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CAR T-CELL THERAPY OF SOLID TUMORS: PROMISING APPROACHES TO MODULATING 
ANTITUMOR ACTIVITY OF CAR T CELLS

Adoptive immunotherapy that makes use of genetically modified autologous T cells carrying a chimeric antigen receptor (CAR) with desired specificity is a promising 

approach to the treatment of advanced or relapsed solid tumors. However, there are a number of challenges facing the CAR T-cell therapy, including the ability of 

the tumor to silence the expression of target antigens in response to the selective pressure exerted by therapy and the dampening of the functional activity of CAR 

T cells by the immunosuppressive tumor microenvironment. This review discusses the existing gene-engineering approaches to the modification of CAR T-cell 

design for 1) creating universal “switchable” synthetic receptors capable of attacking a variety of target antigens; 2) enhancing the functional activity of CAR T cells 

in the immunosuppressive microenvironment of the tumor by silencing the expression of inhibiting receptors or by stimulating production of cytokines.  
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Я. Ю. Киселева    , А. М. Шишкин, А. В. Иванов, Т. М. Кулинич, В. К. Боженко

CAR-ТЕРАПИЯ СОЛИДНЫХ ОПУХОЛЕЙ: ПЕРСПЕКТИВНЫЕ ПОДХОДЫ К МОДУЛИРОВАНИЮ 
ПРОТИВООПУХОЛЕВОЙ АКТИВНОСТИ CAR-Т-ЛИМФОЦИТОВ   

Адоптивную иммунотерапию, использующую генно-модифицированные аутологичные Т-лимфоциты с искусственным рецептором заданной 

специфичности (CAR-терапию) рассматривают в качестве перспективного подхода к лечению солидных опухолей, как рецидивирующих, так и на поздних 

стадиях развития. При использовании этого вида терапии приходится сталкиваться с рядом проблем, таких как способность опухоли к отбору клеток 

со сниженной экспрессией антигенов-мишеней в ходе терапии и снижение функциональной активности CAR-T-лимфоцитов иммуносупрессивным 

микроокружением опухоли. В обзоре обсуждены существующие генно-инженерные подходы к модификации технологии получения CAR-Т-лимфоцитов 

для: 1) создания универсальных искусственных рецепторов, способных в ходе иммунотерапии переключаться и атаковать различные антигены-мишени; 

2) повышения функциональной активности CAR-Т-лимфоцитов в условиях иммуносупрессивного микроокружения путем подавления экспрессии 

ингибирующих рецепторов или повышения продукции цитокинов.
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Traditional treatment options for malignancies, such as surgery, 
radiation therapy and chemotherapy, do not satisfy the criteria 
for therapeutic efficacy in patients with advanced or relapsed 
cancer. The need for more effective therapies has driven 
development of innovative treatment modalities, many of which 
harness the mechanisms of immune response [1]. One of them 
is adoptive immunotherapy that makes use of T-cell chimeric 
antigen receptors (CARs). Eligible patients receive an infusion 
of autologous T cells genetically modified ex vivo before the 
procedure to carry a synthetic receptor with a desired specificity 
on their surface. A CAR is a fusion protein composed of an 
extracellular single-chain variable immunoglobulin fragment 
(scFv) and T-cell intracellular signaling domains [2]. Unlike T-cell 
receptors that recognize antigens processed and embedded within 
the major histocompatibility complex, chimeric T-cell receptors 
target native (unprocessed) cell surface antigens associated with 
malignant cell transformation [3]. Despite the success of CAR T-cell 
therapy in fighting hematologic malignancies [4], its application 
to solid tumors has a few limitations related to the presence of 
tumor-associated antigens on the surface of healthy tissue cells 

and the ensuing adverse cytotoxicity [5, 6]. Another challenge is 
that malignant tumors are heterogenous and can evolve under 
selective pressure induced by immunotherapy, expressing 
fewer target antigens on their surface. In addition, once a CAR 
T cell reaches the tumor, it finds itself in the immunosuppressive 
microenvironment created by regulatory T cells, tumor-associated 
macrophages, myeloid-derived suppressor cells, some 
overexpressed immunosuppressive molecules (PD-L1, PD-L2, 
CD80, CD86), hypoxia, necrosis, and lack of nutrients [7].

In order to overcome these barriers, a variety of gene 
engineering approaches have been proposed to the 
modification of CAR T-cell manufacturing technology [7–9]. 
The most promising of them include 1) designing universal 
CARs capable of attacking a wide range of target antigens 
and 2) enhancing functional activity of CAR T cells in the 
immunosuppressive microenvironment of the tumor. This 
review focuses on genetically engineered universal CARs and 
the possibility of modulating antitumor activity of CAR T cells 
by downregulating the expression of inhibiting receptors and 
stimulating production of cytokines. 
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Fig. 1. Types of universal CARs. А. A modular CAR T-cell system with biotin-binding immunoreceptors. B. A modular CAR T-cell system with fluorescein isothiocyanate. 
C. A modular CAR T-cell system with neoepitopes (5B9, PNE). D. A modular CAR T-cell system with a leucine zipper motif (SUPRA CAR)
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Universal CARs with an adaptor module

Since classic, i.e. currently used in clinical practice, CARs are 
monospecific, antigen loss provoked by therapy remains one 
of the crucial challenges facing CAR therapy. In order to cut 
down on manufacturing costs and effort involved in creating 
a CAR construct with new (yet fixed) specificity, as well as to 
expand the range of simultaneously or consecutively attacked 
targets, a modular design of the CAR T-cell system has been 
proposed in which the antigen-recognition and signaling 
domains are represented by two separate modules. The 
antigen-binding adaptor is a stand-alone molecule recognized 
by a CAR ectodomain. Such system can be functional only 
in the presence of all 3 components, including the target, the 
adaptor module and the effector CAR T cell. Its design allows 
controlled activation of CAR T cells and their rapid “switch-off” 
in case of toxic adverse events, such as the cytokine release 
syndrome. In addition, a modular CAR T cell can be easily 
redirected from one target to another, without having to start 
the engineering process all over in an attempt to obtain a cell 
with new antigen specificity. This concept lies behind the idea 
of a universal CAR system (UniCAR). This review looks at the 
most promising universal CAR systems developed so far.

A modular CAR system equipped 
with biotin-binding immunoreceptors

In this type of UniCAR T cells, the universal ectodomain is 
represented by avidin or streptavidin (Fig. 1A) that bind to 
biotinylated antigen-specific molecules (МАТ, ScFv and other 
specific ligands that recognize the target antigen). The first 
UniCAR system exploited the interaction between biotin and 
avidin [10]. Its inventors demonstrated that T cells equipped with 
the biotin-binding immunoreceptor (BBIR), whose ectodomain 
was represented by an extracellularly modified avidin dimer, 
could bind to cancer cells pre-incubated with biotinylated 
antibodies, switch on and lyse the malignant target. The 
researchers showed that supraphysiological concentrations 
of biotin, which is present in human blood plasma, did not 
cause antigen-independent activation of modified CAR T cells 
and did not inhibit their activity. Biotinylated antibodies were 
also employed as adaptor modules in another UniCAR system 
described in [11]. Here, the role of the ectodomain component 
was played by a high-affinity streptavidin monomer (mSA2). 
Using biotinylated rituximab (anti-CD20 mAb) as an adaptor 
module, the researchers demonstrated that modified T cells 

were capable of switching on and lysing their targets in a dose-
dependent manner in vitro. However, the immunogenicity of 
avidin/streptavidin remains an open question and can limit 
therapeutic applications of BBIR-based UniCAR T-cell systems 
[10, 11].

A modular CAR-system containing fluorescein isothiocyanate

In this modular system (Fig. 1B), the universal CAR T-cell 
ectodomain contains a variable scFv fragment that targets 
synthetic fluorescein isothiocyanate (FITC), a commonly used 
fluorescent probe for antibody labeling. Here, FITC is conjugated 
either to a monoclonal antibody (mAb) or to a receptor ligand that 
interacts with a target antigen on the surface of the malignant 
cell. This interaction results in a pseudoimmunological synapse 
formed between the anti-FITC CAR T cell and the tumor cell 
expressing the target antigen. Subsequently, the activated 
CAR T cells lyse the target. CAR T-cell constructs carrying FITC 
conjugated to mAb (trastuzumab, rituximab and cetuximab) 
were successfully tested against HER2-expressing cells 
(breast cancer), СD20 (B-cell lymphoma) and EGFR (pancreatic 
cancer) in NSG mice [12]. Just like BBIR-based UniCAR T cells, 
the immunogenicity of FITS is yet to be elucidated [12].

 
Modular CAR systems with neoepitopes

In this type of CAR systems, the adaptor module contains a 
neoepitope bound to antigen-specific scFv or Fab, whereas the 
CAR itself consists of an intracellular domain and an ectodomain 
(scFv) that recognizes the neoepitope. Neoepitopes are 
exogenous peptides not found in humans. So far, two modular 
neoepitope CAR T-cell systems have been developed; they rely 
on neoepitopes 5B9 and PNE (Fig. 1C).

5B9 is a non-immunogenic peptide 10 amino acids 
in length. Its sequence is a peptide motif present in the 
nuclear autoantigen La/SS-B typically found in patients with 
Sjögren’s syndrome and systemic lupus erythematosus [13]. 
Initially, the developed 5B9-specific UniCAR system [14] was 
directed against antigens CD33 and CD123 expressed on 
acute myeloid leukemia cells. The researchers experimented 
with both mono- and bispecific antigen-recognizing modules 
conjugated to epitope 5B9. The targeted cells were effectively 
lysed both in the presence of two independent monomodules 
(scFv) and the bispecific module (bis-scFv) alone; the latter 
turned out to be even more effective. It was established that 
antigen-recognizing modules could effectively induce lysis 
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Fig. 2. A schematic showing modulation of antitumor activity of CAR T cells in the immunosuppressive tumor microenvironment. A. Silencing the expression of the 
pdcd-1 gene in T lymphocytes by transfecting them with siRNA. The PD-1 receptor interacts with its ligands PD-L1/2 and inhibits the activating CAR signal. After 
transfection, siRNA duplexes interact with the RISC-binding complex (RNA-induced silencing complex); one of RNA strands is removed from the complex, whereas 
the other remains within RISC, binds to mRNA and initiates its degradation. This leads to a decline in the PD-1 expression on the cell surface. B. Knockout of the 
pdcd-1 gene performed using CRISPR/Cas9 technology. C. TRUCKs: apart from CAR, a plasmid is introduced into the T cell, containing a NFAT responsive element 
(NFAT-RE) and sequences of genes coding for IL12, IL15 or IL18. The T cell is activated following the interaction between the CAR and the target antigen. This leads to 
dephosphorylation of NFAT transcription factor that relocates to the nucleus and triggers cytokine production by binding to NFAR-RE. Local secretion of the cytokine 
initiates immune response against cancer cells invisible for CAR T lymphocytes
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even at very low concentrations, regardless of antigen density 
on the surface of targeted cells [14]. Later, the efficacy of 
the 5B9-specific UniCAR-system against solid tumors was 
tested in cell and animal models of prostate cancer [15]. In  
this case, the neoepitope 5B9 was bound to scFv directed 
against prostate stem cell antigen (PSCA). The use of the 
5B9-specific UniCAR system in NSG mice with high and low 
tumor burden significantly delayed tumor growth and improved 
animal survival. Interestingly, after the adaptor module was 
added to the co-cultured cancer and 5B9-specific UniCAR Т 
cells, the expression of immunosuppressing PD-L1 and PD-L2 
on the cancer cells and their PD-1 receptor on effector T cells 
significantly increased in comparison with the control cultured 
without the adaptor module [15]. Later, the same research 
team [16] published preclinical trial data on the successful 
application of PSСA- and PSMA-specific (prostate specific 
membrane antigen) 5B9-modules used in combination.

The other peptide known as PNE (peptide neoepitope) and 
exploited in a neoepitope UniCAR (Fig. 1C) was derived from 
GCN4, the transcription factor found in yeast. PNE contains 14 
amino acid residues, is not found in humans and is expected 
to have low immunogenicity, according to the in silico analysis. 
Proposed in [17], the PNE-based adaptor module contained a 
PNE bound to a Fab fragment of therapeutic antibodies specific 
either for СD19 or for СD20. The universal CAR ectodomain 
contained scFv of highly specific 52SR4 mAb that recognize 
PNE. Using the mouse model of B-cell leukemia xenograft, the 
researchers demonstrated dose-dependent control over the 
activity of UniCAR T cells and their localization in tissue in the 
areas of malignant cell accumulation and cytokine secretion 
[17]. Interestingly, high doses of adaptor modules caused 
expansion of CD45RA+CD62L– cells (TEMRA, terminal effector 
memory expressing CD45RA+), whereas low adaptor doses led 
to the prevalence of the CD45RA–CD62L+ phenotype (central 
memory cells) associated with prolonged persistence of CAR 
T cells and correlated with sustained remission in patients with 
acute myeloid leukemia or chronic lymphocyte leukemia [18]. 
The same research team developed a UniCAR-system with 
PNE targeting the HER2-expressing breast cancer cells [19]. 
The antigen-recognizing component of the adaptor module 
was represented by the Fab fragment of trastuzumab (clone 
4D5). The study [19] demonstrated a dose-dependent cytotoxic 
effect exerted by the system in vitro, as well as complete 

resolution of lesions in NSG mice inoculated subcutaneously 
with breast cancer cell lines characterized by different levels of 
HER2 expression. 

SUPRA CAR: a modular CAR-system with a leucine zipper 
motif component

One of the most promising universal CARs is known as SUPRA 
CAR (split, universal and programmable) and was proposed 
in [20] (Fig. 1D). It is a two-component system that relies on 
a leucine zipper motif to ensure the interaction between its 
parts. The zipper is composed of a universal receptor (zipCAR) 
expressed on the T-cell surface and an antitumor scFv adaptor 
(zipFv). The universal zipCAR receptor rises from the fusion of 
intracellular signaling domains (CD28, 4-1BB and CD3z) with 
the ectodomain containing a leucine zipper motif. The adaptor 
module zipFv consists of an antigen-specific scFv and a leucine 
zipper motif, which ensures its interaction with zipCAR and 
subsequent activation of T cells. Unlike “conventional” CARs 
with fixed specificity, the described construct allows redirecting 
the system against different antigen targets without preforming 
any extra manipulations on a patient’s immune cells. Another 
unique feature of SUPRA CAR is its tunability: it is possible 
to adjust the wide range of different parameters involved in 
modulating T-cell response and prevent T-cell overactivation. 
By varying such parameters as (1) affinity between leucine 
zipper motifs, (2) affinity between the tumor antigen and scFv, 
(3) zipFv concentrations, and (4) zipCAR expression, one can 
modulate the functional activity of T cells, including interferon 
gamma production [20].  In case of a cytokine storm occurring 
in response to CAR therapy, the activity of SUPRA CAR T cells 
can be dampened or completely inhibited by administering a 
competing low/high-affinity adaptor zipFv to the patient. The 
adaptor can dimerize with the leucine zipper domain of specific 
zipFv introduced into the patient’s organism in the previous 
step, and thus prevent it from binding to zipCAR. Besides, this 
system can perform such logic operations as A OR B or A AND 
NOT B. The former is used when there is a need to attack 
malignant cells carrying two target antigens, which is achieved 
by adding two zipFv adaptors specific for the two targets and 
capable of binding to zipCAR. The second logic operation is 
performed to mitigate adverse cytotoxic effects on healthy cells 
expressing the target antigen. The researchers demonstrated 
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the feasibility of sparing cells that carry 2 target antigens, one 
of which was tumor-associated and the other was non-tumor 
[20]. This effect can be achieved by using the zipFv adaptor 
that is specific for a non-tumor antigen but competes with 
zipCAR for binding to the leucine zipper domain of the zipFv 
adaptor specific for the tumor antigen. When bound to the 
target, the adaptors form dimers, meaning that zipFv specific 
for the tumor antigen can no longer interact with zipCAR. As 
a result, the induced cytotoxic response of T cells against 
healthy cells is weak. It was demonstrated that SUPRA CAR 
Т cells can control tumor growth in NSG mice injected with 
SK-BR-3 breast cancer cells intraperitoneally or with Jurkat 
cells intravenously [20]. In order to reduce immunogenicity of 
the proposed system, the authors humanized leucine zippers 
using the corresponding sequences of human transcription 
factors [20].

Modulation of antitumor activity of CAR T cells in the 
immunosuppressive tumor microenvironment 

The immunosuppressive microenvironment of solid tumors 
is one of the major factors preventing the positive outcome 
of CAR therapy. Coupled with the expression of inhibiting 
receptors on the surface of CAR Т cells, it disrupts the efficacy 
of the latter [21]. The following 2 inhibiting receptors are worth 
noting: PD-1 (programmed cell death receptor) and CTLA-4 
(cytotoxic Т-cell-associated antigen 4); today, they are regarded 
as leading regulators of the immune system that control the 
activation of T cells and maintain peripheral tolerance [7, 22].
By interacting with CD80/86, CTLA-4 inhibits potentially 
autoreactive T cells in the early stage of naive T-cell activation, 
usually in lymph nodes [23], whereas PD1 bound to PD-L1/2 
participates in the regulation of activated cells in later stages 
of immune response, exerting its effect in peripheral tissue 
[24]. Tumor cells expressing the corresponding ligands on their 
surface can harness those two receptors to inactivate tumor-
specific lymphocytes, including CAR T cells, thus acquiring 
insensitivity to their attacks [22, 25]. Importantly, adoptive 
immunotherapy makes use of activated T cells. Their activation 
leads to overexpression of PD-1 and CTLA-4, which makes 
T cells even more susceptible to the immunosuppressive effect 
of the tumor [25].

The unwanted interaction between the ligand and the 
receptor can be blocked by mAb specific for this receptor or 
ligand [26]. Since 2011, therapeutic regimens for metastatic 
melanoma adopted in the USA have included ipilimumab, the 
monoclonal antibody that blocks CTLA-4 [27]. Clinical trials 
have demonstrated the efficacy of immunotherapy with PD-1 
and PD-L1 inhibitors in patients with melanoma [28]. It should be 
noted that the combination therapy with anti-PD-1 (nivolumab) 
and anti-CTLA-4 (ipilimumab) improved progression-free 
survival and increased the objective response rate in patients 
with melanoma who had not received any previous treatment, 
as compared with monotherapy [29]. Today, a number of anti-
mAb have been approved for treating melanoma, non-small cell 
lung cancer, bladder cancer, and some other types of cancers, 
including nivolumab, pembrolizumab, atezolizumab, avelumab, 
and durvalumab [27]. However, these drugs induce a wide 
range of side effects called immune-related adverse events, 
including autoimmune thyroiditis, hepatitis, colitis, myocarditis, 
etc. [30]. Apparently, immunomediated adverse effects are 
related to non-specific activation of immunocompetent cells, 
limiting the therapeutic application of such drugs [30].

An alternative approach to the modification of functional 
activity of CAR T cells is based on silencing the expression 

of inhibiting receptors on their surface through genetic 
modification of T cells ex vivo in addition to the introduction 
of an antigen-specific CAR receptor into the cell. This can be 
done by simultaneously transfecting the T cell with siRNA (small 
interfering RNA) (Fig. 2A) and DNA/RNA coding for the antigen-
specific receptor [22], or by using genome editing tools, such 
as CRISPR/Cas9 [31] (Fig. 2B). A study [32] has demonstrated 
that CTLA-4 mRNA expression can be successfully silenced 
in the peripheral blood lymphocytes of patients with chronic 
hepatitis B using the siRNA-based technology. It should be 
noted though that in the mentioned experiment specific CAR 
receptors were not introduced into the cells. Another recent 
study has shown that transfection of Т-cells with mRNA coding 
for the second-generation CAR-receptor specific for the 
melanoma antigen CSPG4 and two siRNAs inhibiting PD-1 and 
CTLA-4 leads to a decline in the expression of surface PD-1 
and intracellular CTLA-4 in T lymphocytes [25]. The researchers 
observed a statistically significant increase in the cytotoxic effect 
of modified T lymphocytes on melanoma cells transfected with 
PD-L1- or СD80-encoding plasmids, in comparison with the 
control [25]. CRISPR/Cas9-based genome editing has been 
recently applied to suppress the expression of PD-1 and CTLA-
4 [31, 33]. The CRISPR/Cas9 technology can be successfully 
used to silence the PD-1-encoding gene in CAR T cells; this 
significantly enhances their antitumor activity both in vitro and 
in vivo [33]. It has been shown that three genes, including PD-1 
[31], and 4 genes, including PD-1 and CTLA-4 [34], can be 
simultaneously silenced in CAR T cells using the CRISPR/Cas9 
technology. 

Another approach to overcoming the immunosuppressive 
activity of tumor environment and attacking tumor cells that 
have stopped expressing the target antigen on their surface lies 
in enabling T cells to increase production of cytokines directly 
in target tissue upon their activation through the interaction 
between CAR and the target cell. Such modified cytokine-
producing CAR T cells are referred to as TRUCKs: T cells 
Redirected for Universal Cytokine Killing [35] (Fig. 2C). They 
have proved to be highly effective in delivering cytokines to the 
tumor microenvironment. Experiments in mouse models have 
demonstrated that accumulation of IL12 in malignant tissue 
following adoptive transfer of tumor-specific IL12-secreting 
cells improves the cytolytic activity of T lymphocytes [36] and 
stimulates activation and recruitment of innate immunity cells 
to the tumor site [37]. Secretion of IL12 locally affects myeloid 
suppressor cells, dysfunctional dendritic cells and alternatively 
activated macrophages and reprograms them into functional 
antigen-presenting cells that can present tumor-associated 
antigens to tumor-infiltrating lymphocytes (TIL), causing 
regression of large tumor lesions [38]. Clinical trials conducted 
in patients with metastatic melanoma treated with autologous 
TIL expressing IL12 under the “supervision” of regulatory 
NFAT (NFAT stands for nuclear factor of activated T cells) 
have demonstrated an objective clinical effect in 10 out of 16 
patients treated with lower cell doses than recommended in 
the standard protocol [39]. However, many patients recruited 
for the trial developed serious side effects, such as severe 
hepatotoxicity and hemodynamic instability; therefore, the trial 
was terminated [39]. Pronounced cytotoxicity of TCR T cells 
with NFAT-regulated expression of IL12 has been detected in 
vivo in the experiments in mice [40]. Another research group 
has achieved a positive therapeutic outcome (the absence of 
toxicity in vivo) by controlling the IL12 expression with the TET-On 
promotor sensitive to doxycycline [45]. Transient expression of 
IL12 was enough to inhibit the growth of B16F10 melanoma 
without provoking systemic cytotoxicity. 
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