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ABSTRACT

The TP53 gene encodes the tumor suppressor protein p53, which plays a critical role in
genomic stability and cell cycle regulation. TP53 mutations are prevalent in approximately half
of all human malignancies and are associated with poor clinical outcomes, including increased
genomic instability, chemoresistance, and reduced survival rates. However, the prognostic and
predictive value of TP53 status remains inconsistent across cancer types. Chronic lymphocytic
leukemia (CLL) stands out as a disease where TP53 alterations have a well-established clinical
significance, influencing treatment decisions and patient prognosis. In CLL, TP53 mutations
and 17p deletions are strongly correlated with advanced disease stages, resistance to chemo-
immunotherapy, and poor overall survival. The European Research Initiative for CLL (ERIC)
has recognized TP53 status as a crucial prognostic biomarker, advocating for its routine
assessment in clinical practice. Given the limitations of traditional therapies in TP53-mutated
CLL, novel targeted therapies, including BCL2 and BTK inhibitors, as well as CAR-T cell
therapy, are being explored to improve patient outcomes. This review provides an in-depth
analysis of the evolving role of TP53 status in CLL, with a particular focus on emerging
therapeutic strategies, including CAR-T cell therapy, and their potential to overcome TP53-
driven treatment resistance.
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INTRODUCTION

Analysis of more than 20,000 cancer genomes has identified TP53 as the most frequently
mutated gene in human cancer [1]. The TP53 gene, located on the long arm of chromosome 17,
consists of 11 exons spanning approximately 20,000 base pairs in the genome. The gene
encodes a 53 kDa nuclear phosphoprotein of 393 amino acid residues. There are four functional
domains that regulate transcription, DNA binding, oligomerisation and autoinhibition [2].
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TP53 mutations are frequently found in specific hotspots, particularly within the DNA-
binding domain (DBD). However, their prevalence varies significantly across different cancer
types. For instance, lung adenocarcinoma and squamous cell carcinoma exhibit distinct
mutation frequencies compared to gastrointestinal cancers, largely due to differing mutagenic
processes and selective pressures unique to each cancer type. These include exposure to
environmental carcinogens such as tobacco smoke and aflatoxins. The functional consequences
of TP53 mutations are diverse and can include loss-of-function (LOF), dominant-negative (DN)
effects, or gain-of-function (GOF) activities. Interestingly, no significant gene expression
changes have been observed between different mutation types in large tumor cohorts. This may
be because the functional impact of these mutations is more critical during the early stages of
tumor development and diminishes as tumors progress to clinically detectable stages.

Moreover, TP53 mutations influence transcriptional regulation in a tissue-specific manner,
which may not be fully captured in broad transcriptomic analyses. These mutations also alter the
tumor microenvironment (TME), with varying effects across cancer types. For example,
reduced CD8+ T cell infiltration has been observed in head and neck squamous cell carcinoma
(HNSC) and uterine corpus endometrial carcinoma (UCEC), which may affect the response to
immune checkpoint inhibitors. Thus, TP53 mutations exhibit complex, context-dependent
effects, contributing to the variability and inconsistency in their clinical significance across
different cancers [3].

Despite the fact that TP53 is altered in more than 50% of human tumors, its prognostic
significance in various cancers remains uncertain, and the results of studies on this topic have
occasionally been contradictory [4-6]. Possible factors contributing to these inconsistent
findings include the methodology and strategy used to determine TP53 status, the diversity of
tumor types, tumor genetics, and the prevalence of TP53 mutations.

To mitigate these factors, all TP53 variants were classified according to the type of mutation
(missense or indel), the protein's intracellular location, and the long-term stability of the altered
residue. This classification has improved the clinical value of TP53 status in head and neck
cancer [7], breast cancer [8] or diffuse large B-cell lymphoma [9]. However, a clear algorithm
and rationale for the definitive assessment of TP53 alterations is still lacking.

There is no doubt that mutant TP53 acts as an oncogene and leads to tumor progression.
However, there are still many open questions: in which cancer types/subtypes will the
determination of TP53 status be of greatest benefit; what is the contribution of TP53 variant
heterogeneity to tumor phenotype; is the contribution of TP53 isoforms to tumor phenotype
large; which drugs will be most effective in tumors with functional and non-functional TP53
pathways [10].

Although the prevalence of TP53 gene alterations in asymptomatic individuals is relatively
low, chronic lymphocytic leukemia is currently the best-known example of the clinical
significance of TP53 status. The presence of a deletion or mutation of the TP53 gene in CLL is
known to be associated with an unsatisfactory treatment outcome, rapid disease progression, and
insensitivity to therapy [11]. Doéhner et al. demonstrate the importance of understanding TP53
status as a reliable prognostic indicator for treatment selection in patients with CLL undergoing
conventional therapy [12]. To develop and standardize the study of TP53 gene alterations in
CLL, the ERIC research program was established [13]. In addition, it has been recommended
that low-burden TP53 mutations should not be disregarded in the genetic risk assessment of
CML in the era of targeted therapy [14].

Chronic lymphocytic leukemia is the predominant form of leukemia in the United States of
America. Based on data from the Surveillance, Epidemiology, and End Results (SEER)
database, the yearly incidence rate of chronic lymphocytic leukemia (CLL) is 3.9 cases per
100,000 people. SEER predicts that by 2023, CLL will represent 1% of all newly diagnosed
cancer cases in the United States. Approximately 0.6% of adults will be diagnosed with chronic
lymphocytic leukemia (CLL) throughout their lifetime.

The majority of cases of chronic lymphocytic leukemia occur in the adult population, with
the average age of CLL patients being 70 years. Chronic lymphocytic leukemia shows

http://mbrc.shirazu.ac.ir 180


http://mbrc.shirazu.ac.ir/

Mirgayazova et al., / Mol Biol Res Commun 2025;14(3):179-198 DOI:10.22099/mbrc.2025.51477.2054 M B RC

significant variability in its evolution, with some individuals experiencing a slow progression of
the disease, while others experience rapid progression. Survival rates vary from 2 to 20 years,
with an approximate average of 10 years. Chronic lymphocytic leukemia is defined by the
gradual accumulation of mature cancerous B lymphocytes. The main sites where the disease
occurs are the peripheral blood, bone marrow, spleen, and lymph nodes. The disease may
present with either an absence of symptoms or the presence of lymphadenopathy, splenomegaly,
hepatomegaly, fatigue, fever, night sweats, unintentional weight loss, and early satiety. The
diagnosis is made by analyzing the results of flow cytometry and immunophenotyping of
peripheral blood. Specifically, it involves the identification of a clonal population of B cells that
express CD5, CD19, CD20, CD23, and either k or A light chain antigen [15, 16]. The Rai or
Binet staging systems are used to assess the clinical stage of the disease, but neither of these
approaches can accurately predict the progression of the disease in its early stages. For a more
accurate prognosis, it is advisable to include additional biological and genetic markers. For
example, deletion of the short arm of chromosome 17 (del[17p]) and/or alterations in the TP53
gene located on this chromosome indicate resistance to chemoimmunotherapy and decreased
disease progression with standard treatment protocols [17].

The International Prognostic Index for Chronic Lymphocytic Leukemia (CLL-IPI) uses
genetic, biochemical, and clinical markers to stratify patients into different risk groups.
Treatment is not required for all groups; it is often deferred until active symptoms manifest and
the Binet or Rai scales indicate an advanced stage. Current treatment protocols offer a range of
options for patients who need treatment, including the combination of venetoclax (a B-cell
lymphoma 2 (BCLZ2) inhibitor) and obinutuzumab, targeted treatment with Bruton's tyrosine
kinase (BTK) inhibitors such as ibrutinib and acalabrutinib, and chemoimmunotherapy. If it has
been more than three years since the last therapeutic intervention, the original course of
treatment may be repeated in the event of a relapse. If the disease returns earlier than expected,
an alternative treatment plan should be considered. Patients with del (17p) or TP53 mutations
typically exhibit resistance to chemotherapy, making targeted therapy a more effective treatment
option for them [18].

This review examines the pivotal role of TP53 status in shaping treatment strategies for
CLL, with a particular emphasis on the emerging potential of CAR-T cell therapy. This study
examines the challenges posed by TP53 dysfunction, a key driver of treatment resistance and
poor prognosis, and investigates its intersection with the efficacy of CAR-T therapy.
Furthermore, we propose innovative therapeutic approaches, including the incorporation of
small molecules specifically designed to target mutant p53 protein, as part of a comprehensive
strategy to enhance treatment outcomes for high-risk CLL patients.

Current Clinical Strategies for Treating CLL

The treatment regimen for chronic lymphocytic leukemia may include different approaches
depending on the stage of the disease, the patient's age, and their overall health. Recent
advances in the molecular biology of CLL have identified key genetic and molecular factors that
significantly impact prognosis and treatment strategies. Mutations in genes such as TP53,
NOTCH1, and SF3B1, in conjunction with chromosomal abnormalities like del(17p) and
del(11q), are strongly associated with disease progression and resistance to conventional
therapies. Furthermore, insights into the role of the B-cell receptor (BCR) signalling pathway
have led to the development of targeted agents, such as Bruton's tyrosine kinase (BTK)
inhibitors and BCL-2 antagonists, which have significantly impacted the management of CLL
[19]. Molecular markers now inform risk stratification and personalised treatment approaches,
enabling clinicians to adapt therapies according to the genetic profile of the disease, thereby
enhancing outcomes and reducing toxicity.

The use of kinase inhibitors targeting the BCR pathway (ibrutinib and idelalisib) [20, 21]
and the anti-apoptotic protein BCL2 (venetoclax) in the treatment of CLL has yielded great
results, especially in patients with TP53 aberrations [22-24]. Ibrutinib is an inhibitor of Bruton's
tyrosine kinase and idelalisib is an inhibitor of the PI3K p110 isoform, both of which are
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involved in intracellular signaling through multiple receptors, including BCRs. Venetoclax is a
BH3 mimetic inhibitor of the anti-apoptotic protein BCL2, which is typically elevated in CLL
[25]. Importantly, these drugs have shown equally good results in the treatment of relapsed or
refractory CLL, independent of other risk factors that influence the efficacy of chemoimmuno-
therapy [25-27]. This makes these drugs attractive treatment options for patients who do not
respond to standard therapies.

These drugs have shown remarkable improvements in patients in clinical trials and have
subsequently been brought into clinical practice for the treatment of CLL through accelerated
approval programs. Currently, ibrutinib is approved in Europe as first-line monotherapy for
relapsed/refractory CLL, and in the latter case it is recommended in combination with
bendamustine + rituximab [28]. Idelalisib in combination with an anti-CD20 monoclonal
antibody (rituximab or ofatumumab) is also indicated for the treatment of relapsed/refractory
CLL and as first-line therapy in patients with del(17p)/TP53 mutations who are not candidates
for other therapies [29]. Venetoclax is currently approved in Europe for the treatment of patients
with relapsed/refractory CLL who have failed chemotherapy and BCR inhibitor therapy, or
patients with del(17p) or TP53 mutation who are ineligible for or have failed BCR inhibitor
therapy [30].

Data from observational studies show that for patients who have discontinued a particular
BCR inhibitor due to toxicity, another BCR inhibitor or venetoclax, which is even better
tolerated in these patients, may be an alternative option [31, 32]. After one or more unsuccessful
therapies, allogeneic hematopoietic stem cell transplantation seems to be an attractive option,
especially because new therapies may make patients more suitable for this procedure. Until
now, the treatment of people with chronic lymphocytic leukemia who have abnormalities in the
TP53 gene has been limited to evaluation and classification into subgroups. Despite the
development of new therapies, patients with TP53 mutations remain at high risk, but their
prognosis has improved significantly over the past decades. More data and additional trials of
novel drugs in this cohort are needed to formulate more accurate long-term prognoses.
Nevertheless, the aforementioned drugs have already led to a revision of previous guidelines
regarding the choice of treatment for patients with CLL. Currently, these drugs, either alone or
in various combinations, are the primary treatment for individuals with CLL who have TP53
abnormalities, as well as for relapsed or resistant CLL [13, 16, 33].

Prognostic and Therapeutic Significance of TP53 Status in CLL

The TP53 gene encodes the well-known tumor suppressor protein, p53, which is crucial in
pathways that maintain genetic stability and prevent cancer development [34-36]. Additionally,
these pathways involve not only p53, but also two closely related proteins p63 and p73 and two
negative regulators of p53, MDM2 and MDM4 [37, 38]. The activity of p53 is not limited to its
effect on transcription. Transcription-independent functions of p53 have also been described,
such as its ability to translocate to mitochondria and exert pro-apoptotic effects through direct
interaction with pro- and anti-apoptotic proteins [39]. Transcription-independent functions also
fit well with p53's strategy of ensuring genetic stability.

MDMZ2, a negative regulator, ensures low levels of p53 protein in normal cell conditions. In
response to various types of cellular stress, p53 is activated and initiates a series of cellular
responses aimed at cellular repair and survival. If repair is not possible, p53 induces cellular
growth arrest or programmed cell death [40]. Moreover, recent research has established a link
between the function of the p53 protein and the regulation of metabolism and redox equilibrium,
both of which play a crucial role in maintaining the internal balance of cells [41].

TP53 mutations are present in almost all types of cancer, exhibiting a broad array of
variability, ranging between 10% to 90%. Notwithstanding divergences like mesothelioma,
neuroblastoma, or testicular cancer, TP53 is still the most frequently altered gene in human
cancers [1, 42]. TP53 mutations in individuals typically indicates an unfavorable prognosis,
characterized by more aggressive disease progression, increased recurrence rates, and decreased
overall survival. TP53 mutations in cancer were classified according to their position within the
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protein, the type of mutation (missense or indel), and the degree of evolutionary conservation of
the altered amino acid. The categorization of genetic alterations allowed the assessment of the
clinical significance of TP53 status. The most notable significance was found in head and neck
cancer [7], breast cancer [8] or diffuse large B-cell lymphoma [9].

Therapeutic strategies for chronic lymphocytic leukemia (CLL) depend on the presence of
TP53 mutations in the patient and are therefore important examples of the clinical value of
TP53 status. Although TP53 variants are very rare in asymptomatic patients, they are often
associated with a poor prognosis characterized by advanced clinical stage, rapid disease
progression, chemoresistance, and reduced all-cause mortality (Fig. 2) [12].

Given the recent emergence of the clinical significance of TP53 status, testing for TP53
mutations has now been incorporated into standard clinical practice. Several commercially
available assays can be used to identify point mutations in the TP53 gene using next-generation
sequencing (NGS) or enzyme immunoassay (Table 1). Prior to the implementation of NGS,
somatic mutations in the TP53 gene were primarily observed in the DNA-binding region of the
protein, specifically in exons 5-8. Based on these data, the majority of subsequent studies did
not consider mutations in other regions of the gene, resulting in a bias [43, 44]. Recently, this
bias has been reduced as contemporary research has shifted its attention to the entire coding
region of the gene. Collected data, along with advanced research techniques such as next-
generation sequencing (NGS), have revealed that exons 2-4 and exons 9-11 of the gene contain
approximately 10% of all TP53 variants. Notably, the range of these variations is different from
those previously identified in exons 5-8. These mutations primarily involve insertions or
deletions of genetic material, usually resulting in a phenotype termed TP53-null [45]. The
pathogenicity and clinical utility of these TP53 gene mutations have been clearly demonstrated
during their detection and validation phase. Therefore, screening of exons 2-11 of the TP53
gene is highly recommended to improve diagnostic accuracy.

Table 1: Commercial diagnostics kits for detection of mutant TP53

Name Manufacturer Information

OG-TP53 kit SegPlexing Detection of point mutations in all coding regions of the TP53
gene and in exon-ends and intron-ends regions important for
splicing.

EasySeq TP53 NimaGen NGS library preparation assays based on unique reverse-

Sequencing Kit complement PCR technology for easy, safe and
straightforward human gene sequencing.

Ultra-Sensitive Medaysis PCR technology capable of detecting common somatic

TP53 Mutation mutations in the TP53 gene with high specificity and

Detection Kit sensitivity.

Elecsys Anti-p53 Roche In vitro quantitative immunoassay for anti-p53 autoantibodies

in human serum and plasma.

Previously, it was thought that the TP53 gene was expressed as a protein of the same size.
However, the expression of the TP53 gene has been found to have a complex structure and
sequence. The existence of multiple p53 isoforms accounts for the broad and diverse effects of
the protein on different tissues. To date, researchers have identified at least 12 p53 isoforms
produced by alternative translation initiation, alternative promoters, and alternative splicing. All
variants of the p53 protein share a common DNA-binding domain but possess distinct trans-
activation and inhibitor domains that allow them to exert diverse effects on gene expression.
TP53 uses different mechanisms to transcribe these isoforms [46, 47]. This intricate mechanism
of expression suggests that TP53 intronic sequences do not only form alternative isoforms of
protein but may also significantly impact the overall biological functions of p53. Consequently,
these sequences may rep-resent critical target regions for somatic or germline variants [48].

The discovery of a hotspot for intron 1 rearrangements further emphasizes the importance of
including TP53 intronic sequences in screening. A recent study found that genetic rearrange-
ments in intron 1 are associated with increased cancer risk in four consecutive generations of a
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family with LFS features. These observations suggest that these genetic abnormalities may
predispose individuals to a wide range of malignancies [49]. Rearrangements in intron 1 of the
TP53 gene were identified by Southern blot analysis more than two decades ago. However, at
that time, this finding was not considered very sig-nificant and was not incorporated into
mutation screening guidelines. The only malig-nancy in which intron 1 rearrangements have
been identified is osteosarcoma. Notably, TP53 missense mutations have long been considered
rare in osteosarcoma, and it has been suggested that MDM2 amplification, rather than TP53
mutations, is the primary mode of p53 protein inactivation in these cancers [50]. In about half of
all human osteosarcoma cases, intronic rearrangements were discovered, indicating a significant
prevalence of somatic TP53 mutations in this type of cancer.

Impact of TP53 Status on Clinical Outcomes in CLL

Several studies [51-55], including results from prospective clinical trials [12, 56, 57], have
demonstrated the importance of analyzing TP53 mutations in CLL. It has become clear that
mutations and deletions in the TP53 gene are associated with resistance to chemoimmuno-
therapy (Figures 2, 3) and a negative prognosis for the disease. Therefore, it is currently
recommended that patients with CLL be tested for both deletions and mutations in the TP53
gene prior to treatment in a clinical setting. Accurate assessment of TP53 gene status is becom-
ing increasingly important to identify patients who may be ineligible for chemoimmunotherapy
and should instead be considered for targeted or combination therapy. This issue is the focus of
numerous clinical trials (Table 2). This is due to the introduction of novel treatment options that
inhibit B-cell signaling and the anti-apoptotic BCL2, which have been shown to be effective in
patients burdened with 7P53 abnormalities [23, 58, 59].

Table 2: Clinical trials investigating TP53-mutated chronic lymphocytic leukemia (CLL)

Clinical Trial Investigational Drug/Combination Study start date  Participant
ID Enrollment
NCT05197192 Acalabrutinib plus Venetoclax plus Obinutuzumab April 19, 2022 650
vs Obinutuzumab plus Venetoclax
NCT04419389 1. APR-246 + Acalabrutinib March 2, 2021 100
2. APR-246 + Venetoclax + Rituximab
NCT04178798 Acalabrutinib December 9, 2019 22
NCT04010968 Venetoclax and Ibrutinib September 27, 2019 120
Rituximab plus Fludarabine and Cyclophosphamide
NCT03545035 Idelalisib and Rituximab February 6, 2019 104
NCT03455517 Venetoclax and Rituximab October 31, 2018 77
NCT03342144 Venetoclax vs December 4, 2017 350
Venetoclax + Rituximab or Obinutuzumab
NCT03204188 Ibrutinib Fludarabine September 22, 2017 15
Pembrolizumab
NCT02980731 Venetoclax December 13, 2016 210
NCT02758665 ibrutinib plus venetoclax plus obinutuzumab September 2016 41
NCT02756611 Venetoclax June 22, 2016 258
NCT02827617 Ibrutinib June 1, 2016 56
NCT02232386 Ibrutinib and Rituximab February 2015 156
NCT02337829 Acalabrutinib January 12, 2015 48
NCT02264574 Ibrutinib + Obinutuzumab vs Chlorambucil + October 6, 2014 229
obinutuzumab
NCT01659021 Delalisib and Ofatumumab December 4, 2012 261
NCT01556776 Lenalidomide July 20, 2012 89
NCT01459211 Lenalidomide & Dexamethasone May, 2012 12
NCT01678430 Ofatumumab & Chlorambucil vs Ofatumumab & December 2011 670

Bendamustine

The diagnosis and evaluation of TP53 status in chronic lymphocytic leukaemia (CLL)
presents a number of challenges that have an impact on treatment outcomes. The detection of
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TP53 mutations, such as deletions of 17p or point mutations, is often difficult due to the
heterogeneous nature of the mutations, the low allele frequencies, or technical limitations
associated with traditional diagnostic methods. The minimum region required for sequencing
the TP53 gene should include the DNA binding domain spanning codons 100-300 and the
oligomerization domain corresponding to exons 4-10. To comprehensively analyze the coding
sequence of the TP53 gene, it is necessary to examine exons 2-11 [60]. NGS profiling of the
TP53 gene typically includes exons 2, 3, and 11. Next-generation sequencing provides extensive
coverage and allows the identification of mutations in these exons, even if they occur at low
frequency. Sequencing of the intronic +2/-2 nucleotides is critical for detecting mutations that
may disrupt splicing and result in the production of non-functional proteins, as each exon is
flanked by a donor and acceptor splice site.

Incorporation of TP53 aberrations analysis into routine clinical diagnostics is now standard
practice to improve patient classification and maximize treatment options (Fig. 1). The TP53
gene can be analyzed by bidirectional Sanger sequencing or NGS. In addition, NGS allows the
analysis of multiple genes in parallel and has a higher sensitivity threshold, allowing the
detection of variants that Sanger sequencing cannot, such as variants with variant allele
frequencies (VAF) up to 1% [61-63]. However, NGS currently has a number of technical
limitations that can complicate data interpretation. Due to the low detection limit of NGS,
multiple subclonal mutations in the TP53 gene may be detected in some patients.
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Figure 1: Diagnostics of TP53 mutations. Diagnostics of TP53 mutations. A) Loss of wild-type p53
function in CLL can occur due to del(17p) and/or TP53 mutations. 17p13 deletion is invariably associated
with loss of TP53, which is confirmed by fluorescence in situ hybridisation (FISH) and NGS or Sanger.
Organization of the TP53 gene and distribution of mutations by codon in CLL. TP53 gene is located at
p13.1 on short arm of chromosome 17, comprising 11 exons encoding p53 protein. Alterations were
identified in nearly all codons of the TP53 gene, with the majority concentrated in the DNA-binding
domain (exons 4-8, codons 100-300). B) Patients with 17p13 deletion or with TP53 mutation have a poor
prognosis.
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Figure 2: Role of TP53 Aberrations in the Pathogenesis of Chronic Lymphocytic Leukemia (CLL).
TP53 mutations and deletions disrupt key cellular processes in B-cells, leading to reduced apoptosis and
autophagy, which promotes the survival and accumulation of malignant B-cells. The resulting mutant p53
protein impairs the tumor-suppressive functions of wild-type p53, contributing to drug resistance and
disease progression. This cascade of events highlights the crucial role of TP53 aberrations in CLL
pathogenesis and their association with poor clinical outcomes.

TP53 status is one of the most important prognostic and predictive indicators in CLL. With
a cutoff of at least 10%, it should be determined using (a) a fluorescence in situ hybridization
(FISH) panel to look for del17p13 signatures and (b) a Sanger sequencing or NGS panel to
assess TP53 mutations. Furthermore, it is critical to perform both tests as numerous studies have
shown [14,51,52,63,64], that patients with del17p13 alone and those with only a TP53 gene
mutation have equally poor outcomes. Several positions have been identified where the amino
acids of the p53 protein are most frequently altered in CLL - 175, 179, 248 and 273 [65]. This
suggests that mutations in traditional hotspots are common in CML [66]. 53 out of 268 variants
(20%) were found in codons 175, 179, 220, 248, 273 and 281. In addition, another frequently
altered codon was found at position 209 (2 nt deletion in all cases). This was the most common
alteration together with the hotspots, codons 248 and 273 (Fig. 1).

Targeted therapy has been shown to improve the prognosis of patients with TP53 mutations
of any frequency, suggesting that appropriate genetic screening followed by access to targeted
therapy is necessary for patients with TP53 mutations [67]. In addition, genotoxic chemotherapy
has been shown to promote the proliferation of malignant clones, and targeted drugs can limit
this process to some extent. Most importantly, this study demonstrated that TP53 gene
mutations remain a significant adverse prognostic factor even in the setting of targeted therapy.

Emerging Role of CAR-T Therapy in the Treatment of CLL

In 2010, two patients diagnosed with advanced stage CLL participated in a Phase 1 clinical
trial that administered tisagenlecleucel, an anti-CD19 chimeric antigen receptor (CAR)-T cell
therapy [68]. And even more than a decade after infusion, activated CAR-T cells continued to
proliferate in their blood. Over time, the CAR-T cell population in their body changed from
predominantly CD8+ to predominantly CD4+. At the same time, the cells remained functionally
active and were not depleted, a critical aspect of CAR T-cell therapy for maintaining remission.
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CAR-T cell immunotherapy appears to be a promising treatment option for patients with
relapsed or refractory high-risk CLL who have not responded well to standard therapy or who
have certain genetic abnormalities, such as TP53 mutation or deletion [69]. The efficacy of
CAR-T immunotherapy has been demonstrated in the treatment of many oncohematologic
diseases, including B-cell non-Hodgkin's lymphoma and acute lymphoblastic leukemia, and has
been approved for use outside of clinical trials [70, 71].

Patients with advanced pretreatment, high-risk, relapsed, or refractory chronic lymphocytic
leukemia seem to be very suitable candidates for CAR-T cell therapy. Unfortunately, in most
clinical trials of CLL using CAR-T cells, only a minority of patients achieved a complete
response (CR) [72]. However, those who did achieve CR with anti-CD19 CAR-T cells
experienced long-lasting remissions [73-75]. Sustained remission was associated with an
increased levels of CD27+CD45R0O-CD8+ T cells prior to CAR-T cells, and these lymphocytes
had memory properties [76]. Highly functional CAR-T cells from patients produced STAT3-
related cytokines, and serum IL-6 levels correlated with CAR-T cell expansion. In addition, a
mechanistically relevant population of CD27+PD-1-CD8+ CAR-T cells expressing high levels
of IL-6 receptor predicted therapeutic response and was responsible for tumor control.

The perfect target antigen for CAR-T cells should have high levels of expression on the
surface of all tumor cells, maintain complete tumor specificity, and show immunogenicity [77].
However, target selection criteria vary and often need to be modified according to real clinical
needs. For example, in the treatment of solid tumors, efficacy improvement is a priority, making
the selection of a target with high specificity and coverage crucial. In the treatment of B-
lymphomas, however, this is not yet a major obstacle, as CD19 or CD20 have shown to provide
sufficient coverage and specificity. On the contrary, the most pressing challenge in the treatment
of B lymphoma is in improving the complete remission rate (CRR) and preventing relapse [78].

CD19

CD19 is a transmembrane protein expressed in all B cells except plasma cells. Even though
B-cell tumorigenesis rarely leads to complete CD19 elimination [79, 80], it remains the primary
antigen for CAR-T cell therapy in clinical studies targeting chronic lymphocytic leukemia
(CLL). More than 100 people with CLL have undergone treatment with anti-CD19 CAR-T
cells, but the efficacy of the treatment is lower than expected compared to other B-cell
malignancies. Remission rates ranged from 68% to 93% in patients with acute lymphoblastic
leukemia (ALL) and 64% to 86% in patients with B-cell lymphoma [81]. Treatment failure is
frequently attributed to restricted T-cell expansion and persistence [73, 74, 82], which is
commonly observed in patients with large, aggressive nodules [74]. Even though patients with
relapsed/persistent CLL were more likely to retain CD19+ following CAR T-cell infusion [73],
some cases exhibited escape mechanisms where antigen-negative CD19 relapse occurred [83].

CD20

CD20 is a transmembrane protein located on the surface of all B cells. It appears during the
later phase of pro-B cells and supports the differentiation and specialization of B cells into
plasma cells [84]. CD20 has been successfully targeted by monoclonal antibodies such as
rituximab, ofatumumab, and obinutuzumab [85], although sustained therapeutic targeting has
been associated with downregulation of its expression [86]. Preliminary clinical trials have
exhibited promising outcomes when assessing the effectiveness of anti-CD20 CAR-T cell
therapy for B-cell lymphoma [87, 88], Additionally, a number of ongoing clinical trials for anti-
CD20 CAR-T therapy have enrolled patients with relapsed or refractory CLL (e.g.,
NCT03277729).

k-Immunoglobulin Light Chain

Targeting CAR-T cells with pan-B-cell markers CD19 and CD20 is an effective strategy for
achieving long-term control of disease. However, this approach is often associated with B-cell
aplasia, which can result in long-term impairment of humoral immunity [87]. The occurrence of
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such adverse effects has prompted the search for alternative targets. Mature B-lymphocyte
immunoglobulins consist of either k or A light chain. Malignant B cells exhibit clonal restriction
in the expression of k- and A- immunoglobulin light chains, resulting in the exclusive expression
of either x or A by cancer cells [88]. Consequently, CAR-T cells that specifically target the
clonally restricted light chain expressed by tumor B-cells would not cause injury to normal B-
lymphocytes due to the presence of the contrasting light chain on them. The negative effects on
the humoral immunity of patients would be minimized. Promising results have been observed in
research conducted both in in vivo and in vitro on CAR-T cells that target the x-light chain.
These cells have demonstrated effectiveness against malignancies expressing the Igik+ marker
[89]. In addition, a phase 1 clinical trial was conducted to evaluate the efficacy of anti-k CAR-T
cell therapy. Two patients with chronic lymphocytic leukemia were enrolled in this study [81].
The patients diagnosed with CLL experienced a prolonged remission from the disease [90].

CAR-T Therapy for TP53-Mutated CLL

Preclinical studies in mice have shown that TP53 mutations in CLL not only exacerbate the
course of the disease, resulting in high tumor burden, but also have a negative impact on the
successful transplantation of T- cells. This ultimately reduces the efficacy of anti-CD19 CAR T-
cell therapy (Fig. 3) [91]. In a clinical trial investigating anti-CD19 CAR-T cell therapy, the
presence of the dell7p gene was detected in twenty patients. Only three of these patients
achieved a complete remission [81].

A number of trials are currently underway using different combinations of drugs to treat
CLL with TP53 amplification (Table 2). However, there are no trials of CAR-T therapy and
targeted therapy against mutant p53. There are many approaches to restore the lost functions of
p53 mutants, including small molecule intervention, gene editing and T-cell immunotherapy
[92-95]. Such combination therapy may increase the efficacy of CAR-T therapy in CLL
patients with TP53 mutations.
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Figure 3: Impact of TP53 Aberrations on Therapeutic Response in Chronic Lymphocytic Leukemia
(CLL). CLL B-cells with aberrant TP53 exhibit resistance to chemoimmunotherapy, leading to poor
clinical outcomes. Traditional CAR-T therapy shows limited efficacy in these cases due to the loss of
functional p53. An emerging strategy involves the combination of CAR-T therapy with small molecule
inhibitors designed to reactivate p53, potentially improving therapeutic responses. This highlights the
need for alternative approaches to overcome treatment resistance in TP53-mutated CLL.
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CAR-T Cell-Associated Toxicities and Challenges in the Treatment of CLL

The advent of CAR-T therapy has led to significant advances in the treatment of B-cell
leukemia and lymphoma but has also been associated with a number of challenges that have the
potential to impact the efficacy of the treatment. One significant issue is the condition of the
patient's immune system prior to treatment. For instance, patients who have undergone
treatment with BTK inhibitors or venetoclax and have subsequently become refractory to these
agents may experience diminished efficacy when transitioning to CAR-T therapy, resulting in
outcomes that are inferior to those observed in other patients [96]. Furthermore, the efficacy of
CAR-T therapy is influenced by the progression of the disease. Patients who experience
complications such as Richter's transformation or a high tumour burden tend to respond less
favourably to treatment [97,98].

Another challenge lies in the severe side effects such as cytokine release syndrome (CRS)
and immune cell-associated neurotoxicity syndrome (ICANS) [99]. Cytokine release syndrome
results from the hyperactivation of immune cells induced by CAR-T therapy, illustrating the
underlying molecular process of this treatment [100]. During anti-CD19 CAR-T cell therapy,
cytokine release syndrome occurs as a result of the CAR-T cells activation and proliferation
upon recognizing CD19+ target cells. This leads to the release of inflammatory cytokines, such
as IL-6, IFN-y, and IL-10 [101], which can cause several symptoms, including fever, vomiting,
seizures, and potentially organ failure. Clinical trials involving chronic lymphocytic leukemia
(CLL) frequently report CRS as an adverse outcome [75, 102]. The recommended treatment for
this condition is corticosteroids and the IL-6 receptor antibody tocilizumab. Typically, even the
most severe cases of CRS respond well to this treatment. However, due to the restricted scope of
data available, which only accounts for clinical experiences within a small patient cohort,
making definitive assertions about the prevalence of this outcome is challenging. Based on the
largest collection of research published to date, there is a definitive correlation between the
percentage of leukemic B cells present in the bone marrow prior to treatment and the incidence
of CRS [74]. Finally, there is evidence that simultaneous use of CAR-T cell and ibrutinib may
reduce the incidence of severe CRS [103-105]. This is probably because patients who received
this combination therapy had lower levels of inflammatory cytokines [106].

Another side effect observed in clinical trials for CLL is the development of neurological
problems, such as cerebral edema. Several recorded cases were classified as severe [106] or
even fatal [74]. However, it appears that the onset and severity of the adverse effects noted
(cytokine release syndrome and/or neurotoxicity) are similar to those experienced in other
hematological conditions, and therefore do not require a distinct dosing regimen for CLL [107].

Studies have shown that ibrutinib can mitigate the side effects of CAR-T therapy [105].
Preclinical studies suggested that ibrutinib can enhance the anti-tumor efficacy of CAR-T cells
and reduce CRS, and a pilot study was conducted to assess the safety and feasibility of
administering ibrutinib concurrently with CD19 CAR-T cell immunotherapy [108]. 19 CLL
patients were enrolled, 17 (89%) of whom had high-risk cytogenetics (17p deletion and/or
complex karyotype). In this subgroup, the probabilities of 1-year overall survival and
progression-free survival (PFS) were 86% and 59%, respectively. CAR-T cell therapy combined
with ibrutinib led to decreased CRS severity and CRS-associated cytokine levels in the serum,
as compared to the use of CAR-T cells without ibrutinib. Notably, both treatments exhibited
similar in vivo expansion of CAR-T cells. In this study the synergy between CAR-T-19 and
ibrutinib mediated a high rate of deep and durable remissions.

Conclusions and future perspectives

The TP53 gene plays a pivotal role in maintaining genomic stability and regulating
apoptosis, making it a crucial tumor suppressor in cancer biology. Its mutations are among the
most frequent genetic alterations in human malignancies, often associated with aggressive
disease progression, treatment resistance, and poor clinical outcomes. Despite its well-
documented significance, the prognostic value of TP53 status varies across different cancer
types, posing challenges for its consistent integration into clinical decision-making.
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In chronic lymphocytic leukemia (CLL), TP53 alterations, particularly 17p deletions and
missense mutations, have emerged as strong predictors of poor response to conventional
chemoimmunotherapy. As a result, targeted therapies such as BTK inhibitors (ibrutinib,
acalabrutinib), BCL2 inhibitors (venetoclax), and CAR-T cell therapy have been developed to
address the limitations of standard treatments in TP53-mutated CLL. These novel approaches
have shown promising efficacy in high-risk patients, reshaping current treatment paradigms.

CAR-T cell therapy, in particular, has demonstrated potential in achieving durable
remissions in relapsed or refractory CLL cases, especially those harboring TP53 mutations.
However, challenges such as suboptimal CAR-T cell persistence, limited response rates,
cytokine release syndrome (CRS), and immune exhaustion must be addressed to enhance
therapeutic efficacy. The combination of CAR-T therapy with targeted agents, immune
checkpoint inhibitors, or gene-editing technologies like CRISPR/Cas9 holds promise for
improving patient outcomes. Additionally, bispecific CARs and allogeneic off-the-shelf CAR-T
cells are emerging strategies to overcome current limitations.

Looking ahead, several key areas warrant further investigation to optimize TP53-targeted
strategies in CLL. Standardization of TP53 testing is essential, with the development of uniform
guidelines for detecting mutations and classifying their impact on prognosis to improve clinical
decision-making. Simultaneously, personalized treatment strategies should focus on identifying
optimal combinations of targeted therapies based on TP53 status and other molecular markers to
ensure more precise and effective approaches. Advancements in CAR-T therapy, including the
engineering of more robust and long-lasting CAR-T cells with reduced toxicity and enhanced
functionality in TP53-mutant settings, represent crucial research priorities. The integration of
novel p53-targeting therapies, such as small molecules that restore p53 function or selectively
target mutant p53 proteins, offers significant potential for improving outcomes. Finally, long-
term monitoring of TP53-mutant patients is necessary to understand disease evolution, clonal
selection, and resistance mechanisms, ultimately refining therapeutic strategies and improving
patient prognosis over time.

With ongoing advancements in molecular oncology and immunotherapy, the integration of
TP53 testing into routine clinical practice will enable more personalized, targeted, and effective
treatment strategies for high-risk CLL patients. Continued research and clinical trials will be
instrumental in optimizing outcomes and potentially turning TP53 mutations from a negative
prognostic factor into a clinically manageable target.
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