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Abstract: Chimeric antigen receptor-engineered T (CAR T) cell therapy has made great progress in hematological 
malignancies and resulted in two newly FDA-approved drugs specific for CD19, Kymriah and Yescarta. To some ex-
tent, this success is attributable to the appropriately selected antigen, CD19, a cell surface protein that is uniformly 
and strongly expressed on malignant B cells. This result indicates that a proper CAR target is of great importance 
to the success of this technique. Another key factor contributing to the success of hematological malignancies can 
be ascribed to the nonphysical tumor microenvironment (TME). The TME in solid tumors is complicated and has a 
specific niche favorable for tumor progression with physical barriers, multiple mechanisms of immunosuppression, 
and a variety of biochemical factors, thus resulting in limited efficacy of CAR T cell therapy in clinical trials with 
cancer patients. Therefore, the inhospitable solid TME becomes a major hurdle in translating the success of CAR T 
cell therapy in hematological malignancies to solid tumors. Here, we provide our perspective on how to improve the 
success of CAR T therapy in solid tumors by focusing on the aspects of target selection and the related TME in CAR 
T cell design, especially stressing the interplay between them. With four kinds of antigenic CAR targets as examples 
in this review, we anticipate that the overall consideration of both factors will further expand CAR T cell therapy in 
clinical trials.
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Introduction

In recent years, genetically engineered T cells 
that recognize tumor antigens by either chime-
ric antigen receptors (CARs) or T cell receptors 
(TCRs) have developed rapidly as a very promis-
ing treatment for cancer patients, with CAR-
engineered T cells (CAR T) at the forefront. The 
application of CAR T cells has achieved excel-
lent clinical results in cancer patients, espe-
cially those with CD19-positive hematologic 
malignancies [1]. This directly prompted the US 
Food and Drug Administration (FDA) to approve 
two drugs, Kymriah of Novartis and Yescarta of 
KITE Pharma, the first CAR T therapy products 
[2, 3], which have induced intense interest in 
developing CAR T therapies for cancers. A typi-
cal CAR consists of an ectodomain, a trans-
membrane domain and an endodomain [4]. The 
ectodomain in this case contains a signal pep-
tide, an antigen recognition region usually de- 

rived from a single-chain variable fragment 
(scFv) of a monoclonal antibody, and a spacer 
that connects the antigen recognition region to 
the transmembrane domain [4]. The transmem-
brane structure in a CAR is most commonly 
from CD28-, and less commonly from CD3ζ, 
CD4, CD8, and OX40. The main function of this 
structure is to provide stability to the CAR, with 
the transmembrane region from CD28 being 
more reliable than those of other proteins in 
most cases [5, 6]. The endodomain of a CAR is 
engineered with various intracellular signaling 
molecules. According to the characteristics of 
signaling molecules in a CAR, CARs have been 
categorized into four ‘generations’, which have 
been reviewed in detail by other researchers 
[7]. Along with the evolution of CARs from the 
first to the fourth generation, problems frequ- 
ently occurred in practice, but were gradually 
overcome at different stages. The first-genera-
tion CARs contain a single signaling structure 
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from CD3ζ or FcεRIγ, accompanied by poor out-
comes in most studies because of inadequate 
proliferation, a short life span in vivo and insuf-
ficient cytokine products [8]. The second-gener-
ation CARs added intracellular signaling doma- 
ins from various costimulatory molecules such 
as CD28, 4-1BB and OX40 to the first-genera-
tion CARs, which improved the proliferation, 
cytotoxicity, sustained response, and life span 
of CAR T cells in vivo [4, 9]. In the third-genera-
tion CARs, two costimulatory molecules were 
fused to the CD3ζ signaling moiety, with the 
most common combinations being of p56-lck+ 
CD28+CD3ζ, OX40+CD28+CD3ζ, or 4-1BB+ 
CD28+CD3ζ [6]. The third-generation CARs can 
reduce the undesired anti-inflammatory effect 
of IL-10 [10], but takes the risk of signal leak-
age and cytokine cascade [11]. To optimize the 
anti-tumor effects of CAR T cells, the fourth-
generation CARs have been developed recently 
by engineering the second-generation CARs 
with a cytokine expression cassette, which is 
known as T-cells redirected for universal cyto-
kine-mediated killing (TRUCK). TRUCKs can 
strengthen T-cell activation and attract innate 
immune cells to the targeted lesion to eradi-
cate antigen-negative tumor cells by releasing 
anti-tumor cytokines, thus producing better 
tumoricidal effects, especially on solid tumors 
[12]. One of the characteristics of all CAR struc-
tures is the ability to recognize tumor surfa- 
ce antigens independent of the expression of 
major histocompatibility complex (MHC) mole-
cules [13], which endows genetically-modified T 
cells with the ability to target a broader spec-
trum of antigens than unmodified T cells, rang-
ing from any proteins to carbohydrates, or lipid 
structures [14]. Therefore, the clinical applica-
tion of CAR T cells is widely expanded.

Currently, there is great enthusiasm in the ex- 
ploration of new innovations in CAR design, 
manufacture development and toxicity man-
agement, which has been stimulated by the 
successes of Kymriah and Yescarta for treat- 
ing CD19-positive B cell malignancies. In the 
meantime, attention to the research of CAR T 
therapy on solid tumors has also been intensi-
fied, with a rapidly growing number of clinical 
trials on solid tumors underway [15-17]. Con- 
sidering that solid tumors have complicated 
mechanisms for tumor growth and progression 
compared with those of hematological malig-
nancies, it is more challenging to conquer this 

type of cancer with CAR T cells. To achieve the 
same level of success as in B cell lymphoma for 
solid tumors, a reasonably designed CAR is cru-
cial. In the first step, selecting a proper antigen-
ic target should be extensively considered. In 
regard to this, we might learn from the experi-
ence of the successes of Kymriah and Yescarta, 
which were largely due to the choice of CD19, a 
B cell marker with high levels of expression on 
malignant B cells. CD19 is indispensable for 
the growth of B cell malignancies since it is re- 
quired for the signal transduction of the B cell 
receptor (BCR) [18]. Although B cell aplasia in 
patients was found after CAR T therapy because 
CD19 is also expressed on healthy B cells, the 
aplasia was well tolerated by an intravenous 
immunoglobulin replacement [19]. In another 
aspect, the indiscriminate loss of B cells can 
contribute to the removal of both cancerous 
and precancerous B cells, thus decreasing the 
chance of relapse [20]. From this, we can see 
that target selection is of decisive importance 
for a CAR study with two factors being consid-
ered comprehensively. One is to maximally 
match the common standards for normal anti-
gens in targeted immunotherapy, and another 
is to take the therapeutic effects into account 
together with the specific tumor microenviron-
ment (TME). In this review, four kinds of CAR 
targets are exemplified by the advancements 
obtained in recent CAR T investigations, and 
they show our perspective on how to choose a 
suitable target for a CAR in accordance with the 
complicated TME in solid tumors. In Figure 1, 
we summarize the distribution of CAR targets 
within the TME and the CAR structures, with an 
emphasis on the CAR design according to the 
basic elements in a CAR. We anticipate that the 
notion will expedite the clinical application of 
CAR T therapy for solid tumors.

Antigenic targets for CAR T cells in solid tu-
mors

As mentioned above, antigenic targets for CAR 
T cells can be a range of any proteins, carbohy-
drates or glycolipids, thus widely expanding the 
spectrum of the target selection. A properly se- 
lected target plays a central role in determining 
the success of a CAR T cell therapy. To the best 
of our knowledge, ideally, the molecule for CAR 
targeting should be overexpressed on tumor 
tissues, with zero or low expression on normal 
cells. In the meantime, the antigenic target 
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should also have plasma membrane localiza-
tion. In terms of the criteria, the tumor-specific 
antigen (TSA), a type of tumor antigen, is the 
most suited, partly due to its unique and abun-
dant expression on tumor cells [21]. Since this 
type of antigen is not expressed by healthy tis-
sues, great efforts have been made to expedite 
its potential usage in clinics. However, these 
antigens are highly heterogeneous among pa- 
tients suffering from the same type of tumors, 
which in turn creates challenges for CAR T cell 
therapy against them. For instance, because of 
the antigenic heterogeneity, it is a prerequisite 
to identify a proper TSA for each patient and 

then be able to generate specific CAR T cells 
[22]. This is a very complicated and costly pro-
cess that it is not affordable to most patients. 
Therefore, although TSAs can serve as ideal 
targets for CAR T cells, it is rare to see success-
ful cases in CAR T therapy using them [23]. 
More efforts are needed to lower the cost and 
simplify the procedure for accelerating their 
applications. Accordingly, another type of tumor 
antigen called tumor-associated antigen (TAA) 
has been extensively explored at the same 
time. Nevertheless, targeting TAAs can often 
cause on-target/off-tumor toxicities because 
they are concurrently expressed on normal tis-

Figure 1. Schematic design of CARs according to the basic elements in a CAR. A. Specific binding between a CAR T 
cell and its corresponding target cell represented with the four kinds of potential antigens on the surface. B. Distri-
bution of CAR targets in the complicated solid TME. The TME is the major hindrance of CAR T therapy due to many 
factors such as physical barriers and immunosuppressive components secreted by a variety of inhibitory cells in the 
TME. Overcoming the immunosuppressive functions of the TME in CAR T therapy is the key point to be considered 
for the right target selection. Numerous targetable molecules exist that can be categorized as TSA, TAA, CASC-
expressed antigen, and glycolipid antigen. C. CAR structure. CAR T research has advanced for several decades and 
experienced four generations of evolution. A classical CAR is composed of an ectodomain, a transmembrane do-
main, and an endodomain. A CAR generation can be identified by the selected signal molecules in the endodomain.
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sues at a low level, even though the most TAAs 
are overexpressed by tumors [24]. Fortunately, 
the problem is being resolved gradually, as 
methods in the field of gene engineering are 
progressing, resulting in several clinical trials 
underway with TAAs for solid tumors [25-27]. 
Although TSAs and TAAs are the first choice for 
solid CAR T therapies in most cases, challenges 
frequently exist as just described. When these 
therapies cannot satisfy the demand in applica-
tions, finding other types of targets becomes 
essential. One category of alternative antigens 
that includes fibroblast activation protein (FAP) 
[28] and vascular endothelial growth factor 
receptor-2 (VEGFR-2) [29], has been well stud-
ied. This type of target is not expressed on the 
tumor cells themselves but is highly expressed 
in tumor-associated fibroblasts for FAP [28] or 
tumor vasculature for VEGFR-2 [29], forming a 
supportive niche for tumor cells. Therefore, tar-
geting them can destroy tumorigenesis by hin-
dering stromal formation or angiogenesis. 
Reported documents have confirmed that it is 
practical to choose FAP or VEGFR-2 as targets 
for CAR immunotherapy [30, 31]. In addition to 
the above mentioned targets, there is a distinc-
tive type of antigen, glycolipid antigens, that is 
also suitable to be targeted by a CAR, which is 
ascribed to the characteristics of CARs, i.e., 
MHC-independence. The most investigated gly-
colipid antigen target is ganglioside GD2, which 
is highly overexpressed in neuroblastoma and 
many other types of solid tumors [32], and has 
been applied as a CAR target in several clinical 
trials: NCT02992210, NCT02761915, NCT033- 
73097, NCT02765243 (clinicaltrials.gov). Here, 

we classified the above antigens into four types 
of CAR targets for solid tumors, i.e., TSA, TAA, 
cancer-associated stromal cell (CASC) surface 
antigen and glycolipid antigen, which include 
almost any target currently being studied. As 
described in Table 1, we can see that potential 
targets for CAR T therapy can be able to be cho-
sen in a broad range with great flexibility.

Tumor microenvironment to be considered 

The tumor microenvironment (TME) represents 
a complex ecosystem for a solid tumor that 
involves innumerable interactions between im- 
mune cells, cancer cells, stromal cells, cyto-
kines, chemokines, and the extracellular ma- 
trix. TME supports tumor proliferation, survival, 
and metastasis by forming a highly immuno-
suppressive niche [33]. Immunosuppression in 
the niche can be achieved through different 
mechanisms. Tumor-associated macrophages, 
cancer-associated fibroblasts, and tumor cells 
can all secrete suppressive cytokines and che-
mokines, and there can be metabolic competi-
tion over the consumption of nutrients by tumor 
cells or a shortage of oxygen. The production of 
inhibitory metabolites, migration failure becau- 
se of the rigid extracellular matrix, poor antigen 
presentation, chronic T cell receptor (TCR) sig-
naling, and inhibitory receptor expression by 
tumor cells and stromal cells can all pose formi-
dable barriers for the effective anti-tumor func-
tion of the immune system [34, 35]. To estab-
lish a favorable TME for developing therapeu- 
tic efficacy in cancer immunotherapy, inhibiting 
tumor-induced immunosuppressive mechanis- 
ms is key. Current strategies mainly consider 

Table 1. Overview of the four types of CAR targets
Category Expression pattern Advantages Disadvantages Example
TSA protein form Uniquely expressed on  

malignant cells
Increases anti-tumor efficacy 
and safety because of the 
unequivocal restriction to 
tumor tissues

Antigenic heterogeneity; difficult 
to find a specific target for each 
individual; immunoescape

EGFRvIII 

TAA protein form Overexpressed by cancer 
cells, with low expression by 
healthy tissues

Provides wide range of 
options for target selection; 
targetable in different tumor 
types

Extensive preclinical testing of 
expression in healthy tissues is 
required; on-target/off-tumor 
toxicities; immunoescape

Mesothelin

Glycolipid or ganglioside antigen Expressed on both cancerous 
and normal tissues

Expands the range of target 
candidates; reduces  
immunoescape; high density 
on cell surface

Extensive preclinical testing of 
expression in healthy tissues is 
required; on-target/off-tumor 
toxicities

GD2

CASC surface antigen protein form Mainly expressed by CASCs, 
with low or no expression on 
cancer cells

Avoids immunoescape; 
broadly applicable in various 
cancers

Severe side-effect toxicities FAP

Note: TSA, tumor-specific antigen; TAA, tumor-associated antigen; CASC, cancer-associated stromal cell; EGFRvIII, type III of variant epidermal growth factor receptor; FAP, 
fibroblast activation protein; GD2, Disialoganglioside.
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the following aspects: (1) the use of immune 
modulators aimed at immune checkpoints to 
enhance endogenous anti-tumor immunity in 
the TME [36]; (2) targeting regulatory cells with-
in the TME, such as Tregs (regulatory T cells), 
TAMs (tumor-associated macrophages), and 
MDSCs (myeloid-derived suppressor cells) [37, 
38]; and (3) modifying the cytokine and chemo-
kine profile of the TME [39]. Similarly, in CAR T 
cell therapy for solid tumors, the same strate-
gies can be adopted so that the inhospitable 
TME can be converted to be hospitable for the 
infused CAR T cells. It is crucial to take the glob-
al TME into account during target selection for 
programming a CAR T therapy. By targeting 
components within the TME, researchers have 
reported positive results. In 2015, Lo et al. 
demonstrated that CAR T cells specific to the 
FAP expressed on stromal cells, inhibited stro-
magenesis, reduced vascular density, and dis-
rupted the spatial orientation of tumor cells 
[40]. Another protein highly expressed on endo-
thelial cells of the tumor vasculature, integrin 
αvβ3, has also been targeted, leading to signifi-
cant tumor shrinkage [41]. Furthermore, since 
the components in the TME are the main cause 
of immunosuppression, the combination of 
blocking these components with a regularly 
selected CAR target has been a well-studied 
approach that has produced promising results. 
Chimeric switch receptors that can convert a 
negative signal of IL-4 (a cytokine frequently 
present in the TME) to a positive signal of IL-7 
have been developed for designing prostate 
stem cell antigen (PSCA)-specific CAR T cells 
[42]. The combination of blocking checkpoint 
molecules with a regularly selected CAR target 
is another example since checkpoint inhibition 
promotes the function of effector-T cells. Seve- 
ral studies have demonstrated increased activ-
ity against solid tumors using this modality [43, 
44]. The above data suggest that the hostile 
immunosuppressive TME is modifiable to be- 
come beneficial to CAR T cells, thus leading to 
improved tumor eradication. As a key step in 
CAR T therapy, selecting appropriate antigenic 
targets according to the specific TME exerts far-
reaching effects on the results.

Reasonable target selection alleviates toxici-
ties in CAR T therapy

In CAR T therapies, safety and effectiveness 
are the major concerns for cancer patients. 

Unfortunately, these concerns remain a great 
challenge because of the frequently reported 
toxicities elicited by the treatment, with even 
death incidences reported in some trials [24, 
45]. Reported toxicities following CAR T therapy 
include cytokine release syndrome (CRS), neu-
rologic toxicity, and on-target/off-tumor toxicity. 
The most significant and life-threatening mech-
anism is CRS induced by the rapid and exten-
sive activation of infused CAR T cells after anti-
gen engagement [46]. This syndrome happens 
at a frequency of 18%-100% of patients [47]. 
Fortunately, this type of toxicity can be well-
controlled with the IL-6R inhibitor tocilizumab 
[48] and other cytokine-directed methods [49]. 
For the neurologic toxicity described in 13%-
52% of patients across institutions, the syn-
drome is frequently self-limiting, and the etiol-
ogy remains unclear, although it often accom-
panies CRS [1]. More studies are needed to 
fully understand the biology of the syndrome 
and to subsequently prevent or abrogate this 
toxicity. As far as it is concerned, the on-target/
off-tumor toxicity directly relates to the specific 
recognition of a target by CAR T cells [50], thus 
the antigenic specificity of the modified T cells 
decisively affects the outcomes. Given that 
most antigens that are currently being targeted 
in CAR T cell studies are also expressed on nor-
mal tissues, this type of toxicity will remain a 
safety problem for CAR T therapy. Emerging 
strategies aiming to minimize the on-target/off-
tumor toxicity such as affinity-tuned CARs [51] 
and combinational-targeting CARs [52, 53] 
have been developed. Notably, tumor recogni-
tion and bystander discrimination as well as the 
control of CAR T cell activity can be intervened 
by selecting more suitable antigens [14, 54], 
thus alleviating the syndromes caused by toxici-
ties. In finding such suitable target antigens, 
completely understanding the TME in which the 
antigens reside is of great importance.

Target selection in accordance with the TME

Appointing an appropriate antigenic target to a 
CAR has the most profound effect because fail-
ure in this step will restrain subsequent efforts 
owing to the adverse events in the first place. 
The TME adds another critical factor that can 
exert a similar impact on this approach. The 
TME not only is essential to tumor growth but 
also creates a powerful immunosuppressive 
niche in the tumor so that tumor cells can 



CAR T therapy for solid tumors

233	 Am J Cancer Res 2019;9(2):228-241

escape from the host’s immuno-surveillance. 
With the increasing number of clinical trials in 
CAR T therapy for solid tumors, it is appropriate 
to recapitulate these trials to explore ways to 
select proper targets based on the specific 
TME. The following section takes four antigenic 
targets as examples to illustrate the interplay 
between target selection and the TME in CAR T 
therapy, with each target as a representative of 
the above-mentioned antigen classes. 

EGFRvIII, a type of TSA, is ideal for GBM-CAR T 
targeting

Glioblastoma (GBM) is the most common malig-
nant primary brain tumor that is incurable thus 
far. To discover novel therapies for GBM, vari-
ous immunotherapeutic strategies such as CAR 
T therapy, immune checkpoint blockade, and 
anti-tumor vaccination are currently evaluated. 
Fueled by the success of treating B cell acute 
lymphoblastic leukemia and chronic lympho-
blastic leukemia with CARs targeting CD19, 
CAR T therapy targeting GBM-relevant antigens 
such as EGFRvIII, IL-13Rα2, HER2, and EphA2 
[55] is drawing much attention. Among those, 
EGFRvIII-specific CAR T therapy has made the 
most progress in preclinical models, which 
have expedited the translation of this novel 
therapy into clinical application.

Epidermal growth factor receptor variant III 
(EGFRvIII) is the most common variant of the 
epidermal growth factor receptor (EGFR) ob- 
served in human tumors and results from the 
in-frame deletion of a portion of the extracellu-
lar domain [56]. The resultant mutant with a 
novel sequence at the fusion junction, thus cre-
ates a tumor-specific and immunogenic epitope 
that is not expressed in normal tissue. The 
mutant is not only expressed in a large majori- 
ty of GBM patients, but also with other malig-
nancies. Notably, EGFRvIII was found to be 
common on CD133+ glioblastoma cancer stem 
cells and confers a high degree of self-renewal 
and tumor-initiating ability to EGFRvIII+/CD133+ 
cells [57]. Meanwhile, EGFRvIII plays important 
roles in tumorigenesis and invasiveness as a 
constitutively active tyrosine kinase [58]. These 
properties, including surface neoantigens spe-
cifically expressed on malignant cells, high ex- 
pression in GBM and cancer stem cells, and 
the ability to induce phenotypic transformation 
to malignancy make EGFRvIII an ideal target  

for GBM treatment with CAR-modified T cells 
[59]. Based on the above nature of EGFRvIII, a 
second-generation CAR derived from a murine 
3C10 single-chain variable fragment (scFv) 
fused with 4-1BB and CD3 was generated and 
tested in subcutaneous and orthotopic xeno-
graft models of human EGFRvIII positive GBM 
[60]. The results demonstrated that targeting 
EGFRvIII specifically and lacking reactivity to 
wild-type EGFR significantly delayed tumor pro-
gression. A clinical trial at the University of Pen- 
nsylvania treating 10 patients with EGFRvIII-
positive GBM with anti-EGFRvIII CAR T cells was 
reported to be safe and without evidence of  
off-tumor toxicity, CRS and cross-reactivity to 
wild-type EGFR [61]. Other forms of EGFRvIII-
oriented CARs have also revealed satisfactory 
efficacy in preclinical models plus a first-in-man 
exploratory study for patients with newly diag-
nosed GBM [62]. However, it is also important 
to note that although the above data demon-
strated successful CAR T cell trafficking to the 
tumor and effective antigen targeting, the eval-
uation of tumor tissue resected at the time of 
recurrence showed that EGFRvIII expression 
was lost over time [63]. The characteristics of 
antigen loss and the intratumoral as well as 
interindividual heterogeneity in GBM increase 
difficulties in treatments with CAR T cells. In 
this situation, alternative targets should be 
found to reduce the chance of immune escape 
and augment the anti-tumor immune response. 
Clinical studies on the overall safety and effi-
cacy of CAR T cells targeting IL-13Rα2 and 
HER-2 in GBM are ongoing [55].

Mesothelin, a type of TAA, is suitable for CAR T 
targeting in a variety of solid tumors

Tumor-associated antigens (TAAs) are potential 
candidates for immunotherapy targets because 
they are overexpressed on tumor cells but have 
little to no expression on most normal tissues. 
As a type of TAA, mesothelin is highly expressed 
in a broad spectrum of solid tumors, such as 
epithelioid mesotheliomas, extrahepatic biliary 
cancers, pancreatic ductal adenocarcinomas 
(PDACs), ovarian carcinomas, and gastric carci-
nomas [64]. Moreover, reported data demon-
strated that its increased expression is associ-
ated with poorer prognosis for patients with 
ovarian cancer [65], cholangiocarcinoma [66], 
pancreatic cancer [67], triple-negative breast 
cancer [68], and lung adenocarcinoma [69]. Re- 
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garding its expression in normal tissues, it is 
restricted to mesothelial cell layers and less so 
in epithelial cell layers [64]. Mesothelin is a 
cell-surface glycoprotein with an unclear physi-
ologic function, but it may be a key element in 
malignancy since its aberrant expression plays 
important roles in both malignant transforma-
tion and tumor aggressiveness through boost-
ing cancer cell proliferation, metastasis and 
invasion [70]. The above features of mesothelin 
have made it an attractive candidate as a ther-
apeutic target. Over the past decades, strate-
gies targeting mesothelin have been developed 
in preclinical studies, as well as in early phase 
clinical trials, including protein carrying immu-
notoxins, the use of monoclonal antibodies, an- 
tibody drug conjugates, specific vaccines, and 
CAR T cells [71]. Among these strategies, CAR T 
cell therapy draws the most attention for its 
great potential application in clinics with sever-
al preclinical studies underway. Jiang et al. 
showed that the anti-mesothelin CAR T cells 
were able to suppress tumor growth and pene-
trate the mesothelin-positive PDAC patient-
derived xenograft models [72]. The engineered 
CAR T cells expressing an affinity-enhanced 
TCR against mesothelin were also assessed in 
PDAC and demonstrated efficient infiltration 
into the tumor site along with tumor cell death 
and prolonged survival of the treated mice [73]. 
In light of the anti-tumor effects of mesothelin-
specific CAR T cells, researchers started a clini-
cal trial in patients with epithelial ovarian can-
cer, malignant epithelial pleural mesothelioma 
and PDAC, which resulted in the direct anti-
tumor efficacy in the clinical trial, NCT02159716 
(clinicaltrials.gov). In another phase I trial, the 
activity of mesothelin-specific CAR T cells ag- 
ainst pancreatic carcinoma metastases was 
evaluated, and the results showed the safety, 
feasibility and therapeutic potential with a CAR 
recognizing mesothelin [26]. Notably, a variety 
of mesothelin-specific CARs are being investi-
gated in ongoing trials such as NCT02414269 
and NCT02465983 (clinicaltrials.gov). All these 
results indicate that mesothelin is an effective 
target for CAR T therapy in mesothelin-express-
ing solid tumors.

Ganglioside GD2, a surface glycolipid antigen 
CAR target

Ganglioside GD2-specific CARs are a contrast 
to protein antigens for engineered CAR T cells 

since GD2 is a type of glycolipid found on the 
outer cell membrane. GD2 is highly overex-
pressed on a broad spectrum of tumor cells, 
including neuroblastoma, astrocytoma, retino-
blastoma, Ewing’s sarcoma, rhabdomyosarco-
ma, small cell lung cancer, melanoma and 
breast cancer, but is restrictedly expressed on 
normal tissues, including the central nervous 
system, predominantly in neuronal cell bodies 
and mesenchymal stem cells, and is expressed 
at low levels on peripheral nerves and skin 
melanocytes [32]. Reported data have shown 
that its expression density on neuroblastoma 
cell membranes can reach up to 5-10 million 
molecules/cell [74]. Moreover, levels of circulat-
ing GD2 are not high enough to interfere with 
binding to its specific monoclonal antibodies in 
circulation [75]. These properties make it an 
ideal target for CAR T cells. To date, anti-GD2-
CARs have been well investigated in preclinical 
programs and clinical trials on several diseases 
such as neuroblastoma, osteosarcoma and 
melanoma [16, 76-78]. In a study testing the 
cytotoxicity of anti-GD2 CAR T cells in melano-
ma, the results revealed the specific lysis of 
GD2-positive melanoma cells in vitro. In two 
patient-derived xenograft (PDX) models, rapid 
tumor regression was observed in mice that 
received intravenous or local intratumor injec-
tions of anti-GD2 CAR T cells. Accordingly, re- 
searchers have concluded that anti-GD2 CAR T 
cells can both efficiently lyse melanoma in a 
GD2-specific manner and release Th1 cyto-
kines in vitro and in vivo, representing a poten-
tial strategy for treating melanoma patients in 
the future [79]. The potential antitumor efficacy 
of anti-GD2 CAR T cells in H3-K27M+ diffuse 
midline gliomas (DMG) was also reported re- 
cently. In this study, anti-GD2 CAR T cells dem-
onstrated robust antigen-dependent cytokine 
release and the killing of DMG cells in vitro. In 
five PDX models, systemic administration of 
GD2-CAR T cells cleared engrafted tumors [80]. 
Based on the accumulated data, several clini-
cal trials such as NCT02992210, NCT0276- 
1915, NCT03373097 and NCT02765243 (clini-
caltrials.gov) are under way with GD2-targeted 
CARs in various solid tumors.

FAP, a CAR target on the surface of cancer-
associated fibroblasts

Most CAR T cells are genetically engineered to 
target antigens on cancer cells, however, some 
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antigenic targets expressed on the surface of 
nonmalignant cancer-associated stromal cells 
(CASC) are also proper for CAR T cells. One 
attractive candidate of these targets is FAP, a 
transmembrane serine protease highly expre- 
ssed on the CASCs in over 90% of epithelial 
cancers and with low expression on healthy 
adult tissue [81]. Selecting this type of target 
has several advantages. First, stromal cells  
are more genetically stable than cancer cells. 
Therefore, it is easier to target stromal cells in a 
stable way with an assigned antigenic target. 
Second, the tumor stroma has functions to sup-
port tumor cell growth, invasion, and angiogen-
esis to form a physical barrier against targeted 
tumor immunotherapy and to build an immuno-
suppressive niche by attracting immunosup-
pressive cells, regulating T cell functions, and 
expressing inhibitory molecules. Targeting stro-
mal cells can damage these functions while 
retarding tumor growth. Third, the mechanisms 
by which the tumor stroma supports tumor 
growth are common; hence, targeted therapies 
against such mechanisms may have the poten-
tial to be used in a broad spectrum of tumors 
[82]. To date, several groups have reported 
their results from the use of anti-FAP CAR T 
cells. A study by Wang et al. developed an anti-
mouse FAP-CAR construct comprising a sc-Fv 
from mAb 73.3 with a framework of CD8α-4-
1BB-CD3ζ [82]. In vitro, the transduced FAP-
CAR T cells secreted interferon-γ and specifi-
cally killed FAP-expressing 3T3 cells. In mice 
adoptively transferred 73.3-FAP-CAR T cells, 
FAPhi stromal cells were reduced and the growth 
of subcutaneously transplanted tumors was 
inhibited. Furthermore, the results showed that 
the off-tumor toxicity in their models was mini-
mal following the FAP-CAR T therapy. Therefore, 
researchers concluded that treatment with 
73.3-FAP-CAR T cells directed to FAP-expressed 
tumor stroma can be safe and effective and 
suggested further clinical development of anti-
human FAP-CAR. Based on the data obtained in 
this study, researchers performed a follow-up 
investigation on the impact of FAP-CAR T cells 
on tumor-induced desmoplasia. In highly des-
moplastic tumor models, FAP-CAR T cells redu- 
ced tumor growth and was accompanied by a 
disruption of the desmoplastic stroma and re- 
duced angiogenesis and cancer cell prolifera-
tion [40]. Although encouraging data were ob- 
served, the work by Tran et al. revealed severe 
side effects caused by the administration of 

FAP-CAR T cells generated from FAP-specific 
mAb FAP5 and sibrotuzumab. The results not 
only showed limited effects on tumor growth  
in a broad panel of murine models but also 
caused morbidity and mortality in most of the 
mice [83]. The differences among different 
groups may be related to the specificity and 
affinity of the scFvs that were used. Regardless 
of these contrasting results, FAP-targeting CAR 
T therapy has advanced into a phase I clinical 
trial, NCT01722149, for patients with malig-
nant pleural mesothelioma, sponsored by the 
University of Zurich (clinicaltrials.gov).

Conclusion and perspective

In CAR T cell investigations, the first step is to 
choose an appropriate antigenic target. Ideally, 
CAR targets should be expressed on the cell 
surface of all tumor cells, but not on normal 
cells, and should be frequently shared among 
patients and contribute to the pathobiology of 
tumors such that downregulation would ham-
per tumor growth. TSA is the most satisfactory 
with these standards, largely due to its unique 
expression on tumor cells. A well-characterized 
TSA can provide a powerful tool to develop 
novel CARs for solid tumors. However, TSAs are 
genetically unstable and heterogeneous among 
patients and their expression can easily be 
manipulated by tumor cells to be downregulat-
ed or completely lost, hence escaping from the 
targeted immunotherapy. The study by target-
ing EGFRvIII confirmed the issue of antigen es- 
cape in TSA-specific CARs [63]. Another prob-
lem in targeting TSAs is the difficulty of finding 
appropriate TSAs because there are few TSAs 
in tumor tissues. Due to these limitations, the 
application of TSA-targeting CAR T therapies 
remains challenging and leaves a broad space 
to be filled with more efficient CARs. As another 
option, TAAs provide various candidates to be 
targeted since they are frequently overexpress- 
ed on tumor cell surfaces with a wide variety of 
types but are also simultaneously expressed 
on healthy tissues [84]. The expression profile 
of TAAs often causes unexpected on-target/off-
tumor toxicities when this type of target is 
selected. To minimize this side effect, the high-
est priority should be given to antigens with 
fewer expression levels in vital normal tissues. 
Meanwhile, extensive preclinical studies should 
be performed to conduct extensive analyses  
of target expression by healthy tissue panels 
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from multiple donors. Recently, some research 
groups have proposed another solution to this 
side effect by tuning the sensitivity of CARs. In 
2015, two different groups developed low-affin-
ity CARs against HER2 and EGFR for glioblasto-
ma and demonstrated excellent cytotoxicity in 
cells with high-density expression levels of tar-
gets while sparing cells with low-density expres-
sion levels that represented similar levels in 
normal tissues [85, 86]. As advances in CAR T 
therapy are increasingly being made, there are 
more options for proper target selection. In 
most cases, protein antigens are the first ex- 
plored. However, it is feasible to choose a total-
ly different type of antigen, such as carbohy-
drates or lipids [32], since the antigen-binding 
domain in a CAR is non-MHC restricted. In this 
way, the choices of CAR targets are expanding 
widely. As described above, ganglioside GD2-
specific CARs have been extensively investigat-
ed, showing promising application in clinics 
[79, 80]. Furthermore, vital components expre- 
ssed by tumor stromal cells can also be target-
ed by CARs, given the obvious drawback that 
target antigens on tumor cells are able to 
launch the adaptive mechanism of downregu-
lating or completely losing their expression 
while being targeted [87]. In solid tumors, the 
TME is essential for tumor survival and CAR T 
cells can adjust the TME properties to facilitate 
T cell infiltration and promote antitumor activity 
after the relative tumor stromal cells are tar-
geted, as exemplified by targeting FAP above 
[82]. To date, the application of CAR immuno-
therapy for solid tumors has been limited, part-
ly due to the lack of antigenic targets that are 
constantly expressed in tumors yet entirely 
absent in healthy tissues. Combining stroma-
targeting CARs with either TAA- or TSA-specific 
CARs may greatly enhance antitumor efficacy, 
providing various options for highly effective 
target selection.

In addition to the first-line role of CAR targets in 
the application of CAR T therapy, the TME also 
exerts significant effects on whether the ap- 
proach is viable in solid tumors. On one hand, 
the solid TME is immunosuppressive and com-
posed of malignant and nonmalignant cells 
[88], in which the infiltrated CAR T cells can be 
inhibited by a variety of factors. On the other 
hand, well-documented pathways inhibiting T 
cell immunity within tumors, including immune 
checkpoints, regulatory T cells, myeloid-derived 

suppressor cells, and metabolic alterations, 
can change after CAR T cell infusion, which 
means that the TME can either dampen or 
enhance immune responses in an adaptive 
manner [61]. This suggests that the hostile 
immunosuppressive TME can be converted to 
be beneficial to the infused CAR T cells if an 
appropriate approach is used. A recent study 
conducted by Chen et al. confirmed the idea by 
constructing CARs to target a soluble ligand, 
TGF-β, an otherwise immunosuppressive factor 
in a variety of solid tumors [89]. Another study 
by Batchu et al. also reversed the negative 
effect of the TME on mesothelin-CAR T cells 
through suppressing interleukin-10 in pancre-
atic cancer [90]. Data are accumulating to con-
vince researchers of the tunable TME barriers 
and tumor eradication by appropriately target-
ed CAR T cells. Through optimizing the CAR 
structure and surmounting tumor-induced im- 
munosuppression, the application of CAR T 
therapy to solid tumors will become closer to 
success as observed in hematologic malignan-
cies. As the characteristics of the TME are 
depicted in more detail, more compelling evi-
dence will be obtained for precise CAR target 
selection. The complicated interplay between 
the TME and antigenic targets can significantly 
determine if the efficacy of tumor killing is posi-
tive. It is promising to find novel strategies for 
changing the TME from an immunosuppressive 
mode towards one that supports the improve-
ment of antitumor immunity by elucidating the 
molecular mechanism of interactions between 
the TME and CAR targets.

For the application of CAR T therapy against 
solid tumors, the main challenge is to inhibit 
tumor-induced immunosuppressive mechanis- 
ms and remodel a TME to be favorable for 
developing efficacious antitumor immunity. 
Both the property of a CAR target and the TME 
can contribute to producing new strategies to 
resolving this challenge. In one aspect, the anti-
genic specificity of a CAR directly defines the 
precise activity and safety of the genetically 
engineered T cells. Meanwhile, the heterogene-
ity of tumor antigens in solid tumors usually 
leads to invalid immune surveillance and there-
by a refractory and relapsed tumor [91]. Given 
that it is too difficult to find entirely ideal anti-
genic targets that have a high frequency in 
common cancers, are constitutively expressed 
exclusively by malignant cells, are functionally 
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important for tumor growth and progression, 
and are targetable with MHC-independent sys-
tems, appointing relatively consistent targets 
to a CAR T therapy program continues to be the 
pursuit of researchers. In another aspect, the 
TME is extremely complicated and provides a 
favorable niche for tumor progression. A large 
number of immune cells together with stromal 
cells and extracellular matrix create an inflam-
matory milieu responsible for tumor expansion 
and dissemination and for tumor evasion [92]. 
The functional subversion of these TME compo-
nents to a favorable antitumor state is also a 
practical goal for CAR T therapy. Recently, TME 
component-specific CARs have been developed 
and extensively investigated [89, 90], showing 
good prospects in promoting the antitumor 
efficacy.

In the aggregates, judicious target-antigen se- 
lection in accordance with the specific TME is a 
key element to be considered to effectively 
direct CAR T cells against diverse cancers. A 
well-selected antigenic target not only helps to 
reduce side effects and partly conquer the TME 
barriers of solid tumors but also plays decisive 
roles in the final anti-tumor efficacy. To obtain 
expected therapeutic effects, extensive pre-
clinical investigation on the selected antigen 
should be performed according to the tumor 
microenvironment. At the same time, the immu-
nosuppressive components in the TME are also 
good candidate targets because their hostile 
functions can be subverted to be favorable for 
tumor eradication under the appropriate treat-
ment conditions. The selected target and TME 
are interrelated factors to be considered cir-
cumspectly when designing a CAR structure 
with the expectation of effectiveness. The tu- 
mor type determines its particular TME, accord-
ingly requiring a specific target. Elucidating the 
interactive mechanisms between the target 
and the TME will help develop novel treatment 
modalities with CAR-modified T cells.
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