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ABSTRACT: Chimeric antigen receptor (CAR)-T cell therapy is a novel approach to treating hematologic cancers such as 
leukemia. This review paper focuses on optimization strategies for CAR-T cell engineering to improve therapeutic durability 
and reduce relapse rates. Key methods discussed include advances in dual antigen targeting to mitigate antigen escape alongside 
signal enhancements in the costimulatory domain to enhance T cell persistence. Next-generation CAR-T cells will be discussed 
and further address challenges like tumour microenvironments. By incorporating these advancements in dual antigen targeting, 
combined with innovations in CAR cell body design and development processes, CAR-T cell therapy has the potential to 
significantly improve therapeutic efficacy, reduce complications, and increase accessibility for leukemia patients.   
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� Introduction
Cancer is a life-changing topic and an obstacle to many 

families worldwide. Cancer, with its complex nature in biology 
making it challenging to treat effectively, is one of the leading 
causes of mortality and morbidity globally: in 112 out of 183 
countries, estimates from the WHO in 2019 rank cancer as 
the first or second leading cause of death.¹ Cancer cases are 
expected to be 28.4 million in 2040, a 47% rise from 2020, 
which has been a burden on developing countries due to de-
mographic changes.¹ A seemingly death-bound disease has 
caused concern over an improved treatment or cure.² Modern 
cancer treatment approaches have had varying degrees of suc-
cess but are frequently associated with a variety of side effects, 
like targeting other cells that are not cancer cells, harming the 
patient. ³ Radiotherapy, one of the most common cancer treat-
ments, could result in radio-resistance;⁴ hadron therapy, a new 
alternative involving protons and light nuclei, has no insight 
to its long term impacts;⁵ chemotherapy, based on cytotoxic 
drugs, often results in a impaired quality of life and severe side 
effects;4 surgery, effective but invasive; and other treatments all 
have led to certain negative downsides.⁶ Individualized therapy 
offers a promising solution by leveraging a patient’s immune 
system to eliminate cancer cells with high specificity to reduce 
off-target effects and to provide more personalized and poten-
tially less harmful treatment options.⁷ Despite all this, recently, 
a viable and new approach to cancer has been revealed, chime-
ric antigen receptor (CAR)-T cell therapy. 

As a personalized treatment, CAR-T cells are engineered 
lymphocytes, immune cells, that are altered to specifically 
express certain receptors and target singular cancer cells that 
display a specific antigen.3,8 This approach is much more ad-
vantageous than regular T cells that rely on a normal major 
histocompatibility complex (MHC), a group of genes that help 
the immune system recognize foreign substances, and expres-
sion that restrains the immune response.⁸ The CAR protein 
on the external surface of engineered T cells helps recognize 
cancer antigens, which then activates the CAR-T cell to or-
der the cancer cell to undergo apoptosis (Figure 1).⁹ From all 
this, CAR-T cell therapy has become a very important fac-
tor in fighting B-cell malignancies (BCMs) like leukemia.10 
B-cell malignancies are a diverse group of hematologic cancers
that have a spectrum that includes aggressive forms like dif-
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Figure 1: Diagram of a CAR-T cell. Illustrates how the gene for a chimeric 
antigen receptor (CAR) enables the expression of a synthetic receptor that 
combines antigen recognition and intracellular signalling domains. 
(Created with Biorender)
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fuse large B-cell lymphoma to indolent variants like follicular 
lymphoma.11 These malignancies are characterized by uncon-
trolled proliferation of malignant B-cells that typically retain 
surface expression of markers.11 Malignant B-cells consistently 
express surface markers, which serve as ideal targets for engi-
neered T-cells.11,12 For example, acute lymphoblastic leukemia 
(ALL) expresses CD19, a pan-B-cell maker, making it an 
ideal target for CAR-T cells.13 CAR-T cells, therefore, are en-
gineered to target CD19 with high specificity as they bind to 
the CD19 antigen and trigger cytotoxic responses that elim-
inate both malignant and normal B cells.13 However, CAR-T 
cell therapy faces many obstacles, like patient tolerance and 
specific antigen selection.14 Tumour cells that lack specific an-
tigens can impair antigen selectivity of CAR-T cells and can 
even develop resistance through the downregulation of anti-
gen expression by increasing the activity of immune inhibitory 
factors from CAR-T cell cytotoxicity.15,16 In this review, by 
summarizing the most recent literature on CAR T-cells, the 
review article will provide the latest research on CAR-T cell 
therapies in terms of their structure and mechanism, dual anti-
gen targeting advances, optimization strategies for CAR-T cell 
design, and the limitations and future directions of CAR- T 
cell therapy research.
� Discussion
CAR T Cell Structure and Mechanism: 
Chimeric antigen receptor (CAR)-T cell therapy is an in-

novative immunotherapy and a highly personalized treatment 
that relies on artificial receptor engineering on T cells to tar-
get specific antigens on cancer cells.17,18 The modular CAR 
protein is composed of two key components: an external do-
main for antigen recognition and an internal signalling region 
for T cell activation. The external region usually consists of a 
single-chain variable fragment (scFv) derived from antibodies 
that bind specific antigens on the cancer cell surface through 
high-affinity binding (Figure 2).9,19 Unlike traditional T cell 
receptors (TCRs), this novel design removes the dependency 
on the MHC, overcoming a major limitation in the internal 
signalling domain of TCRs. 20,21

Internally, CAR proteins rely on signalling domains for 
effective T cell activation. The primary activation signal origi-
nates from the CD3ξ chain in the intracellular domain, which 
contains immunoreceptor tyrosine–based activation motifs 
(ITAMs).22,23 Additional “boost” signals come from costim-
ulatory domains, like CD28, which help T cells multiply and 
strengthen their response.24,25 When fully activated, CAR-T 
cells release cytotoxic granules that contain perforin and gran-
zymes, which induce apoptosis, self-destruction, in target 
cells.26

Generations of CAR-T cells have had progressive improve-
ments to the overall CAR design. CAR development began 
with the first-generation CARs. First-generation CARs were 
comparatively simple in design. It consisted of three main 
components: an extracellular antigen recognition domain, like 
a molecular “search radar” to find cancer cells; a transmem-
brane domain for structural integrity; and an intracellular 
domain for signalling that activates the T cell (Figure 2b).⁹ 
Single-chain variable fragments (scFvs), which were built for 
the antigen recognition domain, are engineered antibody frag-
ments composed of a variable heavy chain (VH) and a variable 
light chain (VL) connected by a flexible peptide linker (Figure 
2a).27 Each scFv is a specialized search tool made by stitch-
ing together the two chains from antibodies. The scFvs helped 
provide high specificity for tumour-associated antigens like 
CD19 in BCMs like leukemia, for example. This surface pro-
tein acts like a cellular “ID card” that is consistently expressed 
on over 90% of B-cell cancers while being nearly absent from 
other cell types, minimizing off-target effects.28,29 Despite the 
targeted antigen recognition, first-generation CARs relied 
simply on the CD3ξ signalling domain in the intracellular re-
gion, housing the immunoreceptor tyrosine-based activation 
motifs (ITAMs).9,30 The ITAMs are responsible for T cell ac-
tivation upon antigen reception, but were limited due to their 
signalling capacity. With a lack of co-stimulatory signals to 
improve capacity, first-generation CARs resulted in poor T 
cell persistence, reduced cytokine secretion, and limited thera-
peutic efficacy for first-generation CARs. 

Second-generation CARs incorporated co-stimulatory 
domains such as CD28 to enhance T cell survivability and 
anti-tumour activity (Figure 2b).9,31 Alongside CD3ξco-stim-
ulatory signalling domains address many of the limitations of 
first-generation CARs. CD3ξ chain is the primary signalling 
domain that contains the ITAM, initiating the costimulatory 
domain, a secondary signalling domain, obtained from native 
co-stimulatory molecules like CD28 and 4-1BB, that enhanc-
es T cell activation.32 The extracellular and transmembrane 
regions remained largely untouched, with their scFvs ensuring 
targeted binding to tumour antigens like CD19. Most im-
portantly, second-generation CARs became the backbone of 
FDA-approved CAR-T cell therapies (Table 1).33

Third-generation CARs represent a significant advance-
ment in CAR technology through incorporating multiple 
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Figure 2: 9 Structure of CAR generations. A. The modular structure of a 
CAR protein consists of an extracellular domain that includes a single-chain 
variable fragment (scFv) derived from antibodies, which is responsible for 
antigen recognition. The transmembrane domain anchors the receptor to the 

cell membrane and ensures structural stability, and the endodomain contains 
the intracellular signalling motifs such as immunoreceptor tyrosine-based 
activation motifs (ITAMs), which mediate downstream T cell activation. B. 
Demonstrates the progressive development across five generations of CAR-T 
cells. (Reprints with Permission from Tokarew et al.) 
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costimulatory domains to improve cytokine secretion and 
overall efficacy (Figure 2b).9,19 These CARs usually combine 
two distinct co-stimulatory signals in tandem with CD3ξ. For 
example, combination domains such as CD28 and 4-1BB are 
used to provide synergistic signalling: CD28 enhances immedi-
ate T cell activation and cytokine release, and 4-1BB promotes 
T cell survival and memory formation.34,35 This multi-signal 
approach has shown improved efficacy, particularly in sol-
id tumours where the TME is highly immunosuppressive. 
Third-generation CARs, however, are still under investigation. 

Fourth-generation CARs, “armoured CARs”, are engineered 
to produce immune-stimulatory cytokines like interleukin-12 
(IL-12) to counter immunosuppressive tumour microenviron-
ments (Figure 2b).9,36 IL-12 is a potent immunomodulatory 
cytokine that enhances T cell and natural killer cell activity, 
promotes the recruitment and activation of other immune 
cells, and reprograms the TME to be more immunogenic to 
overcome tumour-induced immunosuppression.37–39 In addi-
tion to cytokine secretion, armoured CARs may also express 
checkpoint inhibitors like PD-1 blockers to prevent T cell 
exhaustion.40,41 Enzymes that degrade immunosuppressive 
factors in the TME, like adenosine or TGF β, are also ex-
pressed.42 These modifications from third-generation CARs 
make fourth-generation CARs more promising for treating 
solid tumours, specifically with the degradation of the TME, a 
major barrier to effective immunotherapy. 

Lastly, fifth-generation CARs integrated cytokine receptor 
signalling to enhance T cell function, representing the cutting 
edge of CAR-T cell technology (Figure 2b).9,43 These CARs 
are designed to mimic the signalling of cytokine receptors like 
the IL-2 receptor to further enhance T cell activation and per-
sistence. The key innovation in fifth-generation CARs is the 
inclusion of a cytokine receptor signalling domain alongside 
the traditional CD3ξ and multiple co-stimulatory domains. 
This allows the CAR-T cells to respond to endogenous cyto-
kines in the TME, providing an additional layer of activation. 

CD19-specific CAR T cell therapy, widely used for treat-
ing BCMs like leukemia and lymphoma, specifically shows 
the success of this approach.12 CD19 is a pan-B-cell marker 
that ensures selective targeting of malignant cells while sparing 

most of the healthy tissues.50 This CD-19 specific approach 
has demonstrated significant efficacy. In a meta-analysis 
encompassing 448 patients, 82% had an incidence rate of 
complete remission (CR).51 Furthermore, clinical studies re-
port CR rates exceeding 80% in many cases with patients with 
ALL.52 

Not only have CD-19-specific strategies seen promis-
ing results, but an antibody-drug conjugate targeting CD22, 
inotuzumab ozogamicin, has shown encouraging results. Anti-
body-drug conjugates (ADCs), a similar yet different approach 
to hematologic malignancies, leverage unique molecular char-
acteristics of each patient’s tumours through targeting specific 
antigens like CD19 or CD22.53 ADCs are monoclonal an-
tibodies conjugated to cytotoxic drugs that deliver the drug 
directly to the tumour and kill the cancer cell internally.54 
Through the selective expression of target antigens on can-
cer cells, ADCs represent a highly individualized treatment 
strategy. Inotuzumab ozogamicin in a phase 3 trial demon-
strated improved response rates and overall survival compared 
with conventional methods like chemotherapy in patients with 
refractory or relapsed B-ALL (Table 2).55 Blinatumomab is 
a bispecific T-cell engager (BiTE) antibody that targets the 
CD3 on T cells and CD19 on B cells. It has significantly im-
proved efficacy in treating relapsed B-cell acute lymphoblastic 
leukemia (B-ALL) by its mechanism of redirecting T cells to 
eliminate malignant B cells, leading to improved remission 
rates.56 These findings emphasize the efficacy of CD19 and 
CD22-specific CAR-T cell therapy in treating BCMs, provid-
ing substantial benefits as an individualized therapy to patients.

Individualization and Non-Invasive Nature: 
Paradigm shifts toward highly individualized cancer treat-

ments have revolutionized health care. CAR-T cell therapy 
exemplifies this approach. This therapy begins with the collec-
tion of the patient’s T cells through apheresis, a non-invasive 
process that separates blood components, minimizing risk to 
the patient by avoiding the need for invasive surgical inter-
vention.57 Apheresis collects blood components and returns 
the rest into the patient, which is essential in minimizing im-
pact (Figure 3). These collected T cells then get genetically 
engineered to express CARs, designed to recognize tumour 
antigens on specific tumour cells.58 Lentiviruses are essential in 
the addition of CAR genes to the T cells with high efficiency. 
These viral vectors carry the CAR construct, which includes 
the intracellular signalling regions and the antigen-recognition 
domain that are integrated into the host genome ex vivo, en-
suring stable expression.59 Lentiviral vectors are advantageous 
due to their low immunogenicity and ability to transduce both 
dividing and nondividing cells.60,61 The personalized engi-
neering allows a highly specific targeting of malignant cells 
through uniquely tailoring each CAR-T cell therapy to the 
patient’s cancer profile.50 With such precision, CAR-T cell 
therapy reduces the risk of off-target effects, a common issue 
with conventional treatments like radiation therapy, which of-
ten lead to toxicities and significant side effects. 

Table 1: FDA Approved CAR-T Cell Therapies. 

*BCMA: B-cell Maturation Antigen
The table highlights six FDA-approved CAR-T cell therapies, each targeting
either CD19 or BCMA antigens in various B-cell malignancies. The diversity 
of targeted diseases underscores the clinical success and expanding role of
CAR-T therapy in treating relapsed or refractory hematologic cancers.
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Next-generation CAR-T cell therapies are becoming even 
more refined as research continues. Through features such 
as dual antigen targeting, CAR-T cell therapy can enhance 
patient outcomes and can be featured as the cornerstone of 
personalized and non-invasive cancer care, potentially inspir-
ing more effective and patient-centred approaches to oncology.

Next-Generation CARs & Optimization Strategies for 
CAR-T Cell Design

Armoured CARs: 
Armoured CAR-T cells, a fourth-generation CAR de-

sign, symbolize novel approaches to enhancing the efficacy 
of CAR-T cell therapy, especially in immunosuppressive tu-
mours.⁹ Armoured CARs are engineered to secrete cytokines 
and other therapeutic molecules like antibodies or enzymes 
that degrade physical barriers within the tumour microenvi-
ronment (TME).73 The TME is one of the main barriers to 
CAR-T cell efficacy as it includes extracellular matrix com-
ponents that hinder CAR-T activation. Through secreting 
extracellular matrix-degrading enzymes like metalloproteinas-
es, armoured CARs can enhance the persistence and efficient 
penetration of CAR-T cells in tumours.74 A study by Suarez 
et al. demonstrates that armoured second-generation CAR-T 
cells engineered to secrete human anti-programmed death 
ligand 1 (PD-L1) have effectively blocked PD-1/PD-L1 in-
teraction within the TME of clear cell renal cell carcinoma 
(ccRCC).75 Furthermore, a study by Harrasser et al. explored 
the use of armoured CAR-T cells using anti-PD-L1 scFvs 
for localized delivery within the TME, enhancing the an-
ti-tumour efficacy while minimizing systemic toxicity by 
blockading the PD-1/PD-L1 pathway.76 Collectively, these 
studies indicate the potential of optimizing anti-PD-L1 anti-
body secretion into next-generation armoured CAR-T cells to 
enhance their anti-tumour activity by overcoming the immune 
checkpoint-mediated suppression in the TME.73,75,76 

Figure 3: Cycle of the Individualization of CAR-T Cell Therapies. 1. & 2. 
Isolation of a patient’s T cells via apheresis. 3. Genetic modification using a 
viral vector to express chimeric antigen receptors 4. Receptors are expressed 
on the T cell’s surface 5. Engineered T cells are expanded, multiplied, and 
reinfused into the patient. 6. CAR T cells eliminate cancer cells with high 
specificity. This personalized approach enables the targeted recognition and 
elimination of cancer cells. (Created with Biorender)

The non-invasive nature of CAR-T cell therapy involves 
only intravenous infusions for cell reinfusion following T cell 
modification ex vivo. Minimizing physical trauma to the pa-
tient most often results in shorter recovery times and improved 
quality of life.62 Furthermore, CAR-T therapy’s ability to min-
imize residual disease while achieving deep remissions has 
been highlighted in numerous clinical trials, particularly in he-
matological malignancies like B-ALL.63 The individualization 
of CAR-T cell therapy allows it to address immune evasion 
and tumour heterogeneity more effectively.64 CD19-specific 
CAR-T therapies, for example, target a pan-B-cell marker that 
is widely expressed in multiple BCMs, which ensures efficacy 
and reduces the likelihood of tumour escape.65 Additionally, 
patients who may not be candidates for aggressive treatments 
due to age and other complications significantly benefited 
from CAR-T’s non-invasive nature.66 
Table 2: Clinical Trials on Certain Antibody-Drug Conjugates. 

*CR: Complete Response
**ORR: Overall Response Rate
***ORR: Objective Response Rate
The table summarizes the efficacy of various antibody-drug conjugates
(ADCs) targeting surface antigens in treating relapsed or refractory
hematologic malignancies. The reported high complete response and overall
response rates across multiple trials highlight the therapeutic potential of
ADCs.
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Universal CARs: 
Driven by the challenge of obtaining autologous T cells 

from patients for CAR-T cell therapy, researchers have begun 
to develop universal CAR-T cells. Universal CAR-T cells are 
allogenic T cells, derived from healthy donors, engineered to 
target tumour-specific antigens.77 The key advantage of uni-
versal CAR-T cells is the potential of their “universal” use, 
making CAR-T cell therapy more accessible and scalable.78 

Alternative processes like nanoparticle-mediated in situ manu-
facturing, for example, can lower the manufacturing procedure, 
ultimately shortening administration time.79 This eliminates 
the logistical challenges and delays associated with autologous 
CAR-T therapies, like the time required for T-cell engineer-
ing. The crucial challenge with allogeneic CAR-T cells is the 
risk of graft-versus-host disease (GVHD), where the donor T 
cells attack the patient’s tissues. “Off-the-shelf ” CAR-T cells, 
enabled through genetic modification, are engineered to avoid 
GVHD and prevent immune rejection.80 This is achieved by 
removing the TCR in donor T cells, preventing the recogni-
tion of patient-specific antigens.80 Recent trials from Lin et 
al. have shown promising results for universal CAR-T cells, 
demonstrating that donor-derived CAR-T cells were able to 
achieve comparable remission rates to autologous CAR-T cells 
in patients with leukemia.78 

Advances in Dual Antigen Targeting: 
Dual antigen targeting is another key strategy that address-

es issues of immune escape and relapse, further benefiting 
CAR-T therapies in BCMs. Immune escape occurs when can-
cer cells downregulate or lose their target antigen expression, 
making CAR T cells effectively useless.81 This phenomenon 
is a major player in relapse with patients undergoing CD19 
CAR-T cell therapy, relapse due to antigen expression loss.82,83 
BCMs like leukemia and lymphoma often experience relapses 
due to the loss of CD19 expression, a key target in CAR-T cell 
therapy.84 Dual antigen targeting approaches aim to overcome 
this limitation by developing CAR-T cells that simultaneous-
ly target two antigens, such as CD19 and CD37 (Figure 4). 
This strategy reduces the likelihood of immune escape by en-
suring that even if one antigen is lost, the cancer cell would 
still be susceptible to the CAR-T cell attack. In pre-clini-
cal trials by Scarfò et al., anti-CD37 CARs were combined 
with anti-CD19 CARs to create dual-specific CAR T cells 
to recognize them alone or in combination, overcoming po-
tential antigen escape.85 In addition, dual antigen targeting 
also addresses concerns about heterogeneity within tumour 
populations. Many BCMs exhibit heterogeneous antigen ex-
pression, where many subpopulations of cells lack the primary 
target antigen.86 Through dual targeting, dual CAR-T cells 
ensure coverage across diverse tumour populations, reducing 
chances of survival or antigen-negative clones.87 Overall, the 
durability of the therapeutic response is enhanced even in pa-
tients with heterogeneous tumours. 

Refining dual antigen targeting to improve safety and reduce 
toxicities is underway. Off-target effects and excessive immune 
activation can cause adverse effects like cytokine release syn-
drome (CRS) or neurotoxicity.88 Researchers are developing 
strategies like split-signal CARs, requiring simultaneous en-
gagement of both target antigens to activate the CAR-T cells, 
lowering the risk of off-target activations.89 

Dual antigen targeting is a promising advancement in 
CAR-T cell therapy, especially for BCMs prone to antigen 
loss or heterogeneity. This approach offers a more robust de-
fence against immune escape by targeting multiple antigens, 
addressing multiple limitations of the current single-antigen 
CAR-T design. Continued research and trials will further op-
timize this strategy, potentially making it a significant part of 
next-generation CAR-T cell therapies. 

Controlling CAR-T Cell Activity: 
Tightly regulating CAR-T cell activity is crucial to ensuring 

the safety of this promising approach. Safety switches, engi-
neered mechanisms that enable the deactivation of CAR-T 
cells in the event of severe adverse effects, are among the many 
advancements in this field.90 An example is the inducible 
suicide gene system, commonly utilizing iCaspase-9, which 
involves the expression of a caspase protein that gets activated 
when exposed to a small molecule, which induces apoptosis in 
the CAR-T cells like AP1903.91,92 iCaspase-9 has shown rapid 
means to mitigate life-threatening toxicities like CRS. Clini-
cians can control CAR-T survivability by activating suicide 
gene responses to small molecules, which maintains patient 
safety while preserving the therapeutic benefits of CAR tech-
nology.93

Regulatable CAR systems allow for the modulation of 
CAR-T cell activity, which is advantageous in managing tox-
icity and ensuring that CAR-T therapy is only active when 
needed.94 ON-switch CAR, an example of regulatable CAR 
systems, involves the incorporation of a receptor that can only 
be activated through the addition of a small molecule.95 ON-
switch CAR designs optimize this strategy through offering 

Figure 4: Demonstration of Dual Antigen Targeting CARs. A. Shows 
the binding of the CD19 antigen to the anti-CD19 CAR. It indicates the 
activation of only the CD3ξ. B. Shows the binding of the CD37 antigen to 
the anti-CD37 CAR. It indicates the activation of only the CD37 antigen. C. 
Shows the binding of both the CD19 and CD37 antigens, resulting in the 
activation of apoptosis factors in the cancer cell. (Created with Biorender). 
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an external trigger function, which gives CAR-T flexibility 
in control. This ability to “turn on” CAR-T cells minimizes 
off-target effects and reduces the chance of CRS, as the im-
mune cells are only activated by a signal.96 OFF-switch CARs, 
relying on molecules to bind to the CAR receptor to deactivate 
the cells, is a complementary strategy to regulate T cells.95 This 
ability to “turn off ” CAR-T cells prevents excessive activation 
and from being overstimulated, which can lead to further tox-
icity.

Split CAR technology divides the CAR cell into separate 
components, separating the intracellular signalling domain 
from the antigen-receptor binding domain.97 This design re-
quires two molecules to simultaneously bring the components 
together to activate the CAR-T cells. These designs have im-
proved the treatment of BCMs through targeting CD19.98 
This adds another layer of control to clinicians to manage the 
availability of the separate components, ensuring the activa-
tion only under desired conditions.

Challenges, Limitations, and Future Directions: 
Although CAR-T cell therapy has shown success in many 

clinical trials, there are challenges and limitations that hinder 
its advancements. So far in the discussion, key limitations are 
antigen escape, toxicities, and limited efficacies in solid tu-
mours. However, two additional prominent challenges are high 
cost and safety risks. In patients with severe CRS, it has been 
estimated to cost up to $500,000 for CAR-T cell therapy.99 
These high prices are constituted of the complex manufac-
turing process, hospital care, and long-term monitoring, with 
only specific locations having these therapies.100 Furthermore, 
CAR-T cell therapy is linked with severe, life-threatening side 
effects like cytokine release syndrome.101 Cytokine release syn-
drome occurs when massively activated CAR-T cells trigger 
hyperinflammatory cascades through the excessive release of 
IL-6, for example.102 When CAR-T cells become highly ac-
tivated, they flood the body with inflammatory proteins like 
IL-6. This "cytokine storm" can damage multiple organs by 
causing inflammation, seeping blood vessels, and poor oxygen 
delivery.103 The heart and blood vessels are often affected, lead-
ing to low blood pressure and irregular heartbeats.103 CRS also 
frequently impacts the brain, causing confusion, seizures, or 
even coma in what’s called ICANS (immune effector cell-as-
sociated neurotoxicity syndrome).104,105 Treatments include 
immune-suppressing drugs like tocilizumab and steroids, but 
severe cases still carry significant risks. Off-target attacks can 
also lead to severe damage if the target antigen is present in 
healthy tissues.106 However, all in all, CAR-T cells’ potential 
is immense and will be vital in future applications. These se-
rious safety concerns, combined with the therapy’s high costs, 
remain major hurdles for CAR-T cell treatment. 
�   Conclusion
In summary, CAR-T cell therapy represents a significant ad-

vancement in the treatment of BCMs like leukemia through 
a highly personalized approach by harnessing the patient’s 
immune system to eliminate cancer cells. Optimization strat-
egies of CAR-T cell design have shown promising success in 
therapeutic efficacy by reducing relapse and immune escape 
rates. Advances in the structural engineering of CAR-T cells, 

like the costimulatory domain incorporation as well as the 
next-generation CAR design, have improved their ability to 
overcome the immunosuppressive TME. Universal CAR-T 
cells advancements have promised better accessibility and 
minimize adverse effects for a more patient-centred approach. 
Furthermore, dual antigen targeting strategies have signifi-
cantly mitigated challenges associated with antigen escape by 
optimizing the ability to simultaneously recognize multiple 
tumour-associated antigens. By minimizing relapse, it ensures 
a more sustained response in leukemia patients. Other safety 
measures like safety switches and inducible CAR systems have 
given clinicians more control over CAR-T activity, addressing 
possible concerns like CRS. Several challenges, like off-tar-
get effects and high manufacturing costs, have been logistical 
hurdles that limit accessibility, which necessitates innovative 
steps like universal CARs. More research is needed to over-
come these hurdles. Future advancements in synthetic biology, 
like CRISPR and combinatorial therapeutic approaches, may 
further enhance the benefits of CAR-T cell research. In con-
clusion, CAR-T cell therapy has demonstrated exponential 
potential as a transformative immunotherapy for leukemia, 
with ongoing innovations to improve efficiency. The future of 
CAR-T cell therapy is bright, paving the way for broader ap-
plications in oncology and beyond. 
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