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Introduction to CAR-T Cell Therapy: Principles and Applications

Abstract

CAR-T cell immunotherapy involves the genetic modification of T lymphocytes to
express a chimeric antigen receptor, enabling them to recognize tumor cells. There are
five generations of CARs, and the production process of these cells involves several
stages: collection, genetic modification, cell expansion, and subsequent infusion into the
patient. This therapy can cause Cytokine Release Syndrome and neurotoxic events,
which are both manageable and treatable. Its greatest efficacy has been observed in
treating hematological tumors, with CD-19 and BCMA targets approved for four tumor
types, though challenges related to antigen escape and relapses remain. In solid
tumors, the immunosuppressive microenvironment, heterogeneity, and antigen escape
present challenges to the efficacy of immunotherapy, which are being addressed with
new CAR designs. CAR-T cell therapy is revolutionizing the treatment of hematological
cancers, with ongoing advancements in genetic engineering and strategic
collaborations, promising significant improvements despite the challenges in solid
tumors. Thus, this literature review aims to cover the key concepts of CAR-T therapy,
providing an overview of its current applications and the main challenges to be

addressed.
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Introduction

In 1993, Eshhar et al. developed a genetically modified therapy by creating chimeric

genes that grant T lymphocytes the ability to recognize specific antigens of malignant
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cells, leading to the advent of chimeric antigen receptor (CAR) T-cell immunotherapy.
Since then, CARs have evolved, incorporating different domains and co-stimulatory
elements that enhance their capacity to bind to cancerous cells and tissues (Kausar et
al., 2023).

In CAR-T cell therapy, the patient's T lymphocytes are used, initially separated and
purified from other blood cells. Subsequently, they are genetically modified by inserting
specific receptors capable of recognizing tumor antigens, then expanded in the lab and
transfused back into the patient (Soares et al., 2022). For a successful procedure, it is
essential to identify the tumor target and ensure that the tumor-associated antigen is
almost absent in normal cells (Huang, Wu, and Hu, 2020).

CAR-T cell therapy has demonstrated revolutionary innovation in treating hematological
tumors, achieving remarkable results in inducing long-lasting remissions and receiving
Food and Drug Administration (FDA) approval for treating diffuse large B-cell lymphoma
(DLBCL), follicular lymphoma (FL), acute B-cell lymphoblastic leukemia (B-ALL), and
multiple myeloma (MM) (Zhang et al., 2022). Moreover, research is underway to apply
this immunotherapy to solid tumors. However, this approach faces significant
challenges, such as the immunosuppressive environment around solid tumors, tumor
heterogeneity, different anatomical locations, and the expression of solid tumor antigens
by normal tissues (Soares et al., 2022).

In this context, CAR-T therapy has evolved over time, with extensive research being
conducted to identify target antigens in various types of tumors and optimize the
process. This study aims to address aspects related to this immunotherapy, discussing
its concept, production process, CAR generations and structure, the most common
adverse effects, and the results obtained in hematological tumors. Additionally, it
examines the challenges and strategies associated with its implementation in solid

tumors.

Methodology
This is a systematic review conducted in the electronic databases Scielo, BVS, and
PubMed, using the descriptors "CAR-T cell therapy,” "CAR generations," "tanCAR,"

"solid tumors," and "hematological tumors.” Priority was given to fully accessible digital
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works published in English and Portuguese. Given that CAR-T cell therapy is constantly
evolving, articles from the last four years were emphasized to study the recent CAR
generations, current efficacy data, and optimization strategies. For the study of basic
concepts in immunology, biochemistry, and oncology, older yet still relevant articles in
the field were also used.

Initially, article abstracts were analyzed to identify those that covered fundamental
concepts of CAR-T therapy aligned with the study's objectives. From this screening, 44
articles were selected, which were later read and analyzed for the writing of this review.
The article annotations included variables such as year of publication, objective,
keywords, main themes addressed, and conclusions, providing a comprehensive view
of the content.

This article aims to conceptualize and explore the current application of CAR-T therapy
in hematological tumors, while discussing the challenges and strategies for its success
in solid tumors. Therefore, exclusion criteria included lack of thematic relevance, lack of

access to the full text, and studies in very preliminary research phases.

CAR Structure

CAR-T cell therapy involves modifying the patient's T Iymphocytes, which are
genetically altered to express the chimeric antigen receptor (CAR), a type of synthetic
receptor designed to identify and attack specific antigens associated with tumors (Yang
et al., 2022). According to Soares et al. (2022), the CAR consists of four distinct parts:
an extracellular region responsible for antigen recognition, an extracellular hinge region,
a transmembrane region, and an intracellular signaling region.

The extracellular antigen recognition region is derived from monoclonal antibodies
specific to the target antigen, where the Fab portion responsible for antigen recognition
is isolated (Yang et al., 2022). The heavy chain (VH) and light chain (VL) of this portion
are combined to form a single-chain variable fragment, known as ScFv (Subklewe,
Bergwelt-Baildon, and Humpe, 2019). This fragment is capable of recognizing various
surface antigens expressed by tumor cells, independent of major histocompatibility

complex (MHC) molecular restriction (Soares et al., 2022).
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The extracellular hinge region, also known as the spacer region, connects the ScFv to
the CAR’s transmembrane domain. This region is typically composed of crystallizable
(Fc) fragments of immunoglobulin IgG, though CD8- and CD28-based spacers are also
widely used (Kausar et al., 2023). Its presence provides the CAR with greater flexibility
to access the target antigen and regulates the distance between the chimeric receptor
and tumor cells.

The optimal length of the hinge region depends on the location of the target antigen:
long spacers, derived from IgG1, IgG2, or IgG4, provide better access to antigens close
to the membrane or complex glycosylated antigens. However, the binding of the CH2
domain to Fc receptors on myeloid cells can compromise the functionality of CAR T
cells, necessitating the modification or removal of this domain (Guedan et al., 2019). On
the other hand, short spacers are more effective in binding to antigens distant from the
membrane and can be derived from 1gG without the CH2-CH3 regions or from native
CD28 and CD8 hinges (Guedan et al., 2019).

The transmembrane region connects the extracellular and intracellular parts, anchoring
the CAR to the membrane and transmitting recognition signals to the signaling domain
(Kausar et al., 2022). This region consists of a hydrophobic alpha-helix that spans the
membrane, with designs based on CD4 and CD28, the latter being the most widely
accepted and stable (Kausar et al., 2022).

The intracellular signaling region of the CAR is primarily composed of the CD3 (
domain, responsible for transducing the primary antigen signal (Yang et al., 2022).
Within CD3 , there are three immunoreceptor tyrosine-based activation motifs (ITAMs),
which act as phosphorylation sites, recruiting the ZAP70 protein, essential for triggering
signaling cascades that lead to T cell activation (Jayamaran et al., 2020). Additionally,
co-stimulatory domains mediate secondary and co-stimulatory signals, with CD28
playing a critical role in lymphocyte activation and proliferation. Other co-stimulatory
domains, such as 4-1BB, ICOS, and CD134, are also used and can influence T cell
differentiation pathways and metabolic cycles (Jayaraman et al., 2020). Based on the
composition of this intracellular signaling region, CARs are currently classified into five

generations, as shown in Figure 1.
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FIGURE 1- Representation of all CAR generations. Source: authors.

As illustrated in Figure 2, first-generation CARs were designed with an intracellular
signaling region containing only the CD3( domain, which allows for primary signaling
only (Jayaraman et al., 2020). Due to this limited configuration, cytokines are secreted
insufficiently. For instance, the reduction in interleukin-2 (IL-2) secretion leads to
inadequate proliferation of first-generation CAR-T cells and a shorter lifespan in vivo
(Dejenie et al., 2022). Consequently, the antitumor efficacy of first-generation CARSs is

diminished, rendering them obsolete in current clinical practice (Dejenie et al., 2022).
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FIGURE 2- Representation of the 1st generation CAR. Source: authors

Second-generation CARs enhance the capability of the intracellular signaling region by

incorporating, in addition to CD3, a co-stimulatory domain, allowing for dual signaling
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pathways (Dejenie et al., 2022), as illustrated in Figure 3. The most commonly used co-
stimulatory domains are CD28 or 4-1BB, both FDA-approved (Kausar et al., 2023).
CARs with CD28 domains promote greater T lymphocyte proliferation, along with faster
phosphorylation and memory cell formation (Dejenie et al., 2022). On the other hand,
the 4-1BB domain (CD130) promotes prolonged T cell persistence, despite less intense
signaling compared to CD28 (Dejenie et al., 2022). Thus, CD28-based CARs are more
suited for diseases requiring rapid tumor elimination, while 4-1BB-based CARs are
preferable for treating conditions requiring sustained CD8 T cell persistence (Guedan et
al., 2019). Other co-stimulatory domains include ICOS, which enhances CD4 T cell
persistence (Guedan et al.,, 2019), and CD134 (OX-40), which strengthens IL-2
production, thereby supporting proliferation (Zhang et al., 2017).

Currently, all FDA-approved products available on the market are second-generation
CAR-T cells. Patients in clinical trials receiving treatment with these products are
monitored for up to 15 years to evaluate long-term effects, safety, and the risk of new
malignancies (Food and Drug Administration, 2023). Despite significant advancements,
challenges remain related to the persistence and recurrence of CAR T cells that utilize
only one co-stimulatory domain. This has driven the evolution toward third-generation
CARs, aimed at addressing these issues and further improving the performance of this

technology (Dejenie et al., 2022).
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FIGURE 3- Representation of the 2nd generation CAR. Source: authors.
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Third-generation CARs have enhanced their intracellular signaling region by
incorporating, in addition to CD3(, two co-stimulatory domains (Jayaraman et al., 2020),
as illustrated in Figure 4. The most commonly used combination of these domains in
third-generation CARs is CD3(-CD28-4-1BB (Dejenie et al.,, 2022). According to
preclinical results from Zhao et al. (2015) and Quintarelli et al. (2018), this combination
has been tested against various targets such as CD19, PSMA, GD2, and mesothelin,
demonstrating stronger signal transduction, more efficient tumor eradication, and
greater persistence of CAR-T cells compared to second-generation CARs. Other
combinations are also used, such as CD28-0X40-CD3(, which showed strong
proliferation and expansion, and COS-4-1BB-CD3(, which significantly increased
antitumor potency and CAR-T cell persistence (Jayaraman et al., 2020). Additionally,
various other co-stimulatory domains are utilized in different combinations, such as
NKG2D, CD27, and TLR2 (Dejenie et al., 2022).

However, the major challenge with this generation, according to Dejenie et al. (2022),
arises from the increased risk of serious side effects and T cell exhaustion, caused by
the excessive activation of multiple signals mediated by the two co-stimulatory domains

in conjunction with CD3C.
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FIGURE 4- Representation of the 3rd generation CAR. Source: authors s
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Fourth-generation CARs, also known as T cells Redirected for Universal Cytokine
Killing (TRUCKS), feature an advanced intracellular signaling configuration. In addition
to the CD3¢ and a co-stimulatory domain, they incorporate a special domain called the
nuclear factor of activated T cells (NFAT) (Dejenie et al., 2022), as illustrated in Figure
5. NFAT is composed of transgenes that enhance cytokine production (primarily IL-12)
with the aim of not only increasing antitumor activity through T cell cytotoxicity but also
leveraging other components of the immune system to modulate this response and
make the tumor microenvironment less hostile (Huang et al., 2020).

Thus, IL-12 accumulates at the tumor site after being recognized by CAR-T cells,
recruiting innate immune cells (macrophages and NK cells). These cells then both
destroy the tumor and modulate the tumor environment to enhance the immune
response (Yang et al.,, 2022). Despite the advantages of TRUCKs—such as greater
expansion, persistence, antitumor activity, and fewer side effects—their effectiveness in
solid tumors remains limited. They are often activated outside the tumor target,
releasing transgenic cytokines into healthy tissues, which leads to adverse effects
(Chmielewski and Abken, 2015).
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FIGURE 5- Representation of the 4th generation CAR. Source: authors.
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Fifth-generation CARs contain the CD3¢ domain, a co-stimulatory factor, and a special
domain derived from an extra fragment of the -chain of the IL-2 receptor, known as IL-
2RB, in their intracellular region (Yang et al., 2022), as illustrated in Figure 6. The IL-
2RB has a YXXQ STAT3 binding site that activates the JAK-STAT pathway, inducing
cytokine production (Dejenie et al., 2022). This way, when the tumor antigen binds to
the CAR, the T cell receives three simultaneous activation signals: from the CD3(
domain, the co-stimulatory domain, and the JAK-STAT pathway (Smirnov et al., 2024).
This combination promotes greater activation, proliferation, and persistence of the CAR-
T cells (Kausar et al., 2023).

Moreover, like fourth-generation CARSs, this type is also effective in creating a favorable
microenvironment for the immune response and in restoring the patient’'s immune
system after infusion (Huang et al., 2020). However, the main limitation of fifth-
generation CARs is their reduced efficacy in solid tumors, along with potential adverse
effects (Dejenie et al., 2022).
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FIGURE 6- Representation of the 5th generation CAR. Source: authors.
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CAR-T Cell Production Process

CAR-T cells are developed through genetic engineering from T lymphocytes, which are
genetically modified to express a chimeric antigen receptor (CAR) on their surface,
enabling them to target tumor cells. The CAR-T cell production process involves several
stages and quality control measures to ensure safety and efficacy (Kausar et al., 2023),
as shown in the flowchart in Figure 7.

The first step involves therapeutic leukocyte removal (leukapheresis) by collecting blood
from the patient (for autologous products) or from a healthy donor (for allogeneic
products) (U.S. Department of Health and Human Services, Food and Drug
Administration, and Center for Biologics Evaluation and Research, 2024). Next, T cells
are enriched and washed for isolation, while the remaining blood is reintroduced into the
patient (Zhang et al., 2017).

T cell isolation can be performed by various methods, such as removing red blood cells
and platelets using density gradients (elutriation), separating cells by size, removing
monocytes, and isolating lymphocytes (Subklewe, Bergwelt-Baildon, and Humpe,
2019). Finally, CD4/CD8 T cell subsets are magnetically separated using conjugates or
bead markers (Zhang et al.,, 2017). The entire extraction, enrichment, and T cell

separation process takes approximately 2 to 3 hours (Powell Jr et al., 2009).

After isolating T cells, gene transfer is required to express the CAR receptor. This can
be done using viral or non-viral vectors. The most common method is genetic
transduction using viral vectors such as retroviruses, lentiviruses, adenoviruses, or
adeno-associated viruses (Dejenie et al., 2022). These vectors introduce CAR RNA into
T cells, which is reverse transcribed into DNA, integrated into the T cell genome, and
permanently incorporated (Soares et al., 2022). Lentiviral vectors are the most widely
used, though they have complex accessibility, prompting research into alternatives such
as non-viral vectors, including nanoparticles, liposomes, electroporation, and
CRISPR/Cas9 technology (Dejenie et al., 2022).
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Subsequently, CAR-T cells are expanded *ex vivo* in bioreactors that provide ideal gas
exchange and factors that stimulate cell proliferation, such as monoclonal antibodies,
APCs, and IL-2 (Dejenie et al., 2022). This gene transfer and expansion process can
take from 10 days to several weeks (Dejenie et al., 2022).

The cells are then prepared for infusion, frozen in a cryopreservation medium, and sent
to the treatment center, where they are thawed and infused into the patient (Alzubi et
al., 2021). Before infusion, the patient must undergo cytotoxic therapy for
lymphodepletion and meet certain prerequisites, such as tolerance to chemotherapy
and the ability to wait for the CAR-T cell production process (Nardo et al., 2021). The
usual interval between leukapheresis and CAR-T cell infusion is around 4 to 5 weeks,
and the total time from referral to infusion can take up to 2 months (Kausar et al., 2023).

FIGURE 7- CAR-T cell treatment process, from production to infusion into the patient. Source: authors.
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CAR-T Therapy Targets and Immune Response

Currently, the most common targets in CAR-T cell therapy are CD19 and BCMA, but
antigen escape has driven research into identifying new targets (Zhang et al., 2022).
When CAR-T cells recognize the tumor-associated surface antigen, the signaling
cascade is activated, leading to cytokine secretion and proliferation (Nardo et al., 2021).
This activation enhances CAR-T cells' ability to attack tumor cells by releasing cytotoxic
products such as perforins and granzymes. Additionally, CAR-T cells stimulate other

immune cells to contribute to immune responses against tumors (Kausar et al., 2023).

Adverse Effects

According to research by Ma et al. (2024), CAR-T cell therapy can trigger significant
adverse effects, the most common being **Cytokine Release Syndrome (CRS)** and
**Neurotoxic Events (NES)**.

**Cytokine Release Syndrome (CRS)** is characterized by a systemic inflammatory
response caused by the excessive release of pro-inflammatory cytokines like IL-1, IL-2,
and IL-6 by CAR-T cells. In mild cases, CRS may present flu-like symptoms, but in
severe cases, it can lead to multiple organ dysfunction and coagulopathy, requiring
immediate interventions such as hemodialysis, mechanical ventilation, and
cryoprecipitate replacement (Soares et al., 2022). This "cytokine storm" typically occurs
within the first week of transfusion, peaking within one to two weeks when CAR-T cells
reach maximum expansion. C-reactive protein (CRP) is a reliable indicator for
measuring CRS activity (Soares et al., 2022).

The FDA-approved anti-interleukin-6 antibody **tocilizumab**, approved in 2017, can
control most cases of CRS (Soares et al., 2022). Tocilizumab blocks IL-6 receptors,
quickly alleviating symptoms in moderate to severe patients without impairing CAR-T

cell efficacy (Roex et al., 2020). Another proposed strategy is the early application of
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**granulocyte colony-stimulating factor (G-CSF)**, which, according to some studies,
does not affect CAR-T cell toxicity or efficacy (Ma et al., 2024).

**Neurotoxicity**, also known as *CAR-T Cell-Related Encephalopathy Syndrome
(CRES)**, is the second most common adverse reaction in CAR-T therapy. This
syndrome occurs because CAR-T cells, after recognizing the target antigen, activate
other immune cells like macrophages. These macrophages release large amounts of
cytokines, causing the breakdown of blood-brain barrier junctions, increasing its
permeability (Mackall and Miklos, 2017). As a result, cytokines infiltrate the central
nervous system, leading to toxic encephalopathy. Patients may experience seizures,
confusion, aphasia, and cerebral edema (Deng et al., 2020). Treatment involves
corticosteroids and, when available, IL-1 blockers. Due to the syndrome's rapid
progression, patients require strict monitoring (Roex et al., 2020).

Ma et al. (2024) reported that the incidence and severity of CRS and NEs were similar
in patients treated with and without G-CSF in CAR-T therapy. Therefore, G-CSF use
may be a viable strategy for managing these adverse effects, along with anti-
inflammatory, immunosuppressive medications, and supportive therapies like hydration
and close patient monitoring.

Moreover, most target antigens, like CD19 and BCMA, are expressed on both tumor
and healthy B cells, leading to **B cell aplasia** and *hypogammaglobulinemia** as
normal cells are also attacked (Pfeiffer et al., 2018). Additionally, the lymphodepleting
chemotherapy administered before CAR-T infusion can lead to infections due to
impaired immunity (Zhang et al., 2022). Therefore, long-term monitoring for biomarkers
and immunoglobulin supplementation is essential (Zhang et al., 2022).

Early symptom identification and proactive management of adverse effects are crucial
to ensuring the safety and efficacy of CAR-T cell therapy. A multidisciplinary approach
and careful patient evaluation are essential to minimize risks and optimize therapeutic

outcomes (Ma et al., 2024).

CAR-T Cell Immunotherapy in Hematological Tumors
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CAR-T cell therapy has shown promising results in treating hematological tumors,
particularly those affecting B cells (Pang et al., 2018). Currently, FDA-approved CAR-T
cell products target *CD19** for **acute B-cell lymphoblastic leukemia (B-ALL)**
**diffuse large B-cell lymphoma (DLBCL)**, and **follicular lymphoma (FL)** (Zhang et
al., 2022), as this surface protein is widely expressed in most B-cell lineages and is
almost absent in normal cells (Soares et al., 2022). FDA-approved CAR-T products for
**multiple myeloma (MM)** target **BCMA** (Zhang et al., 2022).

In **B-cell acute lymphoblastic leukemia**, CD19-targeted immunotherapy has achieved
remarkable results, with complete remission in about 90% of cases (Soares et al.,
2022). However, antigen escape in some cases drives the investigation of new
therapeutic targets to combat this neoplasia (Zhang et al., 2022). In this context,
*CD22** has emerged as a promising target, as it is expressed in B-cell tumor cells in
B-ALL (Olejniczak et al., 2009). A study conducted at Beijing Boren Hospital, China,
demonstrated that anti-CD22 CAR-T therapy led to high remission rates, but also a high
recurrence rate without additional treatments (Pan et al., 2019). Therefore, the
development of **bispecific CARs** or **tanCARs**, designed to simultaneously
recognize two tumor antigens, such as CD19/CD22, is a promising strategy for treating
this neoplasia (Han et al., 2024).

In patients with **diffuse large B-cell lymphoma**, CARs targeting CD19 lead to
complete remission in 40% to 58% of cases (Soares et al., 2022). Similar to B-ALL,
CD19 is an essential therapeutic target, but frequent antigen escape has driven the
search for new antigens in CAR-T therapy (Zhang et al., 2022). In this context,
*CD20**, which is overexpressed in this neoplasm, has shown promise. In a study
conducted by Wang et al. (2014), the overall response rate was 86%, while in a study
by Zhang et al. (2017), 17 patients treated with anti-CD20 CARs exhibited a complete
remission rate of 54.5%, with 12 patients maintaining remission over a median follow-up
of 20 months. Bispecific or tanCARs that simultaneously recognize *CD19 and CD20**
are emerging as a safe and viable option for treating resistant lymphomas, offering an
innovative approach to overcoming antigen escape and improving therapeutic outcomes
(Sang et al., 2020).
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In **follicular lymphoma**, CD19-targeted immunotherapy has demonstrated high
efficacy and good tolerance. In a study conducted by Hirayama et al. (2019), the
complete remission rate was 88%, with remission lasting up to 3 years post-CAR cell
infusion. Although clinical trial participation remains low, there is evidence that anti-
CD19 CAR therapy can be a highly effective option for patients with FL, resulting in high
and prolonged remission rates (Bishop, 2019).

Patients with **multiple myeloma** treated with BCMA-targeted CAR-T cells
demonstrated a positive response rate of 86%. However, relapses still occur, and the
down regulation of BCMA under therapeutic pressure highlights the need for new target
antigens (Zhang et al., 2022). **CD138** (Syndecan-1) is highly expressed in multiple
myeloma cells. A study by Guo et al. (2016) showed a positive response rate of 80% in
patients treated with anti-CD138 CARs. Other antigens, such as *CD229**, **APRIL**,
and *GPRC5D**, are also being studied as potential targets (Zhang et al., 2022).
Although not yet approved, various CAR-T therapy approaches are being explored for
cancers like **T-cell acute lymphoblastic leukemia (T-ALL)**, **chronic lymphocytic
leukemia (CLL)**, **Hodgkin lymphoma (HL)**, and **acute myeloid leukemia (AML)**.
In T-ALL, **CD7**, **CD4**, *CD99**, and **CCR9** are being investigated as
promising targets due to their high expression in T lymphoid and leukemic cells, with
recent studies demonstrating targeted efficacy and cytotoxicity (Zhang et al., 2022; Shi
et al., 2021; Maciocia et al., 2022).

In CLL, the main target remains *CD19**, but the complete response rate remains
limited, requiring further advancements (Amatya et al., 2024). In HL, targets like
*CD30** and **CD123** are being studied, with promising preliminary results in tumor
eradication (Haslauer et al., 2021; Ruella et al., 2017). Finally, in AML, **CD123**,
*CD33*, *CD70**, and **Siglec-6** are under investigation. These antigens are
challenging due to their expression in normal hematopoietic stem cells, but preclinical

studies show promising potential (Zhang et al., 2022; Eissenberg et al., 2024).

CAR-T Cell Immunotherapy in Solid Tumors
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Solid tumors present various barriers that have hindered the success of CAR-T cell
trials and treatments, such as the immunosuppressive microenvironment, antigen

heterogeneity, and antigen escape (Nardo et al., 2021).

The main challenge for CAR-T cells is the hostile microenvironment created by tumor
cells. In addition to being highly hypoxemic, immune cells within the tumor, such as
myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor-
associated macrophages (TAMs), produce growth factors (TGF-B), cytokines, and
immunosuppressive chemokines. These not only inhibit CAR-T cell antitumor effects but
also accelerate their exhaustion and reduce the therapy’s efficacy (Guzman et al.,
2023). Several strategies are being developed to prevent CAR-T cell exhaustion,
including inhibiting the inhibitory marker PD-1 with monoclonal antibodies and using
CRISPR/Cas9 to eliminate the TGF-B receptor Il (Guzman et al., 2023). To overcome
the hypoxemic tumor environment, hypoxia-inducible CARs (HICARs) are being
developed, which are activated specifically under low oxygen conditions (Liao et al.,
2020).

Tumor antigen heterogeneity in solid tumors means that there is no ideal target antigen
for technology and studies. Tumor-expressed antigens vary among patients with the
same cancer type, between primary and metastatic stages, and even within a single
tumor, where different neoplastic subpopulations each have distinct characteristics and
antigens. This complexity complicates treatment (PharmD et al., 2021). Even when an
antigen is uniformly expressed, antigen escape or loss remains a common issue
(Nardo et al., 2021). To address this, multivalent CAR-T therapy is being explored,
utilizing advanced CAR designs like tandem CARs (TanCARs), which feature two
distinct scFvs in a single CAR. This enables the CAR-T cell to simultaneously recognize
two surface antigens, increasing tumor efficacy and reducing the likelihood of antigen
escape (Guzman et al., 2023). Additionally, bispecific CARs, which equip a single T
cell with two CARs targeting two different tumor antigens, are also under investigation
(Mohanty et al., 2019).
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Another effective strategy against tumor heterogeneity is epitope spreading. When
some tumor cells are destroyed by CAR-T cells, they release epitopes, which are
presented by antigen-presenting cells to the immune system. This process creates
targets for endogenous tumor-infiltrating lymphocytes (TILS), generating a secondary
immune response (Nardo et al., 2021).

Furthermore, many tumor antigens are also found in normal tissues, creating another
challenge. In solid tumors, antigens like CEA, GD2, and MUC1 are often overexpressed

in tumor cells but also present at lower levels in normal tissues (Nardo et al., 2021).

Despite these challenges, CAR-T therapy has shown promising results in certain solid
tumors, such as small cell lung cancer, malignant pleural mesothelioma,
cholangiocarcinoma, epithelial ovarian cancer, glioblastoma, and sarcomas
(Soares et al.,, 2022). Advances have also been observed in breast cancer, with a
focus on targeting HER2, HER1, and EFR (Yu-huan et al.,, 2022). Although several
clinical trials for solid tumor treatment with CAR-T cells are ongoing, and some cases of
temporary remission have been observed, only a few results have been made public,

and the published data is inconsistent (Soares et al., 2022).

Conclusion

CAR-T cell therapy represents a significant innovation in the treatment of hematological
cancers. The evolution of CARs across generations, from simple first-generation
receptors to sophisticated fifth-generation CARs and alternative designs, reflects
advancements in genetic engineering and our understanding of T cell activation and
signaling mechanisms. The main challenges remain in solid tumors, where the
immunosuppressive microenvironment, tumor heterogeneity, and antigen escape limit
the effectiveness of CAR-T therapy. However, many research strategies are being

adopted to overcome these issues, as well as to reduce adverse effects.

As CAR-T cell therapy advances, continued investment in research is essential to

overcome technical and clinical challenges, thereby expanding the therapeutic potential
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of these innovative approaches in cancer treatment. Collaboration between
researchers, clinicians, and the industry plays a key role in translating these
advancements into tangible benefits for patients. Additionally, finding ways to reduce
treatment costs is crucial for making CAR-T therapy more globally accessible. An
encouraging example of this collaboration is the recent partnership between Oswaldo
Cruz Foundation (Fiocruz) and Caring Cross, established in March 2024. This
partnership aims to transfer CAR-T cell and lentiviral vector production technology to
Brazil, which has the potential to significantly reduce the cost per dose. This will not only
increase treatment accessibility for Brazilian patients but could also facilitate its
inclusion in the Brazilian Unified Health System (SUS), benefiting more people
battling cancer.

Therefore, ongoing innovation in genetic engineering and a deeper understanding of T
cell activation mechanisms point to a promising future. The advancement of CAR-T cell
immunotherapy holds the potential to offer increasingly better outcomes in cancer

treatment, expanding therapeutic options and improving patients' quality of life.

REFERENCIAS

ALZUBI, Jamal; et al. Automated generation of gene-edited CAR T cells at clinical
scale. Methods & Clinical Development, v. 20, p. 379-388, mar. 2021. DOI:
https://doi.org/10.1016/j.0mtm.2020.12.008

AMATYA, Christina; et al. Optimization of anti-CD19 CAR T cell production for
treatment of patients with chronic lymphocytic leucemia. Molecular Therapy, v. 32, n.
1, mar. 2024. DOI: https://doi.org/10.1016/j.0mtm.2024.101212

BISHOP, Michael. The case for CAR T-cell therapy in follicular lymphomas. Blood, v.
134, n. 7, ago. 2019. DOI: https://doi.org/10.1182/blood.2019001843

CHMIELEWSKI, Markus; ABKEN, Hinrich. TRUCKSs: the fourth generation of CARs.
Expert Opinion on Biological Therapy, v. 15, n. 8, p. 1145-1154, mai. 2015. DOI:
https://doi.org/10.1517/14712598.2015.1046430

DEJENIE, Tadesse; et al. Current updates on generations, approvals, and clinical trials
of CAR T cell therapy. Human Vaccines & Immunotherapeutics, v. 18, n. 6, set.
2022. DOI: https://doi.org/10.1080/21645515.2022.2114254



https://doi.org/10.1016/j.omtm.2020.12.008
https://doi.org/10.1016/j.omtm.2024.101212
https://doi.org/10.1182/blood.2019001843
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.1080/21645515.2022.2114254

UNDER PEER REVI EW

DENG, Qing; et al. Characteristics of anti-CD19 CAR T cell infusion products
associated with efficacy and toxicity in patients with large B cell lymphomas. Nature
Medicine, v. 26, n. 12, p. 1878-1887, dez. 2020. DOI: https://doi.org/10.1038/s41591 -
020-1061-7

EISSENBERG, Linda; et al. Control of acute myeloid leukemia and generation of
immune memory in vivo using AMV564, a bivalent bispecific CD33 x CD3 T cell
engager. PLOS ONE, mai. 2024. DOI: https://doi.org/10.1371/journal.pone.0300174

ESHHAR, Z; et al. Specific activation and targeting of cytotoxic lymphocytes through
chimeric single chains consisting of antibody-binding domains and the gamma or zeta
subunits of the immunoglobulin and T-cell receptors. Proceedings of the National
Academy of Sciences (PNAS), v. 90, n. 2, p. 720-724, jan. 1993. DOI:
https://doi.org/10.1073/pnas.90.2.720

ESTADOS UNIDOS. Food and Drug Administration. FDA Investigating Serious Risk
of T-cell Malignancy Following BCMA-Directed or CD19-Directed Autologous
Chimeric Antigen Receptor (CAR) T cell Immunotherapies, 28 de novembro de
2023. Disponivel em: <https://www.fda.gov/vaccines-blood-biologics/safety-availability-
biologics/fda-investigating-serious-risk-t-cell-malignancy-following-bcma-directed-or-
cd19-directed-autologous>. Acesso em 7 de mai. de 2024.

Fiocruz, Inca e Caring Cross firmam parceria em terapias avancadas. Instituto
Oswaldo Cruz, 27 de mar. de 2024. Disponivel em: <
https://portal.fiocruz.br/noticia/2024/03/fiocruz-inca-e-caring-cross-firmam-parceria-em-
terapias-avancadas>. Acesso em 22 de jun. de 2024.

GUEDAN, Sonia; et al. Engineering and Design of Chimeric Antigen Receptors.
Molecular Therapy — Methods & Clinical Development, v. 12, p. 145-156, mar. 2019.
DOI: https://doi.org/10.1016%2Fj.omtm.2018.12.009

GUO, Bo; et al. CD138-directed adoptive immunotherapy of chimeric antigen receptor
(CAR)-modified T cells for multiple myeloma. Journal of Cellular Immunotherapy, v.
2,n.1, p. 28-35, mar. 2016. DOI: https://doi.org/10.1016/].jocit.2014.11.001

GUZMAN, Grace; et al. CAR-T Therapies in Solid Tumors: Opportunities and
Challenges. Current Oncology Reports, v. 25, p. 479-489, fev. 2023. DOI:
https://doi.org/10.1007/s11912-023-01380-x

HAN, Jia; et al. The Progress and Prospects of Immune Cell Therapy for the Treatment
of Cancer. Cell Transplantation, V. 33, jan-dez. 2024. DOl:
https://doi.org/10.1177/09636897241231892



https://doi.org/10.1038/s41591-020-1061-7
https://doi.org/10.1038/s41591-020-1061-7
https://doi.org/10.1371/journal.pone.0300174
https://doi.org/10.1073/pnas.90.2.720
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/fda-investigating-serious-risk-t-cell-malignancy-following-bcma-directed-or-cd19-directed-autologous
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/fda-investigating-serious-risk-t-cell-malignancy-following-bcma-directed-or-cd19-directed-autologous
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/fda-investigating-serious-risk-t-cell-malignancy-following-bcma-directed-or-cd19-directed-autologous
https://portal.fiocruz.br/noticia/2024/03/fiocruz-inca-e-caring-cross-firmam-parceria-em-terapias-avancadas
https://portal.fiocruz.br/noticia/2024/03/fiocruz-inca-e-caring-cross-firmam-parceria-em-terapias-avancadas
https://doi.org/10.1016%2Fj.omtm.2018.12.009
https://doi.org/10.1016/j.jocit.2014.11.001
https://doi.org/10.1007/s11912-023-01380-x
https://doi.org/10.1177/09636897241231892

UNDER PEER REVI EW

HASLAUER Theresa; et al. CAR T-Cell Therapy in Hematological Malignancies.
International Journal of Molecular Sciences, v. 22, n. 16, ago. 2021. DOI:
https://doi.org/10.3390/ijms22168996

HIRAYAMA, Alexandre. High rate of durable complete remission in follicular lymphoma
after CD19 CAR-T cell immunotherapy. Blood, v. 134, n. 7, ago. 2019. DOI:
https://doi.org/10.1182/blood.2019000905

HUANG, He; WU, Heng-Wei; HU, Yong-Xian. Current advances in chimeric antigen
receptor T-cell therapy for refractory/relapsed multiple myeloma. J Zhejiang Univ Sci
B, v.21,n.1, p.29-41, jan. 2020. DOI: 10.1631/jzus.B1900351

HUANG, Ruihao; et al. Recent advances in CAR-T cell engineering. Journal of
Hematology & Oncology, v. 13, n. 86, jul. 2020. DOI: https://doi.org/10.1186/s13045-
020-00910-5

JAYARAMAN, Jayapriya; et al. CAR-T design: Elements and their synergistic function.
EBioMedicine, v. 58, jul. 2020. DOI: https://doi.org/10.1016/j.ebiom.2020.102931

KAUSAR, Mohd; et al. Journey of CAR T-cells: Emphasising the concepts and
advancements in breast cancer (Review). International Journal of Oncology, v. 63, n.
130, p. 1-16, out. 2023. DOI: https://doi.org/10.3892/ij0.2023.5578

LIAO, Qibin; et al. Engineering T cells with hypoxia-inducible chimeric antigen receptor
(HICAR) for selective tumor killing. Biomarker Research, v. 8, n. 56, out. 2020. DOI:
https://doi.org/10.1186/s40364-020-00238-9

MA, Sha; et al. Associations of granulocyte colony-stimulating factor with toxicities and
efficacy of chimeric antigen receptor T-cell therapy in relapsed or refractory B-cell acute
lymphoblastic leucemia. Cancer Immunology, Immunotherapy, v. 73, n. 104, abr.
2024. DOI: https://doi.org/10.1007/s00262-024-03661-1

MACIOCIA, Paul; et al. Anti-CCR9 chimeric antigen receptor T cells for T-cell acute
lymphoblastic leucemia. Blood, v. 140, n. 1, p. 25-37, jul. 2022. DOI:
https://doi.org/10.1182/blood.2021013648

MACKALL, Crystal; MIKLOS, David. CNS Endothelial Cell Activation Emerges as a
Driver of CAR T Cell-Associated Neurotoxicity. Cancer Discov, v. 7, n. 12, p. 1371-
1373, dez. 2017. DOI: https://doi.org/10.1158/2159-8290.cd-17-1084

MOHANTY, Rimjhim; et al. CAR T cell therapy: A new era for cancer treatment
(Review). Oncology Reports, V. 42, n. 6, set. 20109. DOI:
https://doi.org/10.3892/0r.2019.7335

NARDO, Mirella; et al. Associacdo Brasileira de Hematologia, Hematologia,
Hemoterapia e Terapia Celular Consensus on genetically modified cells. Review article:


https://doi.org/10.3390/ijms22168996
https://doi.org/10.1182/blood.2019000905
https://doi.org/10.1186/s13045-020-00910-5
https://doi.org/10.1186/s13045-020-00910-5
https://doi.org/10.1016/j.ebiom.2020.102931
https://doi.org/10.3892/ijo.2023.5578
https://doi.org/10.1186/s40364-020-00238-9
https://doi.org/10.1007/s00262-024-03661-1
https://doi.org/10.1182/blood.2021013648
https://doi.org/10.1158/2159-8290.cd-17-1084
https://doi.org/10.3892/or.2019.7335

UNDER PEER REVI EW

Cell therapy in solid tumors. Hematology, Transfusion and Cell Therapy, v. 43, n. 2,
p. 58-73, nov. 2021. DOI: https://doi.org/10.1016%2Fj.htct.2021.09.011

OLEJNICZAK, Scott; et al. A Quantitative Exploration of Surface Antigen Expression in
Common B-Cell Malignancies Using Flow Cytometry. Immunological Investigations,
v. 35, n. 1, p. 93-114, jul. 2009. DOI: https://doi.org/10.1080/08820130500496878

PAN, Jing; et al. CD22 CAR T-cell therapy in refractory or relapsed B acute
lymphoblastic leucemia. Leukemia, v. 33, p. 2854-2866, mai. 2019. DOI:
https://doi.org/10.1038/s41375-019-0488-7

PANG, Yanyu; et al. Advances on chimeric antigen receptor-modified T-cell therapy for
oncotherapy. @ Molecular Cancer, v. 17, n. 91, mai. 2018. DOI:
https://doi.org/10.1186/s12943-018-0840-y

PFEIFFER, Anett; et al. In vivo generation of human CD19-CAR T cells results in B-cell
depletion and signs of cytokine release syndrome. EMBO Molecular Medicine, v. 10,
n. 11, nov. 2018. DOI: https://doi.org/10.15252/emmm.201809158

PHARMD, Urvi Patel; et al. CAR T cell therapy in solid tumors: A review of current
clinical trials. British Society for Haematology, v. 3, n. 1, p. 24-31, dez. 2021. DOI:
https://doi.org/10.1002/jha2.356

POWELL JR, Daniel; et al. Efficient clinical-scale enrichment of lymphocytes for use in
adoptive immunotherapy using a modified counterflow centrifugal elutriation program.
Cytotherapy, V. 11, n. 7, p. 923-935, 20109. DOI:
https://doi.org/10.3109/14653240903188921

QUINTARELLI, Concetta; et al. Choice of costimulatory domains and of cytokines
determines CAR T-cell activity in neuroblastoma. Oncolmmunology, v. 7, n. 8, mar.
2018. DOI: https://doi.org/10.1080/2162402X.2018.1433518

ROEX, Gils; et al. Chimeric Antigen Receptor-T-Cell Therapy for B-Cell Hematological
Malignancies: An Update of the Pivotal Clinical Trial Data. Pharmaceutics, v. 12, n. 2,
fev. 2020. DOI: https://doi.org/10.3390/pharmaceutics12020194

RUELLA, Marco; et al. Overcoming the Immunosuppressive Tumor Microenvironment
of Hodgkin Lymphoma Using Chimeric Antigen Receptor T Cells. Cancer Discovery, V.
7, n. 10, out. 2017. DOI: https://doi.org/10.1158/2159-8290.CD-16-0850

SANG, Wei; et al. Phase Il trial of co-administration of CD19- and CD20-targeted
chimeric antigen receptor T cells for relapsed and refractory diffuse large B cell
lymphoma. Cancer Medicine, v. 9, n. 16, p. 5827-5838, ago. 2020. DOI:
https://doi.org/10.1002/cam4.3259



https://doi.org/10.1016%2Fj.htct.2021.09.011
https://doi.org/10.1080/08820130500496878
https://doi.org/10.1038/s41375-019-0488-7
https://doi.org/10.1186/s12943-018-0840-y
https://doi.org/10.15252/emmm.201809158
https://doi.org/10.1002/jha2.356
https://doi.org/10.3109/14653240903188921
https://doi.org/10.1080/2162402X.2018.1433518
https://doi.org/10.3390/pharmaceutics12020194
https://doi.org/10.1158/2159-8290.CD-16-0850
https://doi.org/10.1002/cam4.3259

UNDER PEER REVI EW

SHI, Jiangzhou; et al. CAR T cells targeting CD99 as an approach to eradicate T-cell
acute lymphoblastic leukemia without normal blood cells toxicity. Journal of
Hematology & Oncology, V. 14, n. 162, out. 2021. DOI:
https://doi.org/10.1186/s13045-021-01178-z

SMIRNOV, Sergei; et al. Recent advances on CAR-T signaling pave the way for
prolonged persistence and new modalities in clinic. Frontiers in Immunology, v. 15,
feb. 2024. DOI: https://doi.org/10.3389/fimmu.2024.1335424

SOARES, José; et al. Terapia com células CAR-T: reprogramacdo celular para o
combate de neoplasias malignas. Revista Médica de Minas Gerais (RMMG), v. 32, p.
1-5, ago. 2022. DOI: 10.5935/2238-3182.2022e32210

SUBKLEWE, Marion; BERGWELT-BAILDON, Michael; HUMPE, Andreas. Chimeric
Antigen Receptor T Cells: A Race to Revolutionize Cancer Therapy. Transfusion
Medicine and Hemotherapy, v. 46, n. 1, p. 15-24, feb. 2019. DOI:
https://doi.org/10.1159/000496870

U.S. Department of Health and Human Services. Food and Drug Administration. Center
for Biologics Evaluation and Research. Considerations for the Development of
Chimeric Antigen Receptor (CAR) T Cell Products: Guidance for Industry. Janeiro
de 2024.

WANG, Yao; et al. Effective response and delayed toxicities of refractory advanced
diffuse large B-cell lymphoma treated by CD20-directed chimeric antigen receptor-
modified T cells. Clinical Immunology, v. 155, n. 2, p. 160-175, dez. 2014. DOI:
https://doi.org/10.1016/j.clim.2014.10.002

YANG, Yu-Huan; et al. CAR-T Cell Therapy for Breast Cancer. From Basic Research to
Clinical Application. International Journal of Biologial Sciences, v. 18, n. 6, p. 2609-
2626, mar. 2022. DOI: https://doi.org/10.7150%2Fijbs.70120

ZHANG, Cheng; et al. Engineering CAR-T cells. Biomarker Research, v. 5, n. 2, jun.
2017. DOI: https://doi.org/10.1186/s40364-017-0102-y

ZHANG, Xiaomin; et al. CAR-T Cell Therapy in Hematological Malignancies: Current
Opportunities and Challenges. Frontiers in Immunology, v. 13, jun. 2022. DOI:
https://doi.org/10.3389/fimmu.2022.927153

ZHAO, Zeguo; et al. Structural Design of Engineered Costimulation Determines Tumor
Rejection Kinetics and Persistence of CAR T Cells. Cancer Cell, v. 28, n. 4, out. 2015.
DOI: https://doi.org/10.1016/].ccell.2015.09.004



https://doi.org/10.1186/s13045-021-01178-z
https://doi.org/10.3389/fimmu.2024.1335424
https://doi.org/10.1159/000496870
https://doi.org/10.1016/j.clim.2014.10.002
https://doi.org/10.7150%2Fijbs.70120
https://doi.org/10.1186/s40364-017-0102-y
https://doi.org/10.3389/fimmu.2022.927153
https://doi.org/10.1016/j.ccell.2015.09.004

UNDER PEER REVI EW



