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Abstract

The ongoing development of novel personalized cancer therapies has resulted in the implementation of T-cells
enriched with synthetic chimeric antigen receptors, known as chimeric antigen receptors T-cell (CAR-T) cells, into
clinical practice. CAR-T cells are able to recognize and bind specific antigens present on the surface of target cells —
so-called tumor-associated antigens. This innovative method has been approved for the treatment of hematological
malignancies and may also serve as a bridge to hematopoietic stem cell transplantation. The production of the drug
containing modified T-cells consists of several steps — leukapheresis, T-cell activation, transduction and expansion of
the final CAR-T cells. Activation of CAR-T cells occurs through a pathway independent of the major histocompatibility
complex, which is often associated with uncontrolled responses from the immune system and adverse reactions
such as cytokine release syndrome. CAR-T therapy can only be performed in certified centers, and requires close
cooperation between experienced specialists of different medical disciplines. This is what determines its effective-
ness. Every step from collection and cryopreservation, through transport and modification, to thawing and infusion is
strictly controlled because it has a critical impact on the quality and efficiency of the drug. Despite its proven benefits,
CAR-T therapy remains available only to patients who meet well-defined criteria. These however are liable to change
with the emergence of new indications.

Key words: CAR-T, efficacy, CRS, ICANS, side effects
Acta Haematologica Polonica 2022; 53, 4: 241-248

The motivation to engineer CAR-T cells was the anti-
body dependent cellular cytotoxicity (ADCC) process. This
begins with the coating of the target cell by an antibody,
which bridges a natural killer (NK) cell containing a Fc

Introduction

The ongoing quest to develop more effective methods of
cancer treatment has recently resulted in the implemen-

tation of a therapeutic modality based on the patient’s
cells, which combines the achievements of gene-, cell-,
and immunotherapies.

Chimeric antigen receptors T cell (CAR-T) therapy, i.e. the
use of T lymphocytes enriched with synthetic chimeric anti-
gen receptors (CAR), has shown significant efficacy in the
treatment of certain hematological malignancies, including
mainly refractory and relapsed leukemias and lymphomas [1].
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receptor (FCR). The activation of NK cells results in their
degranulation, leading to the release of perforin, gran-
zymes, and granulysins, followed by apoptosis of the tar-
get cell [2, 3]. In the late 1980s, the first studies were
published describing the activation of T-cells without the
involvement of major histocompatibility complex (MHC),
i.e. through the combination of T-cell receptor (TCR) with
variable antibody fragments [4, 5]. Three decades later, in
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Table I. Food and Drug Administration (FDA)-approved chimeric antigen receptors T-cell (CAR-T) cell therapies (source [6])

Brand name (generic name) Indications
Kymriah™ (tisagenlecleucel) r/r DLBCL
r/r B-ALL up to 25 years
Yescarta™ (axicabactagene ciloleucel) r/r DLBCL
r/r PMBCL
r/r FL
Tecartus™ (brexucabtagene autoleucel) r/r MCL
r/r B-ALL
Breyanzi® (lisocabtagene maraleucel) r/r LBCL
Abecma® (idecabtagene vicleucel) r/r MM
Carvykti™ (ciltacabtagene autoleucel) r/r MM

Target Date of approval

CD19 August 30, 2017

CD19 October 18, 2017

CD19 July 24, 2020/0October 1, 2021
CD19 February 5, 2021

BCMA March 26, 2021

BCMA February 28, 2022

r/r — relapsed/refractory; DLBCL — diffuse large B-cell ymphoma; B-ALL — B-cell acute lymphoblastic leukemia; PMBCL — primary mediastinal large B-cell ymphoma; FL —follicular lymphoma; MCL — mantle

cell ymphoma; LBCL — large B-cell ymphoma; MM — multiple myeloma; BCMA — B-cell maturation antigen

2017, the US Food and Drug Administration (FDA) approved
the two first drugs for relapsed or refractory (r/r) malig-
nancies: for B-cell acute lymphoblastic leukemia (B-ALL)
— Kymriah™ (Novartis) and for diffuse large B-cell lympho-
ma (DLBCL) — Yescarta™ (KitePharma). Since then, six
CAR-T-based immunotherapies have been approved (see
Table I) [6].

Structure of CAR-T

The transmembrane CAR-T cells’ receptor has a modular
structure and is classically composed of five parts, which
determine its durability and efficacy:
1) extracellular antigen-binding domain —a key component
responsible for CAR specificity by recognizing a well-de-
fined antigen, such as CD19, without the involvement
of the MHC. It is derived from the single-chain variable
fragment of the antibody (scFv), which is built from light
and heavy regions linked by a peptide fragment;

hinge region — a linking element whose length and flex-

ibility affect CAR functionality;

transmembrane domain — a hydrophobic fragment re-

sponsible for signal transduction into the cell and for

receptor stability;

4) intracellular costimulatory domain — co-responsible
for signal transduction. This structure reduces the risk
of lymphocyte anergy, thus preserving the functional-
ity, proliferation and survival of CAR-T cells. The drug
Kymriah™ contains the 4-1BB domain, and Yescarta™
contains CD28. Studies indicate that the use of 4-1BB
is associated with a later and smaller peak of expan-
sion and higher longevity of CAR-T cells relative to those
with the CD28 domain, which rapidly reach a maximum
of activity, and subsequently become exhausted. It has
been observed that the use of the 4-1BB domain pro-
motes the differentiation of cells into central memory
T-cells (Tey), whereas the CD28 domain affects the dif-
ferentiation into effector memory T-cells (Tgy);
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5) intracellular signalling domain — responsible for signal
transduction into the cell, usually contains the TCR CD3(
complex [7-10] (see Figure 1).

Subsequent modifications of CAR have led to the devel-
opment of their five generations. The first generation lacks
a costimulatory domain, making it insufficiently effective.
The second generation contains one costimulatory domain,
and the third generation contains two. The fourth genera-
tion has been further enriched with the ability to produce
proteins such as cytokines — interleukins (IL) and chemo-
kines, and the fifth generation with the expression of inter-
leukin-2 receptor (IL-2R) B domain, which stimulates the
STAT3/STAT5 signaling pathway. Currently, second genera-
tion CARs have been used in clinical practice [11].

Production of CAR-T cells and application
in clinical practice

The production of a CAR-T cell drug is a multi-step process,
and requires the collaboration of many specialists. Once
the number of peripheral blood lymphocytes exceeds 0.3
x 10%/uL, a patient eligible for CAR-T therapy is referred
for leukapheresis targeting unmobilized CD3+ T-cells. This
procedure is performed in transplant centers that routinely
perform apheresis to collect hematopoietic stem cells from
mobilized peripheral blood [12]. It is important to maintain
an interval between the use of certain drugs indicated by
the manufacturer and the apheresis, the so-called wash
out period. For example, bendamustine impairs CAR-T cell
production, but there are many others [13].

The main factors affecting the efficiency of leukapher-
esis are the patient’s health status and age. In patients
being treated for malignancies, lymphopenia, as a conse-
quence of chemotherapy, may hinder the collection of suf-
ficient numbers of cells [14]. An example is the concentra-
tion of memory T-cells in patients with ALL and non-Hod-
gkin lymphoma (NHL), which decreases with each course
of standard treatment [15]. The possible contamination of
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Figure 1. Schematic diagram of chimeric antigen receptors (CAR)
structure [7-10]

the material by erythrocytes, monocytes and granulocytes
can also be a problem [12]. The collected product should
contain as many T-cells as possible. This has a beneficial
effect on the efficiency of CAR-T cell production, and also
reduces the possibility of accidental transduction of other
populations, including tumor cells, inducing resistance to
therapy. In infants and young children, the smaller volume
of circulating blood remains an additional challenge [16].

Bearing these limitations in mind, methods of purifying
the material after apheresis can be used in the production
of CAR-T therapy drug. One of these involves the selection
of T lymphocytes, or their specific subpopulations, using
magnetic beads conjugated with antibodies. This allows
the separation of a pure population of required cells from
a heterogeneous population of leukocytes [15]. A fully au-
tomated closed system CliniMACS Prodigy® (Miltenyi Bio-
tec, Germany) using appropriate antibodies combined with
microbeads is commercially available [17]. T-lymphocyte
selection is mainly performed on material collected from
patients with a high number of tumor cells in the periph-
eral blood, e.g. from untreated patients with chronic lym-
phocytic leukemia (CLL). Selection is also used in the later
steps of drug production. Using anti-CD3, anti-CD4 or anti-
CD8 antibodies, a final cell product with a specific CD4+/
/CD8+ lymphocyte ratio can be obtained, which positively
influences the antitumor activity of CAR-T cells [18]. Fur-
thermore, research to develop subcutaneous implants is
in progress. They would be coated with antigens specific to
receptors present on desired T-lymphocyte subpopulations,
so that in vivo they could specifically capture cells neces-
sary for CAR-T production. After a few days, such implants
would be removed from the patient’s body, thus replacing
traditional apheresis [14].

The collected material is delivered to the Cell Bank and
to the Hematological Laboratory, where CD3+ cell count
and viability is determined by flow cytometry. After con-
firming the appropriate quality, the product is prepared for
transport to the Cell Engineering Laboratory. Cells collect-
ed during leukapheresis can be transported unfrozen or
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frozen, although fresh lymphocytes have a short period of
sufficiently high viability, and so in most cases cryopreser-
vation of cell suspension in liquid nitrogen is recommend-
ed, using 5-10% dimethylsulfoxide (DMSO) as a cryopro-
tectant [15].

Proper cryopreservation of material with adequate cel-
lularity is critical to maintaining product quality, and must
be done under controlled conditions with a slow rate of
temperature decrease. The transport of cells in an adapt-
ed dewar, a kind of vessel with a vacuum space between
liquid nitrogen and the outer walls, is a critical moment for
maintaining the viability of the required cytotoxic T-cells.
Currently, pharmaceutical companies which are distribu-
tors of the drug in Poland cooperate with laboratories lo-
cated in Switzerland, the United States of America (USA)
and France, among others [19].

In pharmaceutical manufacture, the material is firstly
thawed and washed to remove anticoagulants added during
leukapheresis with the use of counterflow centrifugation.
The T lymphocytes are then activated, which is a neces-
sary step for subsequent transduction and expansion ex
vivo [20]. The most common way to activate T lymphocytes
is by stimulation using soluble anti-CD3 monoclonal anti-
bodies or immobilized — on the surface of flasks or para-
magnetic beads — anti-CD3 and anti-CD28 antibodies. The
anti-CD3 antibodies are responsible for the proliferative
signal, and the anti-CD28 antibodies are responsible for
the costimulatory signal. Flasks form a relatively small sur-
face area for T-cells to adhere to, so paramagnetic beads
are more commonly used. The suspension containing such
microbeads should then be exposed to a magnetic field in
order to remove them from the finished product, which will
be administered to the patient [15, 18]. Another way to ac-
tivate T-cells uses retronectin, a recombinant fragment of
human fibronectin that enhances gene transfer efficiency
in retroviral transduction. Retronectin, combined with an-
ti-CD3 and anti-CD28 monoclonal antibodies, is a promising
method for proliferating less differentiated T-cell subpopula-
tions, which may be beneficial for long-term persistence of
CAR-T cells in vivo. However, retronectin activation should
be performed with caution, especially in patients with a high
percentage of tumor cells in the peripheral blood, as it may
stimulate persistent malignant B cells within the cell prod-
uct, especially if T-cell selection was not performed at the
initial production step [18, 21].

In the next step, the CAR transgene is delivered into
cells using lentiviral or retroviral vectors. The high trans-
duction efficiency with these viruses requires the previously
mentioned activation of T lymphocytes. Especially for retro-
viruses, which transduce only dividing cells, proliferation is
essential for gene transfer [22]. Lentiviral vectors are usu-
ally produced by transient transfection using large amounts
of plasmid DNA, making them more expensive than retrovi-
ruses which can be produced using stable packaging cell
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lines [23]. However, it is important that viral vectors intro-
duce genetic material into the genome in a manner that is
random, otherwise we pose the risk of silencing a random
gene or causing insertional oncogenesis [14].

Recent years have also seen the development of non-
viral T-cell transfection techniques, which use transposon/
/transposase systems. A transposon is a DNA sequence
that has the ability to change position within the genome
via transposase-mediated excision and insertion [24]. To
date, four transposons have been described: Sleeping
Beauty (SB) and Frog Prince, which were reconstructed
from inactive transposons derived from the fish and frog
genomes, respectively; Tol2, which is the only vertebrate
transposon of natural origin; and piggyBac (PB), which is
derived from the insect Trichoplusia ni. SB and PB have
high transposase activity in mammalian cells, with higher
activity for PB and involving larger chromatin loops than
in SB. In addition, PB does not leave gene excision marks,
so that possible genome damage is less likely. Transposi-
tion involving PB is also simple to reproduce in vitro [25].
Targeted CAR transgene insertion can also be performed
using the CRISPR-Cas9 genome editing system. Preclini-
cal studies have shown promise in using this system to
ablate the endogenous of TCR receptor on the surface
of T-cells, and thus reduce the prevalence of graft-versus-
-host disease (GvHD) [26-28]. These modifications allow
for the expression of CAR, which gives the T-cells the abil-
ity to recognize a specific antigen. In hematological malig-
nancies, where CAR-T therapy is predominantly used, the
receptor for the CD19 antigen is most frequently used [1].

The ready, genetically modified lymphocytes are ex-
panded in static or dynamic dishes or culture devices un-
til the required therapeutic dose is reached. Ready-made
culture media adapted to multiple cells of adaptive cell
therapy, supplemented with e.g. IL-7 and IL-15 or human
serum, are used. Cultures are monitored for bioanalytes
— pH, glucose, lactate, electrolytes, pO,, pCO,, humidity —
and for cell proliferation and volume change. This step can
take place before or after gene transduction, depending on
the drug manufacturer, and lasts approximately 10 days
[20, 29]. Finally, cells are harvested and cryopreserved
for further distribution. The frozen drug is received by the
hospital pharmacy, which is responsible for its storage at
a temperature <-130°C and subsequent delivery to the
department. The completed product is intended only for
a single autologous application in a particular patient [30].

The complete process of CAR-T cell production usually
takes about four weeks (17 to 60 days). During this time,
the patient may be considered for bridging therapy in the
form of classical chemotherapy or immunotherapy and radi-
ation therapy, based on disease burden. Promising results
have been observed with the use of polatuzumab, but this
requires further studies [31]. The lymphodepletion phase
is between day -5 and day -3, and a regimen containing
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Figure 2. Schematic of collaboration in implementation of chimeric
antigen receptors T-cell (CAR-T) therapy

fludarabine/cyclophosphamide, which increases the expan-
sion of CAR-T CD19 cells, is used. On the day of infusion,
the drug is thawed in a 37 °C water bath at the patient’s
bedside, as is done in cryopreserved hematopoietic stem
cell transplantation, and immediately administered as an
intravenous infusion. Additionally, premedication of oral
paracetamol and intravenous diphenhydramine, or another
H21 antihistamine, may be considered, but prophylactic use
of systemic corticosteroids is not recommended — there is
a possibility of drug interference.

A requirement for the use of the product is access to
at least one dose of tocilizumab, which has an immuno-
suppressive effect. After the infusion, until at least day 10,
the patient is hospitalized and thereafter for at least four
weeks is obliged to remain near the center for close obser-
vation [19, 32, 33]. Figure 2 presents a schematic show-
ing collaboration in the implementation of CAR-T therapy.

Mechanism of action

Modified CAR-T cells are able to recognize and bind specific
antigens present on the surface of target cells, mainly tu-
mor cells —tumor-associated antigens (TAAs) — however, it
should be noted that normal antigen-presenting cells may
also be targeted. Upon binding to the antigen, a signaling
cascade activating CAR-T is induced through a conforma-
tional change. The release of perforins and granzymes,
using immunological synapse, leads to the activation of
cytotoxic mechanisms. Expression of Fas ligand (FasL)
and tumor necrosis factor-related apoptosis-inducing li-
gand (TRAIL) on the surface of CAR-T, by binding receptors
containing the so-called death domain, induces apoptosis.
Among others, caspase 8 and caspase 3 are involved in
this process. Secretion of proinflammatory cytokines (IL-2,
interferon-y, tumor necrosis factor-a) activates other cells
of the immune system. The reason for the superiority of
the described processes in the therapy of hematological
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malignancies compared to solid tumors is the lack of phys-
ical barriers —the localization of tumor cells and migrating
T lymphocytes is usually the same — and the lack of an
immunosuppressive microenvironment, which hinders
the infiltration of CAR-T cells into the tumor site [34, 35].

CAR-T available for Polish patients

The cost of administering the drug exceeds $350,000 [36].
In Poland, CAR-T therapy has been reimbursed for patients
with relapsed/refractory (r/r) B-ALL up to 25 years since
September 2021 and for patients with r/r DLBCL since May
1 2022. A patient who meets the reimbursement criteria,
in accordance with the relevant drug program (B.93),
may apply through an accredited center for eligibility for
treatment, which is subject to a final decision by the CAR-T
Coordination Team.

The number of clinical trials for CAR-T therapy in
2022 was about 1,000, of which less than 10% are being
conducted in Europe [37]. Despite excellent research fa-
cilities, European countries, compared to the USA or Chi-
na, have complicated and time-consuming regulatory reg-
ulations, resulting in delays in clinical application of trials,
as well as funding problems [38]. In Poland, the develop-
ment of CAR-NET adoptive therapy is possible thanks to
a grant from the Medical Research Agency worth more than
$220,000, which will be implemented by a consortium be-
tween 2021-2026. This aims to improve therapeutic ef-
ficacy and significantly reduce the cost of CAR-T therapy,
which would enable its application on a larger scale, rather
than as before in the form of single cases often financed
by public donations.

Difficulties associated
with use of CAR-T therapy

Activation of CAR-T cells through an MHC-independent
pathway may be associated with uncontrolled immune
responses and some adverse reactions. The main ones
include cytokine release syndrome (CRS), neurotoxicity
with encephalopathy, headache, slurred speech and hal-
lucinations, and also infections. Some patients develop
transaminases increase, hypogammaglobulinemia, dissem-
inated intravascular coagulation (DIC), and macrophage
activation syndrome (MAS). These abnormalities are usually
the manifestations of the expansion of CAR-T cells, which,
after interaction with the patient’s immune cells, activate
each other, leading to increased toxicity [10].

CRS and ICANS

Binding of the CAR-T cell to the target TAA results in a cas-
cade of reactions, including the production of proinflamma-
tory cytokines. While desirable in limited amounts, in excess
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they can lead to serious clinical symptoms and threaten the
patient’s life. Symptoms of CRS include fever, decreased
blood pressure, muscle and joint pain, accelerated heart
rate, and tachypnea. The severity of CRS is assessed using
a b-grade classification. In extreme cases, CRS can lead
to shock and multiorgan failure similar to hemophagocytic
lymphohistiocytosis (HLH) or MAS. It is supposed that the
severity of CRS correlates with previous allotransplanta-
tions, the percentage of blasts in the bone marrow before
lymphodepletion, the dose of CAR-T cells, and the type of
costimulatory domain used. An especially life-threatening
condition is the rare blood-brain barrier injury leading to
the development of immune effector cell-associated neu-
rotoxicity syndrome (ICANS) with seizures, aphasia, brain
edema, hypoxia, and elevated IL-15 levels. For treatment,
in addition to IL-6 inhibitors, corticosteroids are used for
patients with concomitant CRS. Preclinical studies on
mouse models also indicate the involvement of IL-1 in
the pathogenesis of CRS, and therefore the benefit of
administering IL-1R antagonists or modification of 4" ge-
neration CAR-T to allow its release into the circulation.
Another solution may be the inactivation of CAR-T cells
by enriching them, e.g. with CD20 antigens, and then, in
cases of CRS, administering rituximab; however, it should
be remembered that this way of eliminating CAR-T cells will
not be immediate [10, 39, 40].

On-target/off-tumor effect

Antigens (Ag) present on the surface of cancer cells are also
found on some regular cells. The use of therapies targeting
such Ag therefore runs the risk of attacking non-cancerous
tissues. Due to the high heterogeneity of tumor cells, both
inside cancerous and inter-individual, it is challenging to
develop a unique set of TAAs to target CAR-T cells. This
phenomenon is also an impediment when trying to develop
bispecific CARs. One way to protect non-malignant cells may
be to exploit the difference in expression of the same Ags
on normal and cancer cells.

The administration of CAR-T cells whose scFv will have
low affinity, and thus whose activation requires a high
density of Ag on the surface of target cells, may prevent
the destruction of normal tissues with low Ag expression
[10, 41, 42].

Antigen loss

The complete or partial loss of Ag expression by tumor cells
may be due to the proliferation of clones already present
that lack specific Ag, or to the effect of treatment — the
result of such a kind of selective pressure is the resistance
of the patient to mono-targeted CAR-T therapy based on
a single TAA. Some patients treated with anti-CD19 CAR-T
cells may relapse with CD19- tumor cells due to mutations
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or alternative gene splicing. Research is currently in prog-
ress to develop CAR-T cells that have CARs directed against
several different Ags, including CD20 and CD22, to delay
or avoid the difficulties associated with Ag loss [1, 10, 42].

T-cell exhaustion

An important factor limiting the efficacy of CAR-T therapy
is T-cell exhaustion. CAR-T cell depletion is characterized
by impaired effector function and increased expression of
inhibitory receptors, such as the programmed death-recep-
tor 1 (PD-1), due to chronic antigenic stimulation usually
resulting from an ongoing chronic infection or from the
neoplastic process itself. Aging or exhausted CAR-T cells
are characterized by impaired proliferation and persistence
in vivo. Strategies to detect, prevent, or reverse the effects
of T-cell exhaustion — such as checkpoint blockade through
ligand inhibition - are needed to enhance the efficacy
of CAR-T therapy. One of them may include programmed
death-ligand 1 (PD-L1) or PD-L2 by using nivolumab and
pembrolizumab (anti-PD-1) [43-45].

Future of CAR-T therapy

Therapy of solid tumors

The effects of CAR-T therapy for solid tumors are current-
ly not satisfying and are not associated with long-term
responses. The problem of cancer cells heterogeneity
precludes the success of available generations of CAR-T
cells. In addition, the immunosuppressive microenvi-
ronment, including the extracellular matrix, constitutes
a specific barrier and significantly limits the infiltration of
CAR-T cells, leading to their depletion. Tumor cells are also
characterized by increased expression of, among others,
PD-L1, responsible for activation of signaling pathways
impairing T-cell function.

In the future, determination of the type of abnormal
immune response may be used to enrich CAR-T cells with,
for example, receptors for specific ILs and chemokines pro-
duced by the tumor microenvironment. With such modifi-
cations, cytokines released by cancer cells will serve as
chemoattractants for CAR-T cells [41, 46].

Allogeneic CAR-T cells

All CAR-T cell products on the market or in clinical trials are
autologous, i.e. are produced from T-cells from the same
patient, so if they are manufactured from dysfunctional
T-cells, they may not be effective. CAR-T therapy might be
the only treatment for patients with resistant and relapsing
forms of the disease, but it should be kept in mind that in
patients with leukopenia it can be difficult or impossible to
obtain sufficient numbers of cells. The CAR-T vein-to-vein

process time is also an issue — patients in poor condition
may not survive the waiting period required for genetic
modification.

The solution to these obstacles is offered by potentially
lymphocytes from a healthy allogeneic donor; however, as
in the case of transplantation, this is associated with the
risk of rejection of CAR-T by the host or the development of
GvHD. Accordingly, one of the concepts is to modify CAR-T
cells and turn off the mediators of GvHD — the TCRs. Re-
searchers also aim to develop universal allogeneic CAR-Ts,
ready to be administered to patients with a specific disease
— in other words, ‘off-the-shelf CAR-T' [44, 47, 48].

Summary

CAR-T therapy is performed only in specialized centers with
extensive experience in allotransplantation, which have
received appropriate accreditation at several levels. The
whole procedure is complicated, not only in terms of the
sophistication of the genetic modifications performed, but
also given its logistical difficulties. Despite its remarkable
innovativeness, due to some adverse reactions, high costs
and limited number of eligible centers, currently it is not the
gold standard of treatment, but this may change.

The development of CAR-T therapy is of enormous in-
terest, and thanks to the cooperation of bioengineers and
clinicians it will undergo more and more innovative improve-
ments in response to real needs and problems arising in
clinical practice. It is possible that this therapy, along with
immune checkpoint inhibitors and bispecific antibodies, will
become the standard of care for hematooncology patients.
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