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Chimeric antigen receptor (CAR) T cell therapy has shown unprecedented success in
treating advanced hematological malignancies. Its effectiveness in solid tumors has been
limited due to heterogeneous antigen expression, a suppressive tumor microenvironment,
suboptimal trafficking to the tumor site and poor CAR T cell persistence. Several
approaches have been developed to overcome these obstacles through various
strategies including the genetic engineering of CAR T cells to blunt the signaling of
immune inhibitory receptors as well as to modulate signaling of cytokine/chemokine
molecules and their receptors. In this review we offer our perspective on how genetically
modifying cytokine/chemokine molecules and their receptors can improve CAR T cell
qualities such as functionality, persistence (e.g. resistance to pro-apoptotic signals) and
infiltration into tumor sites. Understanding how such modifications can overcome barriers
to CAR T cell effectiveness will undoubtedly enhance the potential of CAR T cells against
solid tumors.
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INTRODUCTION

Surgery, chemotherapy and radiation therapy have been the principal cornerstones of cancer treatment
since the middle of the last century. The development of novel molecular targeted therapies and
immunotherapies such as immune checkpoint inhibitors and CAR T cells, among others, have led to a
paradigm shift in the treatment of cancer patients (1, 2). Exciting progress with CD19-CAR T cells
for the treatment of certain pediatric and young adult patients with B cell acute lymphoblastic leukemia
has led to the successful approval by the US Food and Drug Administration (FDA) in August 2017 (3,
4). Despite the advancement in the treatment of blood cancers with CAR T cells, treating solid tumors
has been challenging in part due to heterogeneous tumor antigen expression, the presence of
immunosuppressive and hostile tumor microenvironment (TME) that exacerbates CAR T cell
exhaustion and apoptosis, and insufficient infiltration into the tumor sites (5–7).

It is well-recognized that cytokines, chemokines and their receptors play pivotal roles in
regulating the functional and phenotypic features of CAR T cells; influencing parameters such as
persistence, trafficking, memory cell formation and proliferation. All of which are essential
determinants of an effective therapy (8, 9). Cytokines and chemoattractant cytokines (also known
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as chemokines) are small glycoproteins that regulate immune cell
activation, differentiation, growth and trafficking. Moreover,
these small glycoproteins not only have critical roles in shaping
of immune responses against different types of pathogens and
tumor antigens but also determine which type of immune
responses (e.g. cell-mediated vs. humoral immunity) should be
developed to effectively eliminate their targets. Each cytokine has
different functions and can provoke different responses
depending on the target, cellular source and different phase of
immune response. These small glycoproteins can have
proinflammatory and anti-inflammatory properties which
partly depend on the nature of target antigen and the context
that an immune response initiated (10). Although systemic or
local administration of cytokines in combination with CAR T
cells improved antitumoral efficacy of these cells, some adverse
effects including toxicity or even death, have been considered as
significant barriers for systemic application of cytokines (11, 12).

Considering the importance of cytokines, chemokines and
their receptors in the biology and immunology of CAR T cells,
several investigators have tried to modulate the profile of
cytokines and chemokines in CAR T cells or equip them with
cytokines, chemokines or their receptors aiming to alleviate CAR
T cell overactivation (i.e. cytokine release syndrome(CRS)) and/
or overcome barriers (e.g. harsh immunosuppressive tumor
microenvironment, suboptimal trafficking of CAR T cells to
tumor site and activation-induced cell death) to their
effectiveness. There are various strategies to genetically
manipulate CAR T cells to enhance the overall functionality of
these engineered cells against various types of tumors. For
example, one of these strategies is the use of CRISPR-based
gene editing technology to blunt the expression of cytokine genes
responsible for CAR T cell dysfunction or CAR T cell-related
toxicity (e.g. CRS). In this system, a single guide RNA (sgRNA)
directs CAS9 endonuclease to the target gene. Binding of sgRNA
to targeted gene activates CAS9 endonuclease which then leads
to cleavage and knocking out of the target gene (13, 14). Another
example is incorporation of truncated cytokine receptors into
CAR T cells (through viral transduction) which lack a specific
intracellular domain. These receptors block signal transduction
of inhibitory cytokines and therefore enhance the persistence
and effector function of CAR T cells (15, 16). Another approach
is the co-expression of CAR construct with desirable cytokine
through the 2A linker system or two vector systems. 2As are viral
oligopeptides that can mediate cleavage of translated construct
which leads to co-expression of both cytokine and CAR on T
cells at the same time and expression level (17, 18). SynNotch
receptor system and inducible promoter systems are examples of
inducible expression of cytokines (19, 20). In the SynNotch
receptor system, the recognition of specific antigen, mediates
transcriptional activation of a specific cytokine gene in CAR T
cells (21). Also, there are other strategies such as inverted
cytokine receptors (ICRs) in which ectodomain of inhibitory
cytokine is fused with endodomain of immunostimulatory
cytokines (22), and membrane tethered cytokines that can be
transferred via viral transduction or sleeping beauty (SB) system
(excision and insertion of SB transposon into TA dinucleotide
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repeat of target-cell genome) (Table 1) (34, 46).In this review we
discuss how employing various genetic strategies like
incorporating dominant negative receptors, inverted cytokine
receptors and immunostimulatory cytokines not only can
diminish and/or reverse negative CAR T cell regulators in the
tumor microenvironment but also can augment positive
regulators of CAR T cells (e.g. proliferation and persistence) in
solid tumors.
IMPROVING CAR T CELL PERSISTENCE

It iswell-known that persistence ofCARTcells is directly correlated
with durable clinical remissions in patients with cancers (47, 48). In
fact, poor persistence potentially hinders the long-term therapeutic
effects of CAR T cell in vivo. It has been shown that several
parameters can affect the survival of adoptively transferred CAR
T cells (49). In the two following sections, we discuss how genetic
modification of CAR T cells to overexpress cytokines or their
receptors makes prolong their survival.

Production of Less Differentiated
CAR T Cells
It is well-documented that the differentiation status of CAR T
cells plays a prominent role in therapeutic success. It seems this
successful therapeutic outcome is largely depend on the fact that
less differentiated CAR T cells (e.g. naïve T cells (TN), stem cell
memory (TSCM) and central memory (TCM)) are correlated
with improved expansion, prolonged in vivo persistence, and
long-term anti-tumor control (50).

As a result, many studies have focused on the production of
CAR T cells with a less differentiated phenotype through
employing different pharmacological and genetic mechanisms.
For instance, less differentiated CAR T cells have been generated
through inclusion of cytokine genes (e.g. IL-9, IL-7, IL-15 and
IL-21) in the CAR gene construct (51, 52) and incorporation of
cytokine-induced JAK/STAT signaling domains in the CAR gene
construct (53–55). Using a hepatocellular carcinoma model, it
has been revealed that co-incorporation of IL-15 and IL-21 genes
into the anti-GPC3 CAR construct, leads to greater proliferation
capacity, enhanced persistence and survival and elevated
proportion of stem cell memory CAR T cell subpopulation
(23). Adachi and colleagues also showed that IL-7 and CCL19
co-expressing CAR-T cells become differentiated into central
memory CAR T cells with superior tumor-infiltrating capacity
and higher persistence rate in a P815-hCD20 (mastocytoma)
mouse model (24). Incorporation of IL-15 into CAR construct
could also enhance stem-cell like memory CAR T cell portion
with superior tumor killing ability and reduced expression of
PD-1 receptor in neuroblastoma-bearing mice compared to
conventional CAR T cells (25).

Using JAK/STAT signaling domains downstream of cytokine
receptors is also another tactic for blunting CAR T cells
differentiation towards terminally differentiated phenotype. The
gc-family cytokine-stimulated JAK/STAT signaling pathway is
shown to dampen CAR T cells phenotype into terminally-
October 2021 | Volume 12 | Article 738456
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differentiated CAR T cells. Using a CAR construct encoding a
truncated cytoplasmic domain from IL-2Rb and a STAT3-
binding tyrosine-X-X-glutamine (YXXQ) motif, together with
the CD3z and CD28 domains [also referred to as 28-DIL2RB-z
(YXXQ)], it has been exhibited that the 28-DIL2RB-z(YXXQ)
CAR T cells are highly proliferative and are not vulnerable to the
acquisition of terminally- differentiated phenotype in a B-ALL
experimental model. Compared to CAR T cells without STAT3
motif, 28-DIL2RB-z(YXXQ) CAR T cells maintained
proliferation, IL-2 secretion, cytokine polyfunctionality. These
results suggest a key role of STAT3 in suppressing terminal
differentiation of T cells, which is consistent with recent human
and mouse studies (54, 55). Modified CAR T cells also expressed
markers related to stem cell like memory phenotype (such as,
CD27, CD28 and CD95) (53). These characteristics have been
also described in less differentiated memory T cells (56, 57).
Currently, a phase 1 clinical trial is being planned to investigate
the effect of IL-15 and IL-21 armored Glypican-3-specific CAR
T cells for pediatric solid tumors (NCT04715191).

Production of CAR T Cells Resistant to
Pro-Apoptotic Signaling Cues
Overexpression of proapoptotic proteins such as Bid, Bim and
FasL has been related to progressive T cell differentiation and loss
of self-renewal capacity (58). Resistance to pro-apoptotic signals
and/or augmentation of anti-apoptotic signaling pathway are
Frontiers in Immunology | www.frontiersin.org 3
supposed to be an alternative option for promoting CAR T cell
surviva l and pers istence (49) . TGF-b as a potent
immunosuppressant of TME is produced by different cell types
such as cancer associated fibroblasts, mesenchymal stem cells,
lymphatic epithelial cells and blood endothelial cells (59). It is
generally accepted that TGF-b inhibit T cell activation and
proliferation likely due to induction of T cell apoptosis via
either proapoptotic-dependent (e.g. BIM) or independent
pathways (60–62). To blunt its suppressive effects on CAR T
cells and to enhance the overall antitumor function of CAR T
cells, CRISPR-mediated TGFbR2-knockout CART cells
(TGFbR2.KO CART cells) have been developed. TGFbR2.KO
CART cells displayed higher survival and proliferation rates and
were more resistant to exhaustion in the pancreatic carcinoma-
bearing mice (27). IL-15 is known as a general inhibitor of
apoptosis, which possesses potential therapeutic properties.
Overexpression of murine IL-15 in CAR T cells has led to
generation of CAR T cells with enhanced persistence, lower
level of PD-1 expression, being more resistant to proapoptotic
signals (probably due to augmentation of BCL-2 level) and
improved antitumor immune response in a B16 melanoma
model in vivo compared to conventional 2nd generation CAR
T cells (26). In addition, IL-7 signaling through STAT5 has
shown to be in favor of CAR T cell resistance to proapoptotic
signals. In a study, Shum and colleagues have shown that
constitutive signaling downstream of IL-7 receptor, through
TABLE 1 | Novel genetic modifications in cytokine, chemokine and their receptors to enhance the efficacy of CAR T cell therapy.

Strategies Cytokines & Chemo-
kines

Genetic modification Reference

Improving persistence IL-15 & IL-21 Overexpression (23)
IL-7 & CCL9 Overexpression (24)
IL-15 Overexpression (25, 26)
TGFb CRISPR-mediated knockout (27)
IL-7 ICR (28)

Converting immuno-suppressive to immuno-promoting
signals

IL-4R/IL-7R ICR (29)
IL-4R/IL-21R ICR (22)
TGFb/IL-7R ICR (30)
GM-CSF/IL-18R ICR (31)

Overcoming Exhaustion TGFbRII Truncated (15)
CRISPR-mediated knockout (27)

aPD1/TGFb trap Overexpression (32)
IL-18 Inducible expression [20]
IL-7 Overexpression (33)
IL-15 Membrane tethered (34)

AICD prevention IL-7 ICR (28)
IL-15 Membrane tethered (34)

Improving infiltration CCR6 Overexpression (35)
CCR2b Overexpression (18, 36)
CCR4 Overexpression (37)
CXCR2 Overexpression (38)

CRS and neurotoxicity inhibition IL-6 shRNA-mediated Knockdown (39)
mbaIL-6 Truncated (40)
GM-CSF CRISPR-mediated knockout (41)
GM-CSF & aIL-6/IL-1RA CRISPR-mediated knockout & secreting neutralizing antibody &

antagonist
(14)

Endogenous immune system activation IL-7 & CCL19 Overexpression (24)
IL-18 Overexpression (42)
IL-12 Overexpression (43, 44)
IL-36g Overexpression (45)
October 2021 | Volume 12 | Art
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using CD34 ectodomain and endodomain of IL-7Ra (C7R),
leads to upregulation of anti-apoptotic protein BCL2 and
downregulation of proapoptotic protein CASP8 (Caspase-8) in
an orthotopic glioblastoma mouse model (28). Altogether, these
findings indicate that genetic modification of cytokines and their
receptors might make CAR T cells more resistant to negative
regulators of persistence through reprogramming of CAR T cell
differentiation and abrogation of proapoptotic signaling.
CONVERTING IMMUNOSUPPRESSIVE
SIGNALS TO IMMUNOPROMOTING
SIGNALS

Immunosuppressive cytokines including IL-10, TGFb and IL-4, are
one of the key components of TME contributing to CAR T cell
dysfunction. These cytokines induce immunosuppression via several
mechanisms such as recruitment and activation of regulatory T cells
(Tregs),myeloid-derived suppressor cells (MDSCs), inhibition of the
effector function of CAR T cells. In addition, they can inhibit the
activity of several endogenous antitumor immune cells like T cells,
NK cells, dendritic cells, andM1macrophages. Immunosuppressive
cytokines such as TGFb can also disrupt the balance between TH1
and TH2 cells toward TH2 cells which leads to induction of other
suppressive cytokines (e.g. IL-4) (63).Toovercomecytokine-induced
immunosuppression in the CART cells, Mohammed and colleagues
have developed an inverted cytokine receptor IL-4R/IL-7R [i.e. 4/7
ICR, consisted of an IL-4R exodomain fused to an IL-7R
endodomain]. Upon ligation to immunosuppressive cytokine IL-4,
this chimeric switch receptor not only could significantly restrict the
immunosuppressive effects of IL-4but also could successfully convert
inhibitory signals to IL-7 immunostimulatory signals. This
immunostimulatory downstream signaling could prevent and/or
restore CAR T cell exhaustion and dysfunction as well as could
improve CAR T cell survival in a harsh TME of pancreatic cancer
experimentalmodel (29). In another study,Wang et al., have showed
that overexpressionof IL-4R/IL-21R inverted cytokine receptor (4/21
ICR) in CAR T cells could promote TH17-like polarization and
enhance tumor specific cytotoxicity of 4/21 ICR-engineered CAR T
cells in an IL-4-enriched hepatoma tumor milieu via activation of
STAT3 pathway. Also, these cells were characterized by enhanced
persistence and could successfully control established IL-4-secreting
tumors in vivo (22).Weimin et al., have also reported that equipment
ofCARTcellswith chimeric cytokine switch receptorTGFb/IL-7not
only could enhance their cytotoxic activity, cytokine production
ability (e.g. IFNg and TNFa) and proliferation capacity but also
could reduce the expression of inhibitory receptors (e.g. PD-1 and
LAG-3) in a prostate cancer model (30). Chimeric cytokine switch
receptor GM-CSF/IL-18R (GM18) overexpressed in CAR T cells
could also confer a higher rate of cellular expansion, cytokine
production and sustain cytotoxic activity in a chronic antigen-
stimulated condition of various preclinical EPHA2 or HER2
positive solid tumor models, compared to unmodified CAR T cells
(31). In aggregate, it seems converting immunosuppressive cytokine
signals to immunopromoting signalsmay be a promising strategy for
improving CAR T cell functionality and longevity.
Frontiers in Immunology | www.frontiersin.org 4
OVERCOMING CAR T CELL EXHAUSTION

CAR T cell exhaustion represents a substantial barrier to the
eradication of tumors and is associated with poor clinical outcome.
Exhaustion is a common feature of tumor-infiltrating CAR T cells.
Immunological exhaustion is characterized by progressive loss of T
cell effector functions and proliferative capacity, sustained expression
of inhibitory receptors (e.g. PD-1), increased susceptibility to
apoptosis and activation of a transcriptional state distinct from that
of functional effector or memory T cells (64). Tumor cells, and their
surrounding immunosuppressive cells and cytokines are supposed to
contribute to this exhaustedTcell phenotype (65).As exhaustedCAR
T cells showed impaired effector function and failed to eradicate
tumors (66), thus reversing this state can potentiate/restore the
function of exhausted CAR T cells and thereby restore a robust
antitumor response.

It has been shown that geneticmodificationofCARTcells in this
particular case-cytokine overexpression (e.g. IL-18, IL-15 and IL-7)
or repression/abrogation (e.g. TGFbR) can be a powerful approach
for reverting CAR T cell exhaustion. TGFb is a well-known
immunosuppressive cytokine. This cytokine can induce T cell
exhaustion through downstream signaling molecules (e.g.
SMAD2 and SMAD3) of its receptor (e.g. TGFbRII). Therefore,
genetic modification of TGFbR signal transduction can be an
efficient method for the prevention of CAR T cell exhaustion. One
of the examples is generationof dominantnegativeTGFbRIICART
cells which have truncated TGFbRII that lack an intracellular
signaling domain. This method makes CAR T cells resistant to
exhaustion, enhances their proliferation and cytokine production
abilities and confers long-term persistence with effective antitumor
response against PSMA positive prostate cancer cells (15). In
another study using CRL5826 positive melanoma cells, Tang and
colleagues have demonstrated that knocking out the endogenous
TGFbRII in CAR T cells with CRISPR/Cas9 technology could
reduce the induced Treg conversion and prevent the exhaustion
of CAR T cells (27). Secretion of bispecific protein of anti-PD-1
fused with TGF-b trap has also shown to enhances antitumor
efficacy of CAR T cells through attenuating inhibitory T cell
signaling, enhancing T cell persistence and expansion, and
improving effector function and resistance to exhaustion in a
prostate cancer xenograft mouse model (32). It has been well-
documented that overexpression of cytokines (e.g. IL-18, IL-7 and
IL-15) can prevent/revert CAR T cell exhaustion. Chmielewski and
colleagues have revealed that CART cells engineeredwith inducible
IL-18 release, as a potent immunemodifier, can prevent CAR T cell
exhaustion in large pancreatic and lung tumor models (20).
Previous studies have also suggested an anti-exhaustive role for
IL-7 (67). IL-7 secreting CAR T cells were also shown to express
lower levels of exhaustionmarkers (e.g. PD-1 andLAG3) andhigher
levels of anti- transcription factor TCF-1, a transcription factor that
is supposed to counteract exhaustion programs, in a gastric cancer
experimental model (33, 68, 69). IL-15 has also proven beneficial in
antagonizing CAR T cell exhaustion (70, 71). In agreement with
these reports, Singh and colleagues have demonstrated that CAR T
cells expressing a membrane-bound chimeric IL-15 (mbIL15) are
not only characterized by long-term persistence with a memory
stem-cell phenotype but also express lower levels of exhaustion
October 2021 | Volume 12 | Article 738456
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markers andhigher expression level of anti-exhaustive transcription
factor TCF-1 in a xenograft mouse model of leukemia (34).
Furthermore, Narayan et al. have conducted a phase 1 clinical
trial for dominant negative TGFbR CAR T cell (PSMA-directed/
TGFb-insensitive CAR T cells) against metastatic castration-
resistant prostate cancer (CRPC). Cohorts 1 and 2 have been done
without observed dose-limiting toxicity (DLT). Intriguingly, a
cytokine release syndrome has been observed that is reversible
and responsive to tocilizumab (72).
OVERCOMING ACTIVATION-INDUCED
CELL DEATH (AICD)

Activation‐induced cell death (AICD) is a major mechanism of T
cell homeostasis and acts to prevent excessive T cell responses
towards possible subsequential autoimmunity (73). Induced by
repeated antigen stimulation under particular conditions, T cells
undergo apoptosis in a controlledmanner through the engagement
of death receptors (e.g. Fas) and activation of specific caspases (e.g.
caspase-8). Although AICD is generally considered as a T cell
regulatory mechanism in the physiological conditions, this process
is also triggered in the TME following chronic activation of tumor-
infiltrating T cells (e.g. adoptively transferred CAR T cells), leading
to apoptosis of tumor-redirected CAR T lymphocytes, thereby,
hampering their full therapeutic potential (74).

Several efforts have been made over the years to overcome this
barrier aiming to preserve CAR T cell efficacy and improve their
survival and persistence in the TME. It has been shown that various
cytokines are involved in either induction (e.g. TNFa and IL-2) or
prevention (e.g. IL-7 and IL-15) of AICD. As mentioned above,
Shumet al., have exhibited that CART cells supporting constitutive
signaling downstream of IL-7 receptor have lower levels of Fas and
proapoptotic protein CASP8 (Caspase-8), two major proteins that
are involved in AICD (28). These findings highlight the role of IL-7
and its related signalingpathways in the inhibitionofAICD. IL-15 is
another potential cytokine for antagonizing AICD. The role of IL-
15 in preventing AICD has been very well established (75). For
instance, it has been shown that engineering of CAR T cells with
membraned-boundIL-15makes themmore resistant toAICD(34).
In other hand, it has been reported that cytokines like IL-2, IL-4,
TNFa and IFNg are in favor of AICD induction (76). Therefore, it
seems that genetic abrogation of these cytokines may alleviate the
role of these cytokines in the induction of AICD in CAR T cells,
however, it is remained to be further studied in future (76). In
conclusion, thesefindings indicate that geneticmodification and/or
targeting of specific cytokine genes and/or their receptors may be a
good option for overcoming activation-induced cell death in the
CAR T cells, thereby, improving the efficacy of CAR T cell therapy.
IMPROVING CAR T CELL INFILTRATION
INTO TUMOR SITE

Suboptimal trafficking of CAR T cells to the tumor sites
represents another hurdle to CAR T cell therapy. Several
Frontiers in Immunology | www.frontiersin.org 5
reports have demonstrated that enhanced trafficking of
adoptively transferred-CAR T cells to tumor sites is correlated
to their therapeutic efficacy and clinical outcome in the cancer
patients (77–79).

Various barriers that hinder optimal trafficking ofCARTcells to
the tumor sites have been described. These barriers include:
i) chemokine/receptor mismatch between the CAR T cell
chemokine receptors and the chemokines secreted by tumors (e.g.
such as CXCL1, CXCL5 and CXCL12), ii) low levels of tumor-
derived chemokines for which effector CAR T cells lack receptors,
iii) abnormal tumor vascularity and iv) physical (e.g. extracellular
matrix (ECM]) and cellular barriers (e.g. cancer associated-
fibroblasts [CAFs]) (80, 81). Although various strategies such as
local delivery of CAR T cells, targeting tumor-related cellular and
physical barriers (e.g. generation of anti-FAP CAR T cells targeting
CAFs and CAR T cells to overexpress heparanase, an ECM-
degrading enzyme) and targeting abnormal tumor vascularity
(e.g. generation of CAR T cells targeting VEGFR2 expressed
tumor‐associated blood vessels) have been employed to overcome
CAR T cell infiltration, genetic modification of chemokine
receptors, among the others, has been the most common strategy
to improve CAR T cell infiltration into the tumor bed (82–84).
Geneticmodifications of thesemolecules havewidely beenused as a
novel strategy for conferring new migratory capacity to
administrated CAR T cells. Jin et al. showed that anti-EGFR CAR
Tcellmigration to lung cancer sitewas enhanced byoverexpression
of CCR6, which recognizes lung cancer-produced CCL20, a
chemokine that is highly expressed by lung adenocarcinoma cells.
The authors also found that overexpression of CCR6 has no
negative effects on the CAR T cell effector functions and their
phenotype. In addition, mice receiving CCR6-overexpressing CAR
T cells showed enhanced survival and an improved antitumor
activity compared to mice receiving conventional unmodified
CAR T cells (35). AS chemokine CCL20 is also overexpressed in
various types of cancer like colon adenocarcinoma (COAD),
rectum adenocarcinoma (READ) and stomach adenocarcinoma
(STAD), therefore, overexpressionofCCR6 inCARTcellsmight be
an effective strategy to overcome insufficient infiltration of CAR T
cells into CCL20-expressing tumor sites. CCR2b is a chemokine
receptor thatpoorly expressed in all resting andactivated peripheral
blood T cells and IL-2 activated malignant pleural mesothelioma
(MPM)-infiltrating lymphocytes. Topromote infiltration ofCART
cells into MPM-bearing sites, Moon et al., generated an anti-
mesoCAR T cells overexpressing CCR2b (i.e. CCR2b-mesoCAR
T cells). Their data showed that overexpression of CCR2b in
mesoCAR T cells can significantly increase their migration to
mesothelin+ MPM sites in vivo, leading to enhanced antitumor
effects (18). A separate report showed that expression of CCR2b on
GD2-CAR T cells significantly increase migration of CAR T cells
towardCCL2 secretingneuroblastoma cells (36).Di Stasi et al., have
reported that overexpression of CCR4 on anti-CD30 CAR T cells
improved the trafficking of these engineered T cells towardCCL17-
Hodgkin lymphoma cells (37). Another report also proved that
overexpression of CXCR2 on CAR T cells increase homing
capability of CXCR2-expressing CAR T cells toward
hepatocellular carcinoma cells-producing CXCL1, CXCL2,
October 2021 | Volume 12 | Article 738456
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CXCL3, CXCL5, CXCL6, and CXCL8 (38). In aggregate, these
data indicate that genetic modification of chemokine receptors in
CAR T cells may be a novel strategy to improve the efficacy
and homing capabilities of adoptively transferred CAR T cells.
MODULATING CYTOKINE RELEASE
SYNDROME AND NEUROTOXICITY
FOLLOWING CAR T CELL THERAPY

Systemic cytokine release [also knownas cytokine release syndrome
(CRS)] is a common but potentially fetal adverse event following
CAR T cell therapy (85). Following the administration of CAR T
cells, an exaggerated systemic immune response mediated by
activated CAR T cells and various endogenous immune system
components (e.g. monocytes/macrophages) is initiated. This acute
systemic inflammatory response ismainly triggeredby the releaseof
a large amount of inflammatory mediators such as cytokines (e.g.
IL-6, IL-1, IFN-g and GM-CSF) and chemokines [e.g. MCP-1 and
MIP-1a] (86). This acute inflammatory response also induce
endothelial and organ injury, which leads to microvascular
leakage, heart failure and even death (85). Therefore, timely and
properly interventional strategies that controlCRSsymptomsbetter
or even to prevent CRS and neurotoxicity associated with CAR T
cell therapy while preserving the efficacy CAR T cell treatment is of
great importance and are urgently needed. Unlike hematological
malignancies, the data on CRS incidence in solid tumors is limited
probably due to the existence of immunosuppressive TME and
insufficient infiltration of CAR T cells to tumor site (87–90). Thus,
in this section will discuss different strategies that have been
employed to overcome CRS in both hematological and non-
hematological cancers.

Since it has been shown that IL-6 is the key molecule of CRS,
many studies have recently focused to reduce and/or overcome
IL-6-mediated CRS (91, 92). To do so, two independent studies
have knocked down IL-6 gene in anti-CD19 CAR T cells via
incorporation of short hairpin RNA (shRNA) into CAR
construct (termed ssCART-19) (39, 92). Their data revealed
that IL-6 released from CAR T cells not only cause CRS but
also induces secretion of proinflammatory cytokines in the
monocytes which altogether participate in the incidence and
exacerbation of CRS. The authors also found that ssCART-19
cells produce lower levels of IL-6 and significantly reduce IL-6
secretion by monocytes in xenograft mouse model of leukemia.
No significant difference in CAR T cell functionality in terms of
proliferation and cytotoxicity was observed in both ssCART-19
cells and regular CART-19 cells. Reduced production of IL-6 by
both CAR T cells and monocytes might lead to a significant
reduction in the CRS incidence in the patients receiving CAR T
cell therapy (39, 92).

In another study, Tan et al., have engineered anti-CD19 CAR
T cells to express a nonsignaling membrane bound IL-6 receptor
(mbaIL6). In vitro testing of mbaIL6-expressing CAR T cells
(termed mbaIL6CAR T cells) revealed similar cytotoxic and
proliferative abilities compared to conventional CAR T cells.
Frontiers in Immunology | www.frontiersin.org 6
Moreover, mbaIL6CAR T cells were able to neutralize
macrophage-derived IL-6 while preserving their powerful
antitumor activity in vitro. In vivo studies using CD19+ ALL
cell line Nalm-6 also showed that anti-CD19CAR T cells were
effective in targeting of CD19+tumor cells regardless of mbaIL6
expression. However, level of human IL-6 in mice was
significantly diminished in the mbaIL6CAR T-treated tumor-
bearing mice compared to unmodified anti-19CAR T cells (40).
GM-CSF has been also identified as a crucial cytokine in the
development of neurotoxicity and CRS. Elevated levels of GM-
CSF promote secretion of IL-6, IL-8 and MCP-1, as other
important CRS biomarkers, from monocytes (41). To prevent
or reduce the risk of CRS and neuroinflammation mediated by
GM-CSF following CAR T cell therapy, Sterner and colleagues
have utilized lenzilumab, a GM-CSF neutralizing antibody, in
combination with anti-CD19CAR T cells. Their data showed that
blocking GM-CSF leads to enhanced CART cells proliferation
and efficacy. They found that blocking of GM-CSF has no
significant effect on the tumor killing capacity of CAR T cells
in the presence of monocytes in vitro. In line with their in vitro
findings, in vivo studies also revealed that lenzilumab not only
inhibits GM-CSF effector functions, but also preserves anti-
leukemia activity. In vivo studies also proved that CAR T 19
cells in combination with GM-CSF neutralizing antibody could
significantly reduce neuroinflammation and prevent of CRS. To
rule out any critical role for GM-CSF in CAR T cell function, the
authors also generated GM-CSF knockout anti-CD19 CAR T
cells (termed GM-CSFK.O CAR T 19 cells) using CRISPR/Cas9
gene editing technology. Their findings revealed that GM-
CSFK.O CART19 cells could significantly reduce GM-CSF
production compared to conventional CART19 cells. In
addition, gene-editing strategy had no interventional effect on
the production of other effector cytokines (e.g. IFNg and IL-2) in
the gene-edited anti-CD19 CAR T cells in vitro. While GM-
CSFK.O CAR T19 cells were not able to produce GM-CSF, they
could control leukemia growth in vivo (41). Another example is
production of CRISPR-edited GM-CSF knockout CAR T cells
secreting anti-IL-6 scFv and IL1RA with TCR knockout (CART-
aIL6/IL1RA with GM-CSF/TCR KO). Compared to GM-CSF
wild type counterparts, CART-aIL6/IL1RA with GM-CSF/TCR
KO showed similar cytotoxicity and reduced GM-CSF
production against CD19+ Nalm6 leukemia cells. Also, a pilot
study of three patients, one with refractory Non-Hodgkin
lymphoma (NHL) and two with multiple myelomas (MMs)
with CART-aIL6/IL1RA with GM-CSF/TCR KO showed 3/3
complete response, 2/3 with no CRS incidence, one with grade 2
CRS incidence and no neurotoxicity which proved safety and
efficacy of CART-aIL6/IL1RA with GM-CSF/TCR KO. In
addition, cytokine analysis revealed a low level of GM-CSF,
IL-6 and IL-1b and elevated level of IL1RA in the treated
patients (14). It was also reported that genetic disruption of
GM-CSF in the CAR T cells can abolish macrophage-dependent
secretion of CRS mediators, including Il-6, IL-8 and MCP-1 (93).
Furthermore, Kang et al. have conducted a clinical trial to
evaluate safety and efficacy of ssCART-19 in patients with
acute lymphoblastic leukemia (CLL). Their data exhibited a
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significant reduction of severe CRS incidence in patients
receiving ssCART-19 compared to those who received regular
CART-19 (39). Neurotoxicity, also referred to as immune
effector cell-associated neurotoxicity syndrome (ICANS), is
another CAR T cell-related toxicity which often occurs and
correlates with CRS, but it has also been sometimes reported
to occur independently from CRS. The data obtained from
preclinical studies revealed that monocyte-derived IL-1
appeared to mediate neurotoxicity and CRS (94). Stimulation
of monocytes by GM-CSF following CART cell therapy was
shown to be related to neuroinflammation in tumor-bearing
mice (41). High levels of IL-6 and GM-CSF was detected in the
cerebrospinal fluid (CSF) of non-human primate models of
neurotoxicity following CART cell therapy (95). After CAR T
cell therapy, cytokines, especially IL-1 and IL-6 and GM-CSF,
have been demonstrated to promote systemic inflammation
which associates with the development of severe neurotoxicity
(96). GM-CSF has been also described as the cytokine most
significantly correlated to the development of neurotoxicity
following CART cell therapy in the ZUMA-1 clinical trial (97).
These findings not only describe the crucial role of cytokines in
pathogenesis of neurotoxicity but also highlight how genetic
modification of cytokines by various strategies like shRNA-
mediated knocking down of cytokine genes, design of
nonsignaling membrane bound cytokine receptors and
knocking out of cytokine genes in CAR T cells may
significantly prevent and/or alleviate the post-CAR T cell
therapy-related neurotoxicity.

In the case of solid tumors, although rare, but CRS incidence
can occur much like happen in B-NHL as characterized by local
CRS (L-CRS or compartmental-CRS) followed by systemic CRS
(S-CRS). It seems immunosuppressive TME and suboptimal
trafficking of CAR T cells to tumor bed prevent optimal tumor
antigen recognition and therefore limit full activation of CAR T
cells and subsequent cytokine release and CRS incidence (87).
There are a few reports on the incidence of compartmental CRS
in a patient with recurrent ovarian cancer after treatment with
anti-mesothelin CAR T cell (98) or the occurrence of severe CRS
in a 45-year-old patient with malignant mesothelioma after the
treatment with anti-EpCAM CAR T cells (87). Altogether, these
data suggest that genetic modification of cytokines and receptors
in CAR T cells would be an appealing strategy to prevent CRS
and neurotoxicity or reduce its severity without affecting the
antitumor potential of CAR T cell therapy.
ACTIVATION OF ENDOGENOUS
IMMUNE SYSTEM

Although genetically-modified CAR T cells have shown promising
results compared to conventional CAR T cells, yet converting the
CAR T cell response to a stronger andmore continual one remains
to be an important issue. CART cells are programmed to recognize
one to three specific antigens utmost, but due to the pressure of
immune selection and tumor antigen heterogeneity, some antigen-
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negative tumor variants can outgrowth and outperform the a
successful antitumor function of administrated CAR T cells. One
overcoming solution would be the induction of epitope spreading
towards antigens beyond those recognized by adoptively
transferred CAR T cells. Epitope spreading is characterized by the
enhancement and diversification of the endogenous T-cell-
mediated immune response against non-CAR antigenic epitopes
(99, 100). Based on this strategy, stimulation of endogenous
immune cells along with CAR T cells can collaboratively target
tumor cells (Figure 1). It seems that the inflammatory environment
made by engineered CAR T cells can result in priming of
endogenous immune cells against additional target antigens that
is beyond the CAR target and are present on tumor cells.

Various studies have shown that infiltration of endogenous
immune cells (in particular T lymphocytes) into the tumor sites
can expand the efficacy of CAR T cell therapy (87, 101). In line
with this notion, Adachi et al., reported that overexpression of
IL-7 and CCL19, as two essential cytokines for generation of less-
differentiated, long-lived non-exhausted (CAR) T cells and
recruitment of endogenous DCs and T cells, in CAR T cells
(termed 7x19 CAR T cells) increased infiltration of DCs and T
cells into tumor sites following 7 × 19 CAR T cell therapy. They
also found that depletion of recipient T cells before 7 × 19 CAR T
cell therapy diminished the therapeutic efficacy of these
genetically-modified CAR T cells, indicating that CAR T cells
and endogenous immune cells collaboratively exert antitumor
activity (24). Avanzi and colleagues also demonstrated that IL-18
armored CAR T cells, unlike unmodified CAR T cells, were able
to activate and recruit endogenous antitumor immune effector
cells such as CD8 T cells, DCs, NK cells and NKT cells into B-
ALL tumor sites and metastatic ovarian tumor sites broadening
the antitumor response beyond the CAR target (42). Arming
CAR T cells with IL-12, a potent immunostimulatory cytokine
that activates the innate and adaptive cellular immune system,
was also shown to enhance antitumor efficacy through TME
reprogramming and activation of endogenous immune system
with antitumor function in both lymphoma and ovarian tumor
models (43, 44). However, it should be noted that in study
conducted by the Koneru et al, the total concentration of serum
IL-12 was consisted of both endogenous and exogenous IL-12, and
was not a reflection of IL-12 solely produced by IL-12 armored-
CAR T cells (102). In another independent study, Kueberuwa et al.
have exhibited that IL-12-expressing anti-CD19CAR T cells not
only directly kill lymphoma cells, but also recruit host antitumor
immune effector cells to an anti-cancer immune response in the
lymphoreplete mice (103). CAR T cells secreting IL-36g have also
shown higher expansion rate with superior antitumor function
compared with unmodified CAR T cells. Their data also revealed
that IL-36g armored CAR T cells activate endogenous antigen-
presenting cells (APCs) and T cells through promotion of a
secondary antitumor response and delayed the progression of
antigen-negative tumor challenge in an experimental model of B-
cell lymphoma (45).A separate studyhas also reported that effective
CAR T cell antitumor activity of IL13Ra2-CAR T cells against
mouse syngeneic glioblastoma (GBM) is significantly dependent on
the activation of patient-derived endogenous T cells andmonocyte/
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macrophages at the tumor site in an IFNg-dependentmanner (101).
Currently, a phase 2 clinical trial for IL-7 and CCL-19 expressing
CAR T cells against Refractory/Relapsed B Cell Lymphoma is in
recruiting status (NCT03929107). Altogether, these findings
highlight the importance of activation of endogenous immune
system in the context of CAR T cell therapy. It seems CAR T cells
act as immunomodulatory adjuvant for the activation of host
immune cells. This insight strongly supports the need to consider
targeting/engaginghost immunity to improve the efficacyofCART
cell therapy. Moreover, activation of endogenous immune system
can additionally prevent or delay the progression of antigen–
negative tumor variants.
CONCLUDING REMARKS

Although CAR T cell therapy has made great strides in the
treatment of patients with advanced blood cancers; their success
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in solid tumors has been limited partly due to the cellular,
molecular and physical barriers of the TME. Developing
innovative approaches including arming CARTs with cytokine
signaling modalities to overcome these barriers has important
translational relevance. In this review, we outline several
strategies to enhance the effectiveness of CAR T cells
emphasizing roles for several cytokines, chemokines and their
signaling pathways to overcome and/or prevent CAR T cell
dysfunction or hyperactivation (Figure 2).

Genetically modifying cytokine/chemokine signaling
pathways is an appealing approach to enhance the therapeutic
properties of CAR T cell therapy for solid tumors. It is
anticipated that new generations of cytokine/chemokine-gene-
modified CAR T cells could effectively target/engage endogenous
immune system to synergistically improve overall antitumor
immunity and additionally prevent the appearance of antigen-
negative tumor variants, and thereby, tumor relapse in the
context of CAR T cell therapy. However, CRS and ICANS
incidences remain main safety concerns as CRS and ICANS
FIGURE 1 | A schematic representation on the role of genetic modification of different cytokines/chemokines in activation of endogenous immune system in the
context of CAR T cell therapy. Examples are based on the role of genetically modified CAR T cells (7x19 CAR T cells and IL-18 armored CAR T cells) in the activation
of endogenous immune cells like CD8+ T cells, NK, NKT and DCs. CAF, Cancer Associated Fibroblasts.
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are potentially fatal adverse effect of CAR T cell therapy and
genetic modifications of cytokines/chemokines that enhance
CAR T cell function could exacerbate CRS and ICANS. To
date, nearly all of studies have only investigated constitutive
expression of single chemokine/cytokine. Thus, generation of
CAR T cells engineered with an inducible chemokine/cytokine
platform not only can increase efficacy but also guarantee safety
of CAR T cell therapy.

Due to the fact that cytokine/chemokine gene expression profile
can be various between different individuals or even at different
stages of same tumor in an individual, hence; analysis of cytokine/
chemokine gene expression signature in TME before CAR T cell
therapy could aid scientists to individualize cytokine engineered-
based CAR T cell therapy. Although genetic modification of
Frontiers in Immunology | www.frontiersin.org 9
cytokine signaling in CAR T cells have shown promising clinical
results in both hematologic and non-hematologic cancers
(Table 2), it seems combination of different genetic modification
approaches could be beneficial as some of cytokines are immuno-
inhibitory and others are immuno-stimulatory. Thus, modification
of immunoinhibitory pathways using gene editing technologies
(e.g. CRISPR/Cas9) or use of truncated cytokine receptors or
cytokine traps alongside with overexpression of immune-
stimulatory cytokines may reprogram TME and significantly
improve the efficacy of CAR T cell therapy.

Finally, it seems that a more comprehensive understanding of
the relevant cellular and molecular adaptations to tumor cells and
immunological processes in their surrounding microenvironment
will help us develop new generations of cytokine/chemokine-gene-
FIGURE 2 | Novel strategies to boost CAR T cells efficacy against different types of tumors using genetic manipulations of different cytokines/chemokines and their
receptors. (A) Incorporation of different cytokines/chemokines or their signaling domains in CAR construct. (B) Inclusion of truncated cytokine receptors lacking
intracellular signaling domain. (C) Incorporation of inverted cytokine receptors (ICRs) to convert immunosuppressive signals to immunopromoting signals (D)
Incorporation of membrane-tethered cytokine to provoke certain signal transduction of through its receptor. (E) Overexpression of chemokine receptors to improve
CAR T cell trafficking into the tumor sites. CAR, Chimeric Antigen Receptor; TCR, T Cell Receptor; ICR, Inverted Cytokine Receptor.
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modified CAR T cells that are more potent in overcoming the
challenges of solid tumors.
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