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Abstract
Adoptive cell therapy using CAR T cells has emerged as a novel treatment strategy with promising results against B cell
malignancies; however, CARTcells have not shown much success against solid malignancies. There are several obstacles which
diminish the efficacy of CARTcells, but the immunosuppressive tumor microenvironment (TME) of the tumor stands out as the
most important factor. TME includes Tumor-Associated Stroma, Immunosuppressive cells and cytokines, tumor hypoxia and
metabolism, and Immune Inhibitory Checkpoints which affect the CAR T cell efficacy and activity in solid tumors. A precise
understanding of the TME could pave the way to engineer novel modifications of CAR T cells which can overcome the
immunosuppressive TME. In this review, we will describe different sections of the TME and introduce novel approaches to
improve the CAR T cells potential against solid tumors based on recent clinical and preclinical data. Also, we will provide new
suggestions on how to modify CARs to augment of CARTcells efficacy. Since there are also some challenges beyond the TME
that are important for CAR function, we will also discuss and provide data about the improvement of CARTcells trafficking and
delivery to the tumor site and how to solve the problem of tumor antigen heterogeneity.
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Introduction

One of the latest advances approach in cancer immunotherapy
is Adoptive cell therapy (ACT). Genetically engineering T
cells to express chimeric antigen receptors (CARTcells) have
shown promising profits against hematological malignancies
in clinical stage [1]. CAR is a genetically designed receptor
composed of the extracellular domain (ScFv of tumor-specific
antibody), hinge/spacer (derived from IgG4 or CD8), a

transmembrane domain, and an intracellular domain (CD3ζ
signaling domain with or without CD28 or 4-1BB co-stimu-
latory domains) [2, 3]. It is noteworthy that the CAR T cells
proliferation, efficacy, persistence and, anti-tumor activity in
tumor site are related to the level of CAR expression on Tcells
and increase by co-stimulatory domains [4, 5].

MHC-independency, along with prominent specificity of
CAR, determines CAR T cell therapy as a promising method
for the treatment of multiple cancers. Although CAR T cell
therapy has created encouraging results in hematological can-
cers, clinical data regarding the potency of CAR T cells in
solid tumors are disappointing. This is connected to the lack
of appropriate solid tumor antigens for designing CARs, re-
stricted the CART cells trafficking to the tumor environment,
and immunosuppressive properties of solid cancer microenvi-
ronment (Fig. 1) [2, 6].

The tumor microenvironment (TME) has a major role in
tumor proliferation, progression, and resistance to treatment
by disturbing the antitumor function of the immune system
[7]. The complex and heterogeneous microenvironment of the
tumor affects the activation and function of the infiltrated ef-
fector T cells and thus, impairs the persistence, proliferation,
and potential of the T cells [8]. This renders T cells exhausted
and induces their anergy. It seems that a comprehensive un-
derstanding of the TME is necessary in order to alter the tumor
microenvironment and induce more powerful immune

* Abdolreza Esmaeilzadeh
a46reza@zums.ac.ir

Safa Tahmasebi
S-tahmasebi@razi.tums.ac.ir

Reza Elahi
rezaelahi96@zums.ac.ir

1 Department of Immunology, Health Faculty, Tehran University of
Medical Sciences, Tehran, Iran

2 School of Medicine, Zanjan University of Medical Sciences,
Zanjan, Iran

3 Department of Immunology, Zanjan University of Medical Science,
Zanjan, Iran

4 Cancer Gene Therapy Research Center, Zanjan University of
Medical Science, Zanjan, Iran

Stem Cell Reviews and Reports (2019) 15:619–636
https://doi.org/10.1007/s12015-019-09901-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s12015-019-09901-7&domain=pdf
mailto:a46reza@zums.ac.ir


responses. This takes the most important part to enhance the
anti-tumor efficacy of CAR T cells against solid tumors [9,
10].

Here we aim to discuss the different characteristics of the
tumor microenvironment that hamper maximal anti-tumor ad-
vantage of CAR T cells in solid tumors which are briefly
described in Table 1. Other hurdles will also be noted briefly
in the sect ion named Chal lenges beyond tumor
microenvironment. We also provide advanced data on how
to reprogram the special properties of tumor microenviron-
ment to improve the sensitivity of CAR T cells and expand
its clinical benefit in several solid tumors based on recently
published data (Fig. 2).

Tumor-Associated Stroma and Enzymes

Tumor-stroma has been identified as a significant factor of
solid tumors which supports the initiation and persistence of

the tumor [42]. Tumor-stroma is composed of vascular en-
dothelial cells, connective tissue cells, immune cells, and
tumor fibroblasts. Current CART cell therapeutic strategies
have focused on targeting cancer cells; however, accumu-
lating data have demonstrated that targeting tumor-stromal
cells could help to increase the anti-tumor efficacy of the
treatment, as well. Tumor-stromal cells named as cancer-
associated stroma cells (CASCs) play a substantial role in
the pathogenesis of solid tumor. One of the CASCs with a
significant role is Bcancer-associated fibroblast^ (CAF) cell
which plays an important role in the immunosuppressive
function of the tumor microenvironment. CAFs exert their
function especially by secreting several cytokines and
chemokines such as SDF/CXCL12, Bvascular endothelial
growth factor^ (VEGF), and other several growth factors.
In this manner, CAFs help to promote tumor growth, metas-
tasis, and angiogenesis. CAR T cell can target the one cell
surface marker of the CAF cells which known as fibroblast
activation protein (FAP), a member of the serine protease

Fig. 1 Immunosuppressive tumor microenvironment. a Physical barrier,
including tumor stroma and extracellular matrix, that limits the
penetration of the CAR T cells to the tumor. b Immunomodulatory
cytokines (such as IL-10, IL-4, and TGF-β) and enzymes that hamper
the function and proliferation of CAR T cells inside the TME. c
Immunosuppressive cells (such as MDSCs, T-regs, TAMs) that suppress
the function of engineered T cells by cell-cell contact and producing

immunosuppressive cytokines. d Immune inhibitory checkpoints (such
as CTLA-4, PD-1, LAG-3) that inhibit the cytotoxicity of CAR t cells by
binding to their ligands (such as PD-L1, PD-L2) on tumor cells and
immunosuppressive cells. E Products of hypoxia and aberrant metabo-
lism of the tumor (such as ROS and IDO) which limits the proliferation
and existence of the CAR T cells in the TME. Created by Esmaeilzadeh
et al.
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family. [43] According to these data, some groups have
assessed the potency of anti-FAP CART cells and contrast-
ing results have been achieved.

Kakarla and colleagues engineered anti-FAP CAR T cells
against A549 lung cancer model which reduced the progres-
sion of the tumor. They also reported that concomitant

Table 1 Tumor microenvironment related obstacles and possible solutions

Obstacle Factor Solution

Tumor
stroma

Tumor-associated fibroblast Anti-FAP CAR T cell [11, 12]
Heparan Sulfate Proteoglycan Heparanase secreting CAR T

cell (HPSE-CAR) [13]
Extracellular matrix causing

decreased penetration of
CAR T cells

Oncolytic Viruses [14]

Cytokines and
enzymes

Immunosuppression
of the TME

TRUCK T cells expressing
IL-12, IL15, IL-18 [15]

TGF-β TGF- β Dominant Negative
CAR T cell [16]

IL-4 4/7 ICR CAR T cells
(IL-4 exodomain)
[17]

IL-7 7 × 19 CAR-T cells [18]
Adenosine A2AR receptor antagonist

[19, 20]
CD73 CD73 inhibitor [19]

Metabolism and hypoxia High levels of ROS
and H2O2

Catalase CAR T cell
(CAT-CAR) [21]

Indolamine-2,3 dioxygenase
(IDO)

IDO inhibitor [22]

Protein Kinase A
(PKA)

RIAD-CAR T cell [23]

High levels of antioxidants N-acetyl cysteine [24]
Exosome

Immune inhibitory
checkpoints

CTLA-4 CTLA-4 inhibitor [25]
CTLA-4 Knockout in CAR

T cells via CRISP-R/Cas9
[26]

Anti-CTLA-4 antibody
producing CAR T cells
[25]

PD-1 PD-1 inhibitor [27]
PD-1 Knockout in CAR T

cells via CRISP-R/Cas9 [28]
PD1-CD28 CAR T cell [29]
Anti-PD-1 antibody producing

CAR T cells [29]
LAG-3 Concomitant blockade of LAG-3

and PD-1 [30]
TIM3 TIM3 Knockout in CAR T cells

via CRISP-R/Cas9 [31]
BTLA-4 BTLA-4 inhibitor [31]

Concomitant blockade of
BTLA-4 and PD-1 [32]

A2AR A2AR antagonist [33]
TIGIT Concomitant blockade of

TIGIT and PD-1 [34]
Immunosuppressive

cells
MDSC CXC15-CXCR2 inhibitor [35]

ALTRA-CAR T cell [36]
T-reg Genetic depletion and Anti-PDL1

blocking Ab of T reg [37]
Use of IL-2,IL-7 and IL-21 with

CAR T cell [38, 39]
TAM Induction of TAM to produce

nitric oxide by CAR T cell [40]
iDC expression of IL-18 by CAR T

cell [40, 41]
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application of anti-FAP and anti-cancer cell CAR T cells
would lead to an improved anti-tumor response [44].

In addition to FAP, there are also other targets in the
tumor-stroma that can be targeted by CAR T cells.
Heparan sulfate proteoglycan (HSPG) is an important part
of the tumor stroma that inhibits aggregation and infiltra-
tion of the T cells to the tumor site. HSPG is degraded by
heparanase enzyme (HPSE) which is produced by T cells.
However, it is demonstrated that T cells lose the ability to
produce HSPE within the CAR T cell manufacturing pro-
cedure. HPSE plays a significant role in trafficking and
infiltration of the T cells to the tumor site and it proposed

to enable CAR T cells to express the HPSE [45, 46]. In a
study by Caruana and colleagues [13], inducing the ex-
pression of the HPSE by CAR T cells in human neuro-
blastoma xenograft model led to an improved degradation
of the tumor extracellular matrix accompanied by en-
hanced the CAR T cells infiltration to the tumor
microenvironment.

Clinical results regarding administration of the CARTcells
against stroma-specific targets such as HPSE and FAP are
promising and beneficial; however, identifying and targeting
CARs against new stroma targets could help to improve the
anti-tumor immunity of CAR T cells.

Fig. 2 Novel approaches to improve efficacy of CAR T cells against the
tumormicroenvironment. aCARTcells can be engineered against tumor-
associated fibroblasts (FAP-CARs). In order ease the infiltration of the
CAR T cells to the tumor stroma, they are engineered to produce
heparanase (HPSE-CAR). b Overcoming the immune inhibitory check-
points can be achieved by blocking immune checkpoints, using mAb,
checkpoint inhibitors, and engineering checkpoint-knockout CARTcells
via CRISP-R/Cas9 system. c Hypoxia can be targeted via HIF-CAR. N-
acetyl cysteine can also be applied to decrease the oxidative stress.
Catalase-producing CAR T cells (CAT-CARs) can degrade the H2O2

which is present in high levels in tumor mircoenvironment. IDO inhibi-
tors and RIAD-CARs are used to modulate tumor metabolism. e DN
TGF-β CAR T cells lacks the receptor for TGF-β. TRUCK T cells can
produce ILs such as IL-12, IL-15, and IL-18. 7 × 19 CAR contins the
receptor for IL-7 and CCL19. 4/7 ICR CAR contains the IL-4 exodomain
and is resistant to IL-4 induced immunosuppression. CD73 inhibitors
diminish production of adeosine in tumor site. e There is need for novel
strategies which could deprive the immunomodulatory effect of
immunosuppressing cells in the TME. Created by Esmaeilzadeh et al
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Cytokines

The direct inhibition of immune-suppressing cytokines is the
approach to increase the potency of CAR-directed therapy.
TGF-β encompasses the ability to suppress the function of
CD8+ T cells and modify CD4+ T cells toward the regulatory
route. In 2002, a study demonstrated that designing a TGF-β
receptor-negative engineered-T cell could improve the effica-
cy of immunotherapy [47]. In 2017, Mohammed et al. [17]
studied the efficacy of Bprostate stem cell antigen^ (PSCA)-
redirected CAR against prostate cancer. They modified the T
cells by binding the IL-4 exodomain and IL-7 endodomain to
each other, which known as 4/7 ICR CAR-PSCAwere shown
to have enhanced CAR T cells anti-tumor activity. In order to
improve the efficacy of this approach, 4/7 ICR could also be
combined with TRUCK T cells.

CARTcells can be armedwith the transgene which enables
them to secrete anti-tumor cytokines such as IL-12, 15, 18, 21,
and 7. The fourth generation of CAR T cells known as
TRUCK-T cells (T-cells redirected for universal cytokine-
mediated killing) contain the transgene to release specific cy-
tokine inside the tumor site [6, 48–50]. Moreover, the most
appropriate candidates seem to be IL-12 and IL-18 [51].

These considerations led to the production of TRUCK T
cells combining the ability of cytokine production with CAR
expression. Since IL-12 activates the patient’s immune system
against tumor cells, it could also lead to the destruction of the
antigen-negative tumor cells. Koneru et al. designed IL-12
secreting anti-MUC-16ecto CAR T cell for a phase I clinical
trial against ovarian cancer. This study proved this approach to
be highly safe and efficient against ovarian cancer [15].

In 2017, Chmielewski et al. [41] thought to improve anti-
tumor immune response by inducing acute inflammatory en-
vironment through the inducible expression of IL-18 by CAR
T cells. The immunosuppressive Dendritic Cells, T-regs, and
M2 macrophages were reported to be decreased in number,
while NKG2D+ NK cells and M1 macrophages were in-
creased in the tumor site. All in all, IL-18 expressing
TRUCK Tcells were reported to sensitize lung and pancreatic
tumors to immune reaction through altering the immunosup-
pressive TME.

IL-21 is another cytokine which can be used for developing
TRUCK-T cells. In melanoma, IL-21 producing TRUCKs
increased the function of TCD8+ cells in tumor site and ele-
vated the memory CART cell survival. This was achieved by
enhanced activation of theWnt/β-catenin in Tcell through the
expression of the Lef1, Tcf7, and L-selectin genes [52].

IL-7 and IL-15 are potent stimulators of the proliferation
and expansion of CD8+ T cells [53]. Also, genetically engi-
neering CAR T cells to express IL-7Rα could improve the
function and efficacy of CARs inside the solid tumor environ-
ment. Adachi et al. studied the anti-tumor activity of IL-7 and
CCL19 (7 × 19 CAR-T cells) in an invivo mouse model. This

study demonstrated that 7 × 19 CARTcells prolonged mouse
survival and had increased anti-tumor function. Also, 7 × 19
CAR T cells improved the DCs infiltration into the tumor
microenvironment and thus improved the potential of the in-
nate immune system against the tumor [18].

Hypoxia, Nutrient Deficiency,
and Metabolism

Nutrient deficiency, hypoxia, and solid tumor metabolism are
major hallmarks of the TME that hamper the efficacy and
CAR T cells function.

Hypoxia Is an important characteristic of the TME caused by
lack of vasculature and a high number of compressed tumor
cells and tumor matrix. Since T cells need oxygen for prolif-
eration and function, hypoxia boosts cancer metastasis and
increases the resistance of the tumor to CAR T therapy.
Utilization of the glycolysis pathway by tumor cells instead
of oxidative phosphorylation, named as Warburg effect, leads
to the production of lactate that increases the acidity of the
tumor microenvironment. Low PH is a castrating factor of the
T cell’s function. This also generates reactive oxygen species
(ROS) causing oxidative stress that disrupts the anti-tumor
activity of CAR T cells. In order to dominate this obstacle,
CAR T cells were modified to secrete catalase (CAT-CAR),
which is an antioxidant enzyme and degrades H2O2 in the
TME. CAT-CARs were reported to have increased resilience
against ROS by reducing the oxidative stress state inside the
TME. These cells also reported maintaining the anti-tumor
activity of CAR T cells in tumor local microenvironment
[21, 54]. Another approach to reducing the mortality of T cells
caused by tumor-induced metabolic stress could be the appli-
cation of anti-oxidant factors. Scheffel and colleagues report-
ed the decreased T cell death cell after application of N-acetyl
cysteine (NAC) as an anti-oxidant agent [24]. This study
could pave the way to engineering anti-oxidant producing
CAR T cells or using anti-oxidant agents with CAR T cell
therapy in order to overcome the oxidative stress caused by
the tumor microenvironment.

Hypoxic microenvironment of the tumor leads to the pro-
duction of a tumor-promoting protein named as Hypoxia
Inducible Factor (HIF), which has a major role in tumor pro-
gression. HIF improves tumor angiogenesis, proliferation, in-
vasion, metastasis, and growth [55]. HIF is highly produced in
the hypoxic environment of multiple solid tumors. Sensitizing
CAR T cells through the hypoxia could increase the accuracy
of tumor targeting by CARTcells. It was recently proposed to
target hypoxia by fusing HIF to the CAR scaffold. Using this
approach, CAR T cells were locally activated in the hypoxic
TME which would prevent the CART cell activation in other
normal tissues. This strategy led to the construction of the first
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model of self-decision making CARs that are only activated in
the hypoxic TME of the tumor [56]. Targeting HIF could be a
platform for designing the next generations of smarter self-
decision making CARs against other molecules which are
specific for tumor microenvironment.

Nutrient Starvation and Metabolism Stands out as a key factor
that reduces function and cytokine secretion of CAR T cells.
Lack of specific nutrients such as glucose and amino acids that
have an significant role in metabolism of T cell and lack of
these agents could disturb its function. Tryptophan, lysine,
and arginine are the most important amino acids required for
T cell metabolism. Lack of tryptophan can induce autophagy
response in T cells. Tumor cells and MDSCs produce
BIndoleamine 2,3 dioxygenase^ (IDO), the catalyst of trypto-
phan degradation, that finally leads to anergy of T cells along
with aggregation of immunosuppressor T-regs [22].
Combination of CART cell and IDO-inhibitors could be con-
sidered as a new suggestion for the treatment of chemo-
resistant tumors. Also, decreased bioavailability of arginine
caused by arginase production by MDSCs leads to nutrient
starvation with a similar effect on the function of CART cells
[6].

Modification of the tumor microenvironment elements
may emerge as a promising approach to enhance the function
of CARTcells. One of the immunosuppressive components is
protein kinase-A (PKA) which can inhibit the activity of CAR
T cells. BRegulatory subunit I anchoring disruptor^ (RIAD)
disrupts the PKA function and thus has been used to engineer
RIAD-CARs targeting mesothelin. These CAR T cells exhib-
ited increased progression and anti-tumor immunity. Also, the
expression of RIAD enhanced chemotaxis in the microenvi-
ronment through increased expression of CXCR3 [23].

Also, extracellular adenosine, which is produced from ex-
tracellular ATP through the function of CD39 and CD73, is a
metabolic immune checkpoint that can exert multiple
immune-suppressing properties. Through its receptors, extra-
cellular adenosine activates a number of immunoregulatory
cells and cytokines. Also, since adenosine receptors are
expressed on immune cells, it hampers the pro-inflammatory
activities of multiple immune cells. Inhibition of adenosine
function via multiple pathways has reported promising results
in multiple studies [19, 57].

Two major strategies have been introduced for
blocking the function of adenosine. The first one is to
target CD73 with a mAb to inhibit the production of aden-
osine [19]. Another approach to block the activity of
adenosine through direct blocking of its receptor, A2AR,
via A2AR antagonists. In one study in 2017, Beavis and
colleagues [33] studied the efficacy of anti-HER2 CAR T
cells combined with anti-A2AR antagonist against mela-
noma tumor cells. The detailed information relating to this
study has been described in the immune inhibitory

section. Since this preclinical study demonstrated promis-
ing resu l t s , a c l in ica l t r i a l has been des igned
(NCT02655822) which focuses on the application of
A2AR antagonists in multiple solid cancers.

Alteration of the tumor microenvironment metabolism and
hypoxia can be a promising approach for CART cell efficacy
enhancement.

Immunosuppressive Cells

The CARTcell efficacy against solid tumors is partly restrict-
ed by immunomodulatory effects of some cellular elements of
the TME. Regulatory T cells (T-regs), Tumor-Associated
Macrophages (TAMs), Tumor-Associated Neutrophils
(TANs), immature Dendritic Cells (iDCs), and Myeloid-
Derived Suppressor Cells (MDSCs) are the most important
immunosuppressor cells of the TME [58].

Myeloid-Derived Suppressor Cells (MDSCs)

Accumulating data have validated the important role of infil-
trating MDSCs in tumor progression. The immunosuppres-
sive characteristics of MDSCs are proven to be related to the
IL-10, TGF-β, inducible Nitric Oxide Synthase (iNOS), argi-
nine, cyclooxygenase-2 (COX-2), and Indolamine 2,3-
dioxygenase (IDO) expression [1]. Also, MDSCs have the
potential to induce the activation of T-regs. All these functions
attribute the immunosuppressive functions of the MDSCs.
Thus, it was proposed that CAR T cells function can increase
through the suppressing or blocking the function of MDSCs.

Since CXC15-CXCR2 signaling pathway has an essential
role in the promotion and recruitment of MDSCs in TME,
Wang et al. designed a study to assess the elimination of this
pathway. It was demonstrated that blocking the CXC15-
CXCR2 pathway decreases the number of MDSCs and im-
proves the anti-tumor responses and survival in a prostate
cancer model.

BAll-trans retinoic acid^ (ALTRA), the stimulator of the
immature myeloid blasts that formMDSCs with major immu-
nosuppressive properties in the TME, could be also recruited
to suppress the function of the MDSCs. Utilization of ALTRA
along with GD2-CARTcells was reported to reduce the num-
ber and the activity of MDSCs in the pediatric sarcoma xeno-
graft models [36].

Tumor-Associated Macrophages (TAMs)

TAMs are the M2 phenotype macrophages and have a signif-
icant role in the progression of the tumor by producing multi-
ple cytokines such as IL-10. Also, TAMs produce multiple
growth factors such as granulocyte-macrophage colony stim-
ulating factor (GM-CSF) and vascular endothelial growth
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factor (VEGF) [59]. TAMs can promote the metastasis of the
tumor by secreting matrix metalloproteinases (MMPs) such as
MMP2 andMMP9which can destruct the extracellular matrix
and lead to metastasis [60]. TAMs have also reported
inhibiting the function of CAR T cells by highly expression
of PD-L1 [61]. This validates the importance of inhibiting the
PD-1 immune checkpoint in the inhibition of tumor
progression.

Regulatory T Cell (T-Regs)

Since T-regs are potential inhibitors of CD8+ T cells, they are
accompanied with poor prognosis in patients. TME has re-
ported being rich in T-reg number. T-regs disturb the T cells
activity via downregulation of the CD80/CD86 signaling
pathway, which is an important immune pathway and is asso-
ciated with T cells activation [6]. They also accelerate the
production of IDO-1 by DCs and produce adenosine [62]. T-
regs can also limit the immune function of CARs by produc-
ing TGF-β and IL-10 [63]. MDSCs have the potential to in-
duce the activation and function of T-regs, which highlights
the importance ofMDSC inhibition in controlling the progres-
sion of the tumor [6]. Also, IL-2, a cytokine with a proven
effect on the proliferation and efficacy of CAR T cells, can
quickly be taken up by T-regs and subsequently stimulate their
proliferation [64].

Immature Dendritic Cell (iDC)

Dendritic Cells are a group of APCs that have an anti-tumor
role inside the body. However, inside the tumor microenviron-
ment, DCs exhibit pro-tumorigenic features and acquire im-
munosuppressive characteristics. These immunosuppressive
DCs promote the progression of tumor cells and suppress
the T cells function [65]. These concepts introduce inhibiting
DCs as an appropriate strategy to elevate the potency of CAR
T cell therapy in solid tumors.

Tumor-Associated Neutrophils (TAN)

TANs are a group of neutrophils and are distinct from
peripheral blood neutrophils in terms of their surface pro-
teins and their function. TANs exhibit tumor-promoting
properties by multiple pathways such as hindering the
function and activity of CD8+ T cells through arginase-
1, promoting tumor angiogenesis via production of VEGF,
and destructing the tumor stroma by MMP9 [66].
Targeting TANs could also be introduced as a promising
approach for increasing the resistance of the CAR T cells
to the immunosuppressive TME.

Immune Inhibitory Checkpoints

Inhibitory receptors expressed on T cell surface inhibit the
transmission of antigen receptors, stimulate apoptosis, main-
tain peripheral tolerance and regulate immune responses [67].
Some of these receptor identified as immune checkpoint re-
ceptors include cytotoxic T lymphocyte antigen 4 (CTLA-4),
B and T Lymphocyte Attenuators (BTLA), Programmed
Death 1 (PD-1), Lymphocyte activation gene 3 (LAG3), Tcell
immunoglobulin and mucin-3 (TIM-3), adenosine 2A recep-
tor (A2AR), and T cell immunoglobulin and ITIM domain
(TIGIT) [68]. These checkpoint receptors are upregulated
via the reaction of their ligands on the tumor cells surface or
Bantigen presenting cells^ (APC). This reaction results in the
suppression of the function of the T cells in the tumor site.
Recent studies demonstrate targeting inhibitory checkpoint
receptors as one of the most important strategies for the solid
tumors treatment [69]. Some of these immune checkpoints
receptors and their mechanisms are described below.

1. CTLA4 (cytotoxic T lymphocyte antigen 4) is an inhib-
itory checkpoint which is expressed on activated T cells
[70].CTLA4 bind to its ligand B7.1 (CD80) and B7.2
(CD86) at the APC surface with higher affinity than
CD28 [71]. In tumor cells, due to a decrease in the level
of intrinsic immunity and absence of CD28, CTLA4 is
upregulated and inhibits T cells activity [72]. In addi-
tion, CTLA4 causes the down-regulation of CD4+ T
cells and enhances the immunosuppressive function of
the T-regs [25]. Thus, blocking CTLA-4 leads to an
increase in T CD4+ function and inhibition of the im-
munosuppressive activity of T-reg [73]. According to
accumulating data, blocking CTLA4 via monoclonal
antibodies in combination with CAR T cell therapy
could suppress the inhibitory effect of CTLA-4 and im-
prove the anti-tumor efficacy. Also, genetical modify-
ing CARs, specifically via CRISP-R/Cas9 system, in
order to eliminate the CTLA-4 could be a promising
approach for further studies [26].

2. PD1 (Programmed Death 1) is a negative regulator recep-
tor that is expressed on activated T cells, which reduces T
cell function and proliferation [74]. Also, PD1 is
expressed on T-regs and increases its immunosuppressive
response in the tumor microenvironment [75]. The li-
gands for PD-1 are known as a PD-L1 (B7-H1) and PD-
L2 (B7-DC) [76]. PD-L1 is highly expressed on tumor
cells in various solid tumors [77].

Some clinical trials have designed CAR-T cells that pro-
duce CTLA-4 and PD-1 antibodies in various solid tumors,
including, MUC1+ solid tumors (NCT03179007), EGFR+
solid tumors (NCT03182816), Mesothelin+ solid tumors
(NCT03182803), EGFR family+ lung, liver and stomach
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cancer (NCT02862028), and Glioblastoma Multiform
(NCT03170141).

Another method has shown that the engineered CAR T
cell, by expressing a dominant negative receptor of PD-1
(DNR), can bind to PDL1 of the tumor cells surface as a
decoy receptor and prevent their inhibitory signaling. This
method of treating mesothelioma and prostate cancer has
shown more advantages including permanent efficacy,
long half-life, low toxicity, long-term tumor replace, and
high potential in limiting of the inhibitory function of
checkpoints [78]. It is also possible to eliminate the PD-
1 in engineered CAR T cells through CRISP- R/Cas9 ge-
nome editing strategy [28].

3. LAG-3 (Lymphocyte Activation Gene-3 or CD233) is an
inhibitory checkpoint molecule [79]. Its ligand, known as
MHC II, is expressed on tumor epithelial cells, tumor
infiltration DCs, and macrophages [80]. In addition,
LSECtin, a member of the DC-SIGN family, is another
ligand for LAG-3 that is expressed on liver cancer, mela-
noma, and many tumors [81]. This inhibitory checkpoint
has a significant role in T cell suppression and its anergy.
Also, it is up-regulated on T-regs and enhances its immu-
nosuppressive function [82]. Zhang et al. [83] engineered
LAG-3 knockout CAR T cells with CRISP-R/Cas9 has
shown over a 70% increase in anti-tumor immunity [84].

4. TIM3 (T cell immunoglobulin and mucin-3) is an inhib-
itory checkpoint membrane protein. [85]. Galactin-9 is a
well-known ligand that is expressed by tumor cells. By
binding to TIM3, Galactin-9 leads to suppression of TH1
and TIL function, induces apoptosis and MDSCs in the
tumor microenvironment [86]. In order to overcome
TIM3, the CAR T cell can be co-administrated with the
anti-TIM3 antibody. Studies have been reported that co-
expression of PD1 and TIM3 can be targeted via dual
blockade of them using CAR T cell. This leads to the
significant increase in the synergic anti-tumor function
of T cells and the immune response progression in the
tumor microenvironment [87].

5. BTLA (B and T Lymphocyte Attenuators or CD272) is
known as an inhibitory receptor. Its ligand, identified as
HVEM (Herpes Virus Entry Mediator), is expressed on
tumor-related endothelial cells [88]. Some studies have
demonstrated that the interaction between BTLA and
HVEM decreases T cell cytokine excretion and prolifera-
tion in tumor site, especially in melanoma [89]. BTLA
and PD1 are co-expressed on exhausted T cells in tumor
microenvironment. It has been reported that double block-
ade of PD1 and BTLA leads to enhancement of T cell
proliferation and efficacy [32]. In order to suppress the
BTLA immune inhibitory function, a combination of
anti-BTLA monoclonal antibody and engineered CAR T
cell therapy could be beneficial.

6. TIGIT (T cell Immunoglobulin and Immunotyrosine in-
hibitorymotif (ITIM) domain) is another inhibitory recep-
tor. This checkpoint binds to two ligands include CD155/
PVR (poliovirus receptor) and CD112 (PVRL2) that are
expressed on APCs, T cells, and tumor cells [90]. The
interaction of TIGITwith its ligands induces the secretion
of IL-10 and decreases IL-12 production from DCs [91],
reduces the release of IFN-γ from Tcell and NK cell [90],
inhibits T cell proliferation and function, and also sup-
presses the differentiation of T cells to TH1 and TH17
[92]. Some studies have reported the overexpression of
TIGIT in multiple cancers to include endometrial carcino-
ma [93], lung squamous cell carcinoma [94], colorectal
cancer [95], breast cancer [96], kidney-renal clear cell
carcinoma [97], and Melanoma [98]. In this study, we
suggest the CAR T cells be designed against this receptor
to improve their efficacy.

7. A2AR (adenosine 2A receptor) is an inhibitory receptor
that is expressed on activated T cell and inhibits its anti-
tumor response by interaction with adenosine, a molecule
that is produced from extracellular ATP by CD39 and
CD73 ectoenzymes [99]. By binding to its receptor, aden-
osine exerts its immunosuppressive role in tumor hypoxic
microenvironment through activation of multiple immu-
noregulatory cellular components and molecules. These
steps finally result in Tcell anergy, tumor progression, and
therapy-resistance [100]. Studies have reported that
targeting this receptor by specific CARTcell can enhance
T cell anti-tumor function by decreasing T-reg activity in
solid tumor [20].

Challenges beyond Tumor Microenvironment

CAR T Cells Trafficking to the Solid Tumor Site

Another important obstacle that confines the CART cell ther-
apy success against solid tumors is the CARTcell insufficient
migration and permeation to the solid tumor microenviron-
ment. Studies have shown that improving the infiltration of
the CARTcells to the tumor site could enhance the anti-tumor
immunity and lead to better clinical outcomes [101]. The
chemokines produced by solid tumors need to match the re-
ceptors on T cells for appropriate penetration of the CAR T
cells. The absence of coordination between chemokines and
receptors, named as Chemokine/receptor mismatch, has
shown to be a major underlying cause of inadequate CAR T
cell penetration to the tumor microenvironment. Scientists
proposed modifying CART cells to express the specific cyto-
kine receptors to improve the migration and infiltration of the
CAR T cells to TME.
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One example is the genetical modification of the CAR T
cells to express CXCR-2, which has shown to improve the
migration of the CAR T cells to the xenograft models of neu-
roblastoma and mesothelioma tumors [102]. Also, NKG2D
CARTcells modified to express CXCR3 reported eradicating
ID8 ovarian tumor line cells [103]. The other approach is to
alter tumor cells in order to express chemokines which have
receptors on the surface of T cells. This can be achieved by
employing oncolytic viruses. Examples of this approach in-
clude injecting oncolytic adenovirus to the neuroblastoma tu-
mor cells in order to secrete RANTES and IL-15, which re-
sulted in improved infiltration and migration of the T cells to
the tumor stroma [14]. In another preclinical study, NK-92 cell
line was modified with EGFR-CAR and oncolytic herpes sim-
plex virus. This study was conducted on brain metastatic mod-
el which exhibited encouraging results [2]. It is noteworthy
that other approaches for chemokine transport, such as cellular
transports, may also be beneficial and effective.

Other hurdles such as physical barriers may also bring
about the limited infiltration of the CARTcells. As mentioned
in the Stroma section of this article, breaking the tumor stroma
may also enhance the CAR T cell penetration to the tumor
microenvironment. Based on this hypothesis, CAR T cells
by expression of heparanase to breakdown the physical barrier
of the microenvironment to facilitate the penetration of the
CAR T cells into the tumor microenvironment [13]. Also,
concomitantly targeting tumor vasculature and tumor antigens
can accelerate the infusion of CARTcells through the destruc-
tion of the tumor blood vessel endothelial cells. Chinnasamy
et al. designed CAR T cells that simultaneously targeted
VEGFR-2 and B-16 melanoma in mice which resulted in im-
proved infiltration of the T cells into the tumor site [104].

Another strategy is to engineer self-decision making CAR
T cells that are able to selectively migrate to the tumor site
which has been comprehensively discussed above [56].

In order to augment the CAR T cells availability in the
tumor site, regional injection of the CAR T cells to the solid
tumor has been studied. Adusumilli et al. reported local ad-
ministration of CART cells increased the trafficking and anti-
tumor efficacy as well as inhibition of tumor growth [105].
Regional and local delivery of CAR T cells to the solid tumor
have been discussed in further sections of the article.

Heterogeneity of Solid Tumor Antigens

Antigen heterogeneity of solid tumor is one of the hurdles that
restrict the CARTcell therapy success against the solid tumor.
One of the important reasons for the variability of clinical
results between hematologic malignancies and solid tumors
is the homogeneous expression of target antigens by hemato-
logic malignant cells, while solid tumor cells are highly het-
erogeneous regarding antigen expression. This leads to the
failure of cancer cell recognition by T cells and thus can result

in reduced the efficacy of CART therapy against solid tumors.
Since Tumor Associated Antigens (TAAs) are the most
employed targets for engineering CAR against solid tumors,
the variability of the TAA expression by different cells of the
tumor represents a major obstacle. In addition, CAR T cells
function may disturb in the tumor site because of the different
levels of the antigen expression in different sites of the tumor.
This characteristic of tumor cells makes it difficult to find
specific cancer cell antigens which are highly and specifically
expressed by cancer cells but not by other normal tissue cells
[53]. In addition, there are few Tumor-Specific Antigens
(TSAs) which would be specifically and particularly
expressed by tumor cells, not by normal tissue cells.

Since CAR T cells are not capable of eradicating target-
negative tumor cells, one possible solution can be the admin-
istration of armored CAR T cells with the potential for cyto-
kine production. Since IL-12 can induce both innate and adap-
tive immune responses, IL-12-armored CAR T cells would
exhibit immunity against both antigen-positive and antigen-
negative tumor cells. In a study, CEA-CAR T cells were ar-
mored with IL-12 transgene and were reported to eradicate
both CEA-positive and CEA-negative solid tumor cells
[106]. Another possible solution may be targeting CSCs
which have proven to be present in most solid tumors with a
major role in tumor progression and relapse. CSCs carry an-
tigens which are believed to be cancer-specific antigens at
least in the early stages of tumor progression and thus can be
an appropriate candidate to be targeted by CAR T cells. One
example of tumor stem cell targeting by CAR is the Prostate
Stem Cell Antigen (PSCA)-redirected CAR T cell therapy
against prostate cancer [107]. Recognition of new cancer stem
cell antigens could provide new promising targets for design-
ing CAR T cells against solid tumors.

In addition, in order to the cognition of different tumor cells
by CART cells, it might be helpful to engineer CARs against
two or even multiple antigens. Dual-CAR is an example of
this method which can target two antigens at the same time.
Recently in 2018, compound CAR T cells have shown
impressing results against hematologic cancers [108] and
can be considered as a promising strategy against solid tumors
as well. Using this approach would increase the precise rec-
ognition and eradication of heterogeneous solid tumor cells.
Also, improving CAR-engineering technologies could help to
design multi-target CARs which would show more specific
targeting of the tumor cells.

Application of multiple antigen-directed CARs could de-
crease the rate of on-target, off-tumor toxicity caused by inap-
propriate cytotoxicity of CAR T cells against normal cells.

CAR T Cell Delivery in Solid Tumors

There are several approaches in which CAR T cells can be
transmitted into the tumor site. The most important strategies
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include the intravenous, also named as systemic delivery, and
the local administration, named as regional delivery. Regional
delivery approaches include intrapleural, intraperitoneal, in-
tracavitary, and intratumoral injection of CAR T cells.

Some studies have shown the application of intravenous
delivery to have promising results in hematologic malignan-
cies and solid tumors such as ovarian cancer [109], metastatic
neuroblastoma [110], colon cancer [111], malignant pleural
mesothelioma [112], sarcoma [113], metastatic renal cell car-
cinoma [114], prostate cancer [4], metastatic colorectal cancer
[115], progressive glioblastoma [116], and pancreatic cancer
[117]. Currently, several clinical trials have assessed the capa-
bility of regional delivery of CAR T cells for solid tumor
treatment. In one study, Adusumilli and colleagues reported
that local delivery of CAR T cell leads to high anti-tumor
efficacy with lower T cell doses, partially because of CD4+

cells activation [105]. Also, this delivery method enhanced T
cell persistence, expansion, and effector cell differentiation
[118]. In addition, local injection of CARTcell has the ability
to prevent the CAR T cells to enter the blood circulation and
migrate to other tissues. This will also reduce the systemic side
effects of CAR T cell therapy. However, the limitation of re-
gional delivery is its dependence on delivery techniques in
compare with systemic delivery. This approach is complex
and requires operational supplies and procedures. It can also
increase the risks associated with the device include obstruc-
tion, defect, and infection. Also, to achieve improved efficacy,
it is necessary for the CARTcells to traffic to distant sites and
penetrates to solid tumors. This obstacle is also solved via
regional delivery [119].

In one study in 2015, Brown et al. used local administration
of CAR T cell targeting IL13aR2 to treat recurrent
Glioblastoma in phase I clinical trial. The results reported
the anti-tumor response and no adverse effects [120].

Regional delivery of CARTcells can be a promising meth-
od for the treatment of solid tumors. However, more novel
strategies are required to study and increase the efficacy of
this approach against solid tumors.

Novel Strategies to Enhance the Safety,
Efficacy, and Feasibility of CAR-T Cell Therapy
in Solid Tumors

To date, several studies have demonstrated the CAR-T cell
therapy success in hematological malignancies; however, sol-
id tumors have not achieved much success due to the complex
structure and inhibitory obstacles. Accordingly, various strat-
egies have been proposed to target these barriers by CAR-T
cells. Therefore, new strategies include gene modification and
combinational therapy enhance the efficacy, feasibility, and
safety of CAR-T cell therapy in the solid tumor which are
discussed here (Fig. 3).

CAR T Cell Gene Modification

There are several methods for editing the genome such as
CRISPR-Cas9 nucleases, homing endonucleases, zinc finger
nucleases, meganucleases, and Transcription activator-like ef-
fector nuclease (TALENs) that are successfully used in the de-
sign of the transgenic CAR-T cells. The applications of this
strategy are used to overcome the inhibitory tumor microenvi-
ronment and also increase the specificity of CAR-T cells [121].

Inhibitory Tumor Microenvironment

Tumor microenvironment includes multiple cytokines and in-
hibitory checkpoints such as TGF-β, PD-L1, and CTLA-4
that inhibit the maximal efficacy of CARTcells. Some studies
have modified CAR T cells using the CRISPR/Cas9 system
which is discussed in the cytokine and immune inhibitory
checkpoint sections.

Enhancement of CAR-T Cell Specificity

One of the important barriers of CAR T cell therapy is the
antigen heterogeneity of solid tumors. Tumor antigen hetero-
geneity is caused by expression of different antigens as well as
distinct levels of antigen expression at different sites of a tu-
mor. Various studies have reported that CARTcells redirected
against one tumor antigen possess lower specificity and effi-
cacy in comparison with dual-CAR T cell. Thereupon, scien-
tists have presented novel theories for engineering flexible
CAR T cells by targeting multiple antigens on solid tumors.
This strategy could overcome the immune escape of tumor
cells and Bon target-off tumor^ effect of CAR-T cells [3].

Split Signal CARs

Split signal CAR is the other precision controlled CAR-Tcell.
Wu et al. designed the split construct CAR which exerted its
function in the presence of the small molecule. After binding
of ScFv to the tumor antigen, this small molecule connects the
tumor antigen binding domain to the signaling domain of the
CAR. This complex activates the CAR T cell and leads to
response to tumor antigen [122].

Universal Ectodomain CAR-T Cell

Universal ectodomain CAR-T cell includes a novel generation
of CAR that consists an anti-FITC ScFv as the extracellular
domain. Fluorescein isothiocyanate (FITC) is a safely
fluochrome use in the body that easily conjugate to its Ab.
This anti-FITC ScFv can recognize the FITC-labeled monoclo-
nal Ab which is specific for a target tumor antigen. After bind-
ing of anti-FITC ScFv to the FITC, the intracellular domain of
the T cell including CD28, CD3z and, 4-1BB is activated.
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Anti-tumor mAbs labeled with FITC such as anti-Her2
(trastuzumab), anti-CD20 (rituximab), and anti-EGFR
(cetuximab) are fused to the anti-FITC CAR. This connection
includes a specific linkage between the anti-FITC CAR and
FITC-labeled Ab. This CAR-T cell was reported to increase
the T cell proliferation, cytokine release, and tumors lysis.
Accordingly, this strategy can be used to target different types
of TAAs for cancer treatment [123].

Another type of Universal CAR T cell is produced using
biotin-avidin and biotinylated molecules for enhancing CAR
T cell specificity. In this approach, biotinylated antigen-
specific molecules such as tumor-specific ligands, ScFv, and
the monoclonal antibody are used for tumor target recogni-
tion. Since avidin has high sensitivity for binding to biotin,
this complex binds to the avidin and its attached to its receptor
named as Biotin-Binding Immune Receptor (BBIR). This re-
ceptor on CAR-T cell can bind to tumor cells that are pre-
labeled with biotinylated molecules. Consequently, the intra-
cellular domain of the T cell is activated. Altogether, this
method increases the T cell’s flexibility to target various
TAAs [123, 124].

Physiological CAR-T Cell

Psychological CAR is another genetically engineered CAR T
cell which includes ligand/receptor as the extracellular antigen
recognition domain instead of ScFv. Similar to ScFv, the

ligand/receptor is connected to the CD3z signaling domain
[125]. This strategy has demonstrated promising responses
in solid tumors which led to tumor regression. The example
of ligand/receptor-based CAR is the production of IL-13-
zetakine CAR T cell against glioblastoma multiform [126].
Also, CD27-receptor [127], VEGF (ligand for VEGFR2)
[128], heregulin (ligand for Her3/4) [129], NKG2D receptor
[130] and NKp30 (receptor for B7-H6) [131] are other exam-
ples of physiological CAR T cells.

Supra Car

Split, universal, and programmable CARs (SUPRA CARs)
are the novel generation of CAR T cells. SUPRA CARs, in
comparison with conventional CARs, are more safe, flexible,
and programmable. Also, they possess increased efficacy and
specificity. Furthermore, they have enhanced the potential to
activate T cells with higher-sensitivity responses to various
tumor antigens. They can also make changes in targets with-
out re-engineering the T cells, monitor various pathways of
signaling in T cell and some other cells, prevent cytokine
release syndrome by controlling the secretion of cytokines,
overcome tumor-immune escape, and reduce CAR T cell
over-activity [132, 133]. Anti-tumor specific ScFv adaptor
molecule (zipFv) and Universal receptor on T cell (zipCAR)
are SUPRACAR system components. The zipFv is composed
of a ScFv and leucine zipper. ZipCAR includes the signaling

Fig. 3 Schematic of various chimeric antigen receptor (CAR). a Split
signal CARs. The two split structures of the CAR-T cell are assembled
and activated in the presence of a small molecule. bUniversal ectodomain
CAR. Biotin Binding Immune Receptor with modified extracellular avi-
din and FITC-specific CAR which increases T cell’s flexibility to target
the various andmultiple TAA. c SUPRACAR. The zipFv is composed of
a ScFv and leucine zipper that recognition and bind to TAA, which can
attach to the leucine zipper of zipCAR that composed of signaling motif.

d Physiological CAR. CAR-T cells that ligand/receptor as the extracellu-
lar domain that is connected to CD3z signaling domain. e TRUCK. 4th
generation of CAR T cells which is engineered to release transgenic
material such as cytokine and enzyme in tumor sites. f Tandem CAR.
The CAR that contains two distinct ScFvs and one costimulatory domain.
g Dual CAR. This CAR structure’s is comprised of the Two CARs spe-
cific and contains two costimulatory domains. Created by Esmaeilzadeh
et al
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motif (CD3z, CD28, and 4-1BB) and a leucine zipper.
Different types of zipFv can be designed to recognize different
tumor antigens. Leucine zipper of zipFv can attach to the
leucine zipper of zipCAR and activate the Tcell, subsequently
[132].

SUPRA CAR system can distinguish and respond to vari-
ous tumor antigens without requiring CAR genetic engineer-
ing for each tumor antigen. A SUPRA CAR produced using
primary CD8+ T cell containing one zipCAR. This SUPRA
CARwas reported to regress the K562myelogenous leukemia
tumor cells by binding to three distinct zipFvs. This led the
SUPRA CAR T cells to target a-Axl, Mesothelin, and Her2
concomitantly and thus could regress the leukemia progres-
sion [132].

Tandem CAR-T Cell (Tan-CAR)

Another strategy to increase CAR-T cell efficacy and speci-
ficity is to use Tan-CAR. Tan-CARs can increase the accuracy
of tumor cell targeting and decline the Bon target-off tumor^
toxicity by targeting two different antigens on the surface of
the tumor cell. Concomitant identification of both antigens by
Tandem CAR leads to an increased level of safety, specificity,
and efficacy in comparison with conventional CAR. An ex-
ample tandem CAR which was targeting Glioblastoma is
using HER2+/IL-13Rα2 Tan-CAR [134, 135].

Dual CAR T Cell

Dual CAR is similar to Tan-CAR regarding the concept of
targeting two tumor antigen; however, they differ in the num-
ber of the costimulatory domains they consistent. Detailed
informat ion of dual CAR T cel l is discussed in
Heterogeneity of solid tumor antigens section [136, 137].

TRUCK Cell

BT cells Redirected for Universal Cytokine Killing^ (TRUCK
Tcells) are CAR-Tcells with the potential to release cytokines
like IL-12,1 L-15,1 L-18 and IL-2. TRUCK cells have exhib-
ited increased penetration to the tumor site and enhanced tox-
icity against tumor cells. TRUCK cells are discussed in the
section of Cytokines.

Combinational Therapy with CAR T Cell

In order to enhance the effectiveness of CARTcell therapy in
solid tumors, it could be beneficial to combine CAR-T cell
therapy with other therapeutic methods. Some of these com-
binatorial therapies including chemotherapy, radiotherapy,
checkpoint inhibitors, targeted therapies, oncolytic viruses,
and chemokine therapies are described in Table 2.

Table 2 Combinational therapies with CAR T cells and their mechanism of function

Combinational therapy Benefits Mechanism

Chemotherapy Sensitizing tumor cells to CAR-T cell Elevating Granzyme-B [138]

Promoting tumor Ag identification by CAR T cell Killing tumor cells and releasing tumor Ag [139]

Recruiting DCs to activate CAR T cell Stimulating tumors to release ATP and DAMPs [140]

Increasing CAR T cell survival and efficacy Inhibiting immunosuppressive cell (T-reg and MDSC)
[141]

Radiotherapy Improving CAR trafficking Causing tumor cells to express CXCL9, CXCL10, and
CXCL16 [142]

Converts the lymphocyte phenotype non-adherent to tu-
mor endothelium [143]

Increasing tumor Ag presentation Releasing HMGB1 by inducing apoptosis of tumors [144]

Chemo-radiotherapy Increasing CAR survival and efficacy Enhancing the T cell density and activity [145]

Blocking inhibitory
checkpoint

Improving anti-tumor function of CAR-T cell Block checkpoint receptors [27]

Targeted therapies Enhancing CAR function, TCD8+ activation, and differentiation
to memory cells

Targeting the mTOR pathway [146]

Increasing CAR T cell survival and efficacy Suppressing the tyrosine kinases of tumors
Inhibiting immunosuppressive cells (T-reg and MDSC)

[147]

Oncolytic virus Enhancing function and survival of CAR T cell Expressing of RANTES and IL-15 [148]

Chemokine therapy Improving CAR trafficking Combinating CCL2, CXCL1, and CXCL9 with CAR T
cell [149]
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Concluding Remarks

Adoptive cell therapy with CAR T cells has shown impressive
results, especially against B cell hematological malignancies.
Although there is a long way for CAR T cells to beat solid
tumors, some clinical trials have shown promising results. In a
study published in 2016 [150], IL13Rα2 CAR T cells were
reported to cause complete remission by the transient response
(7.5 months) in a patient with multifocal Glioblastoma. All the
central nervous system tumors exhibited regression after infusion
of IL13Rα2 CAR T cells. CAR T cell therapy against solid
tumors include multiple challenges of which the suppressive
microenvironment seems to be the most prominent obstacle.
Characterizing the special attributes of the immunosuppressive
microenvironment has provided new insights into how to pro-
mote the function of CAR T cells against solid tumors. The
immunosuppressive microenvironment of the solid tumor in-
cludes multiple barriers that limit the efficacy of CAR T cell
therapy. The tumor stroma reduces the penetration of the CAR
T cells to the tumor site. Also, multiple immunosuppressive cy-
tokines which are released by tumor cells and other immuno-
modulatory cells attribute to suppress the CAR T cells function.
Hypoxia, specific tumor microenvironment metabolism, im-
mune inhibitory checkpoints, and immunosuppressive cells play
an important role in hampering the anti-tumor potential of the
CAR T cells against the solid tumor. In order to overcome these
hurdles and improve the CAR T cell therapy efficacy, multiple
strategies have been proposed: blockade of immune inhibitory
checkpoints, targeting the tumor stroma by CAR T cells,
inhibiting immunosuppressive cytokines, sensitizingCARTcells
against hypoxia, and other novel strategies are among the recent
innovations to beat the immunosuppressive microenvironment
of the solid tumor. Also, combination therapy using CARTcells
in combination with other therapeutic strategies can provide a
promising approach against solid tumors. However, in order to
optimize the efficacy of CARTcell therapy in solid tumors, more
novel strategies are indispensable to rearrange and improve the
structure of CAR. Finally, it is noteworthy that CART cell ther-
apy is in its improving stages to overcome obstacles against solid
tumors.
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