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Abstract: Chimeric antigen receptor T cell (CAR-T) therapy has transformed 
hematological cancer treatment, but its broader clinical application remains 
constrained by the exorbitant costs and complex procedures of ex vivo 
manufacturing. To overcome these limitations, in vivo CAR-T engineering 
strategies are emerging as compelling alternatives, enabling direct reprogramming 
of T cells within the patients. Recent studies indicate that in vivo CAR-T therapy is 
evolving from a delivery-centered concept into an integrated engineering 
framework that should coordinate cell-selective targeting, controllable CAR 
expression, T-cell fitness, and long-term safety. Looking forward, this field is likely 
to move beyond vector innovation alone toward multidimensional platform design, 
which is comprehensively discussed in this perspective.  
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1. Introduction 

Over the past decade, chimeric antigen receptor T cell (CAR-T) therapy has revolutionized the landscape of 
immuno-oncology, particularly in the treatment of hematological malignancies. This breakthrough has 
fundamentally altered the therapeutic paradigm for relapsed or refractory B-cell malignancies, achieving 
remarkable complete remission rates. However, as CAR-T therapies transition from specialized academic centers 
into broader clinical and commercial application, the inherent limitations (e.g., exorbitant costs and complex 
procedures) of traditional ex vivo manufacturing have emerged as a major translational bottleneck. Currently, all 
approved CAR-T products rely on a highly individualized and labor-intensive supply chain [1]. This process entails 
leukapheresis to isolate patient-derived T cells, followed by ex vivo activation and viral transduction, expansion in 
bioreactors, and reinfusion under complex cold chain logistics [2]. Therefore, conventional CAR-T therapy imposes 
an extreme financial burden, which ranges from $300,000 to $500,000 per dose, while necessitating vein-to-vein 
intervals of several weeks that may permit rapid disease progression during the manufacturing window [3,4]. 
Furthermore, patients must undergo highly toxic lymphodepleting chemotherapy that can prevent host immune 
rejection of the modified CAR-T cells and create a supportive ecological niche for expansion of CAR-T cells. 
These limitations have facilitated a shift towards in vivo CAR-T cell engineering. While the complex ex vivo CAR-
T therapy process requires approximately 7–22 days, in vivo CAR-T therapy aims to reprogram endogenous T 
cells directly within the patients by simply injecting the targeted delivery vehicles delivering CAR-encoding 
mRNA, DNA templates, or genome-editing components, potentially generating functional CAR-T cells within 3 
days (Figure 1). 

By reducing the requirement for intensive chemotherapeutic conditioning and extensive ex vivo manipulation, 
in vivo CAR-T engineering strategies extend the clinical application of CAR-T therapy beyond blood cancers to 
autoimmune diseases such as systemic lupus erythematosus. Current development of in vivo CAR-T engineering 
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is no longer simply divided between nanoparticles delivering transient messenger RNA (mRNA) payloads and viral 
vectors (such as adeno-associated virus (AAV) and lentivirus) delivering integrating DNA payloads. In addition, 
implant platforms offer an alternative strategy for localized and sustained delivery of CAR-encoding viral vectors 
or nanoparticles (Table 1). Instead, recent studies have proposed a broader set of design questions: how CAR 
constructs can be precisely delivered to the target cells, how long CAR expression should persist, and how 
engineered T cells behave after they are generated directly within the host [5,6]. 

 

Figure 1. Schematic illustrating the processes of ex vivo and in vivo CAR-T therapies in cancer treatment. 

Table 1. Comparison of three main platforms of in vivo CAR-T therapy. 

Dimension Virus-Based Vector  Nanoparticle Carrier Implant Platforms 
Platform carrier 
type 

Lentivirus; Adeno-
associated virus; Retrovirus 

Lipid nanoparticles; Polymeric 
nanoparticles 

Implants loaded with CAR 
virus vectors or nanoparticles 

Advantages 

Durable CAR expression; 
Suitable for settings 
requiring long-term 
immune surveillance 

Scalable and chemically 
tunable; Low immunogenicity 
and genotoxicity; Suitable for 
transient CAR expression 

Localized and sustained 
release; Reduced systemic 
exposure 

Limitations 

Random or semi-random 
integration for integrating 
vectors; Off-target 
transduction;  
High immunogenicity and 
redosing barriers 

Short persistence for mRNA 
payloads; Hepatic exposure and 
off-target uptake 

More invasive; Spatially 
restricted; Limited 
applicability to disseminated 
disease 

Abbreviations: CAR: chimeric antigen receptor. 

2. Recent Advances 

Recently, a series of studies have expanded the conceptual framework of in vivo CAR-T therapy, 
transforming it from a proof-of-concept strategy into a programmable platform for immune engineering. For 
example, Hunter et al. developed a CD8-targeting lipid nanoparticle (LNP) capable of delivering CAR mRNA to 
specific T cell subsets [7]. Specifically, this LNP platform combined optimized CAR mRNA payload that could 
enhance CAR expression and functionality with a new ionizable lipid (termed L829) that was able to reduce liver 
delivery, enhance mRNA delivery to immune cells, and reduce reactogenicity. Moreover, the LNP platform was 
further functionalized with anti-CD8 antibodies to preferentially engineer CD8+ T cells, thereby limiting unwanted 
CD4+ T cell activation that may contribute to cytokine-release toxicity. This LNP platform enabled transient and 
non-integrating CAR expression in CD8+ T cells, demonstrating that endogenous T cells can be rapidly 
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reprogrammed without leukapheresis, viral integration, or ex vivo expansion. This approach produced functional 
CAR-T cells capable of tumor control in humanized mice and deep B cell depletion in cynomolgus monkeys. 
Importantly, the reconstituted B-cell compartment after depletion was predominantly naïve, suggesting an 
“immune reset” that may be especially relevant for autoimmune diseases. The conceptual advance of this work is 
not durable integration, but controllable immune redirection: CAR expression is initiated by LNP administration, 
declines as the mRNA payload is cleared, and potentially be adjusted through repeat dosing. 

Notably, Gattinoni et al. shifted the discussion from how CAR-T cells are delivered to what kind of CAR-T 
cells can sustain long-term functionality after in vivo establishment [8]. In patients with relapsed B cell 
malignancies after allogeneic hematopoietic stem cell transplantation, researchers compared donor-derived stem 
cell memory CAR-T cells with standard CAR-T cells. In details, stem cell memory CAR-T cells supported stronger 
expansion, longer persistence, and complete responses at lower doses without lymphodepletion. Mechanistically, 
CAR-modified stem-cell memory T (TSCM) cells did not simply expand transiently and then disappear. Instead, 
they repopulated the stem-like compartment over time and maintained long-term engraftment through waves of 
clonal succession. These findings suggest that the efficacy of CAR-T therapy is not merely a delivery problem, 
but also a cell-fate problem. Consequently, future in vivo engineering strategies must generate not only CAR-
expressing cells, but CAR-expressing cells with the appropriate memory phenotype, differentiation trajectory, 
persistence, and resistance to exhaustion. 

In 2026, Nyberg et al. engineered a two-vector system that shifted in vivo CAR-T generation from transient 
expression or random DNA integration towards site-specific T cell engineering [9]. The platform combined 
enveloped delivery vehicles (EDVs) that delivered Clustered Regularly Interspaced Short Palindromic Repeats–
CRISPR-associated protein 9 (CRISPR–Cas9) ribonucleoproteins (RNPs) with AAVs that delivered a DNA donor 
template, aiming to achieve stable and cell-specific transgene expression through in vivo integration of large DNA 
payloads. Notably, this strategy was designed to integrate a promoterless CAR transgene into the endogenous T 
cell receptor alpha constant (TRAC) locus, allowing CAR expression to be driven by the native T cell-specific 
TRAC promoter. To improve T cell-specific delivery, the researchers evolved an AAV variant (i.e., AAV-hT7) 
for human T cell tropism and identified CD7 as an important host factor for AAV-hT7 uptake. They also 
engineered anti-CD3 EDVs by incorporating the mutated glycoprotein G from vesicular stomatitis virus (VSVG) 
and an anti-CD3 single-chain variable fragment (scFv) that conferred both targeting and T cell activation. After 
CRISPR–Cas9 and AAV-mediated homology-directed repair (HDR), CAR expression became more uniform and 
physiologically regulated, potentially reducing ectopic expression, tumor cell antigen masking, and heterogeneous 
CAR expression associated with random integration. 

Collectively, these studies highlight the major advantages of in vivo CAR-T strategies over conventional ex 
vivo manufacturing for shifting T cell engineering from ex vivo cell-manufacturing workflows into the patient’s 
body. More importantly, in vivo CAR-T is not a single technological route, but a flexible engineering framework 
which can match the engineering strategy to the therapeutic need: transient immune reset for autoimmune diseases, 
durable immune surveillance for cancer, and precise control of cell state or genome editing when requiring long-
term efficacy and safety. 

3. Challenges 

Despite rapid progress, emerging evidence suggests that several unresolved barriers may constitute 
fundamental and enduring challenges for the broader clinical translation of in vivo CAR-T therapy. The first 
challenge is selective, efficient, and repeatable delivery to endogenous T cells. Notably, Hunter et al. have 
demonstrated transient and non-integrating CAR expression along with deep B cell depletion in non-human 
primates. However, this short-course strategy may be insufficient for immunosuppressive tumor 
microenvironment that requires sustained immune surveillance and prolonged CAR-T activity [10]. Although 
compact repeat dosing has been demonstrated, the long-term feasibility of iterative administration requires 
systematic evaluation of immunogenicity, antidrug antibodies, cytokine activation, hepatic exposure, 
biodistribution, and potential cumulative toxicity. Therefore, future solutions require programmable dosing 
schedules, transient immune premedication, and tissue- or subset-selective targeting ligands that reduce off-target 
delivery while preserving T cell engineering efficiency. 

Another major challenge is that the efficacy of in vivo CAR-T therapy depends not only on delivery 
efficiency, but also on the functional fitness and cell state of the engineered T cells. Current in vivo delivery 
systems do not yet fully control which state of T cells is generated after engineering. Future platforms may need 
to combine CAR delivery with strategies that preserve or bias engineered cells toward memory-like states, 
including calibrated CAR signalling, cytokine support, modulation of exhaustion, and differentiation pathways. 
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Additionally, the foundational reliance on CRISPR–Cas9 to induce DNA double-strand breaks (DSBs) presents a 
clinical transition risk. In the context of multiplex editing–such as knocking out inhibitory receptors (e.g., 
programmed cell death protein 1 (PD-1)) alongside integrating the CAR gene to overcome solid tumor 
microenvironments–simultaneous DSBs frequently lead to genomic instability, including large chromosomal 
deletions and translocations, emphasizing the urgent need for DSB-free tools. Therefore, the future of in vivo CAR-
T engineering may depend on next-generation genomic processors, specifically base editors (BE) and prime editors 
(PE). BE enable DSB-free single-base conversion and may support multiplex knockout of endogenous receptors 
or immune checkpoints by installing stop codons. PE and emerging gene-writing systems may further enable 
template-guided sequence rewriting without DSBs [11]. However, full-length CAR transgene insertion remains 
technically challenging because of payload size, editing efficiency, and delivery constraints. 

4. Outlook 

The transition from ex vivo to in vivo CAR-T therapy has rapidly moved from academic theory to early 
industrial translation [12]. A prime example of this industrial validation occurred when Kite Pharma, a subsidiary 
of Gilead Sciences and a titan in conventional cell therapy, executed a massive acquisition of the in vivo CAR-T 
startup Interius BioTherapeutics. This strategic buyout implies that in vivo engineering may broaden access to 
current technologies. As Interius executives stated, “This marks a pivotal step for Interius and the future of in vivo 
therapy, which has the potential to reduce treatment timelines, broaden access to care and improve outcomes for 
patients with aggressive or advanced disease”. 

Given the rapid progress of in vivo CAR-T therapy, future development should move beyond feasibility 
demonstration toward more precise and context-specific design principles. In particular, platform design should 
integrate T-cell subset selection with disease-related therapeutic requirements. For example, CD8+ T cells may be 
preferred for rapid cytotoxicity with reduced inflammatory risk, whereas CD4+ T cells may provide helper 
functions. Likewise, naïve, stem-like, or central memory T-cell subsets may support persistence and exhaustion 
resistance. Furthermore, disease type should also guide platform selection. Specifically, autoimmune diseases may 
favor transient mRNA-LNP platforms that induce controllable immune reset while potentially reducing the risk of 
prolonged B-cell aplasia. By contrast, hematological malignancies may require more durable but safety-controlled 
systems, such as viral vectors. Solid tumors may require genome-editing or combinatorial delivery platforms that 
engineer memory-like T-cell subsets for tumor infiltration, persistence, exhaustion resistance, and tumor 
microenvironment remodeling. 

Ultimately, the next generation of in vivo CAR-T therapy will not be defined by a single vector, but by the 
integration of selective delivery, controllable CAR expression, durable T cell fitness, and safe genome engineering. 
By eliminating the ex vivo manufacturing bottleneck from the patient and transitioning the engineering process 
into the human body’s natural bioreactor, in vivo CAR-T therapy promises to broaden access to cellular medicines 
and reshape the future of immune therapy. 
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