Targeting the p53 Pathway in CAR-T Cell Engineering via Adenine Base Editing: A Safer Strategy for Cancer Immunotherapy


Abstract
The p53 pathway shapes cellular responses to DNA damage and often limits CAR-T engineering when nuclease-induced double-strand breaks (DSBs) activate stress programs that impair viability, expansion, and persistence. Adenine base editors (ABEs) enable precise A→G conversion without DSBs, reducing p53 activation and downstream genotoxic stress. Emerging data show ABE-edited CAR-T cells maintain higher proliferation, lower genomic instability, and improved functional durability versus Cas9-edited counterparts, with decreased risk of TP53-deficient clonal selection. Mechanistic evidence from transcriptomic and chromatin profiling supports minimal DDR activation under ABE, while preclinical studies indicate superior tumor clearance and scalability for allogeneic manufacturing. This review synthesizes current understanding of p53 modulation by ABE in CAR-T engineering, compares ABE and Cas9 performance, evaluates delivery and safety considerations, and outlines future clinical and regulatory pathways for safer, persistent, and programmable immunotherapies. 
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[bookmark: OLE_LINK1]1.Introduction
[bookmark: _GoBack]The p53 signaling pathway plays a central role in maintaining genomic integrity by orchestrating cellular responses to DNA damage, including cell-cycle arrest, apoptosis, and senescence. In the context of gene editing, particularly for immunotherapeutic applications such as CAR-T cell engineering, activation of p53 following double-strand breaks (DSBs) induced by nucleases like CRISPR–Cas9 has emerged as a major barrier to cell viability, expansion, and long-term persistence. Excessive p53 activation not only reduces the yield of edited T cells but also promotes the selection of TP53-deficient clones, raising oncogenic safety concerns. Adenine Base Editors (ABEs) offer a transformative alternative by enabling precise A→G base conversions without inducing DSBs. This DSB-free editing strategy significantly reduces activation of the DNA damage response (DDR) and downstream p53 signaling, thereby preserving cellular fitness and enhancing the therapeutic potential of engineered CAR-T cells. Recent studies have demonstrated that ABE-edited T cells exhibit superior proliferation, reduced genomic instability, and improved functional persistence in both in vitro and in vivo models. Transcriptomic and chromatin accessibility analyses further confirm that ABE minimizes stress-induced transcriptional reprogramming and avoids enrichment of DNA repair-associated chromatin states. As CAR-T therapies expand toward allogeneic platforms and multiplex gene editing, minimizing p53 activation becomes critical for ensuring product safety and efficacy. This review synthesizes recent advances in ABE technology, its mechanistic advantages over Cas9, and its implications for modulating p53 signaling in CAR-T cell engineering. We also discuss translational challenges, including delivery systems, off-target effects, and regulatory considerations, to provide a comprehensive framework for developing next-generation gene-edited immunotherapies [1-10].

2. Materials and Methods
2.1. Study Design  
This narrative review was conducted to synthesize mechanistic and translational evidence regarding the modulation of the p53 pathway in CAR-T cell engineering using adenine base editors (ABEs). The review was structured to highlight comparative performance between ABE and Cas9 platforms, with emphasis on DNA damage response, genomic integrity, and therapeutic outcomes. Figures and tables were created using CorelDraw Graphic Suite 2021 (Corel Corp., Ottawa, Canada).
2.2. Literature Search and Selection  
A comprehensive literature search was performed across PubMed/Medline, Web of Science, Scopus, and Google Scholar. Publisher platforms including Nature Portfolio, Cell Press, Springer Nature, Frontiers, and BMJ were also consulted to validate metadata such as publication date and DOI. The search covered articles published between January 2018 and November 2025, with no language or access restrictions during initial screening. Titles and abstracts were reviewed for relevance, followed by full-text evaluation based on inclusion criteria.
2.3. Search Terms  
Boolean combinations of keywords were used to capture relevant studies across technology, therapeutic context, and molecular mechanisms. The following search terms were applied: ("Adenine Base Editor" OR "ABE" OR "Base editing") AND ("CAR-T" OR "CAR T cell") AND ("p53" OR "TP53" OR "DNA damage response" OR "DDR") AND ("Genomic Stability" OR "Chromosomal translocation" OR "Off-target") AND ("Allogeneic" OR "Multiplex editing" OR "TRAC" OR "B2M" OR "CIITA" OR "PVR") AND ("Virus-like particles" OR "VLP" OR "AAV" OR "LNP" OR "RNP delivery")
2.4. Eligibility Criteria  
Studies were included if they were published in English, provided mechanistic or functional data comparing ABE and Cas9 in CAR-T cells, reported on DNA damage response activation, p53 signaling, genomic stability, or in vivo/in vitro performance, and focused on multiplex editing, delivery platforms, or clonal safety. Studies were excluded if they lacked experimental data, were non-peer-reviewed, or did not address the p53 pathway in the context of CAR-T engineering.
2.5. Metadata Validation  
For each selected reference, metadata including journal name, database or platform, DOI, and month and year of publication were verified using publisher websites and PubMed entries. A total of 64 references were included, spanning original research articles, highly relevant reviews, and preclinical studies.

3. The p53 Pathway in Gene Editing: Mechanisms and Challenges
3.1. Molecular Activation of p53 Following Cas9-Induced DSBs
CRISPR–Cas9 editing induces double-strand DNA breaks (DSBs), which are rapidly sensed by the MRN complex (MRE11–RAD50–NBS1) and transduced via ATM and ATR kinases. These kinases phosphorylate p53 at key serine residues (e.g., Ser15, Ser20), stabilizing the protein and promoting its nuclear accumulation. Activated p53 binds to DNA and initiates transcription of target genes such as CDKN1A (p21), GADD45, BAX, and PUMA, leading to cell-cycle arrest, DNA repair, or apoptosis. In CAR-T cells, this cascade disrupts expansion and editing efficiency, particularly during multiplex editing protocols. Moreover, sustained p53 signaling alters enhancer landscapes and chromatin accessibility, interfering with CAR transgene expression and increasing the risk of clonal selection for TP53-deficient variants [11,12]. As illustrated in Figure 1, Cas9-induced double-strand breaks activate ATM/ATR kinases and stabilize p53, leading to cell-cycle arrest and apoptosis in CAR-T cells.

3.2. Functional and Epigenetic Consequences in CAR-T Cell Engineering
Cas9-edited CAR-T cells exhibit transcriptional enrichment of DNA damage response (DDR) genes, including DDIT3, ATM, and TP53INP1, as shown by bulk and single-cell RNA-seq. ATAC-seq profiling reveals increased accessibility at loci associated with DNA repair and stress response, such as BRCA1 and RAD51 enhancers. These epigenetic changes correlate with reduced CAR expression, impaired cytokine production (e.g., IL-2, IFN-γ), and diminished persistence under chronic antigen stimulation. Functionally, edited cells show lower expansion rates and increased apoptosis, particularly in TP53 wild-type backgrounds. This stress-induced phenotype compromises therapeutic efficacy and raises concerns about long-term genomic stability and tumorigenic potential [13,14,15].

3.3. Translational Implications and the Need for DSB-Free Editing
To overcome p53-mediated limitations, DSB-free platforms such as Adenine Base Editors (ABEs) have emerged as superior alternatives. ABEs catalyze A→G transitions via deamination of adenine to inosine, avoiding DSBs and thus bypassing ATM/ATR–p53 signaling. In CAR-T cells, ABE editing results in minimal transcriptional activation of DDR genes and preserves chromatin integrity, as confirmed by ATAC-seq and whole-genome sequencing. ABE-edited cells demonstrate enhanced expansion, higher CAR expression, and improved tumor control in xenograft models. Importantly, the absence of DSBs reduces the risk of chromosomal translocations and TP53-deficient clonal outgrowth. These findings support the integration of ABE into clinical-grade CAR-T manufacturing workflows to enhance safety, scalability, and therapeutic durability [16-20].
[image: ]
Figure 1. Mechanism of p53 activation following Cas9-mediated DNA damage in CAR-T cells. CRISPR–Cas9 introduces double-strand breaks (DSBs), triggering DNA damage sensors such as ATM and ATR. These kinases phosphorylate and stabilize p53, which activates transcription of genes like CDKN1A (p21), GADD45, BAX, and PUMA. The resulting cell-cycle arrest and apoptosis impair CAR-T cell expansion and function, while persistent p53 signaling may promote clonal selection of TP53-deficient cells and reduce therapeutic efficacy.

4. Adenine Base Editing as a DSB-Free Strategy
4.1. Introduction to ABE and Its Mechanism of Action Adenine Base Editors (ABEs) are precision gene-editing tools that convert adenine (A) to guanine (G) without inducing double-strand breaks (DSBs). They consist of a catalytically impaired Cas9 nickase (nCas9) fused to an evolved adenine deaminase (TadA variants), which deaminates adenine to inosine (I), subsequently interpreted as guanine during DNA replication or repair. This process occurs within a defined editing window and is guided by a single guide RNA (sgRNA), allowing site-specific base conversion. Unlike CRISPR–Cas9, which relies on DSBs and homology-directed repair (HDR), ABEs operate independently of DNA cleavage, thereby avoiding activation of DNA damage sensors such as ATM and ATR [21,22,23].
4.2. Molecular Advantages of ABE over Cas9: No DSB, Reduced DDR 
The absence of DSBs in ABE-mediated editing confers significant molecular advantages, particularly in sensitive cell types like CAR-T cells. Cas9-induced DSBs activate the DNA damage response (DDR), leading to phosphorylation of p53 and transcriptional upregulation of cell-cycle arrest and apoptotic genes. In contrast, ABE editing does not trigger ATM/ATR–p53 signaling, resulting in lower expression of TP53 targets such as CDKN1A (p21), GADD45, and BAX. This translates into improved cell viability, reduced genotoxic stress, and enhanced expansion of edited T cells. Furthermore, ABE minimizes risks of chromosomal translocations and insertion-deletion mutations (indels), which are common in Cas9-based editing [24,25,26].

4.3. Transcriptomic and ATAC-seq Evidence Supporting Reduced p53 Activation 
High-resolution transcriptomic analyses of ABE-edited CAR-T cells reveal minimal activation of DDR-related genes and stress pathways. RNA-seq data show stable expression of cell-cycle regulators and absence of pro-apoptotic transcriptional signatures. ATAC-seq profiling further confirms that ABE preserves chromatin accessibility and enhancer architecture, with no enrichment of DNA repair-associated peaks observed in Cas9-edited cells. These findings indicate that ABE editing maintains epigenetic integrity and avoids stress-induced chromatin remodeling, thereby supporting long-term persistence and functional stability of CAR-T cells [27,28,29,30].

5. Comparative Analysis: ABE vs. Cas9 in CAR-T Cell Engineering
Table 1 provides a comprehensive comparison of Cas9 and ABE across mechanistic, functional, and translational parameters in CAR-T engineering.
5.1. Editing Efficiency in Key Immunogenic Loci (TRAC, B2M, CIITA, PVR) 
Multiplex gene editing is essential for generating allogeneic CAR-T cells with reduced immunogenicity and enhanced tumor targeting. Cas9-based editing of TRAC, B2M, CIITA, and PVR loci has shown high knockout efficiency but is associated with substantial double-strand break (DSB) burden, leading to chromosomal translocations and reduced cell viability. ABE achieves efficient multiplex editing with preserved genomic integrity, leading to higher viability and expansion (see Section 3) [31,32,33].
5.2. Differences in Cell Viability, Expansion, CAR Expression, and Tumor Control 
Cas9-edited CAR-T cells often exhibit reduced expansion due to p53-mediated stress responses and apoptosis, particularly under chronic antigen stimulation. ABE-edited cells maintain higher viability and proliferative capacity, with sustained CAR expression and cytokine production (e.g., IL-2, IFN-γ). In xenograft models, ABE-edited CAR-T cells demonstrate superior tumor clearance and longer persistence compared to Cas9-edited counterparts. These functional advantages are attributed to reduced DNA damage signaling and preserved epigenetic landscapes, which support long-term effector function [34,35,36].

5.3. Off-Target Profiles and Genomic Stability 
Cas9 editing carries risks of off-target cleavage and chromosomal rearrangements, especially in multiplex settings. Whole-genome sequencing and GUIDE-seq analyses have identified translocations between edited loci and unintended DSBs in Cas9-edited CAR-T cells. ABE, by avoiding DSBs, significantly reduces these risks. Although base editors may induce off-target A→G conversions and rare RNA editing events, recent engineering of high-fidelity TadA variants and optimized sgRNA design has minimized these effects. Structural variant analysis confirms that ABE-edited cells exhibit lower rates of large-scale genomic alterations and maintain karyotypic stability, making them more suitable for clinical translation [37–40].

6. Translational Implications and Preclinical Evidence
6.1. In Vitro and in Vivo Performance of ABE-Edited CAR-T Cells 
ABE-edited CAR-T cells have demonstrated superior performance in both in vitro assays and preclinical animal models. In vitro, these cells exhibit enhanced viability, sustained proliferation, and robust cytokine production under repeated antigen stimulation. Unlike Cas9-edited cells, which often undergo p53-mediated cell-cycle arrest and apoptosis, ABE-edited cells maintain functional integrity and effector phenotype. In murine xenograft models of leukemia and lymphoma, ABE-engineered CAR-T cells show improved tumor clearance, prolonged persistence, and increased survival rates [41,42]. These translational findings are consistent with the data summarized in Table 1, which highlights the superior viability, expansion, and tumor clearance of ABE-edited CAR-T cells. These outcomes reflect reduced genotoxic stress and preserved epigenetic homeostasis, consistent with the mechanism described in Section 4.

6.2. Advantages in Allogeneic CAR-T Manufacturing 
The generation of allogeneic (“off-the-shelf”) CAR-T cells requires multiplex editing of immunogenic loci such as TRAC, B2M, CIITA, and PVR. Cas9-mediated editing of these loci, while efficient, introduces multiple DSBs that compromise cell viability and increase the risk of chromosomal translocations. ABE offers a safer alternative by enabling precise base substitutions that disrupt gene function without DNA cleavage. Recent studies have shown that ABE-edited allogeneic CAR-T cells yield higher expansion rates, maintain CAR expression, and exhibit reduced immunogenicity in vitro and in vivo [43,44]. These features make ABE a promising platform for scalable and clinically viable CAR-T manufacturing.

6.3. Reduced Selective Pressure for TP53-Deficient Clones 
One of the major safety concerns in Cas9-based editing is the emergence of TP53-deficient clones due to selective pressure from DSB-induced p53 activation. These clones may escape apoptosis and expand preferentially, posing oncogenic risks. ABE circumvents this issue by avoiding DSBs and minimizing activation of the p53 pathway. Clonal tracking and single-cell RNA-seq analyses confirm that ABE-edited CAR-T populations retain TP53 expression and show no enrichment of p53-deficient subclones [45–47]. This reduction in selective pressure enhances the safety profile of ABE-edited products and supports their translational potential in clinical settings.






Table 1. Comprehensive comparison of Cas9 and ABE in CAR-T cell engineering. This unified table integrates mechanistic, functional, and translational parameters. ABE consistently demonstrates superior safety and performance by avoiding DSBs and p53 activation, resulting in enhanced viability, expansion, CAR expression, and tumor clearance, while minimizing off-targets, immunogenicity, and TP53-deficient clonal selection.
	Feature
	Cas9
	ABE

	Editing Mechanism
	Creates double-strand breaks (DSBs) and relies on DNA repair pathways
	Performs A→G base conversion without DSBs using deaminase and nCas9

	DNA Damage (DSB)
	Present; activates DNA damage response
	Absent; editing occurs without DNA cleavage

	p53 Activation
	High; leads to cell-cycle arrest and apoptosis
	Minimal; ATM/ATR–p53 axis not triggered

	DDR Gene Expression
	Upregulated (e.g., CDKN1A, GADD45, BAX, PUMA)
	Stable or reduced expression

	Cell Viability
	Reduced; prone to TP53-deficient clonal selection
	Preserved; sustained proliferation without clonal bias

	Cytokine Production
	Variable; reduced under chronic stimulation
	Consistent; robust IL-2 and IFN-γ secretion

	CAR Expression
	Suppressed due to transcriptional and chromatin stress
	Maintained under antigen stimulation

	Tumor Clearance (in vivo)
	Moderate; lower clearance and shorter survival in xenograft models
	High; improved clearance and prolonged survival

	Expansion Rate (Allogeneic)
	Limited; reduced yield in multiplex editing
	Improved; scalable expansion in multiplex editing

	Immunogenicity
	High; residual TRAC/B2M/CIITA/PVR activity
	Minimal; efficient silencing without DSBs

	Chromosomal Translocation Risk
	Elevated, especially in multiplex editing
	Very low; no DSBs introduced

	Off-Target Profiles
	Cleavage-dependent off-targets and structural rearrangements
	Rare A→G conversions; minimized with high-fidelity TadA variants

	Epigenetic Stress
	High; altered chromatin accessibility and enhancer landscapes
	Minimal; chromatin structure remains intact

	TP53-deficient Clone Selection
	Elevated risk due to selective pressure
	Low; reduced pressure, clonal stability maintained



7. Delivery Systems and Safety Considerations
7.1. Challenges in Delivering ABE: LNP, AAV, and VLP Platforms 
Efficient delivery of adenine base editors (ABEs) into primary T cells remains a critical challenge for clinical translation. Traditional viral vectors such as adeno-associated virus (AAV) offer high transduction efficiency but pose risks of genomic integration and immunogenicity, especially in multiplex editing contexts. Lipid nanoparticles (LNPs) provide a non-viral alternative with transient expression and reduced immunogenicity, but their uptake in T cells is limited without surface modification. Virus-like particles (VLPs), engineered to package Cas9 or base editor ribonucleoproteins (RNPs), have emerged as a promising platform, enabling transient delivery with minimal genomic footprint and improved safety profiles. Recent innovations such as ENVLPE (engineered nucleocytosolic vehicles) further enhance RNP stability and delivery efficiency [48-52].
7.2. Genomic Safety and Structural Integrity 
Although ABE reduces DNA damage compared to nuclease-based systems, concerns remain regarding unintended structural variations and off-target base conversions. Whole-genome sequencing and long-read analysis have identified rare large deletions and rearrangements in ABE-edited cells, particularly when delivery systems induce prolonged editor expression. Additionally, RNA off-target editing by TadA variants has been observed, necessitating rigorous transcriptomic screening. To ensure genomic safety, quality control pipelines now include GUIDE-seq, CIRCLE-seq, and single-cell DNA/RNA profiling to detect off-target events and structural anomalies [53,54].

7.3. Strategies to Minimize Side Effects and Enhance Precision 
To mitigate off-target activity and structural risks, several engineering strategies have been implemented. These include the use of high-fidelity TadA variants (e.g., TadA-8e), optimized sgRNA scaffolds, and transient delivery formats such as mRNA or RNPs. Split-intein systems allow temporal control of editor assembly, reducing exposure time and minimizing genotoxic stress. Moreover, computational prediction tools (e.g., BE-Hive, DeepBE) assist in guide RNA design to avoid bystander editing. These advances collectively enhance the precision and safety of ABE-based CAR-T cell engineering, supporting its progression toward clinical application [56,57].

8. Future Perspectives and Clinical Translation
8.1. Optimizing ABE for Next-Generation Immunotherapy 
As base editing technologies mature, the next frontier lies in refining ABE platforms for enhanced precision, scalability, and therapeutic breadth. Engineering efforts are underway to develop compact, high-fidelity ABE variants with reduced off-target activity and improved delivery compatibility. Integration with programmable delivery systems—such as modular VLPs or cell-specific LNPs—could enable tissue-targeted editing and minimize systemic exposure. Moreover, the development of inducible or self-limiting ABE constructs may allow temporal control over editing activity, reducing genotoxic stress and improving safety profiles [58,59].

8.2. Regulatory Standards, Long-Term Monitoring, and Genomic Surveillance 
Clinical translation of ABE-edited CAR-T therapies will require robust regulatory frameworks that address unique safety concerns of base editing. Unlike nuclease-based platforms, ABEs introduce subtle nucleotide changes that require long-term monitoring. Regulatory agencies must establish guidelines for off-target profiling, transcriptomic surveillance, and clonal tracking. Longitudinal studies assessing persistence, immunogenicity, and oncogenic risk are essential to validate the safety of ABE-based products. Emerging genomic surveillance tools—such as single-cell multi-omics and long-read sequencing—will play a pivotal role in post-infusion monitoring [60,61].

8.3. Synergistic Integration with Emerging Platforms (Cas13, CRISPRa/i) 
Looking ahead, ABE may serve as a modular component within multi-layered immunotherapeutic strategies. For example, combining ABE-mediated DNA editing with Cas13-based RNA modulation could enable dual-level control of gene expression, enhancing specificity and reversibility. Similarly, coupling ABE with CRISPRa/i systems may allow simultaneous gene activation or repression alongside base editing, facilitating fine-tuned cellular reprogramming. These hybrid platforms could unlock novel therapeutic modalities, such as programmable immune switches or context-dependent CAR expression, pushing the boundaries of precision immunotherapy [62–64].
9. Conclusion
Adenine base editing (ABE) has emerged as a transformative tool in CAR-T cell engineering, offering a DSB-free alternative that preserves genomic integrity, enhances cell viability, and reduces oncogenic risks. Through precise modulation of immunogenic loci and avoidance of p53-mediated stress, ABE enables the generation of potent, persistent, and scalable CAR-T products—especially in allogeneic settings. Comparative analyses with Cas9 consistently highlight ABE’s superior safety profile, functional performance, and translational potential. Yet, the journey toward clinical implementation demands more than molecular precision. It requires robust delivery platforms, standardized regulatory frameworks, and long-term genomic surveillance. Innovations in VLP-based delivery, high-fidelity editor design, and computational guide optimization are rapidly addressing these gaps. Looking ahead, the integration of ABE with emerging modalities such as CRISPRa/i and Cas13 could unlock programmable, multi-layered immunotherapies with unprecedented specificity and control.In sum, ABE represents a paradigm shift in immune cell engineering, with superior safety and persistence, as detailed in the preceding sections. Its convergence with synthetic biology, RNA modulation, and precision diagnostics may redefine the future of cancer immunotherapy, moving us closer to safer, smarter, and more personalized cellular treatments.
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