oncologic Drugs Advisory Committee (ODAC)
discussed the biologics license application (BLA) of
Novartis’s CAR-T product Tisagenlecleucel (CTL—
019) and supported the application of Novartis CAR-T
drug CTL—-019 to treat children and young adults with
advanced leukemia with the vote of 10:0.

Solid tumors

Owing to solid tumors” atypical, less tumor specific
antigen (TSA) and tumor immune editor, nowadays
CAR-T therapy has only made small progress on the
solid tumors which show obvious TSA, such as lym—
phoma, melanoma, neuroblastoma, etc.

Lymphoma

In 2010, Kochenderfer et al. first reported on the ap—
plication of CD19 CAR-T cells to treat lymphoma. An
advanced lymphoma patient was in a state of lympho—
ma remission for a long time after administering CD19
CAR-T cells. The normal CD19" B cells also have long
been eradicated, which indicated success in the treat—
ment by CD19 CAR-T"'. Mishra ez al."” observed
the curative effect of CD19 CAR-T and CD38 CAR-
T joint Rituxan to treat non—Hodgkin’s lymphoma and
found that the CAR-T cells had a strong cytotoxic ef—
fect on non—Hodgkin’s lymphoma, with the treatment
effect persisting for more than 2 months. Ramos et
al"" reported a treatment concerning relapsed/refrac—
tory Hodgkin lymphoma (HL) and anaplastic large cell
lymphoma (ALCL). They conducted a phase [ dose
escalation study in which 9 patients with relapsed/re—
fractory HL and ALCL were infused with CD30 CAR—-
T cells. Of 7 patients with relapsed HL, 1 entered CR
lasting more than 2.5 years after the second infusion, 1
remained in continued CR for almost 2 years, and 3 had
transient stable disease. Of 2 patients with ALCL, 1 had
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a CR that persisted 9 months after the fourth infusion of
CD30 CAR-T cells.

Melanoma

In 2011, Rosenberg er al."” reported that they ap—
plied autologous tumor infiltrating lymphocytes (TIL)
to treat metastatic melanoma and symptoms were im—
proved. Twenty cases got complete remission among
93 patients and 3—year and 5—year survival rates were
36% and 29% respectively, which proved the efficacy
of TIL cell treatment. In Morgan’s"” study, 17 meta—
static melanoma patients received CAR-T treatment
(targeted @ —-MART-1), 2 cases completely subsided,
while the other 15 cases continued with a high percent—
age of CAR-T cells in peripheral blood (9%—-56%)
and these patients were in stable condition. In addition,
Garget et al"" used GD2 CAR-T and kinase inhibitors
in combination in the melanoma experiments in vitro.
The experimental results showed that the combined ap—
plication has the function of the synergistic killing of
melanoma cells.

Neuroblastoma

In clinical trials of neuroblastoma treatment, Louis
et al"™ found that after applying GD2 CAR-T cells to
treat patients with neuroblastoma at the active stage,
patients attained complete remission, showing a sig—
nificant treatment effect. In the study of the application
of GD2 CAR-T cells to treat 11 children with neurob—
lastoma, 4 out of 8 cases who could be evaluated with
curative effect displayed tumor necrosis and extinction,
of which 1 patient got a complete response. These 11
patients were followed up for 2 years with no obvious
adverse reactions """, A study of 19 high—risk neu—
roblastoma patients who accepted GD2 CAR-T cell
treatment with a long—term follow—up found that GD2
CAR-T cells have a function in the treatment of neu—
roblastoma. These GD2 CAR-T cells can be amplified
in the body and can continue to exist for a long time,
showing the persistence of GD2 CAR-T cells and its
association with long—term survival *”.

Glioblastoma

In 2016, the City of Hope Research Center reported
1 case of multiple glioblastoma who accepted CAR—
T therapy targeted interleukin—13 receptor @ 2 (IL—
13R @ 2) and received a treatment breakthrough. After
the treatment, which lasting 133 days, they observed
that all intracranial and spinal cord tumor volume had
narrowed considerably. After the fifth CAR-T cell
transfusion (190 days), part of the tumor disappeared
and the rest of the tumor had decreased by 77%. After
five more sessions of CAR-T cell transfusion, the re—

searchers found that the tumors in the patient had com—
pletely disappeared, showing CAR-T cell therapy’s ef-
ficacy in treating glioblastoma™". In Jun 23, 2017, Dr.
Huang and her colleagues™ published the paper about
the treatment of gliomas with CD70—specific CAR-T
cells in Neuro—Oncology.

Metastatic hepatic cancer

Katz et al.” reported clinical trials using CAR-T
cells targeted carcinoma—embryonic antigen (CEA) via
percutaneous hepatic artery injection for the treatment
of 6 patients of metastatic hepatic cancer, including 4
cases who have more than 10 liver metastatic carci—
noma lesions. One case remained alive after more than
23 months of CAR-T treatment, and 5 died from dis—
ease progression. CEA levels fell by an average of 37%
(19%—-48%). Four cases of biopsy showed necrotic or
fibrotic metastatic carcinoma and the serum examina—
tion showed higher levels of IFN associated with the
decreased CEA. The results suggest that CEA CAR-T
therapy is effective for treating metastatic hepatic cancer.

Nasopharyngeal carcinoma

Nasopharyngeal cancer is usually associated with the
Epstein—Barr virus (EBV) infection. Tang ef al.”" used
EBYV latent membrane protein 1 (LMP1) as the tar—
get to make LMP1 CAR-T cells. In vitro experiments
showed that LMP1 CAR-T cells had a significant ef—
fect on LMP1 positive nasopharyngeal carcinoma cells.
Animal experiments show that LMP1 CAR-T cells can
obviously inhibit the growth of nasopharyngeal carci—
noma, and the results suggest that LMP1 CAR-T has
therapeutic effect on the treatment of nasopharyngeal
carcinoma expressing LMP1.

Other solid tumors

There have been reports about CAR-T clinical trial
treatment for lung cancer, pancreatic cancer, prostate
cancer, osteosarcoma, breast cancer, ovarian cancer and
so on”*" and the therapeutic effects need to be further
evaluated. Table 1 shows the clinical trials of CAR-T

therapy carried out for solid tumors ™.

FUTURE OF CAR-T THERAPY

At present, researchers are working on the develop—
ment of a new generation of CAR-T technology. For
example, a specific CAR-T cell technology, which
includes the second CAR structure, can increase the
ability of CAR-T cells to distinguish cancer cells from
normal cells. The two CARs can be designed and the
second can be reverse. The first CAR identifies the
target protein on the surface of cancer cells and causes
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Table 1 Current CAR-T clinical trials for solid tumors

Targets Tumors CAR functional domains Clinical trial stage Country
CEA adenocarcinoma NA I USA
CEA colorectal carcinoma CD3 £ /CD28 I USA
CEA breast cancer CD3 £ /CD28 I USA
CEA solid tumors NA I UK
CEA hepatic metastases CD3 £ /CD28 I USA
CEA adenocarcinoma CD3 £ /CD28 I USA
EGFR advanced EGFR+ tumor CD3 £ /CD4 —-1BB /10 USA
EGFR head and neck cancer CD3 £ /CD28 I USA
EGFR VIl glioblastoma CD3 £ /CD28/4 —-1BB /1 USA
FAP MPM NA I Switzerland
FBP ovarian cancer NA I USA
GD2 neuroblastoma CD3¢ I USA
GD2 neuroblastoma NA I USA
GD2 neuroblastoma CD3 £ /CD28/0X —40 I USA
GD2 sarcoma CD3 £ /CD28/0X —40 I USA
GD2 non—neuroblastoma CD3 £ /CD28/0X —40 I USA
Her2 Her2+ tumor CD3 ¢ /CD28 I USA
Her2 advanced osteosarcoma CD3 £ /CD28 I USA
Her2 metastatic carcinoma CD3 £ /CD28 I /10 USA
Her2 glioblastoma multiforme CD3 £ /CD28 I USA
Her2 solid tumor CD3 £ /CD4 —-1BB I /10 China
IL-13Ra 2 malignant glioma CD3¢ I USA
PSMA prostatic cancer CD3 £ /CD28 I USA

T cell activation, and the second one recognizes the
specific protein of normal cell surface and can inhibit
T cell activation, which is beneficial to reduce the on—
target off—tumor effects. In addition, CAR can also be
designed into two positive identification CAR struc—
tures. When two target proteins exist on the cell surface,
the T cell activation is maximized.

Although the application of CAR-T cells in the
treatment of solid tumors is in its infancy, it has shown
great promise in clinical curative effects. CAR-T ther—
apy is an attractive prospect; that is, not only that it will
be an academic research hot spot, but will also become
a hot destination for biological medicine enterprise
pursuit. As the progress of CAR-T cell technology and
improvement of related clinical research, CAR-T cell
therapy will certainly play a more and more important
role in tumor immunotherapy, which will absolutely be
of benefit to human life and health.
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