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Introduction
One type of targeted immunotherapy that makes use of 
tumor-specific antigen recognition is chimeric antigen 
receptor T-cell (CART) treatment.1 Customized receptor 
known as chimeric antigen receptors (CARs) target 
particular antigens on cancerous cells.2 Apheresis is used 
to harvest a patient's own T cells, which are subsequently 
used in the production of CART. The T cells are genetically 
altered to express the CAR during this phase. The CART 
is prepared for patient infusion upon completion of 
manufacture. The therapy's objective is for the modified 
CART to identify and target the antigen, multiply, and 
endure in order to provide long-term disease monitoring.3 

The basic idea of CART treatment is to genetically alter 
T lymphocytes so they can identify particular, distinct 
targets on tumor surfaces and produce cytotoxic effects.4,5 
CART therapy has shown great success in treating solid 
tumors and a variety of hematologic malignancies.6 The 
landscape of pediatric relapsed B-cell acute lymphoblastic 
leukemia (ALL) treatment changed in April 2012. The 

first pediatric patient with relapsed B-cell ALL received 
anti-CD19 CART via targeted immunotherapy.7 Today, 
the patient is still in remission. Increased research and 
trials utilizing CART products for relapsed and refractory 
B-cell ALL (B-ALL), as well as other relapsed pediatric 
cancers such as T cell ALL, acute myeloid leukemia 
(AML), lymphoma, and solid tumors like neuroblastoma 
and brain tumors, have been spurred by this extraordinary 
success. Due to the favorable results associated with CART 
therapies for B-cell malignancies and other significant 
immunotherapy research, immunotherapy has emerged 
as the fourth treatment modality for cancer, alongside 
chemotherapy, radiation, and surgery.8 

For the treatment of patients with multiple relapsed 
and/or refractory B-ALL, the majority of CART 
treatments studied in pediatrics have targeted B-cell 
antigens. Different CART constructions have been tried 
in a number of clinical trials with a range of patient 
groups, and each trial has shown remarkable rates of 
inducing remission. More information about AML and 
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Abstract
Radiation therapy, chemotherapy, and surgery have 
been the standard cancer treatment approaches for 
many years. Even with these treatments, the majority 
of tumors still have a dismal prognosis. With complete 
remission rates ranging from 65% to 90% in the crucial 
CD19-CART trials, chimeric antigen receptor T-cell 
(CART) therapy has revolutionized the treatment 
paradigm for pediatric patients with relapsed/refractory 
B-cell acute lymphoblastic leukemia (B-ALL). 
Hematological tumors have responded well to CART. 
The first CART was authorized by the FDA in 2017 to 
treat B-ALL. The FDA authorized CART to treat B-cell 
lymphoma in October of that year. In recent years, research has focused on CART to increase 
and improve the therapeutic effect. New toxicity profiles and treatment constraints have also 
surfaced with this new medicine, calling for cooperative group trials, new management strategies, 
and toxicity consensus grading systems. The introduction of CART treatment for pediatric B-cell 
ALL will be the main topic of this article, along with previous and ongoing trials. We will also talk 
about CART therapy trials for various pediatric cancers. Safe procedures and close observation are 
essential since CART treatment has the potential to cause serious toxicities.
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other T- and B-cell cancers is becoming available. In high-
risk patients with refractory or multiple relapsing illness, 
CART treatment is still utilized as salvage therapy despite 
its great efficacy. To determine the best time to administer 
CART within the current therapy paradigm, clinical trials 
are still being conducted.9 

CART technology
CART is composed of extracellular single-chain antibody 
fragments, transmembrane domains, and intracellular T 
cell signaling domains.10 T cell receptors exist as major 
histocompatibility complexes and antigen-peptide 
complexes and are dependent on antigens provided 
by antigen-presenting cells.11 An intracellular cascade 
reaction is triggered when the T cell receptor (TCR) and 
major histocompatibility complex (MHC) antigen peptide 
complex are combined. The first signal is produced by 
the phosphorylated TCR recruiting intracellular second 
messengers, and the second signal is produced by the 
costimulatory molecules on the surface of T cells (CD28, 
CD27, CD134, CD137, or ICOS) and the corresponding 
receptors on antigen-presenting cell (APC) (CD80, CD86, 
CD137L, or ICOSL). The extracellular antibody in CAR, 
in contrast to TCR-T, attaches to the appropriate tumor 
antigen, identifies it, and activates T cells in a way that 
is not MHC-based to provide anti-tumor effects.12 CARs 
can be divided into five generations based on how their 
intracellular signaling domain is organized, even though 
their basic modular structure hasn't changed since they 
were first created.

First-generation CART
The CD3 ζ-chain or FcεRIγ intracellular domain was the 
only costimulatory domain present in first-generation 
CARs. These complexes shared many characteristics 
with endogenous TCR, but they had a significant flaw: 
they were unable to generate enough interleukin (IL)-2. 
Exogenous IL-2 had to be added to first-generation CARs 
in order to guarantee an effective response because of their 
poor response. Additionally, research showed that these 
altered cells continued to exhibit poor cell proliferation 
and a brief in vivo lifespan, which further stimulated the 
creation of costimulatory domains.13,14

Second-generation CARs made an effort to address the 
issues brought on by traditional CART's short lifespan, 
poor cytokine production, and insufficient proliferation. 
They achieved this by utilizing dual signaling, which is 
known to promote robust T cell proliferation in natural 
systems.

Second-generation CART
Other cytoplasmic domains, including CD28, 4-1BB, 
or OX-40, were present in this new generation of CARs 
and may provide a secondary signal when they came into 
contact with a tumor antigen. According to preclinical 

and clinical research, the costimulatory signal's prolonged 
in vivo half-lives allowed it to enhance cytotoxicity, 
sustained response, and proliferation. Research also 
showed that these characteristics were significantly 
modulated by the costimulatory domain's composition. 
According to certain findings, 4-1BBζ-CART may have a 
longer half-life than CD28ζ-CART. However, the second 
was also observed to result in constitutive stimulation 
(activity in the absence of the antigen), even if the first 
may produce early depletion of CART. Because of this, 
CAR designs have improved to become more effective 
costimulatory structures.15

Third-generation CART
Several end domains of costimulatory signaling domains 
have been combined to create third-generation CARs. 
These structures are known to exist in CD3ζ-CD28-OX40 
and CD3ζ-CD28-41BB. Given that 4-1BB end domains 
support the long-term survival of CARs and CD28 
costimulatory domains are known to cause fast tumor 
eradication, the latter was very encouraging. In contrast 
to second-generation CART, no improved efficacy was 
attained, despite the fact that they have been utilized to 
treat several cancer types with favorable safety profiles, 
higher persistence, and proliferation.16, 17

Fourth-generation CART
Fourth-generation CARs were based on second-
generation designs since several costimulatory domains 
did not increase CART efficacy. In addition, the most 
recent generation is altered with a constitutive or inducible 
expression cassette that contains a transgenic protein, like 
a cytokine.

They are intended to transport the transgenic product 
to the intended tumor site and are known as T cell 
redirected for universal cytokine-mediated killing 
(TRUCK) CART. Usually, to accomplish this, these cells 
are engineered to carry a nuclear factor of activated T cell 
(NFAT)-responsive cassette, which contains a transgenic 
cytokine like IL-12. Therefore, when CD3ζ-containing 
CARs interact with their particular target, the transgene 
is expressed. Two transgenic cassettes must be transferred 
in order to create TRUCK CART in practice: one for the 
inducible cytokine and one for the CAR structure.18,19 
Compared to second-generation CARs, the addition 
of a cytokine transgene significantly increased the 
effectiveness of CART therapies in preclinical animals. 
Additionally, the strategy proved effective in preventing 
systemic toxicity, which is one of the most frequent side 
effects of CART therapy.20

Fifth-generation CART
In an effort to improve efficacy, safety, proliferation, and 
durability, CART treatments have undergone significant 
change in recent years. It is still difficult to reduce the off-
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target and off-tumor toxicity of CART, nevertheless. Next-
generation CART is being developed in this context. The 
new generation, which specialists have already dubbed 
the fifth generation, is distinct from the earlier ones due 
to the integration of an extra membrane receptor.21

Contact with the target antigen triggers the expression 
of the secondary transgene, which is followed by 
transcription and release into the extracellular fluid in 
TRUCKS, also known as fourth-generation CARs.22 In 
this method, the released signal reactivates the immune 
system to react to restimulation in addition to stimulating 
CART to stay active and produce memory T cells.23

CART that makes use of fifth-generation membrane 
receptors operates on a different concept. The inclusion 
of IL-2 receptors, which enables JAK/STAT pathway 
activation in an antigen-dependent manner, is the most 
promising of the various strategies presently being 
studied. Although other strategies have been tried, 
the discovery of switch receptors was one of the most 
fascinating advancements in the industry. There have 
been recent reports of successfully incorporating an ON 
switch that leads to activation or a drug-dependent OFF 
switch that leads to CAR depletion. Lenalidomide-gated 
CARs were created and evaluated using these guidelines. 
Despite having a little lower in vitro efficacy than previous 
generations of CARs, these cells were far easier to regulate, 
which improved their safety profile and expanded their 
therapeutic window.24

Targets of CART treatment for hematological tumors
A careful balance between safety and efficacy is required for 
the discovery of suitable tumor antigens, which is crucial 
for successful CART therapy. The following requirements 
should be fulfilled by preferred antigens: (I) show high and 
consistent surface expression on tumor cells, (II) continue 
to express themselves at different stages of the disease, 
(III) are important in the pathophysiology of the disease, 
(IV) shed little or nothing into the bloodstream, (V) are 
not impacted by certain treatment-induced pressures that 
could cause down-regulation or elimination, and (VI) do 
not express themselves on normal tissues.25-27

CD19. For the treatment of B-cell tumors, CD19 is 
thought to be the perfect target for CART immunotherapy. 
Normal tissues and cells do not express it; however, a range 
of B-cell malignant tumor cells and B-cell progenitor 
cells can. Grupp et al. used the second-generation CD19 
CART (4-1BB/CD3ζ) to treat two children with B-cell 
ALL.28 About two months after treatment, one patient 
experienced a relapse with blast cells that no longer 
expressed CD19, whereas the other patient experienced 
total remission. Thirty patients with relapsed or refractory 
pediatric ALL experienced complete remission in a 
different clinical trial that used CAR to treat CD19 + B cell 
malignancy.7 B cell chronic lymphocytic leukemia (CLL) 
also expresses CD19, in addition to B cell ALL. Although 

several CARTs that are used to treat B-cell ALL are also 
evaluated to treat B-cell CLL, their therapeutic impact 
on B-cell CLL is not as strong. 29 In ten patients with 
chronic lymphoma/leukemia, Kochenderfer et al. found 
that autologous CD19-directed CART had anti-tumor 
effects.30 None of the patients experienced graft-versus-
host disease (GVHD), and one patient experienced a 
total remission. After that, the group used CD19-specific 
CART (CD28/CD3ζ) to treat DLBCL patients. Four of 
the 15 patients experienced partial remission, while eight 
experienced total remission.31

CD20. Since the expression patterns of CD20 and CD19 
are similar, adoptive immunotherapy for hematological 
tumors may benefit from CARTs that target CD20. 
Numerous research studies have currently employed 
anti-CD20 CART therapy as a therapeutic intervention.32 
Researchers want to investigate the effectiveness of CD20-
specific CAR autologous T cells in treating patients with 
relapsed indolent NHL and MCL (mast cell leukemia) in 
a phase I clinical trial. Using this method, the researcher 
showed adoptive T cell therapy's potential anticancer 
activity and safety. The effectiveness of second-generation 
CART therapy in DLBCL patients was uncertain. One 
research team addressed this by using anti-CD20 CART 
with 4-1BB for these patients, and the results of this 
innovative treatment were encouraging.33 According to 
the first report, three of the seven patients with refractory 
advanced CD20 + DLBCL who were enrolled experienced 
partial remission, and one experienced complete 
remission.

CD22. Apart from CD19 and CD20, clinical studies 
are also being conducted to examine CD22, which has 
been identified as a possible therapeutic target. For 
instance, individuals with B-ALL disorders who were 
not candidates for CD19-CART therapy have been 
observed to benefit from CD22-CART.34 Nonetheless, a 
large number of patients continue to relapse as a result 
of inadequate CART resistance or persistence. Therefore, 
several strategies were used to increase CD22-CART 
anti-cancer activity. A second-generation CAR with 
scFv binding a proximal CD22 epitope showed better 
antileukemic efficacy than previous binding domains.35

CD30. Clinical investigations are investigating CD30 
as a distinctive marker of malignant Reed-Sternberg cells 
in HL.36 For patients with relapsed anaplastic large cell 
lymphoma (ALCL) who have not previously received it, 
Benuximab Vedotin, which binds an anti-CD30 antibody 
conjugated to monomethyl auristatin E (MMAE), would 
be the first choice. Additionally, it is the first FDA-
approved medication for Hodgkin's lymphoma patients 
that was successfully created. Although it is far from 
definitive, numerous studies have shown that around half 
of patients with peripheral T cell lymphomas (PTCL) have 
high expression of CD30.37 Therefore, future treatment 
options for refractory or recurrent CD30-positive PTCL 
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are made possible by CART therapy that targets CD30.
RORI. RORI, a receptor tyrosine kinase family member, 

is extensively expressed during embryonic development 
and in a variety of human cancers.38 Only adipocytes, the 
basal epithelial lining of the esophagus, the surface and 
foveolar epithelial cells of the stomach antral mucosa, and 
the duodenal mucosa exhibit RORI expression, which can 
be either positive or negative in normal tissues. Because 
of its tumor-selective expression, RORI may be a viable 
substitute for CART immunotherapy. A growing body of 
research indicates that ROR1 possesses intrinsic kinase 
activity, which mediates breast cancer bone metastases 
by interacting with the Hippo-YAP pathway.39 According 
to recent research by Lars et al, ROR1-CART have the 
ability to eradicate tumor cells that are stored in crypt 
formations.40

CD123. For hematolymphoid cancers, CD123 has 
become a new target. First, CD123 is widely overexpressed 
in hematolymphoid neoplasms, such as systemic 
macrocytosis, acute myeloid leukemia, acute lymphoblastic 
leukemia, blastic plasmacytoid dendritic cell neoplasm, and 
hairy cell leukemia.41 Second, a number of encouraging trial 
results demonstrated that CD123 modification holds great 
potential as a cancer immunotherapy tactic, particularly 
for CD123-targeting CART.42 As a result, efforts are being 
made to create CART treatments that specifically target 
hematological malignancies that express CD123. Brett M's 
group, for instance, created a CD123 CAR using a single-
chain variable fragment that was obtained from a CD123 
monoclonal antibody. Additionally, individuals with a 
range of hematological malignancies, such as plasmacytoid 
dendritic cell neoplasm and relapsed/refractory AML, 
have demonstrated noteworthy clinical success with these 
CD123 CART.43 

CD33. Therapeutic targeting of CD33 has long been 
of interest. According to certain pre-clinical research, 
CD33-CARs significantly eradicate tumors and exhibit 
long-lasting, strong anti-tumor activity against AML 
cells.44 Wang et al showed in an early clinical trial that 
autologous T-cells expressing 38% anti-CD33 CAR would 
exhibit significant cytolytic activity against CD33 + blasts. 
Targeting CD33, however, may provide challenges 
because myeloid cells and normal progenitor cells also 
express this protein. As a result, successful treatment 
is likely to be a major factor in delayed hematopoietic 
recovery and persistent cytopenia.45

Relapse and CART resistance
Although CART therapy has shown notable effectiveness 
in certain patients, it has drawbacks, including tumor 
recurrence and medication resistance in some people.46,47 
Relapse rates can exceed 50% in DLBCL and range from 
10% to 30% in B-ALL.48 Antigen escape, CART fatigue, 
and an immune-suppressive milieu are some of the factors 
that contribute to this (Fig. 1).

Antigen escape
Through strategies such as acquired mutations, selective 
splicing, and lineage shift, tumor cells avoid CART attacks 
during CART therapy, leading to altered or diminished 
surface antigen targets. Evasion is possible for common 
surface targets, including B-cell maturation antigen 
(BCMA), CD19, CD20, and CD22.49,50 Genetic alterations 
in CD19, which are present in the majority of resistant 
tumor cells, have been discovered by clinical analysis of 
relapsed samples. These mutations may result in protein 
truncation and subsequent loss of surface antigen.51 
According to a number of studies, BCMA CART therapy-
treated patients with relapsed MM show reduced BCMA 
surface expression on tumor cells.52 This process of 
antigen escape might complicate therapy and reduce 
treatment duration and patient survival. Therefore, in 
order to successfully address these issues, new treatment 
approaches are required.

CART exhaustion 
Reduced CART cytotoxicity is the result of CART 
exhaustion, which is indicated by increased expression 
of inhibitory receptors on the surface of CART, 
including cytotoxic T lymphocyte antigen-4 (CTLA-4), 
lymphocyte activation gene-3 (LAG-3), programmed 
cell death protein-1 (PD-1), and T-cell immunoglobulin 
and mucin domain-containing protein-3 (TIM-3).53,54 
While some individuals show positive responses when 
using CD19 CART to treat CLL, the majority of patients 
do not gain anything from CART therapy. T-cells in 
non-responsive patients upregulate pathways linked to 
effector differentiation, glycolysis, fatigue, and apoptosis, 
according to transcriptome sequencing.55 This exhaustion 
significantly affects CART functionality, suggesting that 
reducing exhaustion could enhance therapeutic efficacy. 
Research should aim to mitigate exhaustion to improve 
treatment outcomes. Reducing tiredness may improve 
therapeutic efficacy because it has a major impact on 
CART functioning. In order to enhance treatment results, 
research should focus on reducing fatigue.

Immunosuppressive microenvironment
The effects of CART are felt in the tumor 
microenvironment. An extracellular matrix, suppressor 
cytokines including TGF-β and IL-10, and a large number 
of immunosuppressive cells, including tumor-associated 
macrophages (TAMS), regulatory T-cells (Tregs), and 
myeloid suppressor cells, are also present.56 Through 
various ways, these components suppress immune-
activated cells, impairing CART activity and preventing 
their invasion.57 Enhancing the effectiveness of CART 
treatment for hematologic malignancies requires research 
into how the immunosuppressive milieu affects CART 
therapy and the development of countermeasures. 
To overcome these obstacles, researchers are actively 
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investigating novel strategies.58 Combining CART therapy 
with other medications is one such strategy that makes use 
of the advantages of different treatment techniques. This 
combined strategy can prolong the patients' survival by 
maintaining the effectiveness of CART and offsetting the 
drawbacks of CART monotherapy. This all-encompassing 
therapeutic approach increases hope and opportunities 
for cancer therapy by providing more comprehensive and 
efficient treatment options (Fig. 2).59,60 

Anti-CD19 CART history
The most frequent cause of cancer in children is pediatric 
ALL.63 Cure rates above 80% are a result of scientific 
and clinical study. Unfortunately, there is a considerable 
mortality rate in this population, and some patients 
experience relapses and/or have refractory disease. 
With the addition of more salvage therapies, the risk of 
morbidity increases.64 Phase 1 and phase 2 CART studies 

were the result of focused immunotherapy research 
because of the possibility of dose-limiting toxicities and 
chemotherapy resistance. With a complete response 
(CR) rate of 93%, a phase 1-2 single-center anti-CD19 
CART trial for children and young adults with relapsed 
or refractory B-cell ALL demonstrated encouraging 
outcomes. A phase 2 worldwide, multisite trial was 
created for this patient population in light of these 
findings. There were 25 locations across 11 nations 
in this experiment. From 2015 to 2017, patients were 
enrolled and given infusions. Median follow-up at 38.8 
months showed that of 79 patients infused, there was an 
82% overall remission rate, along with 3-year relapse-
free survival (RFS) and overall survival rates of 52% and 
63%, respectively. Long-term safety was shown to be 
favorable.64 The FDA approved Tisagenlecleucel, the first 
commercialized anti-CD19 CART therapy, in August 
2017 for the treatment of pediatric relapsed or refractory 

Fig. 1. Mechanisms of CART resistance and relapse. (A) Antigen Escape: Antigens on the surface of tumor cells can evade detection and elimination. 
(B) CART Exhaustion: When CARTs express more inhibitory receptors (PD-1, TIM-3, LAG-3, and CTLA-4), their anti-tumor efficacy is diminished. (C) 
Immunosuppressive Microenvironment: The extracellular matrix, cytokines (TGF-β, IL-10), and immunosuppressive cells (TAMS, Tregs, and myeloid-
derived suppressor cells) are all present in the tumor microenvironment. These elements restrict infiltration, impair CART activity, and suppress immune 
cells. CART activity is further decreased by tumor cells' consumption of glucose and oxygen, which results in hypoxia and nutrient deprivation.



Guo et al

BioImpacts. 2025;15:314596

B cell ALL in large part because to these pivotal phase 
2 global, multisite study response rates and safety data. 
When compared to the phase 1-2 single center trial and 
the phase 2 global, multisite trial, the first real-world 
report of Tisagenlecleucel demonstrates comparable 
response rates and safety. The initial CR rate was 85.5%, 
and the 12-month duration of response was 60.9%, with 
a median follow-up of 13.4 months. Fifty-five percent 
of the patients experienced cytokine release syndrome 
(CRS), a systemic inflammatory reaction including 
increased cytokines in response to immune system 
activation. Twenty-seven percent of individuals had 
immune effector cell-associated neurotoxicity syndrome 
(ICANS).10. A phase 2, single-arm, multi-center trial in 
the Children's Oncology Group is investigating the use of 
Tisagenlecleucel up front for high-risk pediatric patients 
with positive minimal residual disease at the conclusion 
of consolidation.65

B cell hematologic malignancies
Recurrence of B cell ALL with CART treatment
Regretfully, there are two ways in which patients may 
relapse following anti-CD19-directed CART therapy. With 
CD19-positive B cell ALL, which still expresses the CD19 
antigen, a patient may experience a relapse. This frequently 
occurs when CART exhibits transient persistence, which 
eliminates disease surveillance. CART fatigue or immune-
mediated rejection may be linked to short-term persistence. 
The lack of CD19 expression on the tumour cell surface 
may result in CD19-negative relapses. Following anti-
CD19 CART therapy, patient results for B-cell ALL relapse 
are not good. Newer CART trials have been developed to 
address these concerns as a result of research into strategies 
for B-cell ALL relapse after CART therapy.

Humanized CART 
One indicator of CART persistence is B cell aplasia, an 

Fig. 2. Combination Therapies with CARTs. (1) BTK inhibitors and CARTs work together to suppress BTK in the B-cell signaling pathway, which lowers 
the proliferation of malignant B cells. (2) By blocking the PI3K signaling pathway, the combination of CARTs with PI3K inhibitors prevents tumor cells from 
growing and surviving. (3) By blocking the BCL-2 protein, the combination of CARTs and BCL-2 inhibitors encourages tumor cell death. (4) By blocking 
γ-secretase, CARTs and GSI stop BCMA from being shed from tumor cell surfaces. (5) Lenalidomide and CARTs work together to attract the E3 ubiquitin 
ligase CRL4CRBN, which causes IKZF1 and IKZF3 to degrade. (6) By blocking the PD-1/PD-L1 signaling pathway, CARTs and PD-1/PD-L1 inhibitors work 
together to prevent tumor cells from evading the immune system. (7) The efficacy of CART therapy is increased when it is combined with radiation therapy, 
which destroys tumor cells directly. (8) The patient's immune system is restored when CARTs and hematopoietic stem cell transplantation are combined, 
supporting the long-lasting anti-tumor action of CARTs.61,62
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on-target/off-tumor toxicity that occurs after CART 
infusion. CART persistence is lost when B-cell aplasia 
is lost.66 At least 25% of patients undergoing CART 
infusions experience a loss of CART persistence. Twelve 
B cell recovery during the first six months indicates an 
early loss of CART persistence, which is associated 
with poor outcomes for these patients.66 A murine 
monoclonal antibody is the source of the extracellular 
antigen-binding domain seen in the majority of CARTs, 
which may trigger an antimurine immune response 
that results in CART rejection. To prevent this immune 
rejection and enhance long-term persistence, research 
has been conducted and is still being conducted on 
substituting a humanized component.67 One institution's 
investigation demonstrated that humanized CART can 
assist patients in achieving persistent remission. The 
backbone of Tisagenlecleucel served as the basis for this 
CAR. There were two cohorts in this study: CAR naïve 
and retreatment. Patients with non-response, early B cell 
recovery, or CD19 relapse who had previously received a 
murine CART product were included in the retreatment 
cohort. Overall response rate (ORR) for patients with B 
cell aplasia at day 28 was 64% in the retreatment cohort. 
RFS was 74% at month 12 and 58% at month 24. The CR 
rate was 98% at day 28, the RFS was 84% at month 12, and 
74% at month 24 in the CAR naïve sample, which included 
patients who had never received a CART product.67 These 
findings suggest that this treatment holds promise.

Universal CART 
A high number of circulating blasts, age at diagnosis, 
and intensive chemotherapy pretreatment are among the 
characteristics that make it very difficult for some patients 
to successfully collect and manufacture T-cells.68,69 
According to a study, patients who have received extensive 
pretreatment may exhibit deficiencies in naïve T-cells, 
which may contribute to harvesting and manufacturing 
failure. Additionally, naïve and early memory T-cells in 
the collection product are correlated with good CART 
performance. Concerns have also been raised over the 
caliber of T-cells obtained from baby ALL patients.70 
Cost, manufacturing time, T cell malfunction, and disease 
progression and death during the manufacturing process 
are further obstacles to autologous CART therapy.71 
Successful product manufacturing is not always feasible 
for people with extremely aggressive illnesses.

Products made from T-cells obtained from healthy 
allogeneic donors are known as universal CART. "Off-
the-shelf" CART are another name for these cells. For 
patients with highly aggressive diseases or those who have 
had unsuccessful T-cell collections, this is a promising 
treatment that may be used before an autologous CART 
product is available.72 These cells have the advantages 
of being less expensive, producing several doses from a 
single donor, not requiring chemotherapy, and being 

ready for use right away.73 Additionally, there are several 
drawbacks to commercially available CART products. 
Both GVHD and universal CART rejection are risks; as 
a result, these cells will not be as persistent as autologous 
CART. In order to prepare the patient's immune system 
to minimize rejection of the CART, alemtuzumab, an 
anti-CD52 immunotherapy, is frequently added to the 
lymphodepleting chemotherapy to intensify it. This 
immunosuppression increases the risk of infection. Viral 
reactivation may result from marrow suppression and 
protracted cytopenia.73

The feasibility of universal CART therapy was 
demonstrated by a universal CART trial that included 
patients ranging in age from 9 months to 62 years from 
2016 to 2018. Eleven days was the median amount of time 
between trial consent and the onset of lymphodepletion.74 
Seven children and fourteen adults with relapsed or 
refractory B cell ALL were involved in this experiment. Of 
the patients, 91% had CRS, 38% had ICANS, and 10% had 
GVHD. Some patients had viral infections, such as BK 
virus, adenovirus, human metapneumovirus, and CMV. 
Seventy-one percent of the responding patients underwent 
stem cell transplantation (SCT), and sixty-seven percent 
achieved CR 28 days after CART infusion.13 Results from 
a second phase 1 global CART trial were released recently. 
Participants in this research ranged in age from six months 
to eighteen years. Four of the six infused patients were in 
remission and underwent SCT. In the first several hours 
after CART injection, viral reactivation, ICANS, and 
controllable CRS were observed.75 Both trials demonstrate 
that universal CART therapy is safe, and practical, and 
has potential for individuals for whom autologous CART 
therapy is not an option, but further research is required 
to make meaningful judgements about efficacy.

Anti-CD22 CARTs 
As was already established, CD19-negative illness can 
recur in individuals who experience a relapse following 
anti-CD19 CART therapy. Research indicates that within 
the first year of receiving anti-CD19 CART treatments, 
almost 50% of patients may experience a recurrence.76 
These relapses are CD19 negative in about 40% of cases. 
These people require alternative therapies because their 
options for therapy are restricted. CD19-negative relapses 
have been considered the primary mechanism of resistance 
since the introduction of anti-CD19 immunotherapies. 
The leukemia cells typically keep their expression of CD22 
even when they no longer exhibit the CD19 antigen. 

The majority of B-cell malignancies exhibit the antigen 
CD22, which is only expressed by B cells in healthy 
tissue.50 Trials of anti-CD22 CARTs are now underway. 
Responses against leukemia have been observed, and the 
safety profile is comparable to that of anti-CD19 CARs.

Recently, the findings of a phase 1 anti-CD22 CART 
experiment were made public. 87.9% of the fifty-eight 
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patients who received anti-CD19 CART were injected. 
32.8% of patients experienced moderate neurotoxicity, 
while 86.2% of patients experienced CRS. The percentage 
of total remission was 70%. Relapse was eventually 
experienced by 75% of these patients. Patients who had 
previously received CD22 targeted therapy were shown to 
have lower MRD negative full remission rates and shorter 
remission durations.

Dual CART
Dual-targeting CART have become possible due to anti-
CD22 CART trials that provide anti-leukemia responses 
for relapsed and refractory B cell ALL. Multi-agent 
chemotherapy is a key component of the initial treatment 
of ALL in order to prevent relapses caused by medication 
resistance.50 One of the main problems with CART 
treatment is CD19 escape, which can occur when single 
antigen-targeting drugs are used. In an effort to overcome 
CD19 antigen escape and enhance results, dual CARs that 
target the CD19 and CD22 antigens have been produced.77 
There are four strategies to generate dual CARTs: tandem, 
bicistronic, co-transduction, and coadministration.78 
Investigations are ongoing to find the best manufacturing 
and administration techniques.

There is no additional toxicity, according to dual CAR 
experiments that target both CD19 and CD22. Recently, 
the results of a dual CART experiment that targeted both 
CD19 and CD22 were made public. 194 patients received 
infusions, and 225 patients under the age of 20 were 
included in a phase 2 experiment. A 99% full response rate 
was observed. At 12 months, overall survival was 87.7%, 
and event-free survival (EFS) was 73.5%. Patients with B 
cell aplasia and those who went on to SCT had improved 
EFS, suggesting that CART persistence lasted longer than 
six months. ICANS affected 20.9% of individuals, while 
CRS affected 88%. There were three fatalities during CRS 
and/or ICANS. 78 The trial's findings demonstrated the 
effectiveness of this dual CART product, which assisted 
patients in achieving long-lasting remissions.

B cell non-Hodgkin lymphoma 
Chemotherapy produces great results for the majority 
of pediatric patients with mature B-cell non-Hodgkin 
lymphoma (NHL). Although they are uncommon, 
recurrent illness has a poor prognosis and reduced 
chemosensitivity.79,80 One intriguing new treatment 
option for this patient group is CART therapy. Trials 
are currently being conducted to examine the safety and 
effectiveness of CART treatment for B cell NHL, which 
targets CD19, CD20, and CD22. In children with relapsed 
or refractory B-cell NHL, Tisagenlecleucel was found to 
be safe and effective in phase 2 international multicenter 
research. Although large B-cell lymphoma patients had a 
superior ORR (46%) than those with Burkitt lymphoma 
(20%), it was still encouraging. CRS happened in 70% of 

patients, while neurologic problems happened in 27% of 
individuals.

Non-B cell hematologic malignancies
It has proven more difficult to create effective CART 
treatments for non-B-cell hematological malignancies. 
Finding tumor-specific antigens to target and preventing 
severe, unacceptable on-target/off-tumor toxicities that 
kill healthy, normal cells have been some of the difficulties. 
Anti-T-cell therapy causes T-cell aplasia. Unacceptable 
long-term off-tumor toxicities include myeloid aplasia 
brought on by anti-AML CART and ALL CART.

T-cell ALL
The discovery of effective treatments for T-cell ALL has 
proven more challenging, despite the success of CART 
therapy for B-cell ALL. Ten to fifteen percent of ALL 
patients are T-cell ALL.81 With an overall survival rate 
of less than 10%, relapsed and refractory T-cell ALL has 
a poor prognosis and is infamously difficult to treat.82 
CART fratricide (the self-destruction of CARTs), on-
target/off-tumor toxicity of T-cell aplasia, which results 
in life-threatening immunodeficiency, and CART 
product contamination with T lymphoblasts are some of 
the special difficulties associated with CARTs for T-cell 
ALL.83

Autologous and universal CARTs are being used in 
early-stage experiments.84 There have been encouraging 
results from a recent phase 1 human universal anti-CD7 
CART experiment. The issue of product contamination 
with leukemic cells is mitigated by using a universal 
CART from a healthy donor. They injected twenty 
patients. There were no toxicities that were limited by 
dosage. 90% of patients experienced a complete response 
(CR), the CARTs proliferated, and the therapy was shown 
to be safe.81

The findings encourage more research on CARTs for 
T-cell ALL that has relapsed and is refractory. It is too 
early in the treatment process to determine whether 
CART therapy alone will cure T-cell ALL without the 
need for SCT.

Acute myeloid leukemia
Chemotherapy resistance makes treating relapsed and 
refractory AML difficult. Alternative therapies are 
required for this patient population because SCT is the 
only possible curative therapy. 85 Finding a targetable 
antigen that does not result in intolerable toxicity is one of 
the same difficulties facing CART therapy for use in AML 
as it is in T ALL. Normal myeloid progenitors contain 
the majority of targetable antigens. Life-threatening 
infections and severe immunosuppression may result 
from the destruction of these progenitors.82,85 CD33, CLL-
1, and CD123 are targets being investigated for relapsed 
and refractory AML.
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The majority of AML cells express CD33, and the 
success of treating pediatric AML with Gemtuzumab, 
an anti-CD33 antibody drug combination, gives hope 
that anti-CD33 CART will work.86 The extent of myeloid 
toxicity, its reversibility, and its capacity for recovery are 
currently being investigated and determined. To better 
assess this, more experiments are needed.82 Research is 
being done to develop CARTs that reduce the degree and 
length of myelosuppression in AML patients who have 
relapsed or are refractory.85 Following CART therapy, 
the majority of trials recommend SCT because of the 
expected on-target/off-tumor effects. Suicide genes, 
safety switches that disable the CART, and genetic 
inactivation of certain cells are being investigated in 
other investigations.85,87 At the moment, the majority of 
AML CART trials seek to elicit remission and prepare 
the patient for SCT. 

Conclusion
Over the past 11 years, pediatric oncology has seen 
significant advancements thanks to CART therapy. 
Patients with relapsed and refractory B-cell ALL were the 
first to get this revolutionary treatment. Many patients 
find this therapy to be promising and helpful, yet some 
still relapse. More trials are being developed for B cell ALL 
relapses following CART therapy since these patients need 
new treatments. Trials for further relapsed and refractory 
paediatric hematologic cancers have also been prompted 
by this outcome.
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