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Abstract: Current cancer treatment strategies have been advanced by chimeric antigen receptor (CAR) cell therapy, 
a rapidly emerging cellular immunotherapy. The numerous revolutionary achievements of CAR T cells against hema-
tological malignancies initiated an upsurge in research on translating this therapy into a treatment for solid tumors. 
Unfortunately, no equivalent success has yet been achieved in treating solid tumors. The main challenges posed by 
solid tumors have gradually been recognized and include a lack of unique antigen targets, antigen heterogeneity, 
limited infiltration into the tumor, and an immunosuppressive tumor microenvironment. Surmounting the limita-
tions of solid tumors remains critical in popularizing CAR T cell applications. Various approaches to augmenting the 
efficiency of CAR T cells through directly optimizing CAR constructs or through innovative combination strategies 
such as vaccines, biomaterials, and oncolytic virus have arisen. In addition to describing the main obstacles that 
restrict the promotion of CAR T cells, this paper focuses on reviewing new ongoing strategies to circumvent these 
limitations.
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Introduction

Cancer immunotherapy, including immune ch- 
eckpoint inhibitors, adoptive cell therapy (ACT), 
vaccines, and monoclonal antibodies, has ac- 
hieved great success over the past few de- 
cades, with genetically engineered CAR T cells 
being the most exciting achievement. The addi-
tion of specific CARs enables T cells to identify 
specific tumor cells in an MHC-independent 
manner. CARs typically consist of extracellular 
regions that contain a single-chain variable 
fragment (scFv) and recognize specific antigens 
and intracellular signal transduction or activa-
tion regions that are linked by the transmem-
brane domain and hinge regions and transmit 
signals [1]. Unlike first-generation CARs, which 
contained only one activation signal and pos-
sessed limited functionality, subsequent con-
structs have been continuously optimized. Sec- 
ond-generation and third-generation CARs can 
be combined with multiple costimulatory mole-
cules, while fourth-generation CARs are engi-
neered to release transgenic products, accom-

panied by enhanced proliferative capacities 
and antitumor efficacies [1]. Remarkable re- 
sults in eliminating hematological malignanci- 
es by adoptive infusion of CAR T cells have be- 
en obtained, particularly in achieving persistent 
disease regression in B-cell lymphoma and leu-
kemia [2-4]. The ensuing approval by the FDA of 
two CD19 CAR T cell products targeting B cell 
tumor antigens to struggle against relapsed or 
refractory B-cell malignant tumors has set off  
a climax of CAR T cell research [5, 6]. These 
achievements have stimulated further explora-
tion of applying CAR T cell therapy to combat 
solid tumors and initiated numerous preclinical 
or clinical studies to evaluate the effect of CAR 
T cells [7-10]. However, the current results of 
CAR T cell treatment of solid tumors has re- 
mained unsatisfactory.

Several elements are hypothesized to contrib-
ute to the significant discrepancies in the clini-
cal effects in hematological malignancies and 
solid tumors. The lack of unique tumor antigens 
and heterogeneous antigen expression are piv-

http://www.ajcr.us


CAR T cells for solid tumors

1980 Am J Cancer Res 2020;10(7):1979-1992

otal factors that result in side effects and anti-
gen escape [11]. Moreover, transporting CAR T 
cells from the bloodstream to the tumor site 
after infusion is difficult due to the disordered 
vasculature and dense matrix within solid tu- 
mors [12]. In addition, the hostile tumor micro-
environment (TME) is another obvious obstacle 
that significantly impedes the function and per-
sistence of CAR T cells [13]. To overcome the 
challenges associated with solid tumors, vari-
ous strategies have been developed involving 
optimized CAR structures and innovative com-
bination therapy aimed at enhancing the spe- 
cificity, infiltration, and efficacy of CAR T cells 
and reprogramming the inhibitory conditions. In 
this review, the main challenges presented by 
solid tumors and feasible strategies to support 
CAR T cell therapy will be elaborated in detail.

Selection of CAR T cell targets

Choosing an appropriate target on tumor cells 
is extremely crucial and affects not only the 
accurate identification and removal of tumor 
cells by CAR T cells but also the safety of the 
treatment. In fact, as an obvious obstacle, the 
lack of tumor specific antigens in solid tumors 
remains unconquered. To date, some overex-
pressed endogenous molecules in tumor tis-
sues, especially those that promote tumor pro-
liferation and persistence, such as GD2, in- 
terleukin 13 receptor α (IL13Rα), mesothelin, 
and human epidermal growth factor receptor 2 
(HER2), have been selected as targets for CAR 
T therapy [8, 9, 14, 15]. However, there is the 
potential of damage to normal tissue trigger- 
ed by on-target and off-tumor toxicity because 
some normal tissues may also express nons- 
pecific tumor antigens [16]. To enhance safety 
and reduce off-target toxicity, much attention 
has focused on optimizing CAR constructs with 
improved tumor antigen selectivity and speci- 
ficity.

One way to improve specificity is to design bi- 
specific CAR T cells with split signaling path-
ways connected to a costimulatory signal and 
an activation signal (Figure 1A). Only when  
CAR T cells simultaneously encounter two anti-
gens expressed on tumors, can T cells become 
activated to produce powerful effects [17]. Si- 
milarly, improving the ability to control CAR T 
cells to turn them on or off under specific con- 
ditions has also been studied (Figure 1A). On- 

switch CAR T cells, which are designed to be 
conditionally activated only in the presence of 
inducible foreign molecules, provide a strategy 
to accurately control CAR T cell activation. This 
effect is achieved by dividing the key recogni-
tion and activation signaling of the CAR into dif-
ferent modules that can only be combined with 
the application of heterodimerizing small mole-
cules [18]. Using a bifunctional small molecule 
“switch”, which is composed of folate and fluo-
rescein isothiocyanate (folate-FITC), CAR T cells 
can specifically identify tumor cells overex-
pressing folate receptors [19].

Subsequently, some studies have proposed 
another approach to suppress T cells function  
if toxic reactions arise by engineering suicide 
genes or using antibody-mediated killing, also 
known as off-switch CAR T cells [20, 21]. In- 
corporating the inducible caspase 9 (iCasp9) 
system into T cells engineers the T cells to be 
killed by induction. When administered iCasp9 
induction-dependent small molecule dimeriz-
ers that primarily damage activated cells that 
highly express certain genes, T cells are rapidly 
induced to undergo apoptosis, shutting down 
the effect of CAR T cells [22].

Tumor antigen heterogeneity and tumor anti-
gen escape 

Solid tumors are composed of molecularly het-
erogeneous subgroups, and antigen expres-
sion in different tumors or in individuals is  
different. Heterogenous target antigen expres-
sion restricts the outcome of CAR T cell the- 
rapy and is related to subsequent clonal es- 
cape, tumor resistance and recurrence after 
removing the most immunogenic epitopes [23]. 
Tumor resistance caused by tumor antigen  
loss has been shown in patients with recurrent 
glioblastoma after epidermal growth factor re- 
ceptor (EGFR)-targeted CAR T cell therapy [24]. 
Therefore, addressing tumor heterogeneity and 
overcoming tumor escape are imperative for 
achieving long-term remission.

Recently, investigators have been dedicated to 
designing multitarget CAR T cells, aiming to 
restrain tumor antigen escape by discerning 
multiple antigens. Tandem CAR T cells have  
two scFVs that recognize different antigens 
connected to one CAR construct (Figure 1B). 
One group compared the effect of tandem  
CAR T cells co-expressing HER2 and IL13Rα  
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Figure 1. Innovative strategies to circumvent the challenges of CAR T cell therapy. A. Improving specificity and safety: 
Split CAR T cells contain separate costimulatory signals and activation signals, which require the presence of two 
different tumor antigens for full activation. On-switch CAR T cells or off-switch CAR T cells are induced to activate or 
undergo apoptosis by small molecule dimerizers. B. Overcoming tumor antigen escape: Multitarget CAR T cells are 
designed to target different tumor antigens, including dual CAR T cells with two CARs or tandem CAR T cells with 
multiple scFvs in one CAR. C. Facilitating CAR T cell trafficking: This can be achieved by optimizing CAR T cells to ex-
press appropriate CCRs, including CXCR2, CCR2b, and CCR4, which bind to chemokine ligands secreted by tumors. 
Alternatively, targeting CAR T cells to FAP to remove stromal cells, and engineering CAR T cells secreting the HPSE 
enzyme to degrade the tumor matrix will further overcome physical barriers. D. Overcoming the immunosuppressive 
tumor microenvironment (TME): Armoured CAR T cells secreting immunostimulatory factors such as IL12, IL18, 
and IL15 can modulate the local cytokine microenvironment to benefit CAR T cell survival and recruit endogenous 
immune cells. Another strategy is to modify CAR T cells to withstand inhibitory factors through TGF-β dominant nega-
tive receptors (DNRs) that cannot transmit immunosuppressive signals, TGF-β receptors that convert TGF-β signals 
into 4-1BB or IL-12 stimulatory signals, and inverted cytokine receptors infused with the extracellular domain of 
the IL-4 receptor and the endodomain of the IL-7 receptor. E. Circumventing intrinsic T cell inhibitory signals: One 
approach is to directly block the production of PD-1, using CRISPR/Cas9 to knock out the PD-1 gene in CAR T cells 
or using shRNA to degrade mRNA in CAR T cells. In addition, PD-1 DNRs lacking the intracellular domain are un-
able to transmit inhibitory signals. PD-1 switch receptors with intracellular immunostimulatory signals can convert 
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to single-specific CAR T cells in mouse models 
of glioblastoma and found that the former ex- 
hibited reduced antigen escape and increased 
tumor clearance [25]. CAR T cells simultane-
ously expressing multiple CAR constructs ha- 
ve also been developed. Similarly, another 
study found that trivalent CAR T cells specific 
for three different glioblastoma targets over-
came antigen heterogeneity between different 
patients and promoted tumor clearance in an 
autologous mouse model [26]. Targeting mu- 
tant antigens or non-tumor cell antigens in the 
tumor environment, such as fibroblasts or the 
tumor vasculature, may also overcome antigen 
escape [27]. As shown by one group, EGFRvIII 
CAR T cells, which recognize EGFRvIII, sup-
pressed tumor growth in glioblastoma models 
[28]. 

Other attempts to surmount antigen escape 
include the use of modified T cells expressing 
bispecific T cell engagers (BiTEs) and immu- 
nomodulatory agents capable of inducing an 
endogenous immune response to synergisti-
cally eliminate tumors. The main mechanism of 
BiTEs is to connect T cells with tumor cells uti-
lizing two scFvs targeting CD3 and the tumor 
antigen, thereby recruiting and activating en- 
dogenous T cells to kill tumors [29]. One stu- 
dy found that CAR T cells expressing EGFR-
targeted BiTEs were able to recruit endogen- 
ous bystander T cells in a glioblastoma model, 
effectively attenuating antigen expression het-
erogeneity and bypassing antigen escape [30]. 
Furthermore, CAR T cells expressing CD40 li- 
gand (CD40L) have also been proven to provi- 
de a CD40 activation signal and activate en- 
dogenous antigen-presenting cells (APCs) to 
secrete stimulating cytokines, thus enhancing 
antitumor efficacy and overcoming tumor es- 
cape [31, 32].

Limited CAR T cell trafficking  

Successful transport from the bloodstream to 
the tumor site is the prerequisite for CAR T cells 
to attack tumor cells. However, limited traffick-
ing to solid tumors presents another major 
obstacle. Unlike easy access to hematological 
malignancies, there are some factors in solid 
tumors that result in inefficient T cell homing 

and limited infiltration of the tumor site. One 
factor is mismatched chemokines expressed 
by tumor tissues, which are usually incompati-
ble with chemokine receptors (CCRs) on CAR  
T cells [33]. In addition, infiltration is further 
inhibited by physical barriers constituted with 
dense extracellular matrix (ECM), as well as 
abnormal tumor blood vessels in solid tumors 
[12]. Therefore, many strategies have been  
proposed to overcome limited T cell traffick- 
ing. Local infusion to deliver CAR T cells to the 
tumor sites or cranial cavity seems to be a 
potential strategy that can also avoid the toxic-
ity of systemic injection and off-target effects. 
Intracranial administration and intraperitoneal 
delivery of CAR T cells were evaluated in breast 
cancer brain metastases and ovarian cancer, 
respectively [34-36]. However, these strategi- 
es are not feasible in the case of extensive 
tumor metastasis. 

Exploring other strategies to potentiate T cell 
infiltration and achieve accurate cell homing 
are necessary. By directly optimizing CAR T 
cells to express favorably matched CCRs, CAR T 
cells can better interact with chemokine li- 
gands expressed by tumor cells (Figure 1C). 
Moon et al. utilized lentiviral vectors to obtain 
anti-mesothelin CAR T cells expressing CCR2b, 
which interacted with chemokine ligand 2 
(CCL2) secreted by cancer cells, and showed 
improved T cell infiltration in the mesothelio- 
ma xenograft model, accompanied by improv- 
ed antitumor activity [37]. Recently, another 
study found that CAR T cells expressing CXCR2 
could facilitate T cell homing and augment the 
antitumor response [38]. Alternatively, additi- 
onal CCRs such as CCR4 have also been prov-
en to be effective to varying degrees [39].

To enhance migration and infiltration capacity, 
another potential approach includes disrupt- 
ing physical barriers in solid tumors, either by 
designing CAR T cells to recognize stromal  
cell-associated antigens or secrete matrix-de- 
grading enzymes (Figure 1C). One of the attrac-
tive targets seems to be the protease fibro- 
blast activation protein (FAP), which is ex- 
pressed on fibroblasts in many solid tumors 

inhibitory signals into stimulatory signals. PD-1 blocking antibodies secreted by CAR T cells can competitively bind 
PD-L1. F. Innovative combination therapy to synergistically enhance CAR T cell functions: Vaccines including viruses 
or dendritic cells provide a way to activate CAR T cells in vivo. Nanoparticles or oncolytic viruses can be modified to 
carry drugs or genes or stimulatory cytokines to enhance the efficacy of CAR T cells.
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[40]. Furthermore, evaluation of FAP CAR T 
cells in multiple tumor models showed effec-
tive tumor suppression and decreased num-
bers of FAP positive stromal cells [41]. In ano- 
ther study, heparinase (HPSE)-modified CAR T 
cells aimed to supplement the HPSE insuffi-
ciency in the matrix have also been shown to 
promote matrix degradation and T cell infiltra-
tion [42].

The immunosuppressive tumor microenviron-
ment 

Even when CAR T cells are successfully trans-
ported, another major roadblock is the highly 
immunosuppressive TME that can render them 
anergic [43]. Solid tumors are typically charac-
terized by a suppressive TME composed of mul-
tiple immunosuppressive molecules and inhibi-
tory immune cells. Suppressive immune cells 
such as regulatory T cells can hinder CAR T  
cell proliferation and cytotoxic abilities through  
contact-dependent methods, while some inhib-
itory molecules, such as transforming growth 
factor-β (TGF-β) and IL-10, can promote T cell 
anergy by indirect contact [13]. Recently, vari-
ous strategies have emerged to overcome the 
immunosuppressive TME and make it benefi-
cial for T cell survival and proliferation (Figure 
1D).

Some research has endeavored to modify CAR 
T cells to overexpress cytokines that promote 
inflammation such as IL-12, IL-15, and IL-18, 
and these cells are known as armoured CAR T 
cells [44-46]. In contrast to the toxicity induced 
by systemic injection of stimulating molecules, 
this approach safely modulates the local micro-
environment. Engineering T cells to secrete 
IL-12 was confirmed to induce increased prolif-
erative capacities, survivability and cytotoxicity, 
as well as resistance to apoptosis and PD-L1-
induced functional inhibition, in ovarian cancer 
[47]. IL-15 expressing anti-CD19 CAR T cells 
were also found to achieve persistence and 
induce sustained remission in a model of leu-
kaemia, and the mechanism was possibly re- 
lated to the formation of a memory cell sub- 
set [48]. Similarly, in a neuroblastoma metas- 
tasis model, optimizing GD2 CAR T cells with 
IL-15 resulted in improved antitumor abilities 
[49]. Furthermore, related researches on CAR  
T cells secreting IL-18 showed that these cells 
had enhanced proliferation and infiltration ca- 
pacities, and could recruit endogenous immu- 
ne cells to regulate the TME [50, 51].

Other strategies to shelter CAR T cells from 
inhibitory molecules, such as blocking immu- 
nosuppressive signals in CAR T cells and the 
TME, are also worth considering (Figure 1D). 
Since TGF-β signaling is an important inhibi- 
tory pathway, a feasible alternative to promote 
antitumor responses is to block TGF-β signal-
ing. One group found that a TGF-β dominant 
negative receptor (DNR) could effectively pro-
tect CAR T cells from immunosuppressive cyto-
kines with reduced inhibitory signal transduc-
tion in preclinical prostate cancer models [52]. 
Alternatively, CAR T cells engineered with re- 
ceptors that convert TGF-β signals into 4-1BB 
or IL-12 stimulation signals exerted powerful 
antitumor effects and were rendered resistant 
to immunosuppressive signals [53]. Another 
group also found that TGF-β CAR T cells had 
reinforced cytotoxicity and strengthened anti- 
tumor immune functions, protecting adjacent 
immune cells from TGF-β-mediated immuno-
suppression [54]. 

Similarly, research in models of pancreatic  
cancer showed that CAR T cells expressing in- 
verted cytokine receptors could promote T cell 
survival. The extracellular segment of the IL-4 
receptor and the intracellular segment of the 
IL-7 receptor were fused to convert immuno-
suppressive cytokine signals into activation  
signals [55]. Inducing the endogenous antitu-
mor immune response and enhancing costi- 
mulatory signals have also been explored [56]. 
In addition, metabolic disorders such as nutri-
ent deficiency, low pH and hypoxia are another 
feature of the TME, and metabolic competition 
further restricts the activity of CAR T cells [57]. 
Reforming the metabolic pathway of CAR T cells 
might be another strategy. For example, under 
hypoxic conditions, the transcription factor hy- 
poxia-inducible factor 1-α (HIF-1α) can be sta-
bly expressed. By modifying CAR T cells to ex- 
press HIF-1α, the cells gained the ability to tol-
erate hypoxia, which resulted in increased CAR 
expression and oncolysis to improve the antitu-
mor effect [58]. 

Intrinsic T cell inhibitory signals

T cells have intrinsic inhibitory mechanisms, 
and upregulation of important inhibitory recep-
tors CTLA-4/PD-1 results in T cell exhaustion 
and restrains T cell persistence by interacting 
with ligands that are overexpressed on tumor 
cells [59, 60]. Thus, overcoming endogenous 
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suppressive signals to reduce CAR T cell deple-
tion is also a promising approach. Some novel 
strategies, including the use of gene silencing, 
PD-1 switch receptors, DNRs and the secretion 
of PD-1 antibodies to circumvent the internal 
and external inhibitory mechanism of T cells, 
have been developed (Figure 1E).

Recent research has focused on the use of 
gene silencing techniques such as CRISPR/
Cas9 or short hairpin RNAs (shRNAs) to di- 
rectly knockout the genes that encode the 
inhibitory receptor PD-1 in CAR T cells. For ex- 
ample, one group silenced PD-1 in anti-CD19 
CAR T cells via CRISPR/Cas9 and showed res-
cued T cell activity and improved antitumor ef- 
ficacy in the PD-L1-positive tumor models [61]. 
Similarly, transduction of shRNA into anti-MS- 
LN CAR T cells to silence the PD-1 gene led to 
downregulation of endogenous PD-1 levels, 
enhanced T cell expansion and tumor cell lysis 
[62]. 

In addition, modifying CAR T cells to express 
switch receptors seems to be an attractive 
strategy to overcome immune checkpoints or 
inhibitory molecules, which allows the conver-
sion of inhibitory signals to stimulatory signals 
[63]. PD-1 switch receptors (Figure 1E) were 
created by fusing the extracellular region of  
the immunosuppressive signal with the acti- 
vated intracellular domain and achieved con-
version of the PD-L1 signal into a stimulatory 
signal, thereby resisting T cell dysfunction and 
promoting tumor regression [64]. Attempts to 
engineer CAR T cells with dominant negative 
PD-1 receptors have also been explored (Fi- 
gure 1E). Due to the lack of transmembrane 
segments and intracellular signal transduction 
domains, T cell with DNRs are endowed with 
the ability to compete with endogenous cell 
receptors to bind PD-1, but no inhibitory sig- 
nal can be transduced [65]. In addition, engi-
neered CAR T cells that can release PD-1 blo- 
cking antibodies have been demonstrated to 
boost the antitumor effects of CAR T cells [66]. 

Innovative combination therapy 

Although high remission rates have been ob- 
tained in hematological malignancies, patients 
lack sustained remission after CAR T cell thera-
py and ultimately experience disease relapse. 
The function of CAR T cells is intimately associ-

ated with the clinical outcomes of patients,  
and the activation, killing functions and persis-
tence of these cells in vivo are dynamic pro-
cesses that are affected by diverse factors, 
such as tumor factors, T cell factors, and indi-
vidual factors [67]. Each aspect may impact  
the application of CAR T cells, and so it seems 
insufficient to settle these intricate factors only 
through a monotonous approach. In addition  
to direct genetic modifications of T cells, alter-
native strategies to overcome insufficient CAR 
T cell expansion and enhance persistence in 
vivo should be explored [68-71]. The recent 
advances in combined vaccines, biomaterials, 
and oncolytic viruses have good application 
prospects to achieve desired outcomes, either 
by directly enhancing the function of T cells or 
by recruiting endogenous immune cells, as well 
as remodeling the TME.

CAR T cell therapy combined with vaccines 

Therapeutic cancer vaccines have been a key 
breakthrough in cancer therapy by specifically 
inducing T cells to attack tumors. Some stu- 
dies found that dual-specific T cells express- 
ing tumor-specific CARs and endogenous T cell 
receptors (TCRs) against strong immunogens, 
such as influenza viruses showed strong am- 
plification and antitumor activity after immuni-
zation with an immunogen vaccine [72-75]. 
Preparing CAR T cells using virus-specific cy- 
totoxic T lymphocytes (CTLs) has shown great 
potential in many early studies. Notably, Ep- 
stein-Barr virus (EBV)-specific CTLs express- 
ing GD2 CARs lasted longer in patients with 
neuroblastoma than activated non-virus-specif-
ic T cells [76].

Vaccination provides an alternative strategy to 
further facilitate the amplification, activation 
and cytotoxicity of these CAR T cells in vivo 
(Figure 1F). One of the common vaccines is a 
virus-based vaccine: for example, a cytomega-
lovirus (CMV)-based vaccine combined with 
adoptive infusion of T cells synergistically pro-
moted tumor clearance [75]. Inoculation with a 
viral vaccine expressing gp100 enhanced T  
cell expansion and tumor regression in multiple 
mouse models [72]. A recent study in B cell 
acute lymphoblastic leukaemia (B-ALL) patients 
also showed that using viral vaccines to stimu-
late natural TCRs, even without lymphodeple-
tion, could enable CD19-modified virus-specific 
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T cells to successfully expand and increase 
sustainability [77]. However, there are risks of 
viral reactivation and viremia, and the safety of 
viral vaccines needs to be further evaluated.

Other cancer vaccines containing soluble tu- 
mor-associated antigens (TAAs) and dendritic 
cell (DC) adjuvants have been shown to acti-
vate TAA-specific effector cells and stimulate 
the production of antibodies in preclinical and 
clinical trials [78]. DCs are full-time APCs that 
regulate natural and acquired immunity and are 
vital in the process of immunotherapy. One 
study revealed the enhanced T cell activation, 
expansion, and antitumor effect of ACT by a  
DC vaccine in vivo [79]. In a clinical trial of mel-
anoma, tumor infiltrating T cells were infused 
after the patients were vaccinated with tumor 
antigen-bearing DC vaccines, resulting in one 
person achieving complete remission and two 
people having stable disease [80]. 

There are also parallel results in a study of DC 
vaccine-mediated stimulation of CAR T cells. 
One group discovered that GD2 CAR T cells  
prepared from virus-specific CTLs killed target 
cells when cultured with neuroblastoma for the 
first time in vitro, but these T cells failed to  
control the tumor after the second exposure. 
However, virus-specific TCRs can be reactivat-
ed by utilizing DCs or DC supernatant alone  
and rescue CAR T cell functions [73]. Inocula- 
tion with DC cell vaccines shocked with tumor-
specific antigen peptide enhanced the amplifi-
cation and function of intracellular oncoprotein 
WT1 CAR T cells and promoted tumor clearance 
in xenograft mouse models [81]. Although DC 
vaccines may be a safe way to enhance CAR T 
cells, patients receiving cancer vaccine treat-
ment have demonstrated moderate antitumor 
immune responses, and the clinical treatment 
effect has been very limited. These approaches 
need to be improved in the future.

CAR T cell therapy combined with biomateri-
als 

Some shortcomings exist when directly modify-
ing CAR T cells to express supporting factors, 
such as complicated operations and uncon- 
trollable systemic toxicity. Hence, it is impera-
tive to develop new strategies, and biomateri-
als offer a potential avenue for supplementa-
tion. Some methods based on nanomedicine  

to improve the functions of adoptively infused T 
cells are being continuously explored by more 
researchers.

Synthesized nanoparticles can be designed to 
direct larger gene cargoes or drugs to target 
cell subpopulations in vivo through chemically 
conjugated antibodies or ligand binding to re- 
ceptors on the target cell surface (Figure 1F) 
[82]. Some studies have explored the potential 
of liposomes to deliver stimulatory molecules 
in ACT: Zhang et al. used pegylated liposomes 
modified with cytokines or cell-specific antibo- 
dies to transfer cargoes and simulate T cell 
expansion and observed successful labeling 
and significant expansion of T cells in vivo [83]. 
Recently, backpacking nanoparticles have al- 
so been developed to connect supporting drugs 
to immune cells and en-hance cell function in 
an autocrine manner [84]. Protein nanogels are 
another kind of biological material that can 
carry therapeutic substances and release car-
goes depending on antigen recognition. Li Tang 
et al. applied protein nanogels to transport 
IL-15 super-agonists to the TME and observed 
markedly increased effectiveness of EGFR CAR 
T cells and improved survival of tumor load- 
ed mice [85]. Furthermore, nanoparticles have 
broken through the barrier of long-term prepa-
ration of CAR T cells in vitro. One group utilizing 
DNA nanocarriers to transfer CAR genes that 
recognize leukaemia cells found that circulat-
ing T cells could be rapidly and accurately re- 
programmed into antigen-specific T cells in  
situ and achieve equal effects [86]. 

Using nanoparticles loaded with immunosup-
pressive inhibitors is another promising ap- 
proach to reverse the suppressive TME. Zhang 
et al. found that tumor-targeted liposomes 
encapsulating the immunomodulator PI-3065 
and 7DW8-5 suppressed monocytic myeloid-
derived suppressor cells while simultaneously 
increasing endogenous antitumor cells and pr- 
ovided a two-week window for CAR T cell tre- 
atment. During this period of infusion, CAR T 
cells could effectively penetrate, robustly ex- 
pand and promote tumor clearance in a mouse 
model [87]. Similarly, PEGylated immunolipo-
somes transported small molecule inhibitors  
of TGF to ACT cells and maintained T cell pro- 
liferation in vitro [88].

Nanoparticles can also transport antigens to 
lymphoid tissues and stimulate endogenous 
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APCs to present antigens, assisting CAR T cell 
therapy. Leyuan Ma et al. designed an albumin-
bound phospholipid polymer by connecting a 
small molecule or peptide ligand of CAR to the 
lipid tail to achieve lymph node targeting. As a 
result, CAR ligand was effectively delivered to 
the lymph nodes by albumin and inserted into 
the APC membrane through the lipid tail to 
modify macrophages and DCs, and subsequ- 
ent endogenous cell activation further boost- 
ed CAR T cell proliferation and enhanced anti- 
tumor effects [89]. Recently, another study 
revealed that a nanoparticle RNA vaccine can 
directly enhance the cytotoxic effect of CAR T 
cells and overcome insufficient stimulation and 
low sustainability. This nanoparticle vaccine 
can transport CAR antigen to APCs in lymphoid 
tissues and simultaneously initiate a Toll-like 
receptor-dependent type I interferon-driven im- 
mune stimulation program [90].

CAR T cell therapy combined with oncolytic 
viruses

As a kind of virus that selectively infects tumor 
cells, oncolytic viruses not only directly lyse 
cells but also induce endogenous antitumor 
immunity by recruiting immune cells and rele- 
asing proinflammatory molecules; moreover, 
oncolytic viruses can also be modified as plat-
forms to deliver cargoes [91]. Hence, combined 
treatment with oncolytic viruses is a promising 
combination strategy for reverting tumor immu-
nosuppression and enhancing the capabilities 
of CAR T cells, especially the use of oncolytic 
viruses to transport therapeutic drugs or genes 
to the TME [91].

On the one hand, oncolytic viruses can present 
multiple tumor antigens to CAR T cells and con-
tribute to overcoming antigen escape. Recently, 
CAR T cells combined with oncolytic viruses 
expressing BiTEs specific for EGFR were investi-
gated in vivo and showed a synergistic effect  
in overcoming tumor heterogeneity [92]. On the 
other hand, genetically modified oncolytic vi- 
ruses that encode chemokines can attract CAR 
T cells to the tumor site and promote infiltra-
tion. For example, the combination of CAR T 
cells with oncolytic viruses expressing the che-
mokine RANTES and the cytokine IL15 have 
been shown to improve infiltration and promote 
obvious tumor regression in mouse models 
[93]. Similar encouraging results were found  
in another study of oncolytic viruses express- 
ing the chemokine CXCL11 [94]. Investigators 

have also attempted to overcome immunosup-
pression by modifying oncolytic viruses to 
express immunosuppressive agents and pro-
mote inflammatory factors. Oncolytic adenovi-
ruses expressing the cytokines IL-15, IL-2, and 
TNF have been proven to reverse the immuno-
suppressive TME, promote CAR T cell infiltra-
tion and enhance persistence [95]. Another 
study demonstrated that combining intratu- 
moral injection of an oncolytic adenovirus se- 
creting a PD-L1 blocking mini-body had the 
potential to improve the antitumor efficacy of 
HER2 CAR T cells [96].

Conclusions

As demonstrated by the inspiring efficacy in a 
variety of hematological malignancies, CAR T 
cell therapy remains a potential strategy for 
cancer treatment. However, no parallel succe- 
ss has been achieved in the treatment of solid 
tumors to date. Challenges posed by solid 
tumors, including the lack of specific tumor  
targets, heterogeneous antigen expression, 
limited infiltration, and an inhibitory TME are 
the main factors that hamper the success of 
CAR T cell therapy. More studies are urgently 
needed to elucidate the mechanisms that 
affect treatment efficacy and overcoming the- 
se obstacles in solid tumors will further ex- 
pand the application scope of CAR T cells. A 
variety of precise and controllable schemes are 
currently underway to modify CAR structure. 
Moreover, the combinatorial treatment strate-
gies in preclinical models have achieved suc-
cess, indicating the potential for translation 
into clinical applications, and more clinical 
studies to evaluate the effects of combination 
therapy are needed in the future.
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