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Introduction

In the field of liver diseases, viral hepatitis and liver 
carcinoma (hepatic carcinoma) are interrelated diseases, 
because their main leading cause is due to hepatitis virus 
infection (1,2). The numbers of patients with viral hepatitis 
and liver carcinoma are enormous, special in China. 
Hepatic carcinoma has a relatively high mortality rate, and 
the death tolls increased year by year. In 2006, in Lancet 
Stanaway pointed out that viral hepatitis had become one 
of the world’s leading causes of death and disability, and 
the death toll per year was at least equal to tuberculosis 
(TB), malaria and acquired immune deficiency syndrome  
(AIDS) (3). During the 23 years from 1990 to 2013, up to 
96% of deaths from viral hepatitis were caused by hepatitis 
B virus (HBV) and C virus (HCV), accompanied with 
secondary liver cirrhosis and hepatocellular carcinoma 
(HCC) (3). The occurrence and progression of liver cancer 
is closely related to HBV or HCV infection, accounting 

for about 80% in the etiology of liver cancer (4). Currently, 
hepatectomy is the most direct treatment for HCC. 
However, most patients with HCC are usually diagnosed 
at an advanced stage, and conventional therapies (including 
surgery, local ablation, interventional therapy, radiotherapy, 
and chemotherapy) have a high recurrence rate and a poor 
prognosis (5). Sorafenib, the first new target drug approved 
by US food & drug administration (FDA) for the treatment 
of unresectable HCC, can prolong overall survival by 2 
to 3 months (6). Consequently, whether for viral hepatitis 
or liver cancer, it is urgent to search for a new therapeutic 
strategy. 

T lymphocytes, as the core immune cells that mediate 
adaptive cellular immune responses, could kill tumor cells 
or host cells infected by viruses and other pathogens. In 
recent years, researchers have genetically modified T cells 
to express chimeric antigen receptor (CAR), known as 
CAR-T cells, evolving the ordinary t cells to recognize 
specific antigen (7,8). On the basis of the original function, 
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T cells can bypass antigen presenting cells to kill target 
cells in non MHC restricted manner, and enhance the 
specificity of T cells to accurately kill abnormal cells (8). 
In addition, CAR-T cells were also personalized drugs that 
have the function of self-amplification and memory. So, 
CAR-T could be used in the continuous drug treatment for 
long time (9,10). It can be said that CAR-T cells open up a 
new era of immune therapy and provide new opportunities 
for the treatment of viral hepatitis and liver cancer. In this 
review, we focused on the preclinical and clinical progress 
in the CAR-T therapy of liver disease, and compare the 
difference of CAR-T application between hematologic 
malignancies and liver cancer. It will give a new insight 
for researchers to seek new approache to improve clinical 
outcomes of CAR-T cell therapy in liver diseases in the 
future.

CAR structure and characterization

T cells are genetically modified to express a CAR that can 
specifically recognize tumor specific antigen. Furthermore, 
CAR is a fusion structure formed by a simulation of 
physiological function of T cell receptor (TCR). The CAR 
is mainly composed of four parts, extracellular antigen 
recognition domain [usually derived from single chain 
variable fragment (scFv) of monoclonal antibody (mAb)], 

extracellular spacer domain [such as the hinge region of 
human immunoglobulin G (IgG)] (11), transmembrane 
domain (connection and fixation) and intracellular signal 
transduction domains. The structure diagram of CAR 
was showed in Figure 1. The extracellular spacer domain 
was often ignored due to the lack of signaling function. 
However, some studies had shown that adjusting its 
length and structure could optimize its specificity, T cell 
proliferation and promoting cytokine production (11), in 
result some attention had been drawn recently.

Benefit from the continuous advance in the modification 
of the intracellular domain, multiple generations of CAR 
have been developed. The first generation CAR contains 
only one CD3ζ cytoplasmic region of TCR/CD3 complex. 
Without sufficient second signal, targeting tumor T cells 
were easy to initiate anergy, reduce cytokine secretion and 
even apoptosis because of lack of T cell co-stimulation (12). 
In order to overcome the defects of the first generation 
CAR, the second generation CAR was fused one co-
stimulatory signal domain (such as CD28, OX40 or 4-1BB) 
(Figure 1), allowing the simultaneous transmission of the 
first and second signals (13). By comparing the clinical 
treatment outcomes of the first and second generation 
CAR, it was confirmed that the second generation CAR had 
longer persistence in vivo (14). Meanwhile, a large number 
of clinical trials have been carried out utilizing the second 

Figure 1 The structural diagram and evolution of CAR. The 1st generation CAR contains only one CD3ζ cytoplasmic region of TCR/CD3 
complex. The 2nd generation CAR was fused one co-stimulatory signal domain (such as CD28, OX40 or 4-1BB) with CD3ζ cytoplasmic 
region. The 3rd generation of CAR, contained CD28-4-1BB or CD28-OX40 co-stimulatory domain and CD3ζ cytoplasmic region. scFv, 
single chain fragment of variable region; CAR, chimeric antigen receptor.
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generation CAR fused with CD28 or 4-1BB signaling 
domains. These results demonstrated that CAR fused with 
CD28 could be amplified more quickly, whereas CAR fused 
with 4-1BB had a longer persistence (15). Among them, 
the third generation of CAR, containing CD28-4-1BB or 
CD28-OX40 co-stimulatory domain, has been shown to 
permanently activate T cells, but the efficiency remains to 
be assessed (16,17). Recently, more and more researchers 
began to pay attention to the fourth generation CAR (also 
known as TRUCK) that additional integrates transgenic 
immune factors (mainly IL12) or co-stimulatory factor 
ligands (4-1BBL, CD40L) to induce long-lasting anti-
tumor response (18). To date, the second generation CAR is 
still commonly used in clinical trials.

It was convinced that the CAR-T cell therapy was 
particularly useful in the treatment of B cell malignancies 
and had achieved encouraging clinical efficacy and 
breakthroughs. Among them, CD19 CAR-T cells exhibited 
an amazing efficacy in hematologic malignancies (10,19-21). 
In fact, the initial constructed CAR-T cell (with the ability 
of targets identification and signal transduction) was not for 
the treatment of cancer (22). The initial CAR-T cells could 
specifically recognize and lyse human immunodeficiency 
virus (HIV)-infected CD4+ T cells (22). The interleukin 
13 receptor alpha 2 (IL13Rα2) is a membrane bound 
protein and glioma-restricted cell-surface epitope. The first 
application of CAR-T cell for solid tumor was IL13Rα2 
CAR constructed for glioma by Jensen (23). In human 
glioblastoma orthotopic xenograft of mouse, IL13Rα2 
CAR-T cells showed the regression of xenograft and the 
potential for the treatment of solid tumors (23). Yet, the 
results of several clinical studies are not ideal. In recent 
years, researchers have accelerated progress in the field of 
utilizing of CAR-T for solid tumor research, promoting this 
promising therapy for ovarian cancer (OC) (24), renal cell 
carcinoma (25), colorectal cancer (26), HCC (27), bile duct 
cancer (28), gastric cancer (29), and other refractory cancer. 
Furthermore, a few studies have also used this effective 
method for treatment of HBV (30,31) and HCV (32). So, 
we believe without doubt that CAR-T cell therapy will open 
up more areas of application of CAR-T and give researchers 
more inspiration in the future.

Appropriate targets and preclinical studies

Compared with application of CAR-T in hematological 
malignancies, the utilization of CAR-T cell therapies for 
liver diseases is still few. Suspended at the top of the cause 

list is the absence of a suitable target. In CAR-T therapy, 
TAA is the key to specific recognition for tumor cells. It is 
a dilemma that most TAAs are not only expressed on the 
surface of tumor cells, but also on the surface of normal 
cells with different expression level. Cancer is a disease 
caused by gene mutations in normal cells, so it is easy to 
explain. Other more, many TAAs exist in intracellular and 
are not appropriate for conventional CAR-T cells that 
can only recognize cell surface antigens. As a result, the 
number of available TAA is limited and it is difficult to find 
an ideal target. Herein, the appropriate targets of previous 
application and ongoing preclinical studies in CAR-T 
therapy were summarized and the possible reasons for these 
TAAs selection for viral hepatitis, HCC and metastatic liver 
cancer were analyzed.

Viral hepatitis

The hepatitis B surface antigen (HBsAg) is a HBV surface 
protein and produced persistently in infected cells via HBV 
replication (33). In addition, after the long-term highly 
effective antiviral treatment, a large number of hepatocytes 
(5–30%) remained HBsAg positive, even in advanced stages 
of chronic hepatitis B (HCC has developed) (34). Therefore, 
it seems appropriate to target HBsAg. It was reported by 
Bohne in 2008 that scFv-based HBsAg specific CAR-T cells 
could recognize HBV and kill HBV associated HCC (31). 
The report suggested that a promising novel therapeutic 
approach for the treatment of HBV. Further evidence was 
that HBsAg CAR-T could inhibit HBV replication, but 
cause only transient liver damage via adoptive transferring 
to CD45.2+ HBV transgenic mice (30). Therefore, further 
preclinical trials are needed to assess the safety of this 
treatment. 

HBV E1 and E2 proteins are viral envelope glycoprotein, 
and HCV E2 proteins are more immunogenic. In addition, 
current evidence that anti HCV E2 mAb could inhibit 
intercellular transmission of HCV indicated that HCV E2 
could serve as a good target (35,36). Over the past few years, 
many anti HCV E2 mAb have been evaluated as potential 
candidates for antiviral drugs in preclinical and clinical  
trials (37). Sautto screened out high affinity mAb targeting 
HCV E2 conserved region to construct CAR-T cells, 
which were capable of releasing interferon gamma 
(IFN-γ), interleukin 2 (IL-2) and tumor necrosis factor 
alpha (TNF-α) and ultimately lysing HCV infected 
hepatocytes (32). It can be concluded that targeting HCV 
E2 glycoprotein CAR-T therapy is a promising route for 
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clearing HCV infected cells, opening future prospects 
for the treatment of currently unresponsive patients with 
antiviral drugs. 

HCC

Glypican 3 (GPC3), as a member of the Glypican gene 
family, is a membrane heparan sulfate proteoglycan, closely 
associated with cell growth, differentiation and tumor 
progression (38). Based on the experimental knockdown 
results, knockdown of GPC3 could induce apoptosis of 
hepatoma cells, indicating that GPC3 was a crucial gene of 
HCC cells (39). What’s more, GPC3 was highly expressed 
in 75% of HCC samples and was lowly expressed in healthy 
livers or other normal tissues (40,41). Therefore, as a 
valid target, compared to other targets, GPC3 has greater 
security. 

Previously, it was confirmed in the cell line-derived 
xenograft (CDX) model and the patient-derived xenograft 
(PDX) model that the third generation CAR-T cells 
targeting GPC3 could effectively inhibit the growth of liver 
cancer and reduce the tumor volume (42,43). Two years 
later, on the basis of previous studies, Li constructed a dual-
targeted CAR-T cell capable of targeting both GPC3 and 
asialoglycoprotein receptor 1 (asgr1). The results showed 
that the cytotoxic and targeting ability of dual-targeted 
CAR-T cell was better efficacy than that of conventional 
CAR-T cells (44). Furthermore, at the American association 
for cancer research (AACR) annual meeting in 2016, Trinh 
first proposed that Sorafenib and the fourth generation 
GPC3 CAR-T cell combined therapy could increase the 
specific lysis by 25% (45). The novel combined therapy 
provided data support for the new strategy of clinical 
treatment of HCC, but the safety was still need to be 
assessed. Further studies on the CAR-T cell therapy for 
HCC require constant innovation and improvements.

Mucin 1 (MUC1), which is a glycoprotein, plays an 
important role in the tumorigenesis and progression of 
many adenocarcinomas (46). Under normal physiological, 
MUC1 was mainly expressed in the epithelial cells near 
the lumen or gland cavities of various tissues and organs, 
with polarity distribution. MUC1 is aberrantly upregulated 
expressed in various tumors, and widely distributed. 
Recent studies had indicated that MUC1 could promote 
the proliferation and migration of HCC cells (47,48). It 
was demonstrated the feasibility of MUC1 as a target, and 
also the superiority of the third generation CAR-T cells 
by comparing the cytotoxic ability of the first and third 

generation of MUC1 CAR-engineered Jurkat T cells (49). 
But in this study, the gene-modified Jurkat T cells was used, 
a kind of tumor cell lines, not entirely representative of 
human T cells, which has limited the impact of the research 
to some extent.

Alpha fetoprotein (AFP) is a secreted glycoprotein 
and usually overexpressed in tumors (including HCC) 
originating from the endoderm (50,51). Clinically, AFP is 
used as a cancer marker for screening HCC and assessing 
the liver function in patients with HCC (52). However, 
AFP is an intracellular/secreted protein that is not expressed 
on the surface of HCC cells and can’t be targeted by 
conventional CAR-T cells. Creatively, unlike traditional 
CAR-T cells, novel CAR-T cells were designed to target 
the AFP peptide-MHC complex, making it possible to 
target the intracellular antigens and vastly expanding the 
range of targets (53).

CD133 is a five transmembrane glycoprotein used 
as a biomarker for identifying cancer stem cells (54). In 
addition, studies had shown that a few CD133 positive 
hepatocarcinoma stem cells existed in human HCC, 
resulting in high tumorigenicity, low survival rates and 
poor prognosis (55,56). CD133 CAR-T and CD133 CAR-
engineered NK92 cells could specifically kill patient-derived 
glioblastoma stem cells and CD133-positive OC cells 
respectively (57,58). Although there is not still a CD133 
CAR-T cells for HCC so far. We have a conviction that a 
targeting CD133 CAR for HCC is coming. 

Liver metastases (LM)

Carcinoembryonic antigen (CEA), which is a set of highly 
related glycoprotein, is highly expressed on the cell surface 
of many human epithelial tumors, originally found in colon 
cancer (59). Although CEA is expressed in some normal 
epithelial cells, CEA always exists on the apical membrane 
of the epithelial cells (60). In contrast, tumor cells will lose 
the apical polarity of CEA expression (61). The CEA may 
enter the capillaries and circulate with the blood, leading 
to elevated serum levels of soluble CEA. Based on the 
founding, CEA can be used as an excellent biomarker for 
cancer identification and an appropriate TAA target for 
cancer immunotherapy (62). LM develop in more than 50% 
of colorectal cancer patients, with a certain expression of 
CEA (63). Fortunately, we can treat LM by targeting CEA. 
In 2008, the second generation CAR-T cells with CD28 
as a co-stimulatory domain were constructed for the first 
time, targeting CEA positive tumor cells and showing an 
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effective anti-tumor effect in the patients with LM (64). 
But unfortunately, the immunosuppressive cells [such as 
myeloid-derived suppressor cells (MDSC)] in the liver cause 
tumor cells to evade immune surveillance, without effective 
immune response (65). In 2015, using anti-CEA CAR-T 
cells in the CEA+ LM mouse model, the mechanism about 
hepatic MDSC amplification and inhibition of CAR-T cells 
function was identified (66). Thus, in the future, highly 
specific CAR-T cell therapy combined with inhibition 
of immunosuppressor cell from the intrahepatic tumor 
microenvironment can be one possible approach to the 
treatment of LM.

Past research has shown that MG-7 Antigen (Ag) is a 
kind of gastric cancer associated Ag with high specificity, 
highest rate of Ag expression in gastric cancer (67). At the 
AACR annual meeting in 2016, Jijun Yuan reported that 
MG-7 Ag is the very specific Ag of gastric carcinoma and 
can be utilized as a new therapeutic target for CAR-T 
cell therapy. The liver is the most common metastatic site 
of gastric cancer, which will lead to LM probably (68). 
Appropriate therapies for liver metastasis are rare, only 
surgical excision, transarterial chemoembolization and 
systemic chemotherapy (69-71). The emergence of CAR-T 
cell therapy offers new hope for liver metastasis in gastric 
cancer.

Recent progress in clinical practice

It is conceivable that the premise for CAR-T cells to exert 
the greatest effect in clinical is effective preparation. The 
preparation of CAR-T cells can be roughly divided into 
five steps: (I) the collection of autologous T cells (including 
a variety of T cell subsets); (II) gene modification by 
viral or non-viral gene transduction system [including  
retrovirus  (72) ,  lent iv irus  (73) ,  S leeping Beauty 
transposon system (74) etc.]; (III) amplification in vitro 
[addition of cytokines for co-culture, such as IL2, IL15,  
IL7 and IL21 (75-77)]; (IV) reagent preparation and 
cryopreservation. After preparation, it is necessary for 
the researchers to formulate the appropriate injection 
scheme according to the patient's personal condition, such 
as injection method, dose, frequency, which reflects the 
characteristics of personalized treatment. However, due 
to lack of experience and standards, caution needs to be  
drawn up.

Compared with reports about the striking clinical effect 
of CAR-T cell therapy in blood cancer, it is pity that very 
few clinical studies of CAR-T cell therapy in liver disease 

were reported (only liver cancer) (56,76,77). In the case 
of HCC, for the first time, CD133.CAR-T cells have 
been used in treating 8 patients with advanced sorafenib 
refractory HCC (56). But some adverse events occurred 
in some patients during the treatment. It can be indicated 
that immunotherapy has achieved preferable results, but 
further studies are needed to avoid the generation of fatal 
side effects. In addition, during the process of hepatic 
arterial infusion (HAI) of CEA, CAR-T cells in 6 patients 
with LM of colon cancer, it was found that the neutrophil/
lymphocyte ratio (NLR) and serum IL-6 levels were  
higher (78). At the same time, biopsy in 4 of the 6 patients 
showed an increase in liver metastatic necrosis or fibrosis, 
and none of these patients suffered from grade 3 or 4 
adverse events associated with HAI of CAR-T cells, 
confirming the safety of CEA.CAR-T cells (78). In addition 
to the above clinical trials reported, there are still many 
clinical trials that are further testing the efficacy and safety 
of CAR-T cells, will providing more clinical data for us.

Comparative application of CAR-T in hematologic 
malignancies and liver cancer

Up to date, the enormous success of CAR-T cell therapy 
in hematologic malignancies has given researchers plenty 
of experience and lessons in conquering solid malignant 
tumors. Herein, we try to compare the different in CAR-T 
cell therapy between hematological malignancies and solid 
tumors represented by liver cancer from five aspects, hoping 
to give new inspirations to researchers.

TAA selection
Different TAAs are expressed on the surface of various 
tumor cells. It was firstly better goal for researchers to 
find ideal TAA. Previous studies have indicated that CD19 
is a relatively ideal target in hematologic malignancies  
(79-86). On the one hand, CD19 was also expressed on the 
membrane of normal antigen presenting B cells, providing 
co-stimulatory receptors and ligands to enhance the activity 
of CAR-T cells (80). On the other hand, to some extent, 
CD19.CAR-T cells targeting normal B cells uncontrollably 
would lead to B cell aplasia (83). As B cells can be manually 
supplemented, compared with therapeutic effects, its 
toxicity can be negligible. Instead, TAAs in liver cancer tend 
to be expressed on the surface of some crucial tissues and 
cells that can not be replenished and replaced. If a suitable 
TAA for liver cancer will be found, it will greatly reduce the 
risk of treatment and improve the efficiency of anti-HCC. 
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Besides, the scFv domain of CAR can be designed to target 
peptide-MHC complexes (87), to overcome the limitations 
for CAR-T cells targeting the only extracellular TAAs. For 
liver cancer, one representative example of intracellular 
TAAs targeted by CAR-T cells was AFP (53). Results 
demonstrated that AFP peptide-MHC complex CAR-T 
cells can effectively lysing AFP positive HCC in HepG2 
tumor-bearing NOD/SCID IL-2 receptor gamma null 
(NSG) mouse model (53).

Pre-conditioning
For hematologic malignancies, in order to maintain 
the activity of CAR-T cells, usually lymphodepletion 
can be carried out before injection, such as high-dose 
chemotherapy or radiation, eliminating regulatory T cells 
(Tregs) and other immunosuppressor cells to diminish 
tumor burden and make enough room for infusion and 
proliferation of anti-tumor T lymphocyte (86,88). In the 
treatment of liver cancer, we can draw on the experience 
of preconditioning in hematologic malignancies to find the 
appropriate dose of chemotherapy.

Position difference
Because of the special physiological position of hematologic 
malignancies, when CAR-T cells enter the blood circulation 
intravenously, they can get in touch with hepatoma cells 
continuously, so as to obtain sustained activation and extend 
the persistence of CAR-T cells. However, different from the 
dispersion of hematologic malignancies, the position of liver 
cancer is fixed and single without such natural advantage.

Administration manner
In clinical, the adoptive transfer of autologous T cells was 
applicated for majority of patients. But, the method of 
adoptive transfer is diverse. Because of the physiological 
conditions in hematologic malignancies,  adoptive 
transfer can be simply achieved by only intravenous  
injection (19). Unfortunately, the treatment of liver cancer 
is not as convenient as that. If administered intravenously, 
49% of the CAR-T cells will remain in the lungs, and only 
the remaining enter the liver tissue via blood circulation 
(89,90). In addition, the peripheral matrix around the liver 
tissue automatically prevents a part of CAR-T cells into 
the core of the tumor, as a result significantly reducing 
the original efficacy. Thus, for solid tumors, intratumor/
regional injection is beginning to develop, such as HAI 
for LM (78). In theory, the injection of regional CAR-T 
cells can compensate for poor T cell transport and increase 

targeting TAA, besides avoid systemic toxicity due to 
intravenous delivery, to significantly promote the efficacy of 
CAR-T cells.

IL-2 is the earliest confirmed cytokine that has been 
shown to play an important role in promoting the growth 
and amplification of T lymphocytes in vivo (91). A 
certain dose of IL-2 and CAR-T cells were synergetically 
administered at the same time in many clinical trials of 
solid tumors (78,92,93). However, IL-2 were not needed 
to added extra, because IL-2, IFN-γ, TNF-α and other 
cytokines were released by activated CAR-T cells during 
the treatment of hematologic malignancies (79). 

Side effect
A variety of inflammatory cytokines were often released 
after CAR-T cells targeting tumor cells and being activated 
in vivo, resulting in fever, fatigue, muscle pain, nausea, 
anorexia, tachycardia, hypotension, capillary leakage, 
cardiac function incomplete, renal and liver failure, 
disseminated intravascular coagulation and so on clinical 
manifestations, which are collectively called cytokine 
release syndrome (CRS) (94). Interestingly, CRS often 
was occurred frequently during the treatment of patients 
with hematologic malignancies. However, CRS was rarely 
happened during the treatment of patients with HCC. 
Maybe, various factors in the procedure of treatment of 
liver cancer inhibit the activation of CAR-T cells, resulting 
in few cytokines being released (83,95).

The “on-target/off-tumor” effects are likely to occur in 
hematologic malignancies or liver cancer (83,96). Although 
CD19 is also expressed on surface of the normal B cells 
resulting in causing B cell aplasia in clinical applications, 
CD19 CAR-T cells are still attracted much attention in 
hematologic malignancies. In 2010, a high dose of third 
generation ERBB2 CAR-T cells were used to treat a woman 
with colon cancer metastatic to lung and liver. 15 minutes 
after infusion, the patient developed a respiratory distress 
and severe pulmonary infiltrate, and ultimately dead (96). 
It is probable that enormous administrated CAR-T cells 
in lung recognized low levels of ERBB2 on lung epithelial 
cells resulting in the cytokine releasing. It is an ultimate 
goal to get safety and effective CAR-T therapy for patients. 
So, more basic research and clinical trials are necessary. 

Conclusions

Immunotherapy has broadened the new horizons of 
researchers to treat patients with advanced cancer. 
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With the success of CD19.CAR-T cells in hematologic 
malignancies, the study of CAR-T cells is becoming more 
and more widespread in whole world. In 2017, a CAR-T 
cell therapy, Kymriah (TM) (CTL019) by Novartis, for 
B-cell acute lymphatic leukemia (ALL) was ratified by  
FDA (97). For liver diseases such as liver cancer, in pre-
clinical experiments, it was found that CAR-T cells can lyse 
target cells highly efficiently. However, due to the complex 
human tumor microenvironment and other factors, the 
treatment of liver cancer with CAR-T cell therapy was not 
satisfied. Therefore, it is necessary to look for new TAA, 
modify the structure of CAR, improve the efficiency of 
injection, add adjuvant cytokines and perform combination 
therapy to improve CAR-T cells efficacy and safety in 
clinical trials. Meanwhile, more studies in other refractory 
solid tumors will also be assessed to develop CAR-T 
technology into a widespread cancer treatment strategy. 
Early trails in liver cancer have confirmed its feasibility, but 
the efficiency is limited and requires constant attempts and 
innovation. As a new approach to tumor immunotherapy, 
CAR-T cell therapy is expected to play a greater and more 
extensive role in the treatment of solid tumors in the future.
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