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Abstract
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tumors

In recent decades, the advent of immune-based therapies, most notably Chimeric antigen receptor (CAR)-T cell
therapy has revolutionized cancer treatment. The promising results of numerous studies indicate that CAR-T cell
therapy has had a remarkable ability and successful performance in treating blood cancers. However, the heteroge-
neity and immunosuppressive tumor microenvironment (TME) of solid tumors have challenged the effectiveness

of these anti-tumor fighters by creating various barriers. Despite the promising results of this therapeutic approach,
including tumor degradation and patient improvement, there are some concerns about the efficacy and safety of the
widespread use of this treatment in the clinic. Complex and suppressing tumor microenvironment, tumor antigen
heterogeneity, the difficulty of cell trafficking, CAR-T cell exhaustion, and reduced cytotoxicity in the tumor site limit
the applicability of CAR-T cell therapy and highlights the requiring to improve the performance of this treatment. With
this in mind, in the last decade, many efforts have been made to use other treatments for cancer in combination with
tuberculosis to increase the effectiveness of CAR-T cell therapy, especially in solid tumors. The combination therapy
results have promising consequences for tumor regression and better cancer control compared to single therapies.
Therefore, this study aimed to comprehensively discuss different cancer treatment methods in combination with
CAR-T cell therapy and their therapeutic outcomes, which can be a helpful perspective for improving cancer treat-
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Introduction

Chimeric antigen receptor (CAR)-T cell therapy has
emerged to revolutionize cancer treatment, which has
achieved promising success, especially in treating hema-
tological malignancies like B-cell acute lymphocytic
leukemia (B-ALL), multiple myeloma (MM), and non-
Hodgkin lymphoma (NHL). The US Food and Drug
Administration (FDA) approved CAR-T cells targeting
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CD19 and B cell maturation antigen (BCMA) for the
treatment of R/R B cell malignancies including tisagenle-
cleucel (Kymriah), axicabtagene ciloleucel (Yescarta), cil-
tacabtagene autoleucel (Carvykti), idecabtagene vicleucel
(Abecma), brexucabtagene autoleucel (Tecartus), and
lisocabtagene maraleucel (Breyanzi). CAR is a chimeric
TCR-engineered receptor designed from two parts: an
antigen-binding domain composed of a monoclonal
antibody and a T-cell receptor (TCR) signaling domain.
In detail, CAR is structured in four parts: (1) An extra-
cellular region contains light and heavy fragments of a
monoclonal antibody, namely a single-chain variable
fragment (ScFv), which involves antigen recognition; (2)
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A hinge or spacer region links between extra- and- intra-
cellular regions (mostly IgG-derived spacer or CD8),
accounting for receptor flexibility and stability; (3) A
transmembrane portion contributes to receptor flex-
ibility and mostly needs CD3{ to dimerization and cor-
relation between other parts of CAR. 4) An intracellular
domain composed of the main signaling domain (CD3(
or FceRly), which may possess one or more costimulatory
domains [CD28, 4-1BB (CD137), or OX40 (CD134)], as
well [1, 2]. This explained structure provides the specific
and non-HLA restricted antigen recognition without
requiring antigen processing. Furthermore, the flexible
construction of CAR makes it more feasible to recognize
the carbohydrate and lipid antigens in addition to pep-
tide antigens [2]. CAR-T cells have been divided into five
generations depending on endodomain conformation.
Accordingly, the first generation is formed by one signal-
ing domain originating from the TCR/CD3 complex. The
absence of costimulatory signals in first-generation CARs
elicits poor proliferation, persistence, and anti-tumor
cytotoxicity. The second generations is characterized by
presenting a costimulatory molecule like CD28, ICOS,
OX40, or 4-1BB that aguments their proliferative and
cytotoxic capacities compared to first generation. Similar
to second generation, the third generations contain two
seperate co-stimulatory molecules like CD28 and 4-1BB,
which exhibit increased proliferation, cytotoxicity and
persistence compered to the two previous generations.
The fourth generation CAR, so-called cells redirected
for antigen-unrestricted cytokine-initiated  killing
(TRUCK) or armored CAR, is a kind of structure secret-
ing cytokines [Interluekin (IL)-7, IL-12, IL-15, and IL-21],
sucide genes (iCaspase-9) or other biological molecules.
TRUCKSs act more effecting in inducing the immune
responses and eradicating the tumor cells. The fifth gen-
eration of CAR is designed based on the structure of the
second-generation CAR, which also possesses cytokine
receptors in the intracellular domain like of IL-2Rf chain
fragment [3]. Up to now, CAR-T cell therapy has led to
promising results and even complete cures for hemato-
logical malignancies [4, 5]. However, the success of this
treatment in solid tumors has been challenged by the
tumor-antigen heterogeneity, impaired CAR-T cell traf-
ficking and infiltration, and the presence of an immuno-
suppressive tumor microenvironment (TME) [6]. TME is
characterized by a physical barrier, inhibitory enzymes,
checkpoint inhibitors, immunosuppressive cells, hypoxia,
Nutrient Deficiency, and inhibitory cytokines. Prolif-
eration, function, and persistence of CAR-T cells are
reduced in the TME with the abovementioned inhibitory
structure, which also causes the CAR-T cell anergy and
exhaustion [6, 7]. Therefore, targeting different tumor
antigens to overcome antigen heterogeneity and increase
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the CAR-T cell persistence and efficacy using the genetic
modifications in CAR structure and combinatorial treat-
ment strategies can help overcome TME hurdles [8, 9].
In addition to the abovementioned barriers, the side
effects of CAR-T cell therapy are other significant chal-
lenges associated with this kind of treatment. Cytokine
storm or cytokine release syndrome (CRS), damage and
depletion of bystander healthy cells, so-called “on-target/
off-tumor” toxicity, tumor lysis syndrome (TLS), graft
versus host disease (GVHD), neurotoxicity, and anaphy-
lactic shock are prevalent complications of CAR-T cell
therapy leading to multi-organ failure [10, 11]. For this
reason, several therapeutic approaches have been devel-
oped so far to increase the safety of CAR-T cell therapy,
limit its toxicity, and improve anti-tumor function. This
study aimed to comprehensively review and discuss the
cancer therapeutic approaches combined with CAR-T
cells to intensify the safety and efficacy of cancer CAR-T
cell therapy.

CAR-T Cell combination therapy opportunities

To the best of our knowledge, advances in CAR-T cell
combination therapy with other therapeutic approaches
have opened up promising horizons for more success-
ful cancer treatment, especially for solid tumors. So far,
various studies have supported this idea and shown that
combination therapy has dramatically increased the
effectiveness of CAR-T cell therapy and reduced its side
effects [12, 13]. In this case, chemotherapy, radiotherapy,
oncolytic viruses, cancer vaccines, cytokines, checkpoint
inhibitors, Bi-specific T-cell engagers (BiTEs), immu-
nomodulatory agents, Hematopoietic stem cell trans-
plantation (HSCT), and metabolic inhibitors are the
examples of different therapeutic regimens combined
with CAR-T cell therapy that has been discussed in detail
in the following sections (Table 1). These combinatorial
treatment approaches enhance the CAR-T cell safety and
efficacy by modifying the tumor microenvironment, opti-
mizing the CAR structure, bridging the CAR-T cells to
the tumor cells, possibly targeting the multiple antigens,
bypassing the tumor-immune escape mechanisms, and
limiting the toxicity of CAR-T cell therapy (Fig. 1).

CAR-T cell in combination with chemotherapy

Chemotherapy can amplify the efficacy of CAR-T cell
therapy. Clinical research has shown that monotherapy
is less efficient than a combination of chemotherapy and
CAR-T cell therapy (Table 2). Each treatment alone can-
not eradicate tumor cells and inhibit metastasis. Chem-
otherapy increases immune function while reducing
tumor load. This method enhances the number of mature
and active dendritic cells and elevates the migration of
DCs and T cells into the tumor microenvironment. The
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Table 1 Summary of CAR-T cell combination therapy clinical trials with other cancer treatments

Treatment Combination strategy CART cell target Ag Phase References
Immunomdulators Decitabine CD19/CD20 I NCT04697940, NCT04553393
CD19/PD-1 | NCT04850560
Lenalidomide BCMA | NCT03070327
BiTEs Obinutuzumab, glofitamab CD19 Il NCT04703686
Obinutuzumab, glofitamab, mosunetu- CD19 Il NCT04889716
zumab
PD-1 inhibitor PD-1 mAb MUCT I, 1l NCT03525782
Nivolumab, Pembrolizumab CD30 | NCT04134325
Pembrolizumab EGFRvIII | NCT03726515
CD19 I, 1l NCT02650999
Nivolum B cell Ag Il NCT04205409
Durvalumab cD19 I NCT02706405
Tislelizumab CD19/22 I NCT04539444
PD-1 inhibitor CTLA4 inhibitor Nivolumab, Ipilimumab IL13Ra2 | NCT04003649
Vaccine Imovax Rabies B cell Ag I NCT04410900
\7a% GD2 [ NCT01953900
PCV13 CcD19 I NCT04745559
Radiation Apamistamab cD19 I NCT04512716
Radiotherapy B cell Ag 1l NCT04790747
B cell Ag NA NCT04473937
Oncolytic virus (OV) Binary OAV HER2 | NCT03740256
DC peptide specific DC B cell Ag I NCT03291444
rl-1ra Anakinra CD19 I NCT04359784, NCT04150913
BTK inhibitor ibrutinib D19 | NCT03960840, NCT02640209
Acalabrutinib cD19 Al NCT04257578
Il NCT04484012
PI3-Kinase inhibitor Duvelisib B cell Ag I NCT05044039
Dimerizer drug Rimiducid P-PSMA I NCT04249947
Cytokine IFN-a B cell Ag Il NCT04534634
Aldesleukin (IL-2) D19 Al NCT00924326
CD19/CD22 Al NCT03098355
Stem cell transplantation HSCT cD19 I NCT03110640, NCT03685786
Il NCT02794246
CD19/CD20 Il NCT02846584
D123 | NCT03114670
Chemotherapy Cyclophosphamide, fludarabine, Aldesleu-  IL13Ra2 | NCT04119024
Cytokine kin (IL-2) EGFRVIII LI NCT01454596
Chemotherapy CRISPR/Cas Cyclophosphamide, fludarabine, CRISPR/ XYF19 | NCT04037566
Cas9 CB-010 | NCT04637763
Chemotherapy mAb Cyclophosphamide, fludarabine, ALLO-647 CD19 | NCT03939026
(anti-CD52) LI NCT04416984
BCMA I NCT04706936
Al NCT05000450
Chemotherapy Cyclophosphamide, fludarabine, ALLO-647  BCMA | NCT04093596
mAb Immunomdulators (anti-CD52)
Nirogacestat
Proteasome inhibitor Immunomodulator Bortezomib Lenalidomide Dexamethasone BCMA Il NCT04133636
Corticosteroid Daratumumab
mAb
Immunomodulator Corticosteroid Lenalidomide Dexamethasone clarithro- BCMA Il NCT04287660

Antibiotic

mycin
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Treatment Combination strategy CART cell target Ag Phase References
Chemotherapy Bendamustine Fludarabine Cyclophospha- iC9-CD19 | NCT03696784
Dimerizer drug mide AP1903
Proteasome inhibitor Immunomodulator Bortezomib Lenalidomide Dexamethasone BCMA Il NCT04923893
Corticosteroid Fludarabine Cyclophosphamide
Chemotherapy
Stem cell HSCT cD19 Al NCT01318317
mAb Rituximab
Chemotherapy Fludarabine Cyclophosphamide
Stem cell HSCT CcD19 NCT01840566
Chemotherapy Carmustine, Etoposide, Cytarabine, Mel-

phalan
BTK inhibitor Ibrutinib B cell Ag I 1 NCT03310619
LAG3 inhibitor Relatlimab
PD-1 inhibitor Nivolumab

Durvalumab

BiTEs bispecific T cell engagers, PD-1 programmed cell death protein 1, CTLA4 Cytotoxic T-Lymphocyte Associated Protein 4, DC dendritic cell, riL-1Ra recombinant IL-1
receptor antagonist, BTK Bruton’s tyrosine kinase, PI3 Phosphoinositide 3, mAb monoclonal antibody, LAG3 Lymphocyte-activation gene 3, BCMA B cell maturation
antigen, MUCT Mucin 1, EGFRVIIl epidermal growth factor receptor variant Ill, Her2 human epidermal growth factor receptor 2, iC9 inducible caspase 9

chemotherapeutic agents induce the release of damage-
associated molecular patterns (DAMPs) like ATP and
high-mobility group box 1 (HMGB1) by dying tumor
cells [14]. Toll-like receptor 4 (TLR4) is essential in rec-
ognizing DAMPs, which escalates DC maturation and
activation [15, 16]. DC maturation can be induced by
endogenous and exogenous type I interferon (IFN- I) as
well, which are produced by tumor cells that have been
exposed to chemotherapy [17].

In addition, chemotherapy reduces the activity of
immunosuppressive cells like regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs) as well
as immunosuppressive agents like IL-10 and Transform-
ing growth factor beta (TGF-B) cytokines. Maher et al.
showed that chemotherapy with a standard carboplatin
dosage had a synergistic effect on CAR-T cells that tar-
get Erb-B and sensitized tumor cells to degradation [18].
According to some research, chemotherapeutic agents
have more effect on immunosuppressive cells than nor-
mal T-cells, which are not harmful to T-cells [19]. Using
chemotherapy before other therapeutic approaches can
intensify the immunogenicity of T cells and increase the
likelihood of lymphocyte existence in TME [20]. Accord-
ing to some investigations by Brentjen’s and Curran’s
groups, primary chemotherapy with cyclophosphamide
(CTX) drastically increases the persistence and response
of CARI19-T cell [21]. Except for this, chemotherapy can
sensitize tumor cells against immunotherapy. For exam-
ple, it elevates the amount of mannose-6-phosphate
(M6P) receptors on tumor cells, which subsequently
leads to more penetration of cytotoxic T cells (CTLs)
into the tumor site by releasing granzyme B following the
autophagy [22, 23].

Co-administration of chemotherapy with CAR-T cells
inhibits the autoimmunity and immunosuppressive cells
to enhance the persistence of CAR-T cells in vivo. This
leads to a proper balance and maximizes the efficacy
of both treatments [20, 24]. So far, the effect of chemo-
therapy on CAR-T cell therapy has been discussed more.
Besides, a study demonstrated that CAR-T cells could
augment the efficacy of chemotherapy too. As Wang
et al. noted, adaptive T-cells can reduce and even abol-
ish the resistance of ovarian tumor cells to chemotherapy
by releasing IFN-y. They observed that glutathione and
cysteine, made by fibroblasts, contribute to this chemore-
sistance, and IFN-y can change the metabolism of fibro-
blasts through the Janus kinase 1/signal transduce and
transcription 1 signaling pathway activator (JAK/STAT).
Therefore, CAR-T cells can abrogate chemoresistance
[25]. Chemotherapeutic drugs like cyclophosphamide,
doxorubicin, fluorouracil, and others have been found
to enhance the efficacy of CAR-T cell therapy through a
variety of methods [9, 26]. In addition to increasing the
synthesis of chemokines at the tumor site and the pen-
etration of these CAR-T cells into cancerous cells, chem-
otherapy also makes the tumor cells more sensitive to
granzyme B, allowing it to infiltrate the layer of tumor
cells more readily. Chemotherapy increases the delivery
of antigens. Additionally, it makes it simpler for CAR-T
cells to recognize them [14].

Cancer-related macrophages are stimulated by
immunogenic chemotherapy to create chemokines that
help CAR-T cells adhere to lung tumors. A recent study
showed that continuous CCL5 synthesis by human
cancerous cells attracted the first wave of T cells that
released IFN-y upon antigen identification. This action
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Fig. 1 CAR-T cell combination therapy with other cancer therapeutic approaches

triggered macrophages and DCs to secrete CXCL9,
which attracted the second wave of CXCR3+T cells
[27, 28]. Chemotherapy also improves the toll-like
receptor’s ability to deliver tumor antigens to T cells
by stimulating that receptor’s activity. According to
current research, several chemotherapy drugs, such as
taxanes and vinca alkaloids, can make it easier to iden-
tify tumor cells by increasing calreticulin exposure and
destroying tumor cells by creating a lot of tumor anti-
gens [29].

In order to boost the effectiveness of humanized
anti-CD19-CAR-T cells, individuals with refractory/
relapsed (R/R) acute lymphoblastic leukemia are given
extensive lymphodepleting chemotherapy regimens
before receiving anti-CD19-CAR-T cell therapy (B-ALL).
Cyclophosphamide alone, fludarabine added to cyclo-
phosphamide, and bendamustine-based regimens are
all parts of lymphodepleting chemotherapy. It has been
demonstrated that lymphodepleting chemotherapy,
which primarily aims to lower host T cells, also prolongs
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Table 2 Summary of CAR-T cell combination therapy clinical trials with chemotherapy

Chemotherapy Drug CAR-TcellTargetAg Phase References

Cyclophosphamide, fludarabine cD19 | NCT04653493, NCT03939026, NCT04037566, NCT04545762, NCT04892277,
NCT03434769, NCT04732845, NCT02443831, NCT02529813

(Al NCT04404660, NCT03919240, NCT04416984, NCT03263208, NCT02685670,

NCT00924326
M1, 10 NCT03937544
CD22 I NCT04340167, NCT04088890, NCT04088864
CD19/CD20 I NCT03881761
CD19/CD22 | NCT04134325, NCT03919526, NCT04303520
(Al NCT04715217,NCT03287817, NCT03289455, NCT05225831, NCT04029038,
NCT03448393
CD19/BCMA I NCT03706547
CD19/CD34 | NCT04214886
cb7 | NCT04572308, NCT04860817
CD30 I NCT02917083, NCT03049449
Il NCT04083495
CD33 I NCT03126864
TriPRIL I NCT05020444
GFRa4 I NCT04877613
MESO (Al NCT03916679, NCT03799913
CD44v6 [l NCT04097301
APRIL (Al NCT03287804
BCMA I NCT04637269, NCT04626752, NCT04706936
Al NCT03322735
IM73 I NCT04766840
TAG72 | NCT05225363
CS1 | NCT03710421
IL13Ra2 I NCT04510051
15.21.GPC3 I NCT04715191
CD138 I NCT03672318
GPC3 I NCT02876978, NCT05003895
B7-H3 | NCT04897321, NCT04670068
(Al NCT05323201
EGFRvIII I NCT02844062
(Al NCT01454596
IM9 (Al NCT05155215, NCT03173417
PSCA I NCT03873805
GPC3 I NCT05003895
MUCt | NCT04025216
LCAR-C18S | NCT04467853
LCAR-M23 I NCT04562298
GD2 I NCT04099797, NCT04196413, NCT02761915, NCT03721068, NCT03635632
(Al NCT03373097
Senl-h19 NA NCT04792593
Cyclophosphamide, fludarabine, AP1903 iC9-CD19 - NCT03594162
Fludarabine, Melphalan, Cytoxan CD5 I NCT03081910
Ccb7 I NCT04264078

cD19 | NCT04264039
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Table 2 (continued)
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Chemotherapy Drug CAR-TcellTargetAg  Phase References

Gemcitabine, Capecitabine CEA 11, 1M NCT04037241

Cytoxan, Fludara, Keytruda iC9-GD2 | NCT01822652

FOLFOX, FOLFIRI NKG2D I NCT03692429
Temozolomide B7-H3 (Al NCT04077866, NCT04385173

BCMA B cell maturation antigen, GFRa4 glial-derived neurotrophic factor (GDNF) family receptor alpha 4, MESO Mesothelin, APIRL a proliferation-inducing ligand,
TAG72 Tumor-associated glycoprotein 72, GPC3 Glypian-3, PSCA Prostate stem cell antigen, MUCT Mucin 1, EGFRvIIl epidermal growth factor receptor variant lll, iC9
inducible caspase 9, CEA Carcinoembryonic antigen, NKG2D natural killer group 2, member D

R/R B-ALL patients’ event-free survival (EES) time by
promoting the proliferation and stability of anti-CD19-
CAR-T cells [30, 31]. This information sheds new light
on intensifying the potential of CAR-T cells in the treat-
ment of solid tumors and opens new perspectives for
further research into the functional significance of these
methods.

CAR-T cell in combination with radiotherapy

Radiotherapy has been used as an excellent adjunctive
treatment along with some monotherapies like check-
point inhibitors and tumor vaccines [32]. Also, it can
provide a tumor microenvironment that promotes CAR
T-cell infiltration and trafficking into tumor sites [33]. So
far, combination therapies, especially radiotherapy, have
tamed the tumor microenvironment and overcome many
TME barriers [34].

Radiotherapy contributes to the rise of MHC class I
expression, which increases peptide synthesis and anti-
gen presentation to maximize recognition by cytotoxic T
cells and escalate the efficacy of adoptive CTL immuno-
therapy both locally and distantly [35]. According to evi-
dence, radiotherapy can make tumor cells more sensitive
to tumor-specific cytotoxic lymphocytes, making them
more accessible to tumor-specific cytotoxic lymphocytes.
This will lead to eradicating the tumor cells [35, 36]. Radi-
ation not only stimulates the release of pro-inflamma-
tory cytokines like IL-6, IL-1a/p, IFN-a/p, and Tumour
necrosis factor a (TNFa) but also it helps to increase the
release of IFN-y and DAMPs, which induce the entrance
of immune effector cells to the TME enhancing their
function [37]. In addition to these, local radiotherapy
may trigger the expression of particular chemokines,
such as (CXCL) 1, 2, 9, 10, and 16, to boost the entry of T
cells into the TME [38].

What makes radiotherapy unique is its dual feature
against tumors. Not only do radiations cause immunity
against tumors by stimulating CTLs on the local side
but also, they can provide an inhibitory effect against
distant tumors. Therefore, in addition to the regional
anti-tumor development, metastasis suppression can be

performed remotely [39]. CAR-T cell therapy can boost
T-cell responses; thus, the anti-tumor outcomes should
be augmented by pairing radiotherapy with CAR-T cell
therapy [40]. There are several clinical trials of CAR-T
cells combined with other treatments. For instance, a
study at Duke University (NCT02664363) attempted to
check out the safety and efficacy of epidermal growth
factor receptor variant III (EGFRvIII) CAR-T cells paired
with radiation therapy. As reported by the authors, radi-
otherapy has additive or synergistic effects on CAR-T
cell therapy and can be a promising treatment for solid
tumors. Preliminary results of an investigation by Weiss
et al. indicate that radiotherapy can enhance the function
of CAR T cells in solid tumors. According to this study,
radiotherapy intensified synergistically NKG2D express-
ing CAR-T cells (Natural killer group 2D receptor) in an
orthotopic mouse model of glioblastoma. NKG2D binds
to multiple ligands, which on the one hand, may decrease
the likelihood of antigen escape, but on the other hand,
it way exacerbates off-tumor killing by binding to non-
malignant cells [40].

Based on a study by De Selm et al., antigen escape can
lead to failure to treat solid tumors with the monotherapy
method. They studied an orthotopic pancreatic cancer
type that contained 25% cells that were devoid of sialyl
Lewis A, the tumor-associated antigen for the CAR T
cells used throughout the experiment. Better responses
and higher rates of treatment were seen to combined
therapy of low-dose sensitizing radiation and CAR-T cell
therapy that was due to proapoptotic TNF-related apop-
tosis-inducing ligand (TRAIL) produced by activated
CAR-T cells, while results of CAR-T cell monotherapy
were not satisfactory. This phenomenon reinforces the
theory that the combination of radiotherapy and CAR
T cells can overcome antigen escape and dramatically
eradicate tumor cells by increasing the expression of anti-
gens [41]. As long as the presentation of antigens by den-
dritic cells is maintained, the tumoricidal responses of
T lymphocytes persist. The mechanisms of the immune
system are improved by radiation; it can be sensibly pre-
sumed that radiotherapy may have enhancing and even
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synergistic effect on the treatment regimen, which sug-
gests that there is a need for continued research on the
topic [41, 42].

CAR-T cell in combination with oncolytic virus

Oncolytic virotherapy (OVT) is an emerging cancer
immunotherapy approach that uses cancer killer viruses
to infect tumor cells selectively. Because of prominent
features of oncolytic viruses (OVs), like; capability of
genetic modifications, selectively and directly cell target-
ing, and recruiting of the innate and adaptive immune
system to induce an endogenous tumor-specific immune
response [43], they can be employed to improve anti-
cancer therapy in various aspects; (1) they can present
tumor-associated antigens (TAA) to the immune system
as a vaccine, (2) they can be genetically engineered to
deliver exogenous therapeutic genes to be expressed in
intratumoral milieu (3) they can also be combined with
other immunotherapies like CAR-T cell therapy [44].
Altogether, OVT has the potential to synergize the effi-
cacy of CAR T cells in solid tumors by spreading TAA
upon the direct lytic effect on tumor cells which prevents
antigen loss, reversing the tumor-mediated immunosup-
pression, which improves CAR-T cell persistence in the
tumor microenvironment, and arming with potent thera-
peutic molecules like chemokines [45]. Therefore, differ-
ent options can be installed on OVs to circumvent the
CAR-T cell therapy barriers in solid tumors. Several pre-
clinical studies have combined armed OVs with CAR-T
cell therapy and have investigated their biological mecha-
nism and effects (Table 3).

One of the major obstacles to CAR-T cells is limited
migration into the tumor site [7]. Nishio et al. investi-
gated the therapeutic effect of GD2-CAR-T cells in com-
bination with oncolytic adenovirus (OAds) expressing
the RANTES and IL-15 in the neuroblastoma xenograft
mouse model. Results showed a synergistic effect of OVT
on CAR-T cell therapy. Accordingly, RANTES and IL-15
increased the accumulation of CAR T-cells at tumor sites
and enhanced the sensitiveness of tumor cells to the lytic
effects of CAR-T cells [46]. Similar results were accrued
when CAR-T cells combined with oncolytic vaccinia
virus (VV) expressing CXCL11 (a potent chemokine that
attracts T cells to the tumor sites). It was also shown that
CXCL11 delivering to the tumor site by a VV is more effi-
cient in tumor cell killing in vivo than secreting CXCL11
by CAR-T cells [47]. Another study demonstrated that
the combination of CAR-T cells and modified OVs
expressing TNF-a and IL-2 has a robust anti-tumor effect
in the pancreatic ductal adenocarcinoma (PDA) murine
model [48]. Regardless of the strong immunosuppressive
TME of PDA and its prone to metastasizing, the com-
bination therapy could successfully modulate the TME
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and prevent metastasis. That was exerted by promoting
the M1 polarization of macrophages and the maturation
of DCs. In addition to the increased production of pro-
inflammatory cytokines via OV, the inhibition of anti-
inflammatory cytokines and their effects on CAR T-cell
therapy were evaluated by Y. Li et al. They examined the
OAds expressing soluble receptor of TGF-$ (an impor-
tant immunomodulatory factor that inhibits anti-tumor
immunity in TME) (rAd.sT) in a triple-negative Breast
cancer xenograft mouse model. They found enhanced
anti-tumor immune responses combined with CAR-T
cells [49].

Prescription of immune checkpoint inhibitors (ICIs)
is another beneficial cancer treatment regimen, but sys-
temic administration of ICIs causes immune-related side
effects. On the other hand, local administration of ICIs
leads to the limited distribution of metastasized tumors
[50]. To solve these challenges, Tanoue et al. engineered
an oncolytic adenovirus (Onc.Ad) with a helper-depend-
ent adenovirus (HDAd) expressing a Programmed
death-ligand 1 (PD-L1) blocking mini-antibody (CAd-
VECPDL1). They evaluated its anti-tumor efficacy in
combination with human epidermal growth factor recep-
tor 2 (HER2)-specific CAR-T cells. They demonstrated
that intratumoral administration of CAd-VECPDL1 com-
bined with CAR-T cell therapy augments the anti-tumor
effect of HER2-CAR-T cells and significantly prolonged
animal survival in a prostate cancer xenograft mouse
model compared to separated monotherapies [51].

Furthermore, Rosewell Shaw et al. added another
option to the previously mentioned strategy by engineer-
ing an OV that could secrete IL-12p70 in addition to the
PD-L1-blocking antibody to promote the anti-tumor effi-
cacy of CAR-T cell therapy for head and neck cancer. In
other words, they evaluated a process that could simul-
taneously provide oncolysis, checkpoint inhibition, and
pro-inflammatory cytokine production. The mentioned
strategy could effectively control the growth of both
bulky and metastasized tumors, whereas Ad virotherapy
or ICI alone could not handle it [52]. For efficient tumor
cell eradication, stimulation of CAR-T cells by cytokines
and chemokines is not sufficient and selective engage-
ment of CAR-T cells with tumor cells is necessary [53].
On the other hand, tumor antigen heterogeneity, tumor
antigen loss, and TAA presence in some normal tissues
have limited the effective anti-tumor responses of CAR-T
cells [54]. In this regard, Park et al. developed an onco-
lytic VV (OV19t) expressing a truncated non-signaling
variant of CD19 (CD19t) on multiple tumor types to
enhance CD19-specific CAR-T cells activity. It was found
that tumor cell infection following regional administra-
tion (intraperitoneal injection) of OV19t led to impres-
sive CAR-T cell engagement through CD19t. CD19t was
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Table 3 CAR-T cell combination therapy with oncolytic viruses
Approach OV name CART-cell target Ag Method Outcome References
Different modifications of Ovs which have been combined with CAR T-cell therapy
Encode chemokines Onc.Ad-IL15/RANTES GD2 Intratumorally administra-  Improving the migration [40]
tion of OVs expressing and persistence of CART
the chemokine RANTES cells and enhancing the
and the cytokine IL15, in overall anti-tumor activity
neuroblastoma xenograft ~ of CART cells
mouse model
VV.CXCL1 Meso Intravenous injection of Increasing trafficking of [41]
oncolytic VWV expressing CART cells into tumors and
the chemokine CXCL11,in  enhancing anti-tumor effi-
murine lung cancer model  cacy of CART cell therapy
Encode cytokines OAd-TNFa-IL2 Meso Intratumoral injection Induced significant tumor  [42]
of OV expressing the regression and enhance
cytokines IL-15, IL-2, and the efficacy of CART cell
TNF, in human-PDA- therapy
xenograft immunodeficient
mice
rAd.sT Meso Intratumoral injection of Produced much more [43]
QV expressing TGF-{3- impressive antitumor
antagonizing molecules, responses to cancer and
in triple-negative Breast its metastasis (long-term
cancer xenograft mouse anti-tumor response)
model
Engineered with immune ~ CAd-VECPDL1 HER2 Intratumoral injection of Improved anti-tumor activ-  [45]
checkpoint blocking OV expressing a PD-L1 ity and controlled tumor
agents blocking mini-antibody, in  growth
HER2(+4) prostate cancer
xenograft models
CAd12_PDL1 HER2 Intratumoral injection of Augmented the anti-tumor  [46]
OV expressing a PD-L1 effects of adoptively
blocking antibody and transferred CART cells and
IL.-12p70, in head and neck  controls the growth of
squamous cell carcinoma  both bulky and metasta-
xenograft models sized tumors
Delivery of tumor-selective  OV19t CD19 Intratumoral (local) and Promoted tumor control [49]
surface antigens intraperitoneal (reginal)
injection of oncolytic VW
expressing de novo CD19
at the cell surface, in sev-
eral mouse tumor models
Expression of bispecific OAd-BiTE FR-a Intratumoral injection Improved antitumor [50]
T-cell engagers (BIiTE) of OV expressing BiTEs efficacy and prolonged
specific for EGFR, in mouse  survival
xenograft models of cancer
CAdTrio HER2 Intratumoral injection of Improved potency, dura- [51]
OV expressing a PD-L1 tion, and breadth of anti-
blocking antibody, IL- tumor activity of CART cells
12p70, and BiTEs specific
for CD44, In several xeno-
graft models
EphA2-TEA- W HER2 Injection of oncolytic VW Reduced significantly [52]

expressing secretory bispe-
cific antibodies that bind
both to CD3 and a tumor
cell surface antigen EphA2,
In an orthotopic lung
tumor xenograft model

tumor growth
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Table 3 (continued)

Approach OV name CART-cell target Ag Method Outcome References
Laoding OV into cell VSVAMS51 HER2 Loaded chimeric antigen Successfully deposited (53)

receptor—-engineered T
cells with OV in vitro

virus onto tumor targets
and this combination has
the potential to enhance
the efficacy of each of the
two approaches

OV Oncolytic virus, Onc.Ad Oncolytic adenovirus, OAd Oncolytic adenovirus, RANTES regulated on Activation, Normal T Cell Expressed and Secreted, VV vaccinia virus,
BCMA B cell maturation antigen, GFRa4 glial-derived neurotrophic factor (GDNF) family receptor alpha 4, MESO Mesothelin, PD-L1 programmed cell death protein
ligand 1, EphA2 Erythropoietin-producing Hepatocellular receptor tyrosine kinase class A2, BITE bispecific T cell engager, Her2 human epidermal growth factor

receptor 2, TNF-a Tumor necrosis factor a

Table 4 CAR-T cell combination therapy with cancer vaccines

Vaccine Classification Vaccine

CART-cell ligands

Outcome References

Type Approach

CARligand TCRligand

Cellular Engineered cell K562-derived whole-cell  GD2

LCL cD19

DC stimulation WT1 peptide vaccine WT1

Eps8-DCs cD19

Molecular Tailored nanoemulsion OVA-Clec9A-TNE Her2

Amph-ligand vaccine Amph-FITC FITC

Nanoparticulate RNA vaccine  CLDN-LPX

Viral Viral peptide CMV peptide CcD19

Engineered virus VW-gp100 Her2

CLDN 6

(@YY safely enhanced antitumor effect of [63]
adoptively transferred CAR-redirect

CMV-CTLs
enhanced the persistence and expan-
sion of CD19CAR CTL

Available targets to CAR-T cells can be
expanded and efficacy of CAR-T cells
boosted by vaccination

EBV (64]

(6]

- Eps8-DCs exerted significantly synergis-
tic effect on CD19 targeting CAR-T cells

Improved CAR T-cell proliferation and
inflammatory cytokine secretion in vitro
and durable responses and some rejec-
tions of tumors in vivo

OVA

- Boosted triggered massive CAR-T cells [76]
expansion, increased donor cell poly-
functionality, and enhanced antitumor

efficacy

CLDN 6 Improved engraftment of CAR-T cells [68]

and regression of large tumors

[ @Y\, The bispecific T cells exhibited prolifera-  [73]
tive response and enhanced antitumor
activity following CMVpp65 peptide

vaccine administration

Induced expansion of CART cells and 77
their localization to tumors, which led
to eradication of large established solid

tumors of several histologies in mice

gp100

WV vaccinia virus, AMPH amphiphile, LCL Lymphoblastoid cell lines, WT1 Wilms'Tumor Gene 1, Eps8 Epidermal growth factor receptor pathway substrate 8,
DC dendritic cell, CLEC9A C-type lectin domain family 9A, TNE tailored nanoemulsion, OVA ovalbumin, FITC Fluorescein isothiocyanate claudin, CLDN CMV
Cytomegalovirus, Her2 human epidermal growth factor receptor 2, EBV Epstein-Barr virus, gp 100 Glycoprotein 100

selectively expressed on tumor cells, unlike non-tumoral
cells, and induced tumor-specific immune memory by
embroiling endogenous anti-tumor immunity [55].

CAR-T cell in combination with cancer vaccines
Cancer vaccines are immunotherapeutic approaches
that can optimize immune response by disposing of

tumor-associated epitopes and inducing an adaptive
immune system as a target tool. So, combining cancer
vaccines with CAR-T cells can be a proper solution to
overcome some limitations of CAR-T cell therapy like
downregulation of target antigen, exhaustion, etc. [60].
Vaccines can promote CAR-T cells through two main
approaches. The first strategy is to stimulate CAR-T cells
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via Antigen-presenting cells (APCs) or a human leu-
kocyte antigen (HLA)-dependent manner. The second
strategy is direct stimulation of dual or bi-specific CAR
T-cells into the tumor site [61]. According to the struc-
ture of vaccines, they are divided into cellular, molecular,
and virus-based vaccines [12] (Table 4).

Cellular vaccines

In the cellular vaccines platform, the whole cell or cellular
components are applied as an antigen source and a car-
rier of antigen to APCs. Different cells can be exploited
in cellular vaccines, including tumor cells, irradiated
immortalized cell lines, and dendritic cells (DCs) [62].
The first study which tried to evaluate the combination of
CAR-T cells with a whole-cell vaccine was performed by
Caruana et al. They developed the K562 tumor cell line
expressing a highly immunogenic protein, CMV-pp65.
This cellular approach benefits from the faster cross-
presentation of viral epitopes on APCs and can easily be
manipulated ex vivo to express costimulatory molecules
like CD40L and OX40L. In addition, they engineered
a dual CAR-redirected virus-specific cytotoxic T cell
(CAR-CMV-CTLs) by transduction of GD2-specific CAR
into cytomegalovirus (CMV)-cytotoxic T cells (CTLs).
The vaccine led to better in vivo anti-tumor effects of
adoptively transferred CAR-CMV-CTLs among xeno-
graft models of neuroblastoma without any significant
side effects [63]. In phase I/II multi-center trial of CD19-
CAR-CTL therapy in children with ALL conducted by
Rossig et al., the Donor-Epstein-Barr-virus-specific cyto-
toxic T-cells (EBV-CTL) were transduced to the CD19-
CAR. The irradiated EBV transformed lymphoblastoid
cell line (LCL) was utilized as a cellular vaccine. Results
revealed that vaccination with donor EBV LCL could
enhance the persistence and expansion of CD19-CAR-
CTL [64].

DCs are the connector and regulator of innate and
adaptive immune responses and have important roles
in the anti-tumor immune response by processing and
presenting tumor antigens to T cells [65]. To induce
immunological memory and prevent tumor relapse, a
DC-based vaccine has been developed through ex vivo
activation of DCs by loading specific antigens [62]. Since
tumor relapse is one of the obstacles to CAR-T cell ther-
apy in hematological malignancies, combining CAR-T
cells with DC-based vaccines would increase the anti-
tumor function. In this case, Wu et al. generated the
Eps8-DCs by pulsing DCs with HLA-A2.1-specific Epi-
dermal growth factor receptor (EGFR) pathway substrate
8 (Eps8)-derived peptides and then co-cultured with
CD19-CAR-T cells. It was found that the vaccine led to
longer in vitro persistence, better expansion of CAR-T
cells, synergistic effect on cytolysis of Eps8 + tumor cells,
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and strong capacity to produce IL-2 (a substantial marker
of CAR-T cell potency and persistence) and TNF-a (a
vital cytokine for the induction of anti-tumor cellular
immunity) upon stimulation with CD19 + leukemia cells
[66].

Molecular vaccines

Molecular vaccines have been under investigation
because of the difficulty and expensiveness of cellu-
lar-based vaccine production. Different molecules are
involved in vaccine therapy against cancers, such as pep-
tides, RNA, and DNA. Most of them follow the same
mechanism for loading specific antigens into APCs and
inducing T cells. Therefore, CAR-T cell efficacy can be
boosted by developing the sensitive CAR-T cell to tar-
get tumor cells by MHC-directed antigen through the
vaccine. The critical issue of this approach is the proper
delivery of the vaccine to APCs in the secondary lym-
phoid organs. So, designing and utilizing an efficient vehi-
cle is more important. Accordingly, Chan et al. combined
a nanoparticulate vaccination platform with CAR-T cell
therapy. They encapsulated ovalbumin (OVA) peptides
into Clec9A-tailored nanoemulsion (OVA-Clec9A-TNE)
to deliver OVA to APCs. Then, dual-specific CAR, so-
called CAROT, was stimulated by either cross-presented
MHC-directed OVA via own OVA-specific TCR or HER2
positive tumor cells via own HER2-CAR. The adoptive
transfer of CAROT cells in combination with the OVA-
Clec9A-TNE vaccine was found to durable remission of
solid tumors in mice. It was exerted by significant pro-
liferation and anti-tumor activity of CAROT cells, high
levels of tumor-infiltrating DCs, and permanent immune
response memory [67].

In another investigation, Reinhard et al. recruited the
combination of nanoparticulate vaccine with CAR-T
cell therapy. They generated liposomal antigen-encoding
RNA (RNA-LPX) by mixing anionic mRNA with cationic
liposomes [68]. This RNA act as either adjuvant due to its
counteraction with Toll-like receptor (TLR), which leads
to upregulation of costimulatory molecules, or antigen
due to augmentation of antigen expression on the surface
of DCs [69]. According to this goal, they used claudin 6
(CLDN®6) as the same target antigen for CAR-T cells and
expression on DC’s surface following the vaccination. As
the result of the combination component, so-called CAR-
Vac, superior expansion and cytolysis activity of CAR
T-cells were found in vivo, which led to better control
of tumors [68]. The most noticeable point of this study
was presenting such a feasible, applicable, and economic
strategy for vaccine production to attenuate CAR-T cell
therapy obstacles in solid tumors.
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Viral vaccines

Considering the feasibility of an agent to boost CAR-T
cell therapy, viral based vaccines are the best choices.
using the complete viruses or just their antigen as
immunogen to promote virus-sensitive T-cells has been
investigated in various studies [70-72]. Wang et al. trans-
duced CD19 CAR into the T cells upon stimulation by
CMVpp65 protein to produce CD19-CAR-redirected
CMV-specific T cells. as discussed before, these bispecific
T cells could be activated by CD19 via CAR engagement
as well as CMV peptides antigens via TCR engagement
in a HLA-dependent manner [73]. they reported that
because both TCR and CAR located on same T cells, vac-
cination with CMVpp65 enhanced anti-tumor activity
of CAR T-cells and illustrated that this approach could
be expanded to a wide range of malignancies in patients
who don’t respond CAR-T cell therapy alone. in a similar
strategy, Slaney et al. applied a manipulated Recombinant
vaccinia viruses encoding human gp100 (VV-gp100) in
combination with Her2 CAR-T cells [74]. in contrast to
CMV peptide vaccine, VV-gpl00 lysed tumor cells and
induced inflammation which indicate VV-gp100 could
regress tumor through several ways. also, they accom-
modated dual-specific T cells, recombinant vaccinia, and
high dose of IL-2 in the single strategy named Adoptive
Cell Transfer Incorporating Vaccination (ACTIV) ther-
apy. overall, ACTIV therapy led to extensively expansion
of dual-specific T cells and partially resistant to rechal-
lenging with different tumors in surviving mice after pri-
mary tumor rejection.

CAR-T cell combination therapy with cytokines

Cytokines are pleiotropic signaling molecules involved in
numerous immunologic processes. They are key modu-
lators of immunologic responses, making them promis-
ing candidates for co-administration with CAR-T cells.
Tumors can evade the immune system via producing
immunosuppressive cytokines, such as IL-4. Hence,
developing IL-4-resistant CAR-T cells might poten-
tially enhance their efficacy. It was found that employing
inverted cytokine receptors (ICRs) could inhibit the IL-4
immunosuppressive functions in IL-4 positive tumors.
Recent investigations indicated that merged forms of
ICRs potentially enhanced the efficacy of ICR-CAR-
T cells. For instance, Mohammed et al. [78]. developed
specific CAR-T cells against prostate stem cell antigen
(PSCA) to target pancreatic cancer. In this case, they
designed an ICR via incorporation of IL-4 receptor exo-
domain and IL-7 receptor endodomain (4/7 ICR). They
reported that PSCA-CAR-T cells could effectively kill
tumor cells; however, they were inadequately extended in
the immunosuppressive milieu of the tumor. In addition,
they observed that transgenic expression of ICR in T cells
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induced the proliferation of T cells in TME but no anti-
tumor responses. In comparison, transgenic co-expres-
sion of 4/7 ICR and CAR in T cells (expression of 4/7 ICR
and CAR expression in PSCA-CAR-T cells) increased T
cell expansion and anti-tumor activities.

In line with attempts to enhance CAR-T cell potency
against the immunosuppressive microenvironment of
solid tumors, a novel 4/21 ICR was developed by fusion
of IL-4 receptor ectodomain and IL-21 receptor endodo-
main. The 4/21 ICR structure was inspired by the 4/7 ICR
design; however, the underlying action mechanisms dif-
fered from the 4/7 ICR. IL-4 engagement induced 4/21
ICR activation, leading to STAT3 phosphorylation [79].
Enhanced STAT3 phosphorylation serves as a remarkable
index for CAR-T cell capacity. In patients with an appro-
priate response to CAR-T cell therapy, STAT3 genes
were highly expressed. The activated STAT3 by 4/21 ICR
increased the CAR-T cell resistance to immunosuppres-
sive effects of IL-4 and mediated the anti-tumor function
of CAR cells [80]. Interestingly, the cytotoxic activity of
4/21 ICR-CAR-T cells was preserved upon the IL-4 pres-
ence. Also, 4/21 ICR-CAR-T cells displayed a Th17-like
phenotype in vitro. Thus, it is concluded that despite
the immunosuppressive profile of IL-4, it could enhance
CAR-T cell potency via developing a Th17-like pheno-
type [79].

IL-7 plays a crucial role in enhancing effector immune
responses. IL-7 selectively promoted the growth and
expansion of memory and naive T cells. Due to lacking
IL-7Ra receptor, Treg cells are irresponsive to IL-7, so
IL-7 cannot promote Treg cell expansion. For this rea-
son, IL-7 could selectively promote anti-tumor responses
of T cells, while immunosuppressive activities of Treg
cells, if not decreased, remained intact. Thereby, preserv-
ing T cell responsiveness to IL-7 by engineering specific
CAR-T cells has been considered. To this end, CAR-T
cells expressing the IL-7Ra subunit (IL-7Ra-transgenic/
CAR-redirected EBV-CTLs) were engineered and inves-
tigated against neuroblastoma cells in vivo and in vitro
[81]. Findings revealed a selective immune augmentation
effect of IL-7 on CAR-T cells, including enhanced anti-
tumor function, expansion, and persistence. In contrast,
present Treg cells were not affected. Thus, IL-7, as a good
factor, could selectively augment immune responses of
the redirected CAR-T cells and/or intended effector cells;
meanwhile, overcome immunosuppressive features of
Treg cells. Moreover, a study reported that AXL-CAR-
T Cells exerted potent anti-tumor cytotoxicity against
AXL-positive triple-negative breast cancer (TNBC) [82].
Similarly, another study showed that the co-expression of
the IL-7 receptor (C7R) in AXL-CAR-T cells enhanced
the expansion of CAR-T cells against TNBC. The C7R-
AXL-CAR-T cells significantly promoted the cytotoxicity
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and survival of the CAR-T cells compared to the AXL-
CAR-T cells (without IL-7 receptor). Thus, C7R express-
ing AXL-CAR-T cells could overcome the barriers of the
AXL-CAR-T cells in solid tumor treatment [83].

IL-15 is another potent immunostimulatory cytokine
against tumor cells. IL-15 exerts a crucial role in CD8+T
cell trafficking, T cell persistence, and improving mem-
ory T cell generation [84]. IL-15 gene and an inducible
caspase-9-based suicide gene emerged to generate safe
iC9/CAR.19/IL-15+T cells against lymphoma and leu-
kemia. The reports showed an enhanced CAR-T cell anti-
tumor activity and proliferation as well as a significantly
reduced tumor cell growth. Also, IL-15 downregulated
the PD-1 receptor expression and prevented CAR-T cell
exhaustion [85]. In a study performed by Alizadeh et al.
[86], combined CAR-T cell with IL-15 was investigated
against lymphoma and glioblastoma models. As a result,
CAR-T/IL-15 cells decreased mTORCI1 activity and sub-
sequently preserved the stem cell memory T cell (TSCM)
phenotype of CAR-T cells with lesser differentiation. Fur-
ther, the coexpression of murine IL-15 (mIL-5) upregu-
lated antiapoptotic molecule Bcl-2 and decreased PD-1
expression, which enhanced the function, survival, and
proliferation of CAR-T cells and made them resistant to
exhaustion and apoptosis [87].

A study in 2021 compared the effects of ex vivo
cytokines in function and persistence of BCMA-CAR T
cells in in vivo murine model of MM in three settings:
IL-15 alone, IL-2 alone, and IL-15/IL-7 combination.
Interestingly, the IL-15-cultered BCMA-CAR T cells
showed limited differentiation and dysfunction, which
lead to further improvement in survival and efficacy of
CAR T cells compared to CAR T cells cultured with IL-2
or IL-15/IL-7 [88]. This suggests single IL-15 could be a
better candidate than IL-2 or IL-15/IL-7 combination for
MM CARTT cell therapy.

In addition, IL-15 improved CAR-T cell metabolic pro-
file by promoting mitochondrial potential and glycolytic
enzyme downregulation. Interestingly, CAR-T/IL-15
cells decreased 2B4 and Lymphocyte activation gene-3
(LAGS3) expression, which serve as inhibitory molecules.
TSCM phenotype was also preserved and emerged using
second-generation CD19 mbIL-15-CAR T cells, which
were engineered to express a membrane-bound chimeric
IL-15 (mbIL-15). To prevent adverse effects and tox-
icities, mbIL-15 was tested instead of exogenous IL-15.
mbIL15 signaling exerted durable persistence of the
TSCM phenotype and enhanced CAR-T cell survival and
activity. Moreover, IL-15 prevented CAR-T cell exhaus-
tion via downregulation of the exhaustion makers, such
as PD-1, LAG3, and 2B4. IL-15 also could enhance CAR
T cell metabolism [89].
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CAR-T cell combination therapy with Checkpoint inhibition
The checkpoint signaling serves as a regulatory means of
balancing immune responses via downregulating exces-
sive immune activities, which impedes autoimmunity.
Hence, checkpoint blockade (CPB) has been a growing
field of interest in cancer immunotherapy. Checkpoint
ligands derived from tumor cells mediate immune eva-
sion through exhausting immune effector cells. CPB is a
novel and efficient immunotherapy that employs agents
known as immune checkpoint inhibitors (CPIs). The
CPIs enhance immune system function and induce infil-
tration and persistence of immune cells. Various studies
have reported the excellent outcomes of combination
therapy involving CAR-T cell and PD-1 blockade. There-
fore, combining CAR-T cell and PD-1 CPB has generated
a growing field of interest in CAR-T cell combination
therapy.

Extrinsic CPB (PD-1/PD-L1 axis blocking antibodies)

It was found that the co-administration of pembroli-
zumab (an anti-PD-1 mAb) with CAR-T cell interest-
ingly recovered TNF-a and IFN-y production, while IL-2
production was not restored. The combination of anti-
PD-1 CPB with CAR-T cell therapy enhanced CAR-T
cell persistence and function in patients with metastatic
melanoma [90]. In 2013, a study investigated the combi-
nation therapy of anti-Her-2 CD8+ T cells and anti-PD-1
antibody in murine breast cancer models. They reported
that combining CAR-T cell therapy with an anti-PD-1
antibody could enhance tumor eradication and pro-
mote therapeutic outcomes. PD-1 blockade improved
T cell immunity in vivo and in vitro via strengthening
the activity of CAR-T cells and the expression of IFN-y
and granzyme B. Interestingly, there was no evidence
for increased risk of autoimmunity in normal Her-2-ex-
pressing tissue [91]. Despite the outstanding outcomes
of extrinsic anti-PD-L1 and CAR-T cell combination
therapy, systemic administration of PD-1-blockade may
cause multiple concerns. Anti-PD1 antibodies barely
reach an optimum persistence and concentration level in
TME when systemically infused. This will increase treat-
ment costs while the optimum outcome is not achieved.
In addition, as an immune-augmenting strategy, sys-
temic PD-1-blockade may induce uncontrolled T cell
activation. Also, several side effects have been reported
that affect the endocrine system, pancreas, gastrointes-
tinal tract, liver, and skin and cause renal failure, hypo-
thyroidism, pancreatitis, hepatitis, colitis, and dermatitis
[92, 93]. Hence, targeted CPB delivery via CAR-T cells
appears to be a solution for unintended adverse effects.
In addition, it has been shown that IL-7/IL-15-cultured
CAR T cells elicited a better response to anti-PD-1 adju-
vant therapy compared to IL-2/IL-7-culturd CAR T
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cells. Thus, combining anti-PD-1 CPB with CAR T cells
cultured in a particular cytokine preconditioning milieu
could enhance the therapeutic outcome [94]. This may
reduce required anti-PD-1 dose, and decrease treatment-
related adverse events.

Dominant-negative receptor (DNR) and short hairpin RNA
(shRNA)

Both CD28 and 4-1BB CAR-T cells showed an appropri-
ate increase in CAR-T cell persistence. After frequent
antigen exposures, 4-1BB CAR-T cells appeared resist-
ant and demonstrated sustained potency and cytotoxic-
ity. 4-1BB CAR-T cells successfully eradicated the tumor
at low dose administration. In contrast, CD28 CAR-T
cells indicated significantly lower cytotoxicity than 4-1BB
CAR-T cells, attributed to the PD-1 receptor overex-
pression by CD28 CAR-T cells. Cherkassky et al. [95].
designed and evaluated two second-generation mesothe-
lin-specific CAR-T cells using CD28 and 4-1BB costimu-
latory signaling domain. They attempted to improve the
CD28 CAR-T cell function by combining it with anti-
PD-1 CPB. The results demonstrated that anti-PD-1
antibody enhanced CD28 CAR-T cell function and effec-
tiveness. The optimum CD28 CAR T cells activity relied
on frequent PD-1 antibody co-administration and might
induce side effects. Thus, they genetically engineered
CD28 CAR-T cells to express PD-1 dominant negative
receptor (DNR), to overcome PD-1-mediated immuno-
suppression in a single administration. The PD-1 DNR
contained an extracellular PD-L1 binding domain, lacked
a signaling domain, and was functionally silent. When
PD-1 DNR expression reached an optimum level, PD-1
DNR competed with endogenous PD-1 receptors and
decreased PD-L1 engagement with PD-1. This process
significantly neutralized PD-1-mediated immunosup-
pression and enhanced CD28 CAR-T cell function and
persistence in vivo and in vitro.

In addition, they attempted to target and downregulate
the PD-1 receptor at the protein level. For this purpose,
they transduced CD28 CAR-T cells with PD-1-target-
ing shRNAs using vectors. It has been indicated that
PD-1 shRNAs increased cytokine production, enhanced
CAR-T cell proliferation, and invigorated anti-tumor
cytotoxicity. It has been demonstrated that PD-1 DNR is
further efficient than the PD-1 antibody or short hairpin
RNA (shRNA) [95]. In a study of the shRNA mechanism,
retroviral technology was utilized to target and knock-
down adenosine 2A receptors (A2ARs) in anti-HER2
CAR-T cells. In this case, reducing the level of A2aR
mRNA expression significantly enhanced CAR-T cell
function [96]. Also, Cytotoxic T-Lymphocyte Associated
Protein 4 (CTLA-4) was genetically knocked down using
shRNA, which benefited CAR-T cell anti-tumor function.
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CTLA-4 knockdown enhanced IFN-y and TNFa produc-
tion and increased CAR-T cell expansion [97].

Gene edition

Single gene edition Clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 is a novel technique
used in editing cellular genome profiles. This technology
could delete the gene loci involved in the expression of
immune checkpoint receptors. In 2019, CAR-T cells were
employed to target mesothelin, and the Programmed cell
death protein 1 (PDCD1) gene locus was knocked out
using the CRISPR/Cas9 technique. This process enhanced
the CAR-T cell cytotoxicity and cytokine secretion against
PD-L1 positive cells in vitro and inhibited the tumor
relapse in vivo [98]. In a similar study, CRISPR /Cas9-
mediated PDCD1 disruption increased the CD19-CAR-T
cell cytotoxicity in vitro and improved CAR-T cell-medi-
ated removal of tumor tissue in vivo in a xenograft tumor
model [99]. Also, the knockout of LAG-3 was tested in
lymphoma xenograft. Although the survival of the CAR-T
cells was not significantly affected in vitro, CAR-T cell
anti-tumor responses were augmented in vitro and in vivo
[100].

Multiplex gene edition Editing and altering multiple
gnome profiles appears to be a potential strategy to over-
come the limitations of generating universal CAR-T cells
and enhancing the treatment’s efficacy. Using allogeneic T
cells to produce universal CAR-T cells instead of autolo-
gous T cells may overcome the insufficiency potency of
autologous T cells in function and proliferation and save
time and expense; however, graft-versus-host disease
(GVHD) is a significant concern. Simultaneous CRISPR/
Cas9-mediated knockdown of endogenous TCR and -2
microglobulin (B2M: an essential subunit of the HLA-I)
defeated the GVHD. In this context, multiplex gene edi-
tion has been a novel area of interest in CRISPR/Cas9-
mediated CBP therapy. It has been shown that deletion
of T Cell Receptor Alpha Constant (TRAC), B2M, and
PDCD1 in universal EGFRVIII and CD19-CAR-T cells
enhanced their anti-tumor responses, respectively, against
both solid and hematologic malignancies (glioblastoma
and leukemia). In addition, these triple-disrupted univer-
sal CAR-T cells did not elicit GVHD reactivity [101]. Four-
gene-edited universal CD19-CAR-T cells were tested
against Nalmé leukemic cells (Nalm,6: A B cell precursor
leukemia cell line). In addition to TRAC and B2M abroga-
tion, Fas was also ablated to reduce Activation-induced
cell death (AICD) of CAR-T cells and enhance their sur-
vival. This triple gene disruption generated apoptosis-
resistant universal CAR-T cells. To strengthen CAR-T
cells against checkpoint inhibition, double gene disrup-
tion of CTLA-4 and PD1 was accomplished. Results indi-
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cated the increased persistence and cytotoxicity as well as
resistance to apoptosis and immune inhibition of CAR-T
cells [102].

Costimulatory molecules 4-1BB and CD28 serve as
costimulatory molecules in CAR-T cells. The effect of
these costimulatory molecules has been tested and com-
pared in previous studies. As reported previously, the
combination of 4-1BB and CD28 costimulatory domains
in CAR-T Cells showed differences in inhibitory mol-
ecule expression and CAR-T Cells exhaustion. It has
been reported that CAR-T cell incorporation with 4-1BB,
compared to CD28, indicated a significant reduction in
the expression of inhibitory molecules, such as T cell
immunoglobulin and mucin domain-containing protein
3 (TIM3), LAG-3, and PD-1 as well as the exhaustion-
associated transcription factors. Thus, 4-1BB, compared
with CD28, remarkably haltered CAR-T cell exhaustion
and improved CAR-T cell function [95, 103].

Pharmacological — antagonists The pharmacological
blockade was accomplished using the A2AR antagonist
SCH58261. SCH58261 increased the expression of gran-
zyme B in tumor-infiltrating CD8 + T cells. The combined
treatment of SCH58261 and anti—PD-1 significantly pro-
moted CAR-T cell function; however, the lonely adminis-
tration of SCH58261 and anti-PD-1 antibody showed an
insignificant increase in CAR-T cell function [96].

CAR-T cell combination therapy with BiTEs

Generally, human antibodies are monospecific and target
only one antigen, while bispecific antibodies like Bispe-
cific T cell engager (BiTEs) can target different antigens.
BiTEs recruit T cells into the tumor microenvironment
to increase the efficacy in combating the tumor [104].
BiTE is a dual-specific antibody composed of two ScFvs
from different antibodies. BiTEs can engage both T cell
and tumor cells by binding to CD3 on CAR or bystander
T cell (anti-CD3 mAb) and a target antigen on tumor
cells (anti-TAA mADbD), respectively. As an advantage,
BiTE can link T cells and tumor cells without restric-
tion to MHC and induce T cells’ activation, proliferation,
and cytotoxic function efficiently [105]. BiTEs connect
CAR-T cells to different tumor cells, resulting in an effi-
cient tumor-cell killing. Accordingly, Choi et al. designed
and evaluated EGFRVIII specific CAR-T cell secreting
EGFR-specific BiTE antibody (BiTE-CAR-T Cell) against
glioblastoma mouse model, which indicated the poten-
tial efficacy in eliminating the heterogeneous tumor cells
without any significant toxicity [106]. However, EGFRVIII
specific CAR-T cell monotherapy could not eradicate the
heterogeneous glioblastoma cells [53].
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In one another encouraging published outcome, pre-
scribing the blinatumomab, a BiTE, alongside anti-CD22
CAR-T cell led to the complete eradication of tumor cells
and patients’ prolonged life span who relapsed after anti-
CD22 CAR-T cell monotherapy [107]. CD3/EGER BiTEs
alongside an anti-EGFRVIII CAR-T cell was another
example designed for neuroblastoma, which could suc-
cessfully target the tumor cells expressing EGFR [106].
Shalabi et al. also investigated the efficacy of anti-CD19
CAR-T cells along with blinatumomab in a relapsed/
refractory B-ALL case. In this case, loss of CD19 was the
primary reason for relapse after receiving anti-CD19-
CAR-T cell monotherapy. Interestingly, blinatumomab
induced CAR-T cell expansion, proliferation, persistence,
and cytokine production, which led to the potent defeat
against tumor cells [106].

In another combination strategy, CAR-T cells can be
accompanied by the simultaneous or sequential pre-
scription of bispecific adapters consisting of conjugated
antibody portions, known as tags (fluorescein isothiocy-
anate, biotin, etc.). Specific-antigen targeting is mediated
by the collaboration of bispecific adapters (tags) against
tumor antigens and anti-tag CAR-T cells. In this con-
text, Lohmueller et al. designed an anti-biotin CAR-T
cell and administered it with biotinylated bispecific anti-
body (anti-CD19 or anti-CD20) coated on tumor cells,
which exhibited the higher induced function of CAR-T
cell, IFN-y production, and tumor cell eradication. The
encoding sequences of BiTE and CAR can be transfected
into T cells and lead to the production of armored BiTE-
CAR-T cells with powerful features in targeting the het-
erogeneous tumor cells. Folate receptor (FR) is a tumor
antigen expressed in several cancers, including lung,
ovarian, uterus, and breast, with low expression levels
on normal cells. Exploiting the folate- fluorescein iso-
thiocyanate (FITC) conjugate, a bispecific small molecule
switch, is another approach that controls the CAR-T
cell function in the tumor site and can be used to target
FR. In this way, an anti-FITC-CAR-T cell is composed
of a binding region for a FITC molecule. The prescrip-
tion of BiTE (folate-FITC conjugate) recruits the CAR-T
cells and induces their function to target the tumor cells
expressing the FR [108]. To redirect the anti-FITC-CAR-
T cells to the target antigen on tumor cells, folate-FITC
can conjugate to different anti-tumor antibodies (anti-
CD19, anti-CD20, anti-CD22, anti-Her2, and anti-EGFR)
and makes diverse Ab-FITC bispecific small molecules.

Consequently, this strategy keeps CAR-T cell func-
tion under control with higher efficacy and lower toxicity
[109]. BiTEs and CAR-T cells would synergistically gen-
erate the strengthened ant-tumor responses as a promis-
ing combination treatment. Thereby, utilizing this kind of
combinational therapy with CAR-T cells may overcome
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the loss of tumor antigen, antigen heterogeneity, and lim-
ited efficacy and persistence of CAR-T cells.

CAR-T cell combination therapy with Immunomodulatory
agents

Several supporting data recommend the combina-
tion treatment of CAR-T cells with immunomodula-
tory drugs, providing efficient tumor cell eradication via
increasing the proliferation, persistence, and cytokine
production of CAR-T cells in the tumor microenviron-
ment [110].

Lenalidomide

Lenalidomide is a mostly utilized immunomodulatory
drug that can upregulate the T cell activity by induc-
ing the T cell proliferation, elevating the expression of
kappa-light-chain-enhancer of activated B cells (NF-kB)
nuclear factor, and phosphorylating the CD28 costimula-
tory molecule in T cells. Lenalidomide can suppress the
inhibitory effect of CTLA4-Ig, a blocker of the B7-CD28
pathway, on the proliferation and cytokine production of
T cells [111, 112]. Combination therapy with lenalido-
mide can provide a more effective immunological syn-
apse between CAR-T cells and tumor cells expressing
target antigens. Interestingly, lenalidomide reverses the
functional defects in the configuration of the immuno-
logical synapse, which mostly happens in B cell malig-
nancies like chronic lymphocytic leukemia (CLL). So, it
can improve CAR-T cell function by increasing the qual-
ity of immunological synapse formation [113]. Based on
this, it has been confirmed that prescribing lenalidomide
with EGFRVIII-CAR-T cells elevated the F-actin polym-
erization and the CAR-T cell infiltration and cytotoxic-
ity in the tumor site of the glioblastoma murine model,
leading to prolonged survival of treated mice [114].
Another supporting data in Burkitt lymphoma exhibited
the beneficial effects of lenalidomide accompanied by
CD19-CAR-T cells in enhancing the anti-tumor cytotox-
icity and IFN-y production, which elicited an increased
activity and infiltration of T cells in the tumor site and
reduced tumor burden in treated mice [115]. Besides,
Wang et al. reported the potent anti-tumor capability of
lenalidomide combined with CD2 subset 1 (CS1)-CAR-T
cell in multiple myeloma models. In this case, lenalido-
mide boosted the persistence and cytotoxicity of CAR-T
cells, strengthened the immunological synapse forma-
tion between CAR-T cell and myeloma cells, increased
the proliferation and expansion of CTLs, induced the
secretion of IFN-y and TNF-a cytokines, and inhibited
the production of IL-5 and IL-10 immunosuppressive
cytokines, which consequently led to successful tumor
cell killing and improved survival in treated mice [116].
Based upon the pre-clinical data described above, CAR-T
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cell and lenalidomide co-treatment would be a rationally
potent combinatorial therapeutic approach for cancers.

miRNAs (miR-153)

The non-coding miRNAs are epigenetic immunomodula-
tory molecules affecting the cellular function with differ-
ent expression profiles in naive, effector, and memory T
cells. In this case, miR-153 was found to act as an anti-
tumor molecule in colon cancer by suppressing the Indol
amine 2,3-dioxygenase 1 (IDO1) enzyme that catalyzes
tryptophan kynurenine and 3-hydroxyanthranilic acid
immunosuppressive metabolites. Based on this fact,
combinatorial treatment of anti-EGFRVIII-CAR-T cells
with overexpressed miR-153 was evaluated in xenografts
model of colon cancer and demonstrated the effective
tumor cell eradication [117]. IDO converts the tryp-
tophan to inhibitory metabolites that disrupt the T cell
proliferation and provide context for tumor cell escape.
Therefore, it has been proved that targeting the IDO
enzyme by combining the cyclophosphamide, an IDO
inhibitor, with CD19 targeting CAR-T cells led to the
strengthened anti-tumor cytotoxicity [118].

Decitabine

The density of target antigens is one of the critical param-
eters determining the CAR-T cell efficacy. Indeed, a
lower density of target tumor antigens decreases the
CAR-T cell function and frequently leads to tumor
relapse after treatment, so it is essential to be regulated
[119, 120]. Based on this, immunomodulators regulate
the density and distribution of tumor antigens so they
can overcome the heterogeneity and loss of antigens
that pave the way for CAR-T cell function. Accordingly,
the favorable outcome of administrating a hypomethyl-
ating component, so-called decitabine, and CAR-T cell
has been confirmed in pancreatic cancer. Anurathapan
et al. demonstrated that decitabine could increase the
expression level of mucin 1 (MUC1) by demethylating
DNA in downregulated MUC1-antigen expression and
resistant CAPAN1 pancreatic tumor cells. As a result,
tumor cells were predisposed to MUC1-CAR-T cells by
the higher expression level of the target antigen, which
led to efficient tumor cell killing [121]. Another in vitro
investigation documented the positive regulatory effect
of decitabine on the anti-tumor function of CD19-CAR-
T cells by increasing the expression level of CD19 on
lymphoma cell lines. Successfully, sequential decitabine
treatment with CD19 targeting CAR-T cells in acute lym-
phocytic leukemia (ALL) patients indicated impressive
remission with acceptable safety and efficacy [122]. Based
on similar results, it has been reported that decitabine
co-treatment with CD33-CAR-T cell increased the tumor
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cell eradication by upregulating the CD33 expression
level on acute myeloid leukemia (AML) cell lines [123].

HDAC inhibitors (HDACis)

The histone deacetylase (HDAC) enzyme produces
histone by deacetylating the acetyl group in e-N-
acetyl-lysine residue, compacting the chromatin, and
suppressing the related- transcription gene [124]. In this
case, utilizing the HDAC inhibitors (HDACis) increases
the target gene expression on tumor cells and allows for
effective cancer treatment. In Burkitt’s lymphoma, it was
reported that the expression level of CD20 was upregu-
lated on malignant B-cells after exposure to an HDAC;,
termed Romidepsin [125]. Interestingly, treatment with
Romidepsin before CD20-CAR-T cell therapy showed a
potent anti-tumor activity of CAR-T cell with increased
cytotoxicity and prolonged survival of the mouse model
of Burkitt’s lymphoma [126]. In AML, it has been indi-
cated that the administration of HDAC inhibitor, namely
valproic acid, prior to CAR-T cell therapy selectively
upregulated the expression level of NKG2DL on low-
level expressing AML cell lines and on primary AML
blasts. Accordingly, valproic acid strengthened the cyto-
toxic, degranulation, and cytokine secretion capabilities
of CAR-T cells in tumor cell eradication [127].

y-secretase inhibitors (GSls)

Plasma cells typically express the B cell maturation anti-
gen (BCMA), a transmembrane protein, on their surface.
In multiple myeloma (MM), downregulated expression
levels of BSMA on myeloma cells following the CAR-T
cell therapy results in relapse after about 1 month [128].
It has been shown that the multi-subunit y-secretase
complex (GS), an intra-membrane protease, reduces the
CAR-T cell function via cleavage of the BCMA and sub-
sequently secreting the soluble BCMA (sBCMA) into
the circulation [129]. Applying the y-secretase inhibitors
(GSIs) to suppress the GS would help increase the CAR-T
cell efficacy. From this point of view, Pont et al. investi-
gated the combinational administration of BCMA-CAR-
T cell therapy with GSIs in pre-clinical models. They
reported the impressive anti-tumor function of CAR-T
cells following the enhancement and reduction in BCMA
and sSBCMA levels, respectively, which were mediated by
GSIs [130].

SMAC mimetics

Two main pathways mediate the tumor cell eradica-
tion and durable anti-tumor responses: releasing the
cytotoxic mediators like perforin and granzymes from
CTLs or CAR-T cells and cell death receptors like Fas,
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a member of the TNF receptor family [131]. These cell
death receptors have a role in inducing tumor cell apop-
tosis; therefore, they contribute to the significant efficacy
of NK cells, CTLs, and CAR-T cells [132]. The employ-
ment of modulatory agents to modulate the death recep-
tor pathways can improve the anti-tumor cytotoxicity of
CAR-T cells. From this point of view, the Second mito-
chondria-derived activator of caspase (SMAC) mimetics
(SMs) have exhibited the potent efficacy in suppressing
the inhibitor of apoptosis proteins (IAPs). As a result,
degradation of IAPs induces the expression of TNF-a
and the function of caspase 8, which subsequently elicits
apoptosis in target cells [133]. It has been reported that
the accompaniment of CAR-T cells and SMs would be a
practical combinatorial therapeutic approach for cancers.
Accordingly, three SMs have been identified as effective
boosters of CD19-CAR-T cells in B-ALL [134]. As an
encouraging example of synergistic combinatorial ther-
apy, birinapant, a potent SM, increased the HER2-CAR-
T cell efficacy by engaging the TNF receptor pathway,
which led to successfully managing tumors in murine
models [135]. Combining the CAR-T cells with SMs is
another recommended therapeutic strategy that can help
the better improvement of cancer cases.

CAR-T cell combination therapy with allo-HSCT

Allogeneic hematopoietic cell transplantation (allo-
HCT) and CAR-T cell therapy are considered powerful
adoptive cellular therapy strategies (ACT). Encourag-
ingly, allo-HSCT can be combined with CAR-T cells to
enhance the tumor cell-killing activity and the durable
remission [136]. However, complete and precise infor-
mation is not available on the potentiating effect of
combination therapy of CAR-T cells with allo-HSCT in
cancers, which requires further research. In this context,
it has been shown that CAR-T cell therapy was an effec-
tive therapeutic strategy in in relapsed/refractory (R/R)
B-ALL patients with Minimal residual disease (MRD) to
induce MRD-negative complete remission (CR) before
allo-HSCT [137, 138].

Interestingly, it has been suggested that CAR-T cell
co-treatment with allo-HSCT would decrease the leu-
kemia relapse rate. From this point of view, several
investigations support the effectiveness of this combi-
natorial therapy in patients who achieved the more pro-
longed leukemia-free survival (LFS) after receiving this
treatment compared to those that received CAR-T cell
monotherapy [139, 140]. Based on several clinical trials,
applying consolidative allo-HSCT following the CD19
CAR-T cell therapy R/R B-ALL patients indicated the
encouraging outcomes with an acceptable level of safety
and efficacy. Moreover, amplified responses have been
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reported using the CD22 CAR-T cell therapy accompa-
nied by allo-HSCT, which elicited proper safety and effec-
tiveness along with Event-free survival (EFS) and overall
survival (OS) [141, 142]. Safety and efficacy of allo-HSCT
in adults after CD19-targeted CAR-T cell therapy was
also investigated in some other B-cell malignancies
such as B-cell chronic lymphocytic leukemia (B-CLL)
and non-Hodgkin lymphoma (NHL) and revealed the
promising results [143]. To mitigate the recurrence rate
and increase the overall survival, prescribing allo-HSCT
subsequent CAR-T cell therapy has been recommended
in eligible high-risk patients. The importance of CAR-T
cell therapy in combination with allo-HSCT has been
highlighted as described above. Therefore, it should be
further evaluated to determine the clinical value of this
cancer treatment.

CAR-T cell combination therapy with Metabolic inhibitors
Altering the metabolic milieu of the tumor microenvi-
ronment and modulating the metabolic profile of effec-
tor T cells in the fight against tumors are also promising
therapeutic strategies, especially for solid tumors. Active
T cells must be able to adapt their metabolic profile in
such a way that they can act with significant prolifera-
tion, cytotoxicity, and cytokine production. However,
the abnormal tumor microenvironment leads to T cell
dysfunction. It is due to the higher metabolic activity
of tumor cells and the creation of a hypoxic and acidic
environment with a lack of essential nutrients and amino
acids. On the other hand, inhibitory enzymes like argi-
nase and IDO-1 produced by tumor cells and immuno-
suppressive cells cause a suppressive microenvironment
by decomposing the arginine and tryptophan amino
acids, respectively [144]. Therefore, targeting inhibitory
enzymes, modifying the T cell metabolic profile, and
enriching the required nutrients can effectively upregu-
late the efficacy of effector T cells and combat tumors.
Genetic modifications in T cells, such as enhancing
mitochondrial function that leads to higher cytokine
production by ectopic expression of PPAR-y co-activator
la (PCGla), knocking out acyl-CoA cholesterol acyl-
transferase 1 (ACAT1) that enhances effector function
of T cells, and inducing expression of catalase to resist-
ance to hypoxia can be effective reprogramming strate-
gies to increase the anti-tumor responses [145-147]. On
the other hand, different costimulatory molecules can
be used in the CAR-T cell structure to direct the cells to
distinct metabolic profiles and increase cell function. For
example, the presence of CD28 in CAR structure pro-
vides the aerobic glycolysis, resulting in an effector mem-
ory phenotype of CAR-T cells. However, the presence
of 4-1BB increases the fatty acid oxidative breakdown
and mitochondrial biogenesis, which elicits the central

Page 18 of 26

memory phenotype of CAR-T cells with boosted expan-
sion and persistence [103, 148]. Synergistically, tumor
cells and immunosuppressive cells [e.g., Regulatory T
cells (Tregs), Tumor-associated macrophages (TAMs),
Myeloid-derived suppressor cells (MDSCs), and Cancer-
associated fibroblasts (CAFs)] produce inhibitory media-
tors like Prostaglandin E2 (PGE2), IDO, CTLA4, PD-L1,
IL-10, and TGF-P as well as activate the negative signals
that result in immunosuppressive TME. Thereby, alter-
ing the milieu of the tumor microenvironment would
be another improvement regimen for CAR-T cell func-
tion [149]. In this case, administration of all-trans reti-
noic acid (ATRA) alongside CAR-T cells modulates the
suppressive effects of MDSCs and improves the survival
and anti-tumor responses of CARs [150]. Another rec-
ommended solution has been found that prescribing the
NKG2D-based CAR-NK cells prior to CAR-T cell ther-
apy strengthened the efficacy, persistence, and infiltration
of these cells at the tumor site in a xenograft model.

Interestingly, this is followed by the significant elimina-
tion of MDSCs and tumor cells expressing the NKG2D
ligand via CAR-T cells, which led to the prevention of
tumor growth [151]. IDO is a critical immune-suppres-
sive factor in the TME, causing the disability in effector
T cells and increasing the expansion of immunosuppres-
sive immune cells like Tregs, DCs, and TAMs [152].
Therefore, targeting this enzyme using IDO inhibitory
drugs such as cyclophosphamide and fludarabine before
CAR-T cell administration provided promising results in
tumor regression and increased survival [118]. Another
metabolic regulator with an inhibitory effect, Adenosine,
is produced in TME and critically contributes to T cell
exhaustion. The ectonucleotidases, CD39, and CD73,
lead the production of Adenosine, which plays a critical
role in the inhibitory function of tumor and stromal cells.
Of note, targeting this metabolite alongside CAR-T cell
therapy would help combat tumors [153].

Challenges and limitations

Despite many advances in strengthening CAR-T cell
function since its appearance until now, there are still
many challenges regarding the efficiency and safety of
these cells in the treatment of hematological and solid
cancers. To combat the challenges and limit the side
effects, the administration of combined therapies and
the development of various innovations in the technical
design of CAR-T cells can be hopeful in improving the
CAR-T cell efficacy with reduced toxicity in hematologi-
cal malignancies and solid cancers. Nevertheles, CAR-T
cell combination therapy approaches faced by some chal-
lenges and limitations, as well. Accordingly, tumor anti-
gen specificity and tumor antigen heterogeneity are most
substantial challenges faced by CAR-T cells and BiTEs.
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In this case, CAR or BiTE target antigen is expressed on
normal cells in addition to tumor cells, leading to "on-
target/off-tumor” toxicity. BiTEs targeting EpCAM and
CAR-T cells targeting carboxy-anhydrase-IX (CA IX) on
solid tumors elicit toxicity by targeting mentioned anti-
gens in the normal gastrointestinal tract and bile duct,
respectively [154, 155]. Loss of the target antigen due the
tumor antigen heterogeneity is one of the most escape
mechanisms for BiTEs and CAR-T cells. Lower or het-
erogeneous expression of target antigens on tumor cells
was documented in treatments with anti-EGFRVIII- and
IL13Ra2-CAR-T cell therapies and anti-CD19/CD3 BiTE
(blinatumomab) [53, 156, 157].

Exposure to the treatment is associated with various
challenges for CAR-T cells and BiTEs. Indeed, increased
expansion and persistence of CAR-T cell therapy in
hematological malignancies have resulted from lym-
phodepleting chemotherapy. Comparisoningly, the effi-
cacy and expansion of CAR-T cell therapy are reduced
in solid tumors. Limited expansion of anti-CEA CAR-T
cells and short-time persistence of anti-HER2 CAR-T
cells are examples of limited exposure to treatment by
CAR-T cells [158, 159]. Besides, in BiTE therapy, the
short half-life of ScFv constructs and the production of
anti-drug antibodies are the main reasons for low expo-
sure to treatment [160, 161]. Trafficking to tumor sites
is another main challenge faced by BiTEs and CAR-T
cells. According to studies, there is no specific traffick-
ing to tumor sites, or cells seemed to be excluded from
the center of the tumor mass. Similar difficulties may be
encountered by BiTEs, which access tumor sites based on
the trafficking of endogenous T cells [162].

There are still concerns and controversies about the
efficacy and safety of the CAR-T cell and allo-HSCT
combined treatment, and it cannot be said whether this
bridge between the two treatments is useful. An antigen
overlapping due to the expression of target antigens on
normal progenitor- and hematopoietic stem cells remains
a substantial challenge in combination therapy of CAR-T
cell with allo-HSCT. Relapse and disease persistence
after allo-HSCT resulting in treatment failure and death
is another significant challenge in addition to the trans-
plant-related toxicity. The reported adverse effects of
allo-HSCT and CAR-T cell therapy are acute and chronic
GVHD, graft failure, infections, prolonged cytopenias,
neurotoxicity, and cytokine release syndrome [163, 164].

Modulating the metabolism to improve the CAR-T
cell efficacy remains a significant challenge. For exam-
ple, increased glycolytic metabolism promotes pro-
liferation and cytotoxic capabilities of effector T cells
but elicits poor persistence and lower differentiation
of these cells into memory cells. On the other hand,
increased differentiation into memory T cells but
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limited proliferation, migration, and cytotoxicity of
CAR-T cells have resulted from the OXPHOS pathway
[165]. The utilization of small molecule inhibitors in
combination with CAR-T cells indicated encouraging
outcomes against cancers by modulating metabolites in
TME. However, these small molecules, like PI3K inhibi-
tors, have not been entered into clinic usage for most
cancers due to their lower specificity, poor stability, and
extensive toxicity in vivo [166].

Lenalidomide treatment in combination with CAR-T
cells has indicated improved outcomes. Nevertheless,
as a serious concern, lenalidomide significantly relates
to myelosuppression with grade 3 to 4 neutropenia, a
well-known side effect. Also, other hematological and
non-hematological toxicities, thrombopenia, anemia,
infections, and thromboembolic events may occur fol-
lowing the administration of lenalidomide. So, this con-
cern should be considered in using lenalidomide and
CAR-T cell combination therapy [163, 167]. In another
combining strategy, increased efficacy of CAR-T cells was
found in combination with small molecule y-secretase
inhibitors (GSIs). By contrast, reversible inhibition of
CAR-T cells was observed in administering the high con-
centration of GSI. On the other hand, since GSI upregu-
lates target antigen expression on tumor cells for feasible
recognition by CAR, it may elicit CAR T cell activation-
induced cell death (AICD) or increased occurrence of
cytokine release syndrome following the CAR T-cell
administration [130].

Despite of the promising results of preclinical studies
in the administration of vaccines in combination with
CAR-T cells, numerous limitations still remain. Design-
ing an efficient delivery system to lymphoid organs
have been challengeable for molecular vaccine [76].
Accordingly, a vector which can be constant in circula-
tion is needed. Cellular vaccines also showed that could
be challengeable specially in the production stages. For
instance; selecting proper cell line or separation of DCs
from blood [168], genetic modifications on the cells for
inhibiting negative immune regulators [169], loading
tumor antigens on the cells [4], and finally ex-vivo expan-
sion and activation of these cells are the main challenges
for the recruiting of cellular vaccines in the greater scale.
Moreover, a proper way to monitor in-vivo persistence
and activation of DC-based vaccine is another challenge
which has not been resolved [168].

As discussed above, researchers have indicated the pos-
itive effect of OVs as a new strategy for combination ther-
apy with CAR-T cells, in cancer treatment. On the other
hand, like any medication, clinical administration of these
agents is faced with different obstacles. The most critical
issue is host anti-viral immune response via neutralizing
ABs and cytokine secretion, specially IFNs, which leads
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to viral clearance and reduced viral replication [170].
In other word, it is necessary to make balance between
anti-viral and anti-tumor immune response [171]. In this
regard, various strategies have been implicated such as;
coating with polymers or using cellular carriers to protect
OVs [172]. In addition, physical and chemical situation
of TME could affect the efficacy of OVs. Cellular junc-
tion which act as a barrier for OVs penetration, as well
as hypoxia and low PH which affect replication and lytic
potential of some OVs are challenging for treatment [172,
173].

Despite advances made in CPB immunotherapy in
cancers, some issues need to be solved. CPB as a cell-
extrinsic checkpoint inhibition mechanism, encounters
limitation in penetration to the tumor. Cell-intrinsic
checkpoint inhibition mechanisms such as PD-1 DNR
CAR-T cells and PD-1-disrupted CAR T cells can pen-
etrate into the tumor site [174]. Due to the short-lived
effects of CPM mABs the potential optimum response
is dependent to multiple CPB administration, while sin-
gle dose of cell-intrinsic mechanisms elicits efficient
response [95].

Autoimmunity and immunotoxicity still remain chal-
lenging issues in CPB immunotherapy due to the systemic
administration of CPB agents. Although CPB-induced
neurotoxicity is rare, severe complication of peripheral
and central nervous system have been reported, such as
polyneuropathy, myositis, myasthenia gravis, demyelinat-
ing polyradiculopathy, myelitis, and encephalitis [175]. In
addition, CPB-induced cardiotoxicity has been reported
in more than 1% of cases, and complications such as
myocarditis, pericardial disease, arrhythmia, acute coro-
nary syndrome, and vasculitis have been reported [176].
Of note, corticosteroids have shown appropriate efficacy
in managing irAEs induced by CPB [175]. Global man-
agement guidelines are required to alleviate immune-
related adverse events (irAEs). Cell-intrinsic mechanisms
provide localized and targeted inhibition of checkpoints
activity [174]. Hence, developing cell-intrinsic mecha-
nisms may solve CPB-induced issues and improve the
efficacy.

Concluding remarks and future directions

Management or treatment of cancers is still a serious
crisis worldwide, requiring more effort to find effective
treatment solutions. Today, the use of combination can-
cer therapies has yielded promising results. Among the
various immune-based therapies, CAR-T cell therapy has
been proven in many studies to be effective in multiple
cancers, especially hematological ones. However, like
other treatments, this method has functional limitations
and doubts about efficacy and safety. Hence, numerous
studies have shown that the use of CAR-T cell therapy in
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combination with other cancer treatments such as radio-
therapy, chemotherapy, anti-cancer vaccines, oncolytic
viruses, BiTEs, cytokines, checkpoint blockers, Immu-
nomodulators, metabolic inhibitors, and allo-HSCT, have
led to the synergistic effect of these therapies together.
In this regard, chemotherapy and radiotherapy both
cause tumor cell degradation and increase the activity of
CAR-T cells and other immune cells by applying apopto-
sis on tumor cells and releasing DAMPs from them. On
the other hand, they stimulate the production of inflam-
matory cytokines and inhibit the immunosuppressive
cells and factors in TME. Oncolytic viruses increase the
infiltration and efficacy of CAR-T cells in tumor sites
through the production of RANTES, CXCL11, and IL-15.
Also, they play a substantial role in DC maturation and
M1 macrophage polarization. Besides, utilizing the cel-
lular and molecular cancer vaccines is another practical
strategy that helps CAR-T cells target tumor cells pre-
cisely and enhance their anti-tumor cytotoxicity. BiTEs
contribute to establishing close relationships between
effector cells and tumor cells by engaging two different
antigens. Checkpoint inhibitors, which have recently
received much attention in treating cancers, have also
shown promising results in combination with CAR-T cell
therapy. In this context, the use of blocking antibodies,
drug antagonists, dominant-negative receptors (DNR),
and knocking out mechanisms such as CRISPR/Cas9 and
shRNA to suppress the inhibitory checkpoints like PD-1/
PDL-1 as well as administrating the costimulatory mol-
ecules like CD28 and 4-1BB, in combination with CAR-T
cell would be promised in cancer treatment. Inverted
cytokine receptors (ICRs) such as 4/7 ICR and 4/21 ICR
or administration of IL-2, IL-12, and IL-15 cytokines,
would be other potent combination therapy with CAR-T
cells. Moreover, it was claimed that exploiting the TME
metabolic inhibitors would be useful. Suppressing Aden-
osine and IDO, increasing the mitochondrial function
and cytokine production using PCG1, as well as cata-
lase expression to counteract TME hypoxic conditions
by ACAT1 are examples of TME metabolic alterations
contributing to cancer improvement. Immunomodu-
latory factors are other anti-cancer agents that can be
applied in combination with CAR-T cells, including GSIS
as an inhibitor of GS, mir-155 as an IDO inhibitor, Leni-
domide as an enhancer of inflammatory cytokines and
inhibitor of anti-inflammatory cytokines as well as other
factors such as decitabine, SMACs, HDAC], etc. Conse-
quently, the synergistic effects of different treatments in
their combined use can be more successful in degrading
tumor cells and helping to regress the disease compared
to monotherapy approaches.

In recent decades emerging bridging therapies, which
combine various therapeutic approaches to improve the
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CAR-T cell efficacy, can shed light on cancer treatment.
Nevertheless, there have been limited clinical data on
combinatorial strategies that can be applied with CAR-T
cells. More large-scale trials are required to compare the
different combinatorial therapies with each other and
with monotherapy. To date, there is no substantial evi-
dence to support most of the combined treatments dis-
cussed in the current review, particularly against solid
cancers. In future perspectives, augmenting CAR-T cell
efficacy, increasing resist immunosuppressive TME,
overcoming antigen loss and heterogeneity, metabolic
reprogramming, avoiding the CAR-T cell exhaustion and
immunological synapse dysfunction, improving tumor
site trafficking and infiltration, and importantly restrict-
ing the CAR, adverse events should be considered as
major goals for researchers’ efforts in this field. The use
of chemotherapy, radiotherapy, immunotherapies, tar-
geted therapies, and other treatments in combination
with CAR-T cells to reduce the tumor burden, increase
the recognition and targeting of tumor antigens, maxi-
mize the stimulation of anti-tumor immune responses,
and improve the survival of patients should be given spe-
cial attention. Additionally, designing the next-genera-
tion CARs, such as multi-targeted CARs, programmable
CARs, or armored CARs, and constructs with increased
secretion of cytokines, expression of co-stimulatory mol-
ecule ligands, and suppressed tumor-derived T cell inhib-
itory signals, along with utilizing genome editing systems
like CRISPR/Cas9 can be recommended to be paid more
attention. Furthermore, designing constructs with tran-
sient CAR expression, drug-induced on/off switches, and
Suicide switches mechanisms can be helpful in restrict-
ing the CAR-T cell derived toxicities. Encouragingly,
multiple Clinical trials are underway or in development
aiming to investigate how to improve efficacy and/or
limit side effects of CAR T cells, and the world scien-
tific community eagerly awaits their findings. There may
be some possible limitations in this study that would be
better discussed in future studies, including combination
therapy of different types of CAR immune cells, genetic
engineering and modulating approaches, and solutions
for improving limitations and challenges faced by CAR-T
cell combination therapies. Also, discussing more exam-
ples of preclinical and clinical studies and presenting pos-
itive and negative findings can help better understand the
effectiveness of this type of combined therapy.
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