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Abstract—Chimeric antigen receptors (CARs) are genetically engineered receptors that recognize antigens and
activate signaling cascades in a cell. Signal recognition and transmission are mediated by the CAR domains derived
from different proteins. T cells carrying CARs against tumor-associated antigens have been used in the develop-
ment of the CAR T cell therapy, a new approach to fighting malignant neoplasms. Despite its high efficacy in the
treatment of oncohematological diseases, CAR T cell therapy has a number of disadvantages that could be avoided
by using other types of leukocytes as effector cells. CARs can be expressed in a wide range of cells of adaptive and
innate immunity with the emergence or improvement of cytotoxic properties. This review discusses the features
of CAR function in different types of immune cells, with a particular focus on the results of preclinical and clinical
efficacy studies and the safety of potential CAR cell products.
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INTRODUCTION

A chimeric receptor consisting of the variable
immunoglobulin domain and constant regions of the
T cell receptor (TCR) was first created in 1987 [1].
It recognized the bacterial antigen phosphorylcholine
and was expressed in EL4 lymphoblastic T cells. The
first T lymphocytes with a chimeric antigen receptor
(CAR) were obtained in 1993 [2]. This receptor recog-
nized 2,4,6-trinitrophenol and was one of the first gen-
eration of CARs. It consisted of the extracellular anti-
gen-recognizing single-chain variable fragment (scFv)
linked by a transmembrane region to the intracellular
CD3( signaling domain (a fragment of the endogenous
TCR) [3]. CAR T cells expressing the first-generation re-

ceptors were poorly effective against malignant cells
because, despite of their strong cytotoxic properties,
they were easily exhausted [4]. In 2002, second-gen-
eration CARs were obtained. They contained the CD28
costimulatory domain between the signaling and trans-
membrane domains [5]. Second-generation CAR T cells
targeting the CD19 antigen were effective in recogniz-
ing and eliminating B cell tumors in a mouse model
[6]. Since then, CAR T lymphocytes targeting various tu-
mor-associated antigens have been actively developed.

CAR T therapy has been particularly effective in
the treatment of hematological oncological diseases.
To date, the Food and Drug Administration (FDA) has
approved six CAR-T therapies for the treatment of
B-cell neoplasms [7]. So far, CAR-T products that have

Abbreviations: CAR, chimeric antigen receptor; CAR M, macrophage expressing CAR; CAR T, T cell expressing CAR; CBCR, chi-
meric B cell receptor; CIK, cytokine-induced killers; CRS, cytokine release syndrome; DC, dendritic cell; DN T cell, double-neg-
ative T cell; GD2, disialoganglioside GD2; GVHD, graft-versus-host disease; iNKT cell, invariant NKT cell; MAIT cell, mucosal-
associated invariant T cell; MHC, major histocompatibility complex; NK, natural killer cell; NKT cells, natural killer T cell;
NSCAR, non-signaling CAR; TCR, T cell receptor; Treg, regulatory T cell.
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successfully passed clinical trials and have been ap-
proved by FDA are based on the second-generation
CARs containing CD28 or 4-1BB signaling domains as
costimulatory domains. Other variants of CAR T cells
containing receptors with different immunomodulato-
ry domains are being researched and developed. For
example, third-generation CARs containing two costim-
ulatory domains have been developed, although their
clinical use has been limited due to strong severe side
effects. CAR T cells expressing fourth-generation CARs
also secrete cytokines that increase the persistence of
these cells in the tumor microenvironment [8].
Despite significant success in the treatment of
oncohematological diseases, CAR T cell therapy has a
number of drawbacks. For example, it becomes inef-
fective when malignant cells lose the tumor antigens
targeted by the CARs [8]. CAR T cells are often unable
to infiltrate solid tumors and recognize the antigen.
In addition, the cytotoxic function of CAR T cells is
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significantly influenced by the immunosuppressive
tumor microenvironment. Currently, progress in the
treatment of solid tumors with CAR T cells has reached
its limits [9]. Finally, the secretion of pro-inflammatory
cytokines by activated CAR T cells can lead to severe
side effects, such as cytokine release syndrome (CRS)
and neurotoxicity [10], which are due to the rapid ac-
tivation and proliferation of T cells producing pro-in-
flammatory cytokines and typically develop within
one week of CAR T cell administration. It has been sug-
gested that excessive release of pro-inflammatory cy-
tokines increases capillary permeability in the brain,
leading to severe neurological symptoms and even
death, although the molecular mechanisms of neuro-
toxicity in the case of CAR T cell therapy are not ful-
ly understood [10]. The adverse effects of this therapy
are often due to the poor regulation of the activity of
CAR T cells, which can sometimes be activated even
in the absence of an antigenic stimulus [11].
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Fig. 1. Advantages and disadvantages of different types of immune cells in the development of CAR-bearing cell products.
Nomenclature: TCR, T cell receptor; CAR, chimeric antigen receptor; NKG2D, activating receptor; MR1, non-canonical major
histocompatibility complex close to class I; CD1, non-canonical major histocompatibility complex close to class I; CRS, cytokine
release syndrome; MHC, major histocompatibility complex; GVHD, graft-versus-host disease.
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To overcome these drawbacks, new strategies for
the CAR T cell generation are being actively being de-
veloped [12, 13], including the use of different (non-
T cells) leukocytes as CAR-bearing cells (Fig. 1). CAR-
expressing cells have been derived from y8 T cells,
regulatory T cells (Tregs), mucosal-associated invariant
T cells (MAIT cells), double-negative T cells (DN T cells),
natural killer (NK) cells, natural killer T cells (NKT
cells), cytokine-induced killers (CIKs), macrophages,
dendritic cells (DCs), and even B lymphocytes.

Preclinical studies have shown that many alterna-
tive immune CAR cells with a high antitumor activity
have fewer or none of the typical drawbacks of CAR
T cells. However, such cells are poorly studied. Only a
few cell products have entered phase I/II clinical tri-
als; some have preclinical data, while others are still
under development. This review discusses the features
of CAR function in different types of immune cells and
the results of available preclinical and clinical studies
of CAR-bearing immune cells.

CARs IN DIFFERENT TYPES
OF IMMUNE CELLS

Below we discuss the properties of different im-
mune cells that could be used in the development of
novel CAR-mediated immunotherapies, focusing on
the results of preclinical and, if available, clinical stud-
ies of CAR expression and efficacy in these cells.

Natural killer (NK) cells are innate immune cells
of the lymphoid lineage. NK cells account approx-
imately 10% of peripheral blood lymphocytes [14].
Unlike T lymphocytes, they recognize malignant and
infected cells with a variety of non-polymorphic acti-
vating and inhibitory receptors. The directionality of
the NK cell response in each case is the result of a bal-
ance of various signals. When the signals from the ac-
tivating receptors outweigh those from the inhibitory
receptors, an NK cell causes a lysis of the target cell.
NK cells express a variety of activating and inhibiting
receptors on their surface, the most important among
them are receptors that recognize the major histocom-
patibility complex MHCI and MHC I-like molecules.
Cells that express these molecules are recognized as
healthy by NK cells [15]. It is important to note that red
blood cells do not carry the ligands (either activating
or inhibiting) for the NK cell receptors on their surface
and therefore are not recognized as targets by these
cells. In addition to MHC, NK cells can recognize other
cell surface ligands, in particular, the stress markers
MICA, MICB, and UL16BP1, due to the presence of spe-
cific receptors, including the NKG2D receptor, which is
also present on the surface of y§ T cells [16]. In addi-
tion, the expression of FcyRIIla allows NK cells to rec-
ognize and kill cells opsonized by antibodies [17].
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The cytotoxic function of NK cells is manifested by
the formation of an immunological synapse between
the NK cell and the target cell and the subsequent se-
cretion of granzyme-containing lytic granules. NK cells
can also Kkill target cells by inducing programmed cell
death through FasL and TRAIL. Finally, activated NK
cells release a number of pro-inflammatory cytokines,
in particular, interferon y (IFNy) and tumor necrosis
factor (TNF) [14].

The cytotoxic properties of NK cells and the lack
of need for the antigen presentation in the MHC con-
text required for the recognition of target cells (unlike
in T cells), have significantly contributed to the devel-
opment of anti-cancer therapies based on genetically
modified NK cells, including those expressing CARs.
In most studies, NK cells have been transduced with
the CAR constructs originally developed for the CAR
T cells therapy. In addition to the CD28 and 4-1BB co-
stimulatory domains, some of the CARs expressed
in NK cells contained the 2B4 costimulatory domain
(Fig. 2). The 2B4 receptor is one of the activating re-
ceptors of the SLAM (signaling lymphocytic activation
molecule) family on NK cells. It is important to note
that CAR constructs originally designed for expression
in T cells can also function in NK cells due to the pres-
ence of common signaling pathways that control cell
activation in both cell types. In particular, the signal-
ing from some activating receptors in NK cells involves
the CD3( signaling domain which is intended for use
in T cells [18]. NK cells transduced with the second-
generation 2B4-containing CAR targeting CD5 had a
higher cytotoxic activity against malignant cells and
showed more rapid proliferation and enhanced cyto-
kine production compared to NK cells expressing CARs
with the CD28 domain [19]. In addition to the CD3( do-
main, CARs developed for the expression in NK cells
can contain the DAP10 and DAP12 domains, which are
involved in the signaling from a number of activating
NK cell receptors. It has been shown that the antitu-
mor activity observed for the constructs with the CD3(
domain was higher than that of those with the DAP10
domain, but lower than the activity of CARs with the
DAP12 domain [20, 21]. Cifaldi et al. [22] proposed the
use of DNAM-1 as a part of a CAR adapted to NK cells.
DNAM-1 recognizes the poliovirus receptor (PVR) and
nectin-2, which are expressed on the virus-infected
cells and many malignant cells. Receptors contain-
ing the 2B4 and CD3({ domains in addition to DNAM-1
cause further activation of NK cells.

It should be emphasized that CAR-expressing NK
cells can potentially exhibit cytotoxic activity against
malignant cells in a CAR-independent manner due to
their own activating receptors, as well as their abili-
ty to recognize cells opsonized by antibodies [20, 23].
The presence of a CAR-independent antitumor activ-
ity enhances the efficacy of the CAR NK cell therapy.
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Fig. 2. Structure of CARs used in the development of products based on different cell types. Nomenclature: NK cells, natural killer

cells; NKT cells, natural killer T cells.

In addition, the diversity of activating receptors allows
CAR NK cells to recognize and destroy tumor cells with
an altered phenotype that have survived a long-term
treatment [24]. NK cells treated with exogenous IL-12
and IL-18 acquire a phenotype similar to that of mem-
ory cells. The efficacy of such cells has already been
demonstrated in phasel trials in patients with re-
lapsed or resistant acute myeloid leukemia. Additional
expression of a CAR directed against nucleophosmin 1
(NPM1) in these cells increased the efficacy of the
therapy and reduced the incidence of side effects [25].
An increased sensitivity of NK cells to reactive oxygen
species (compared to T and B cells) can be reduced by
expression of peroxiredoxin 1, which would promote
the persistence of CAR NK cells in the acidified envi-
ronment of solid tumors [26].

Preclinical and clinical studies have shown that
CAR NK cells lack many of the disadvantages of CAR T
cells. Since NK cells do not carry variable TCRs, their
adoptive transfer does not lead to the development
of the graft-versus-host disease (GVHD) [27, 28]. This
opens up the possibility for the producing off-the-shelf
allogeneic cell preparations suitable for many patients
at the same time. In addition, CAR NK cell transfer
carries almost no risk of CRS or neurotoxicity [29, 30].
Finally, CAR NK cells have been shown in preclinical
studies to be effective not only against oncohematolog-
ical diseases, but also in the treatment of solid tumors
[31]. Currently, many developed CAR NK cell prepa-
rations, including those against solid tumors, have
moved from preclinical studies to clinical trials.

Several dozen clinical trials have been registered
to investigate the use of CAR NK cells directed against

various tumor antigens, both as a monotherapy and
in combination with other therapeutic approaches.
For example, in one trial (NCT04847466), the partici-
pants treated with CAR NK cells against PD-L1 also
received the immunostimulant N-803, which induces
proliferation and activation of NK and CD8* T cells, and
pembrolizumab (monoclonal antibody against PD-1).
NK cells sequentially transfected with the chemokine
receptor CXCR4 and a CAR directed against B cell mat-
uration antigen (BCMA) efficiently destroyed multiple
myeloma cells [32]. Currently, all clinical trials of the
CAR NK cell therapy are in phase I/II. Several regis-
tered trials are testing CAR NK cells against oncohema-
tological diseases, such as multiple myeloma (target,
BCMA; NCT05008536), B cell lymphomas (target, CD19;
NCT05379647) and acute lymphoblastic leukemia (tar-
get, CD19; NCT05563545). Clinical trials investigating
the efficacy and safety of CAR NK cells in the treat-
ment of various solid tumors are ongoing: ovarian
cancer (target, claudin 6; NCT05410717); colon cancer
(target, NKGD2L; NCT05213195); pancreatic cancer
(target, ROBO1; NCT03941457); prostate cancer (target,
PSMA; NCT03692663); and others (table). The success-
ful completion of phasel in several clinical trials of
CAR NK cells has demonstrated the high safety of this
type of therapy and the almost complete absence of
side effects [33].

Despite many advantages, CAR NK cell thera-
py has some limitations. CAR NK cells are character-
ized by a low persistence after adoptive transfer: the
lifespan of CAR T cells in a patient’s body can be up
to 10 years [34], while the lifespan of CAR NK cells
does not exceed several weeks [35]. CAR NK cells are
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Some registered CAR NK cell clinical trials
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Clinical trial Started in Phase Disease Target
NCT02892695 2016 I/ lymphomas and leukemias CD19
NCT03940833 2019 /11 multiple myeloma BCMA
NCT02742727 2016 /11 lymphomas and leukemias CD7
NCT02944162 2016 /I acute myeloid leukemia CD33
NCT02839954 2016 /11 solid tumors MUCL
NCT03383978 2017 I glioblastoma HER2
NCT03415100 2018 I metastatic solid tumors NKG2DL
NCT03941457 2019 I/ pancreatic cancer ROBO1
NCT03692663 2018 I prostate cancer PSMA
NCT05410717 2022 /11 ovarian cancer claudin 6 (CLDN6)
NCT05194709 2021 I developed solid tumors 5T4
NCT05507593 2022 I non-small cell lung cancer DLL3

difficult to expand ex vivo and do not tolerate freez-
ing and storage well [36]. However, there is hope that
these technical difficulties will be soon be overcome.
In particular, it has been shown that the persistence
of CAR NK cells can be doubled by knocking out the
CISH gene, which encodes the CIS protein, a nega-
tive regulator of the IL-15 signaling pathway. The ab-
sence of CIS in CAR NK cells activates IL-15 secretion
and, since CAR NK cells carry IL-15 receptors on their
surface, causes autocrine activation of the IL-15 sig-
naling pathway. Activation of IL-15-mediated signal-
ing, in turn, promotes the expansion of CAR NK cells
ex vivo, increases their persistence and enhances the
antitumor properties of these cells [37]. Incorporation
of IL-15 into a CAR construct can also improve the cell
metabolic status of the cells and activate the effector
functions of CAR NK cells that are attenuated by the
interaction with metabolically active tumors [38].
Another factor that can reduce the efficacy of CAR
NK therapy is the capture of tumor antigens by the
therapeutic CAR NK cells via the trogocytosis mecha-
nism. After capturing the tumor antigen, CAR NK cells
become the target of the therapy and are destroyed
by other NK cells via the fratricide pathway, while
the amount of tumor antigen on the targeted malig-
nant cells decreases. The risk of fratricide among CAR
NK cells can be reduced by co-expression of activating
CARs directed against the tumor antigen and inhibitory
CARs that recognize antigens specific for NK cells [39].
y8 T cells. Approximately 3.7% of T cells circulat-
ing in the bloodstream have TCRs formed by the y and
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S chains on their surface [40, 41]. Such “non-classical”
(as opposed to “classical” aff T cells) y& T cells differ
significantly from af T cells, which carry TCRs formed
by the a and B chains and constitute a predominant
population of circulating T cells. Recognition of anti-
gens by aff T cells is only possible when the antigen
is presented in the context of the MHC, whereas y§ T
cells do not require the involvement of classical MHC
molecules in the antigen recognition, greatly expand-
ing the possibilities for their transfer between differ-
ent organisms and significantly reducing the likelihood
of complications such as GVHD. Relatively safe adop-
tive transfer of y8 T cells is also possible because the
repertoire of y and § chains in a population is much
less diverse than the repertoire of a and B chains, so
that y& T cells tend to recognize molecular signatures
common to different individuals, indicating the devel-
opment of an infectious process or the emergence of
malignant cells. For this reason, they are often thought
to be similar to the cells of the innate immunity. y§ T
cells also resemble innate immune cells in the expres-
sion of Toll-like receptors and receptors similar to the
activating receptors of NK cells, in particular, NKG2D
[42]. However, y8 T cells are also capable of forming
immunological memory and are therefore classified as
components of the adaptive immunity [43]. y§ T cells
can differentiate into Th-like cells and produce a wide
range of cytokines [44].

Most circulating y8 T cells are Vy9VS82 T cells. Their
TCRs consist of the Vy9 and V82 segments of the y and
§ chains, respectively. Since Vy9V82 T cells recognize
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phosphoantigens, synthetic analogs such as zoledron-
ic acid are used to expand Vy9VS82 T cells ex vivo [45].
y8 T cells, which have the V§1 segment in the TCRs,
localize mainly to the mucosa [23].

The role of y§ T cells in providing antitumor pro-
tection was first demonstrated in mice lacking these
cells. In these mice, chemical mutagens caused early
development of squamous cell carcinoma of the skin
[46]. Later, an important role of y8 T cells in antitumor
immunity has been demonstrated in various tumor
models. In particular, the extent of malignant tumor
infiltration by y8 T cells has been shown to correlate
with a favorable prognosis in many types of cancer,
such as melanoma [47] and gastric cancer [48]. It is be-
lieved that the activity of y§ T cells against malignant
cells is ensured by their cytotoxic properties, as well as
the production of IFNy and TNF [33]. The cytotoxicity
of y& T cells is provided by the action of perforin and
granzymes; the cells are also capable of antibody-de-
pendent cellular cytotoxicity. Antitumor activity is in-
herent to both Vy9V82 and V81 T cells [45, 48, 49].

y8 T cells have both the antitumor and pro-tumor
properties. The pro-tumor effect of y§ T cells is usual-
ly due to the production of interleukin-17 (IL-17) and
some other cytokines. For example, in pancreatic can-
cer, Y8 T cells suppress the activity of aff T cells by se-
creting IL-10 and IL-17 and promoting PD-L1 expres-
sion in tumor cells [50].

The strong intrinsic antitumor activity of y8 T cells,
together with a highly safe adoptive transfer, makes
these cells a promising tool in the immunotherapy of
oncological diseases. Since the transfer of unmodified
y8 T cells to a patient after their ex vivo expansion ap-
peared to be safe but ineffective [45], the enhancement
of the antitumor activity of y§ T cells via CAR expres-
sion has been actively investigated. It was shown that
CD19-directed CAR y8 T cells effectively recognized and
destroyed malignant cells, including those that had
lost CD19. The cytotoxic properties of CAR y§ T cells
were enhanced by their treatment with zoledronic
acid [51, 52]. The ability of CAR y8 T lymphocytes to
kill malignant blood cells that have lost antigen is due
to the high non-specific cytotoxicity of y§ T cells to-
wards leukemia cells, which is further enhanced by
zoledronic acid during exvivo expansion of CAR y§
T cells. Such retention of cytotoxic properties against
malignant blood cells that have lost the antigen is an
important advantage of CAR y§ T cells [52].

CAR y8 T cells can also be effective against solid
tumors. It has been shown that CAR y§ T cells direct-
ed against the neuroblastoma antigen (GD2) not only
destroy malignant cells, but also present antigens to
and activate aff T cells in vitro. It is possible that CAR
y8 T cells also present antigens and activate af T cells
in vivo, but further experiments are needed to clarify
this issue [23].

MININA et al.

Most CARs that have been successfully expressed
in y8 T cells are the second-generation receptors and
contain CD28 and CD3( as costimulatory and signaling
domains, respectively [23] (Fig. 2). In [53], the first-
generation GD-recognizing CAR with a single intracel-
lular domain DAP10 was introduced into y§ T cells.
It should be noted that y§ T cells express of costimula-
tory molecules, such as CD28, CD27, and 4-1BB, which
contribute to the activation of these cells during sig-
naling by CARs [54].

Some studies have used y8 T cells to create a com-
binatorial antigen recognition system acting as logical
operators. For example, Fisher et al. [53] obtained y&
CAR T cells expressing GD2-recognizing DAP10-CAR and
yS8 TCR that bound to phosphoantigens expressed by
malignant (but not normal) cells. These y§ CAR T cells
were activated only by interaction with the target cells
exposing both antigens recognized by the CAR and
TCR, thus significantly reducing the likelihood of kill-
ing off-target cells.

Fleischer et al. [55] obtained y&8 T cells expressing
non-signaling CAR (NSCAR), which lack intracellular ac-
tivation domains and are therefore unable to trigger the
cytotoxic response upon antigen recognition. NSCAR-
expressing y§ T cells can recognize the tumor antigens
CD19 and CD5 and, through this interaction, approach
malignant cells. However, direct antitumor activity re-
quires endogenous MHC-independent cytotoxicity of
y8 T cells. In acute lymphoblastic leukemia, y8 T cells
expressing NSCARs were found to be more cytotoxic
against B and T cells than y§ T cells expressing CARs
against the same antigens (CD19 and CD5). Expression of
NSCARs instead of CARs in aff T cells did not significant-
ly increase their cytotoxic properties, suggesting that
the molecular mechanisms underlying the enhanced
antitumor activity of y§ T cells expressing NSCARs are
fundamentally different from those of aff T cells [55].

Several ongoing clinical trials are focusing on the
use of y& CAR T cells in the immunotherapy of different
types of cancer, such as acute myeloid leukemia (tar-
gets, CD33 and CD123; NCT03885076, NCT04796441),
relapsed or resistant CD7* T cell leukemia (target, CD7;
NCT04702841), various B cell oncohematological
diseases (targets, CD20 and CD19; NCT04735471,
NCT02656147, NCT04911478) and relapsed or resistant
solid tumors of various origins (target, NKG2DL,
NCT04107142, NCT05302037). To date, all these clinical
trials are in phase [, so it is too early to assess the clin-
ical efficacy of y& CAR T cells. It is believed that the
yS8 CAR T cell-based therapy will have an advantage
over conventional CAR T cell therapy by reducing the
risk of developing side effects, such as CRS and neuro-
toxicity [49]. Studies on the function of y§ CAR T cells
in vivo have shown that these cells only persist in the
body for a short time [52], which may be a significant
limitation for their clinical application.
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NKT cells are similar to y§ T cells and combine
the properties of adaptive and innate immune cells.
NKT cells represent less than 1% of T cells in the blood
[56] and express af TCRs, as well as molecules charac-
teristic of NK cells, such as CD16 (FcyR) and CD56 [57].
Unlike T lymphocytes, NKT cells recognize antigens
only in the context of CD1d, a non-classical MHC mol-
ecule close to MHC class I. NKT cells are usually clas-
sified into invariant NKT (iNKT) cells, or type I NKT
cells, and type II NKT cells. iNKT cells are character-
ized by a restricted TCR repertoire and recognize a-ga-
lactosylceramide (a-GalCer), whereas type II NKT cells
are characterized by a broader TCR repertoire and do
not recognize a-GalCer [58].

The number of NKT cells in the blood is often re-
duced in patients with various malignancies, partic-
ularly oncohematological ones, and the functions of
these cells (e.g., IFNy production) are also impaired
[60]. An increased number of NKT cells in the periph-
eral blood, as well as NKT cell infiltration into the tu-
mor tend to correlate with a favorable prognosis for
patients [61, 62]. Only iNKT cells have a pronounced
antitumor effect, whereas type II NKT cells can even
suppress the immune response against malignant
cells. The cytotoxicity of iNKT cells, which is mediat-
ed by granzymes or FasL, is promoted by the recog-
nition of the lipid antigen associated with CD1d [63].
In addition to direct lysis of tumor cells, iNKT cells can
modulate the activity of other immune cells (in par-
ticular, DCs, NK cells, B and T lymphocytes) through
the secretion of pro- and anti-inflammatory cytokines,
such as IFNy, TNF, IL-4, IL-10, and IL-13 [64, 65]. Cyto-
kines released by iNKT cells can also affect the tumor
microenvironment and thus indirectly influence the
immune response against tumors [64]. NKT cells with
a transient CAR expression produced less IL-6 than
transduced CD8* CAR T lymphocytes, while maintain-
ing their cytotoxic activity. For this reason, it has been
suggested that the risk of CRS is lower with CAR NKT
therapy than with CAR-T therapy, but the issue needs
further clarification [66].

Some properties of NKT cells make them partic-
ularly attractive as effectors for CAR therapy. Their
intrinsic antitumor activity (not only the cytotoxic
properties, but also the ability to rearrange the tumor
environment) can complement the CAR-mediated ef-
fect against malignant cells. Since NKT cells recognize
antigens in the context of non-polymorphic CD1d, their
allogeneic adoptive transfer does not cause GVHD, al-
lowing the generation of allogeneic CAR iNKT cells
from the cells of healthy donors [23]. In addition, NKT
cells are able to proliferate rapidly ex vivo and are rel-
atively easy to obtain in the quantities required to pro-
duce a clinical product [56].

In the first work on the generation of CAR iNKT
cells, the expressed CAR was directed against the neu-
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roblastoma antigen GD2 and contained the 4-1BB and
CD3¢ signaling domains (Fig. 2). 4-1BB was shown to
polarize CAR iNKT cells towards the Th1l phenotype,
enabling these cells to efficiently destroy neuroblasto-
ma cells in vivo and persist in the body for a long time
[67]. CD62L expression has been shown to be a mark-
er of increased persistence and anti-tumor activity of
NKT cells, including those expressing CARs. Adminis-
tration of anti-CD19 CAR NKT cells expressing CD62L
to mice with the B cell lymphoma resulted in a signif-
icant disease regression [68]. The study of the efficacy
of CAR NKT cells recognizing chondroitin sulfate pro-
teoglycan 4 (CSPG4; melanoma cell antigen) showed
that CAR NKT cells destroyed melanoma cells in vitro
no less efficiently than CAR T cells [69]. The generation
of NKT cells expressing the third-generation CARs di-
rected against glypican-3 (hepatocellular carcinoma
cell antigen) were obtained and containing CD28 and
4-1BB costimulatory domains has recently been an-
nounced [70].

Advances in the preclinical application of CAR
NKT cells have led to the initiation of clinical tri-
als for the treatment of neuroblastoma (target, GD2;
NCT03294954, NCT02439788), relapsed or resistant
B cell lymphoma (target, CD19; NCT03774654) and
other B cell neoplasms (target, CD19; NCT05487651).
The small number of CAR NKT clinical trials is proba-
bly due to the insufficient preclinical research. Anoth-
er major limitation for the production of clinical prod-
ucts from CAR NKT cells is the low number of NKT
cells in the peripheral blood.

Regulatory T cells (Tregs) are a specialized subset
of CD4* T lymphocytes with the immunosuppressive
function. Tregs account for 5 to 10% of CD4* T cells in
the circulation [71]. The inhibitory influence of Tregs
on the effector T cells or antigen-presenting cells can
be direct or indirect. In the first case, Tregs act on
target cells by secreting anti-inflammatory cytokines
(IL-35, IL-10, or TGF-B) or by releasing granzymes from
the lytic granules, resulting in the target cell death.
Indirect mechanisms include targeting of other cells
exposed to Tregs [72].

The ability of Tregs to inhibit effector immune
cells makes them potentially useful for therapeutic
applications and in various conditions associated with
an exaggerated immune response, such as transplanta-
tion. However, the first studies of the therapeutic prop-
erties of polyclonal Tregs showed that their adoptive
transfer induces non-specific tolerance, reduces the
body’s resistance to infection and increases the risk of
developing malignant neoplasms [73]. CAR expression
allows Tregs to selectively attack target tissues while
maintaining the original inhibitory activity of these
cells and avoiding induction of unwanted immunolog-
ical tolerance. The first-generated CAR Tregs were in-
tended for the therapy of colitis in a mouse model [74];
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soon after, the development of the first human CAR
Tregs was reported [75].

In most studies of CAR Tregs, these cells expressed
second-generation CARs with the CD28 or 4-1BB as
costimulatory domains. Systematic analysis of the ac-
tivity of second-generation CARs directed against the
human leukocyte antigen HLA-A2 with different co-
stimulatory domains in Tregs showed that CARs with
CD28 had the most pronounced activity. The suppres-
sive properties of these cells were further increased by
the expression of IL-10 [76]. CAR Tregs with the CD28
domain showed better persistence than CAR Tregs
with the 4-1BB domain (unlike classic CAR T) [77, 78].
Tregs expressing third-generation CARs with both CD28
and 4-1BB costimulatory domains are currently being
studied [79-81].

In the decade since the first CAR Treg cells were
generated, several CAR Tregs with different specifici-
ties have been obtained. These cells are characterized
by a high efficacy, stability, and increased persistence
in mouse models [82]. CAR Tregs are also character-
ized by a reduced requirement for IL-2 compared to
CAR T [83]. CAR Treg prevent or reduce the symptoms
of GVHD, disorders associated with the excessive activ-
ity of the immune system, hemophilia, and other dis-
eases in mouse models [73]. Currently, only one CAR
Treg study has entered clinical trial (NCT04817774),
which aims to assess the efficacy and safety of CAR
Treg in kidney transplantation. In this research, CARs
recognize HLA-A2 in the recipient organ, so that CAR
Tregs are attracted to the antigen and suppress the
immune response.

Mucosal-associated T cells. Mucosal-associated in-
variant T cells (MAIT) recognize metabolites of vita-
mins B2 and B9 of bacterial origin in a complex with
the non-classical MHC molecule MR1 [84]. MAIT cells
account for 1 to 8% of peripheral blood T cells [85] and
are localized to mucous membranes and lymphoid tis-
sues. MAIT cell TCRs consist of non-polymorphic a and
B chains; most MAIT cells also express CD8. They also
carry granzyme-containing lytic granules and have
cytotoxic properties [86]. When activated, MAIT cells
secrete the pro-inflammatory cytokines IFNy, TNE,
and IL-17 [87].

MAIT cells are involved in protection against most-
ly bacterial infections and in the pathogenesis of many
non-communicable diseases, such as autoimmune dis-
orders, inflammatory bowel disease, celiac disease, and
cancer [84]. The level of MAIT cells in the blood decreas-
es in colorectal cancer. MAIT cells migrate into the tu-
mors, where they exert their antitumor cytotoxic effect
by releasing granzymes [88]. A reduction in the number
of MAIT cells is also observed in patients with multiple
myeloma [89]. In some cases, actively migrating MAIT
cells become immunosuppressed by the tumor micro-
environment and lose the ability to secrete IFNy [90].

MININA et al.

The fact that MAIT cells actively infiltrate tumor
microenvironment and have the cytotoxic properties
suggests that they can be used in the development
of novel anti-tumor immunotherapeutic approaches.
Since MAIT cells only recognize antigens associat-
ed with the non-classical MHC class I molecule MR1,
the likelihood of GVHD development when using CAR
MAIT cells would be lower than in the case of cytotox-
ic CAR T cells [23]. Dogan et al. [86] expressed CARs
against CD19 or HER2 antigens in primary human
MAIT cells and showed that the resulting cells were
cytotoxic effects against B cell lymphoma and breast
cancer cells, respectively. The activated CAR MAIT cells
were not inferior to CD8* CAR T lymphocytes in their
cytotoxicity against target cells, but produced signifi-
cantly lower levels of IFNy and other pro-inflammato-
ry cytokines. This latter observation suggests that the
likelihood of CRS and neurotoxicity following injection
of CAR MAIT cells into the patient’s body may be low-
er than with CAR T cells [87]. Further evaluation of
the safety and antitumor properties of CAR MAIT cells
should be performed in in vivo in laboratory animals
and in clinical trials.

Double negative (DN) T cells. DN T cells are char-
acterized by CD3 expression in the absence of CD4 and
CD8 expression. DN T cells also express CD25 [91], a
molecule that is highly expressed by Tregs. TCRs of DN
T cells can contain both aff and y§ chains. DN T cells
make up 3 to 5% of T cells in the blood [92]. They ex-
ert a strong suppressive effect on several groups of
immune cells (CD4* and CD8* T cells, B cells, and NK
cells) both invitro and in vivo. Thus, DN T cells play
an important role in the prevention of GVHD and the
maintenance of tolerance to allografts and xenografts
[93-95]. Thus, DN T cells can be considered as a non-
canonical subset of Tregs.

Despite their immunosuppressive effect on many
immune cells, DN T cells possess their own MHC-in-
dependent cytotoxic properties. DN T cells can induce
malignant cell death via FasL [96], TRAIL, and other
cytotoxicity-associated surface proteins [97]. They also
express perforin and granzymes and secrete TNF and
IFNy [97]. In addition to MHC-independent cytotoxici-
ty, DN T cells have other properties, such as the possi-
bility of easy expansion ex vivo [98], lack of extra-tu-
mor cytotoxic activity, and reduced risk of rejection
after allogeneic transfer [99], which allow their use in
immunotherapy of malignant diseases.

The possibility of CAR expression in DN T cells
has been poorly investigated. In 2022, Vasic et al. [99]
reported the generation of DN T cells with the CD19-
directed CAR and compared their antitumor proper-
ties with traditional CAR T cells directed against the
same antigen. The authors found that the CAR DN
T cells were not inferior to conventional CAR T cells in
their in vitro and in vivo anti-tumor properties, but did
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not cause GVHD [99]. However, these results require
independent confirmation by other investigators.

Cytokine-induced killer (CIK) cells are a hetero-
geneous group of CD8* T cells that are phenotypically
and functionally close to NK cells [100, 101]. CIKs are
derived from CD3* T lymphocytes that begin to express
CD56 during expansion. Initially, CIKs were derived
from the lymphokine-activated killer cells (LAKs, lym-
phocytes with the ability to lyse tumor cells after in-
cubation with IL-2 [102]) during the optimization of
the expansion protocol. LAKs had already been ob-
tained in the 1980s [103], but despite their strong cy-
totoxic properties against tumor cells, the difficulties
in expanding these cells ex vivo have limited their use.
The timed addition of IFNy, IL-2, and anti-CD3 mono-
clonal antibody (which had the mitogenic effect) to
LAKs led to the development of CIKs [104]. Currently,
these cells can be produced relatively cheaply from
peripheral or umbilical cord blood T cells.

The cytotoxic effect of CIKs requires the involve-
ment of the NKG2D receptor and is manifested by the
release of the contents of granzyme-containing lytic
granules. NKG2D recognizes stress-induced molecules,
such as UL16BP and MICA/MICB, on the surface of tar-
get cells [105]. As TCR signaling is also possible, so the
use of CIKs has for a long time been limited to autol-
ogous therapy due to the fear of acute GVHD. How-
ever, it has been recently been shown that the use of
donor-based CIKs after hematopoietic stem cells al-
lotransplantation is relatively safe, which may be due
to the short persistence of terminally differentiated
CD3*CD56* cells and the reduced expression of some
homing receptors [106].

Due to their strong cytotoxic properties, rapid
ex vivo expansion, tumor cell recognition via NKG2D,
and safety of allogeneic adoptive transfer, CIKs are
considered as promising effectors for CAR cell thera-
py [107]. Several preclinical studies have demonstrat-
ed the efficacy of CAR CIKs against hematological and
solid tumors. For example, CIKs expressing a CAR di-
rected against CD19 and containing CD28/4-1BB and
CD3( domains efficiently destroyed B cell acute lym-
phoblastic leukemia cells [108, 109]. CIKs bearing CARs
to relevant tumor antigens effectively destroyed colon
cancer cells, acute myeloid leukemia cells, soft tissue
sarcoma cells, and cells of other tumor [107]. Expres-
sion of CARs in CIKs leads to increased production of
IFNy and TNF compared to CIKs that do not express
CARs [110, 111].

As of 2022, there is only one clinical trial inves-
tigating the efficacy and safety of CD19-directed CAR
CIKs in acute lymphoblastic leukemia (NCT03389035).
Further studies are therefore needed to provide infor-
mation on the therapeutic efficacy of CAR CIKs.

Macrophages as specialized phagocytic cells that
heavily infiltrate the stroma of solid tumors and are
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an important component of the tumor microenviron-
ment. Following recognition of foreign agents by in-
nate immune receptors (mainly Toll-like and NOD-like
receptors), macrophages become activated and start to
produce pro-inflammatory cytokines (TNF, IL-1f, IL-6,
IL-12, and IL-23) that affect many cells in the tumor mi-
croenvironment and in particular promote the antitu-
mor activity of T cells and NK cells. Macrophages with
the pro-inflammatory properties have the so-called
M1 phenotype, whereas macrophages with M2 phe-
notype inhibit inflammation and the development of
antitumor T cell immunity and promote tumor growth
by producing IL-4, IL-5, and IL-13 cytokines. The ma-
jor physiological role of M2 macrophages is wound
healing [112]. Macrophages in the tumor microenvi-
ronment are known as tumor-associated macrophages
(TAMs). The TAMs with M2 phenotype promote tumor
growth and metastasis and has the immunosuppres-
sive properties [66]. Therefore, polarization of TAMs
towards the M1 phenotype, which contributes to the
destruction of neoplasia, is an important component
of the anti-tumor immunotherapy using these cells.

The phagocytic capacity of macrophages can be
enhanced by the expression of CARs bearing intracel-
lular domains that trigger phagocytosis-activating sig-
naling. In the one of the first studies focusing on CAR
macrophages (CAR Ms), primary human monocytes
were transduced with a CAR directed against carci-
noembryonic antigen (CEA) and bearing CD64 (FcyRI)
as a signaling domain. The resulting CAR Ms showed
antitumor activity invitro and in vivo, although the
molecular mechanism of this activity remained un-
clear [113]. Further studies showed that expression
of CARs containing the phagocytic receptor Megf10 or
FcyR as signaling domains promoted the phagocytic
activity of macrophages [114, 115]. Phagocytosis was
also activated by the expression of CARs with the CD3(
signaling domain, which is homologous to FcyRI.

Macrophages expressing CARs directed against
CD19 with Megfl0 or FcyR domains efficiently de-
stroyed CD19-positive tumor cells. Phagocytosis was
only observed for a small fraction of malignant cells,
while the majority were destroyed by trogocytosis
[116]. Zhang et al. [116] derived macrophages express-
ing second-generation anti-CD19 CAR and possessing
CD3( signaling and 4-1BB costimulatory domains from
the induced pluripotent stem cells (iPSCs). These mac-
rophages phagocytized tumor cells in culture and pro-
duced pro-inflammatory cytokines, but had little effect
on the tumor growth in vivo [117].

It has been shown that the process of CAR M gen-
eration itself induces their polarization into pro-in-
flammatory cells. In particular, it was shown that trans-
duction with a CAR-encoding adenoviral vector and
subsequent CAR expression polarized macrophages
towards the M1 phenotype, which was maintained
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in the tumor microenvironment [118]. In addition,
CAR Ms are capable of cross-presenting tumor anti-
gens after phagocytosis. Macrophages expressing CARs
directed against HER2 (breast cancer antigen) phago-
cytized tumor cells and presented the processed an-
tigens. CAR Ms have been shown to activate systemic
antitumor immunity [119]. A single administration of
CAR Ms in a mouse model of ovarian cancer signifi-
cantly prolonged animal survival and slowed (but did
not completely suppress) tumor development [115].
Nevertheless, the ability of CAR Ms to transform the
tumor microenvironment into a pro-inflammatory one
makes them an additional tool in the CAR T cell thera-
py or other immunotherapies.

Macrophages can produce matrix metallopro-
teinases that cause significant changes in the tumor
extracellular matrix and affect the architecture of the
neoplasm, which can be exploited in the CAR therapy.
Expression of CARs directed against HER2 and contain-
ing CD147 as a transmembrane/intracellular domain in
macrophages stimulated the secretion of matrix metal-
loproteinases by these cells. Using a mouse model of
breast cancer, it was shown that administration of these
CAR Ms led to the tumor matrix rearrangement, which
promoted T cell infiltration into the tumor. Levels of
CRS-associated pro-inflammatory cytokines (IFNy, TNE,
and IL-6) in the blood of mice with breast cancer were
reduced, while the levels of IL-12 and IFNy in the tumor
were increased [120]. It is reasonable to assume that
CAR M therapy is associated with a reduced risk of CRS.

At present, there is not enough information to
draw conclusions about the efficacy and safety of CAR
M therapy in humans. The fact that macrophages are
one of the main cell types of that trigger the CRS re-
quires a detailed review of the safety of CAR M thera-
py. In addition, peripheral blood monocytes are hetero-
geneous, and there is a possibility that CAR Ms derived
from these cells may migrate to healthy tissues more
often than to the tumor when used systemically [23],
which may lead to significant side effects in different
organ systems. To date, only one HER2-overexpressing
CAR M against solid tumors (NCT04660929) has en-
tered the clinical trial.

Dendritic cells. As “professional” antigen-present-
ing cells, DCs are involved in the maturation of naive
T cells and the reactivation of memory T cells. During
antigen presentation to T cells, DCs produce cytokines
that modulate T cell activity. When present in the tu-
mor microenvironment, DCs can both induce immune
tolerance and contribute to the development of the an-
titumor immune response [121, 122]. In addition, DCs
are able to cross-present tumor antigens to the cyto-
toxic CD8* T cells, thereby promoting the antitumor
response [123].

The potential of CAR-expressing DCs in controlling
of the antitumor activity of CAR T cells has been poor-
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ly investigated. Suh et al. [123] investigated the pos-
sibility of using CAR-expressing DCs (CAR DCs) to at-
tract to the tumor microenvironment and to activate
CARTT cells through the cytokine secretion. Expression
of CARs against CD33 on DCs promoted the homing
of these cells to the bone marrow in mice with acute
myeloid leukemia. Mice receiving CAR DCs and CAR
T cells targeting CD33 had significantly elevated lev-
els of IL-12, IFNy, and TNF, and the overall survival of
these animals was longer than that of mice receiving
CAR T cells alone. Thus, co-administration of CAR DCs
and CAR T cells significantly increased the efficiency of
malignant cell destruction [124]. The safety of clinical
application of CAR DCs should be investigated, as IL-12
secreted in high concentrations may have a systemic
toxic effect [125]. To date, there are no registered clini-
cal trials focusing on CAR DCs.

B cells. In addition to T cells and innate immune
cells, B cells are also of interest for CAR technology.
Because of their ability to differentiate into long-lived
antibody-secreting plasma cells, B lymphocytes could
become a safe and controlled source of therapeutic
monoclonal antibodies. By expressing CARs against tu-
mor antigens in these cells, targeted antibody delivery
can avoid the side effects of systemic antibody admin-
istration.

Despite these prospects, the studies on the CAR-ex-
pressing B cells and their therapeutic use are current-
ly limited. The possibility of lentiviral transduction of
B cells and subsequent expression of CARs in them
was described in 2018, when a patient experienced a
relapse of B cell lymphoma caused by a single B cell
clone accidentally transduced with a CAR [126]. Soon
after, Pesch et al. [126] demonstrated that genes encod-
ing chimeric B cell receptors (CBCRs) could be insert-
ed into B cells using the CRISPR/Cas9 genome editing
technology. The CBCR used in this study contained the
transmembrane region CD28 and the BCR signaling do-
main CD79f instead of the classical CD3(. Introducing
of the gene encoding this CBCR into primary mouse
B cells resulted in the abundant presence of CBCR on
their surface, allowing the cells to recognize antigens
without the involvement of their own B cell receptors
[127]. The antitumor activity and the therapeutic effi-
cacy of CAR-expressing B cells, as well as their safety
in humans, are currently unknown.

ONE TARGET - MANY TYPES OF CAR CELLS

Early studies focused on the antitumor effects of
CAR-expressing leukocytes of different types have used
a small set of tumor-associated antigens, including
CD19, GD2 and others as CAR targets. At present, CAR
cells that effectively recognize tumor antigens have
been derived from different types of white blood cells.

BIOCHEMISTRY (Moscow) Vol. 89 No. 5 2024



CAR CELLS BEYOND CLASSICAL CART CELLS

The generation of CAR cells that recognize the same
tumor antigen from different cell sources could pro-
vide scope for selecting the optimal therapy for each
patient, as the effector properties of different groups
of white blood cells are different.

Four out of the six FDA-approved CAR T cell ther-
apies target the CD19 antigen and are designed to treat
B cell neoplasias. Despite proven high efficacy, the
anti-CD19 CAR T cell therapy is associated with serious
side effects, primarily CRS and neurotoxicity, in a sig-
nificant proportion of patients. For example, the use
of axicabtagene ciloleucel (CAR T cells with the CD28
costimulatory domain and CD3( signaling domain)
causes CRS in 93% of patients and neurotoxicity in
67% [128, 129]. To date, CAR cells that efficiently rec-
ognize and destroy CD19-positive malignant cells have
been derived from y& T cells [52], MAIT cells [87], NKT
cells [68], NK cells [29], DN T cells [100], CIKs [108]
and macrophages [114, 115]. Tregs expressing CD19
have been engineered to suppress the antibody pro-
duction and prevent GVHD [130].

Preclinical studies and studies in small groups of
patients, have shown that anti-CD19 CAR cells, which
are different from the cytotoxic T cells, have a strong
antitumor effect with fewer side effects than the CAR
T cell therapy. However, many of the cell products
mentioned above have not yet reached full-scale clin-
ical trials, while those that have are still in the early
stages of clinical testing, so it is too early to draw con-
clusions about their safety and efficacy.

Two other FDA-approved CAR T cell therapies,
idecabtagene vicleucel and ciltacabtagene autoleucel,
which target the BCMA antigen, have been developed
for the treatment of multiple myeloma. As with the an-
ti-CD19 CAR T therapy, the high efficacy of these drugs
is associated with a significant risk of CRS or neuro-
toxicity: 76 and 42% for idecabtagene vicleucel and
92 and 20% for ciltacabtagene autoleucel, respectively
[131, 132]. It has been reported that CAR NK cells tar-
geting BCMA have been obtained [133], but have not
yet entered clinical trials.

There are also CAR cells targeting the same tu-
mor-associated antigen, derived from different types
of white blood cells, intended for the therapy of solid
tumors. For example, GD2-recognizing CAR cells have
been derived from y8 T cells and NKT cells. Currently,
GD2-recognizing CAR NKT cells are in phase I clinical
trials, so the safety and efficacy of both cell products
remain to be investigated.

CONCLUSION
Over the past 20 years, the CAR T cell approach
has been marked by a recognized success in the treat-

ment of hematologic cancers, and six CAR T cell ther-

BIOCHEMISTRY (Moscow) Vol. 89 No. 5 2024

775

apies have been approved for clinical use by the FDA.
Despite the drawbacks of “traditional” CAR T cell ther-
apy, the possibility of generating CAR cells from other
types of white blood cells has long been overlooked.
The results of preclinical studies of the efficacy and
safety of CAR cells in cell culture and mouse models
suggest a wide range of applications for CAR cells in
the treatment of human cancer, including solid tu-
mors. Data on the expression of CARs against different
targets and in different leukocyte subsets are summa-
rized in Table 1 in the article by Qin et al. [33]. Cur-
rently, existing cellular products are only in phase I/II
of clinical trials, while the vast majority of therapeutic
drugs based on CAR-expressing immune cells have not
yet progressed beyond the preclinical studies.

Although alternative CAR cell products have sig-
nificant advantages over traditional CAR T cells (e.g.,
reduced risk of CRS and neurotoxicity), the latter are
still superior in a number of parameters. Since the sig-
naling pathways underlying the activity of CARs are
different in different groups of adaptive and innate
immune cells, the choice of costimulatory and signal-
ing domains is crucial for the development of CARs in-
tended for the expression in different types of immune
cells. Inclusion of a domain that is not sufficiently func-
tional in a particular cell type can lead to a reduction
in the CAR activity and therapeutic efficacy. For ex-
ample, in macrophages, the Megf10 signaling domain
in the CAR construct is more efficient than the CD3(
domain, which has shown optimal activity in T cells.
Therefore, each new CAR-expressing cell may require
“customization” of the receptors and identification of
domains that provide the required level of signaling
from the activated receptor. In the case of traditional
CAR T cells, the choice of domains for CARs has been
much better studied. In addition, some immune cells
are difficult to expand ex vivo, and obtaining sufficient
numbers of these cells can be expensive and time-con-
suming, significantly limiting the ability to produce
clinically relevant products. However, in some cases, it
is possible to find alternative sources of white blood
cells that can at least partially overcome the problem
of cell expansion. For example, CAR NK cells may be
derived from cell lines and iPSCs [20]; CAR Ms may
be derived from monocytes and iPSCs [116]. However,
this method of generating CAR cells may be associat-
ed with a potential risk of tumor formation due to the
high oncogenic potential of iPSCs, and therefore its
safety needs to be further investigated.

Despite significant limitations associated with the
development of CAR-mediated therapies based on dif-
ferent types of white blood cells, these cells have good
prospects in the immunotherapy of solid tumors. The
use of CAR T cells in the treatment of solid tumors has
been largely ineffective due to the insufficient infiltra-
tion of CAR T cells into the tumor, suppressive effects



776

of the tumor microenvironment, and heterogeneity
and frequent loss of tumor antigens. Preclinical stud-
ies have shown that many alternative CAR-expressing
immune cells successfully destroy solid tumors. Some
cells, in particular CAR-Ms, can transform tumor mi-
croenvironment into an inflammatory environment
that promotes tumor elimination. The issue of infil-
tration of CAR-expressing immune cells into solid tu-
mors has also not been resolved. Efficient tumor in-
filtration of CAR cells has only been demonstrated for
NK cells and macrophages [117]. Nevertheless, it can
be assumed that CAR leukocytes will become effective
agents for the treatment of solid tumors when used in
combination with other therapeutic approaches.

In conclusion, CAR cell therapy based on different
types of immune cells is moving towards its clinical
application. However, it may be years before alterna-
tive CAR cells become effective, safe, and routinely used
tools in the treatment of cancer and other diseases.
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