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Abstract...

Chimeric Antigen Receptor-T cell (CAR-T) therapy has transformed the treatment of hematologic malignancies,
achieving durable remissions in patients with refractory leukemia, lymphoma, and myeloma. However, the current ex
vivo manufacturing method is resource-intensive, time-consuming, and very expensive, limiting global accessibility. The
multi-step process includes leukapheresis, genetic modification, expansion, and stringent quality control under Good
Manufacturing Practice (GMP) conditions. These complexities contribute to high production costs, long vein-to-vein
times, and manufacturing failures in heavily pretreated patients. These challenges underscore the need for innovative
strategies to broaden the reach of this transformative modality. In vivo engineering of CAR-T cells offers a promising
solution by directly delivering genetic material into circulating T cells, bypassing ex vivo manipulation. Among non-
viral vectors, Lipid Nanoparticles (LNPs) have emerged as the leading platform due to their clinical validation in nucleic
acid delivery, scalability, and favorable safety profile. Advances in ionizable lipid chemistry, helper lipid selection, and
Polyethylene Glycol (PEG)-lipid optimization have enabled efficient nucleic acid encapsulation, targeted delivery, and
controlled release. Furthermore, selective organ targeting approaches and antibody conjugation techniques have
enhanced T-cell specificity, while transient mRNA-based delivery mitigates integration-related risks. Preclinical studies
in murine and nonhuman primate models demonstrate that targeted LNPs can generate functional CAR-T cells in vivo,
achieve tumor clearance, and exhibit manageable toxicity profiles. This review outlines the evolution of CAR-T therapy,
critically examines the limitations of current ex vivo approaches, and highlights recent advances in LNP-based in vivo
CAR-T engineering. We discuss design principles, preclinical progress, safety considerations, and translational prospects
of this approach. If clinical efficacy and safety are confirmed, LNP-mediated in vivo CAR-T generation has the potential
to redefine cancer immunotherapy by reducing costs, shortening treatment timelines, and expanding access to patients
worldwide.
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Abbrevations: aCD3-LNP: Anti-CD3-conjugated Lipid Nanoparticle; aLNP: Activating Lipid Nanoparticle; ALL: Acute Lym-
phoblastic Leukemia; CAR: Chimeric Antigen Receptor; CAR-T: Chimeric Antigen Receptor T-cell; CLL: Chronic Lymphocytic
Leukemia; CRS: Cytokine Release Syndrome; CTL: Cytotoxic T Lymphocyte (if mentioned implicitly in context of T-cell re-
sponses); DLS: Dynamic Light Scattering; DSPC: Distearoylphosphatidylcholine; DSPE-PEG: 1,2-Distearoyl-sn-glycero-3-phos-
phoethanolamine-polyethylene glycol; DOPE: Dioleoylphosphatidylethanolamine; FDA: Food and Drug Administration; Fc:
Fragment Crystallizable (region of antibody); Fluc: Firefly Luciferase (reporter gene); GMP: Good Manufacturing Practice;
ICANS: Immune Effector Cell-Associated Neurotoxicity Syndrome; IL-6: Interleukin 6; IND: Investigational New Drug; LNP: Lip-
id Nanoparticle; mRNA: Messenger RNA; MM: Multiple Myeloma; NHL: Non-Hodgkin Lymphoma; NSG: NOD-scid IL2Rynull
(immunodeficient mouse strain); oRNA: Circular RNA (Orna Therapeutics platform); PBAE: Poly (B-amino ester); PBMC: Pe-
ripheral Blood Mononuclear Cell; PDI: Polydispersity Index; PEG: Polyethylene Glycol; scFv: Single-chain Variable Fragment;
SORT: Selective Organ Targeting; STING: Stimulator of Interferon Genes; tLNP: Targeted Lipid Nanoparticle; TRUCK: T cells
Redirected for Universal Cytokine Killing.
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Introduction

Chimeric Antigen Receptor-T cell (CAR-T) therapy has
emerged as a transformative strategy in oncology, demonstrat-
ing extraordinary efficacy in hematologic malignancies [1]. Du-
rable remissions have been achieved in patients with Acute
Lymphoblastic Leukemia (ALL), Non-Hodgkin Lymphoma (NHL),
Chronic Lymphocytic Leukemia (CLL), and Multiple Myeloma
(MM), many of whom had exhausted conventional treatment
options [1,2]. To date, seven CAR-T products have received
US FDA approval, including tisagenlecleucel (Kymriah), axi-
cabtagene ciloleucel (Yescarta), brexucabtagene autoleucel
(Tecartus), lisocabtagene maraleucel (Breyanzi), idecabta-
gene vicleucel (Abecma) and ciltacabtagene autoleucel
(Carvykti). Recently, Talicabtagene autoleucel (NexCAR19),
a CD19-directed CAR-T therapy developed in India, has been
shown to improve affordability and accessibility [4-6].

Despite these advances, broad clinical implementation is lim-
ited by challenges intrinsic to the ex vivo manufacturing pro-
cess [7]. The cost of commercial CAR-T products frequently
exceeds USD 373,000, restricting access even in high-income
countries and rendering them inaccessible in most resource-
limited settings [8]. Production requires leukapheresis, genetic
modification, expansion, and quality control under Good
Manufacturing Practice (GMP) conditions, each step contrib-
uting to high resource demand and financial burden [9-12].
Logistical barriers further complicate delivery, with vein-to-vein
times extending from weeks to months, a critical concern for
patients with rapidly progressive disease [13]. Moreover, 4-7%
of patients fail to receive therapy due to manufacturing fail-
ure or compromised T-cell fitness following extensive prior
treatment, while sterility testing alone requires an additional
10-15 days [3,13-15].

To overcome these barriers, in vivo engineering of CAR-T
cells is being explored as a next-generation approach. By deliv-
ering genetic material directly into patient T lymphocytes, this
strategy aims to bypass ex vivo manipulation, reduce cost, and
accelerate treatment availability. Preclinical studies employing
viral and non-viral vectors, including lentiviruses, adeno-
associated viruses, Lipid Nanoparticles (LNPs), and polymeric
carriers, have demonstrated feasibility, underscoring the po-
tential of in vivo CAR-T generation to expand access and
scalability of this therapeutic modality [16]. However, viral
vectors present additional limitations, including high manu-
facturing cost, strict biosafety requirements, and packaging
size constraints, which have directed growing interest toward
non-viral alternatives [17].

Among non-viral delivery systems, several cationic polymers
have been extensively studied in preclinical settings. Polyethyl-
enimine (PEl) is one of the most widely used, owing to its strong
nucleic acid condensation capacity and efficient endosomal
escape via the “proton sponge effect.” However, its clinical
application is limited by significant cytotoxicity, particularly at
higher molecular weights, and its non-degradability within cells.
Poly (B-Amino Ester) (PBAE) polymers, in contrast, offer a biode-
gradable and biocompatible backbone with reduced toxicity, but
suffer from low colloidal stability [18]. Chitosan, a naturally de-
rived cationic polysaccharide, demonstrates biocompatibility,
but its limited solubility at physiological pH restricts efficient

systemic use [19]. Collectively, these platforms underscore the
potential of polymer-based systems but have not advanced
meaningfully into clinical use for CAR-Tengineering.

In contrast, Lipid Nanoparticles (LNPs) have rapidly estab-
lished as the most clinically validated non-viral delivery technol-
ogy. Their success has been exemplified by the FDA approval of
the siRNA drug Onpattro (patisiran) [20] and the global deploy-
ment of mMRNA vaccines against COVID-19 [21], both of which
highlighted their scalability, reproducibility, and safety profile.
LNPs possess unique advantages, including efficient encapsu-
lation of large nucleic acids, protection from nuclease deg-
radation, delivery into different types of cells, and optimized
endosomal escape through ionizable lipid components [20].
Furthermore, advances in Selective Organ Targeting (SORT)
strategies now allow tailoring of biodistribution beyond the liver,
broadening their potential utility in immune cell targeting [25].
Importantly, methods such as microfluidic mixing enable repro-
ducible and scalable manufacturing, a critical factor for clinical
translation [26]. Taken together, these attributes position LNPs
as the leading non-viral platform currently under investigation
for in vivo CAR-T generation. Early preclinical studies have dem-
onstrated the ability of LNPs to deliver CAR-encoding mRNA or
DNA directly to Tcells in vivo and ongoing research is fo-
cused on improving targeting specificity, safety, and per-
sistence. Thus, while polymeric systems have provided valu-
able mechanistic insights and proof-of-concept studies, LNPs
represent the most advanced technology moving toward
clinical translation in this space.

In this review, we summarize the evolution of CAR-T therapy,
and the barriers associated with current ex vivo approaches,
highlight recent advances in non-viral delivery systems with
a focus on LNPs, and discuss their potential in enabling
scalable, accessible, and clinically translatable in vivo CAR-T
generation.

Evolution of chimeric antigen receptors

The fundamental design of Chimeric Antigen Receptors
(CARs) has undergone iterative refinements since their initial
conception, with each generation aimed at enhancing antitu-
mor efficacy, persistence, and safety. (Figure 1) shows a canoni-
cal CAR structure, composed of an extracellular antigen-recog-
nition domain, usually a single-chain variable fragment (scFv)
derived from antibodies, a hinge and transmembrane domain,
and intracellular signaling domains [27]. First-generation CARs
contained only the CD3C signaling motif, which mediated cyto-
toxic activity but conferred limited persistence in vivo. Second-
generation CARs introduced costimulatory elements such as
CD28 or 4-1BB, which markedly improved proliferation, survival,
and durable responses, and remain the backbone of currently
approved products [28]. Third-generation CARs integrated two
costimulatory motifs in tandem, though their superiority over
second-generation designs has not been consistently demon-
strated in clinical settings [29]. More recently, fourth-genera-
tion CARs, often referred to as “TRUCKs” (T cells redirected for
antigen-unrestricted cytokine-initiated killing), incorporate ad-
ditional genetic modules to enable controlled cytokine release,
resistance to exhaustion, or enhanced tumor trafficking [30].
These developments illustrate how molecular engineering of
the CAR itself has been central to extending therapeutic impact,
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while also underscoring the complexity of optimizing receptor
design in tandem with manufacturing feasibility.

Clinically, CAR-T therapies have demonstrated remarkable
potential, inducing high remission rates in patients with hema-
tologic malignancies that are otherwise treatment-resistant.
Despite these successes, translating such outcomes into
broad access remains challenging. The technical demands
of producing CAR-T cells outside the body are significant, and
the quality of T cells from heavily pretreated patients can be
inconsistent, which sometimes limits both manufacturing suc-
cess and therapeutic effectiveness [14]. Moreover, because
each CAR-T product is patient-specific, scaling these thera-
pies is inherently difficult; every batch isessentiallyacustom
treatment rather than a standard, reproducible drug [31]. These
challenges have underscored the need for next-generation ap-
proaches that can bypass the bottlenecks of ex vivo culture and
individualized production, making these therapies more widely
available.

The idea of generating CAR-T cells directly in vivo represents
a significant shift in how these therapies could be delivered.
Rather than removing, modifying, and reinfusing T cells, this
approach aims to introduce genetic material straight into the
patient’s circulating lymphocytes. If successful in the clinic, it
could eliminate the need for leukapheresis, lengthy cell expan-
sion, and extensive quality control, potentially reducing costs
and shortening treatment time [32,33]. Early preclinical studies
suggest that viral vectors, including lentiviruses and adeno-as-
sociated viruses, can transduce T cells in vivo [34-36]. However,
these platforms face challenges such

as limited packaging capacity, biosafety concerns, and
high manufacturing costs [37-41], prompting growing interest
in non-viral alternatives that could offer lower immunogenic-
ity, more flexibility in cargo size, and easier scale-up [42].
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Figure 1: Fundamental design and different generations of
Chimeric Antigen Receptors (CAR).

LNP design and components for In vivo CAR-T engineering

Among non-viral approaches, Lipid Nanoparticles (LNPs)
have emerged as the most clinically advanced and translational-
ly validated platform [24]. The development of Lipid Nanoparti-
cles (LNPs) as non-viral vectors has opened new possibilities for
directly generating CAR-T cells in vivo. Their design is modular,
with each component exerting distinct effects on biodistribu-

tion, cellular uptake, and transfection efficiency. A typical LNP
formulation includes ionizable lipids, helper lipids, cholesterol,
and Polyethylene Glycol (PEG)-lipids (Figure 2), and optimiza-
tion of each element is critical for efficient targeted delivery to
T cells.

lonizable lipids constitute the functional backbone
of LNPs, conferring nucleic acid encapsulation, endosomal
escape, and cytoplasmic release. Studies have identified spe-
cific ionizable lipids, like C14-4, 1829, and DLINMC3DMA,
as highly effective for T-cell engineering [43-46]. Their pKa
is engineered to remain neutral in circulation, minimizing
nonspecific interactions, and to become protonated in the
acidic environment of endosomes. This facilitates membrane
destabilization and promotes nucleic acid release into the
cytosol [47,48]. Small modifications to ionizable lipid structure
profoundly influence circulation half-life, tissue tropism, and
ultimately the balance between efficacy and toxicity in T-cell
[26,48].

Helper lipids such as Dioleoylphosphatidylethanolamine
(DOPE) or Distearoylphosphatidylcholine (DSPC), stabilize LNP
structure and enhance membrane fusion. Helper lipids play a
central role in shaping lipid nanoparticle (LNP) biodistribu-
tion and, immunological outcomes, and confer distinct tropism
profiles [48]. The fusogenic, unsaturated architecture of DOPE
promotes a more fluid bilayer, facilitating endosomal es-
cape and favoring hepatic delivery, with efficient mRNA up-
take by hepatocytes and macrophages [49,50]. By contrast,
DSPC, characterized by its saturated, rigid structure, drives
LNP accumulation in the spleen [51,52]. Neither lipid directly
activates T cells; their contribution is largely indirect through
enabling mRNA delivery. Importantly, DOPE’s influence ap-
pears concentration dependent, while certain formulations
enhance cytokine production, furtherincreases in DOPE con-
tent do not consistently augment IL-2 secretion or T-cell pro-
liferation [47].

PEG-lipids are incorporated at low molar ratios to reduce ag-
gregation and extend circulation time by preventing opsoniza-
tion [53]. The choice of PEG-lipid tail length and dissociation
kinetics influences clearance rate and biodistribution, bal-
ancing the need for circulation stability with eventual cellular
uptake [54]. DMG-PEG, with shorter C14 chains, sheds rapidly
from the LNP surface, enabling faster cellular uptake, reduced
anti-PEG antibody induction, and in some cases, improved
lymph node delivery [ 55]. Conversely, DSPE-PEG (C18) in-
tegrates more stably, prolonging circulation but delaying endo-
somal escape and heightening anti-PEG IgM responses, which
may trigger accelerated clearance upon repeat dosing [53].
For antibody conjugation, DSPE-PEG modified with maleimide
is generally preferred due to its stable membrane anchoring,
which supports durable ligand display, whereas DMG-PEG’s
transient nature may compromise conjugate retention [53,56].

Cholesterol provides structural support and improves bi-
layer fluidity, impacting particle stability in circulation. Subtle
variations in cholesterol analogs and percentage have been
shown to affect LNP biodistribution and transfection efficiency,
reflecting their contribution to system performance [57-60].
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Figure 2: T-cell-targeted lipid nanoparticles (tLNPs) formulation.

Surface modification with antibody conjugates represents a
particularly powerful strategy for directing LNPs toward T lym-
phocytes. Antibodies recognizing CD3, CD4, CD5 or CD8 [61]
have been employed to restrict nucleic acid delivery spe-
cifically to T-cell subsets Beyond structural optimization, the
choice of nucleic acid cargo remains central. Plasmid DNA can
provide more durable CAR expression but require nuclear entry,
resulting in lower transfection efficiency in primary T cells [62].
Messenger RNA (mRNA) has emerged as the dominant format
for in vivo CAR-T engineering owing to its transient expression,
absence of integration risk, and rapid translation into functional
receptor proteins [63]. Collectively, these engineering principles
form the basis of LNP design for in vivo CAR-T generation
and continue to be refined through iterative preclinical experi-
mentation.

Preclinical progress with LNP-mediated CAR-T engineering

Recent advances in Lipid Nanoparticle (LNP)-mediated in
vivo CAR-T generation have demonstrated diverse strategies
to achieve selective T-cell transfection, functional CAR expres-
sion, and therapeutic efficacy. Kheirolomoom et al. investigated
whether anti-CD3-conjugated LNPs (aCD3-LNPs) could deliver
reporter mRNA (mCherry or Fluc) specifically to T cells in situ
to inform strategies for CAR-T generation. The LNPs contained
the ionizable lipid DLin-MC3-DMA, DSPC, DSPE-PEG2k, DSPE-
PEG5k-Mal, DSPE-PEG2k-Cy7, and cholesterol, and were conju-
gated to a CD3e F(ab’)2 fragment to minimize Fc-mediated ef-
fects. Systemic administration of 16% conjugated aCD3-LNPs in
C57BL/6 mice transiently depleted splenic and circulating CD4+/
CD8a+ T cells while reducing CD3 surface expression. Circulating
T cells recovered within 24 hours, and splenic T cells were acti-
vated, inducing Th1/Th2 cytokines and myeloid-derived chemo-
kines. mCherry+ T cells reached in the spleen and in blood, with
reporter-positive cells localizing to tumors and tumor-draining
lymph nodes [44].

Zhou et al. aimed to simultaneously generate CAR-T cells
and mitigate cytokine release bydelivering CD19-CAR and IL-6
shRNA plasmids via CD3-modified LNPs. Nanoparticles (~200
nm, PDI <0.2, zeta potential ~0 mV) were intravenously injected
at 5 pg/g in NSG mice following T-cell transfer. Stable CAR-T
production persisted for 90 days, predominantly in CD8+ T
cells, with peak expansion on day 21. IL-6 knockdown re-
duced cytokine release syndrome, and tumorburden decreased
from day 12, achieving anti-tumor efficacy comparable to ex vivo
CAR-T therapy [64].

Billingsley et al. explored antibody-functionalized C14-4
ionizable LNPs modified with maleimide-PEG for extrahepatic
targeting. LNPs conjugated to antibodies against CD3, CD5, or
CD7 delivered CD19 CAR mRNA intravenously at 0.5-2 mg/
kg. CD3-LNPs transfected 15-17% of circulating T cells at 12
hours, declining to 7% at 36 hours, while CD7-LNPs achieved

5-6% CAR positivity. Functional CAR-T cells depleted circulat-
ing B cells, with transient dose-dependent cytokine eleva-
tions. Untargeted LNPs produced negligible CAR expression,
emphasizing the necessity of antibody-mediated targeting [65].

Hunter et al. evaluated targeted lipid nanoparticles (tLNPs)
for direct CAR T cell engineering in mice and cynomolgus mon-
keys. In murine leukemia xenograft models, repeated intrave-
nous dosing of anti-CD19 or CD5 tLNPs carrying CAR mRNA led
to CAR expression in of T cells, depending on construct design
and dose, with higher levels observed using optimized CAR se-
quences. Tumor-engrafted mice treated with improved CD5-
tLNPs achieved robust CAR expression and tumor clearance.
In cynomolgus monkeys, tLNPs induced dose-dependent CAR
expression on circulating T cells and effective B cell depletion,
demonstrating functional activity without tumor challenge.
The tLNPs were based on ionizable lipid L829, modified with
antibodies (e.g. anti-CD5, anti-CD8, anti-CD20) to enhance T-cell
selectivity. This study highlights the translational potential of an-
tibody-targeted LNPs for in vivo CAR T therapy [46].

Alvarez-Benedicto et al. developed spleen-targeted SORT
LNPs incorporating anionic lipid 18:1 PA to deliver anti-CD19
CAR mRNA without antibody ligands. This strategy selectively
transfected splenic T cells ~7% CAR+, extending survival in lym-
phoreplete B-cell lymphoma models while minimizing off-target
lung and liver delivery [66].

Ferndndez Bimbo et al. developed NCtx, a DNA-based LNP
system co-encapsulating CAR-encoding minicircle DNA and
SB100x transposase mRNA, functionalized with anti-CD3 scFv
and anti-CD7 nanobodies. A single 0.05 mg/kg intravenous
dose in humanized PBMC or CD34+ xenograft models pro-
duced stable CAR-T cells with low PD-1 expression and a
balanced memory/effector phenotype. Circulating CAR-T cells
persisted for weeks, resulting in effective tumor control with
low toxicity [67].

Metzloff et al. 2024 developed activating lipid nanoparticles
(aLNPs) to streamline CAR T cell production by combining T
cell activation and mRNA transfection into a single step.
Engineered with CD3 and CD28 antibody fragments, aLNPs
mimicked antigen-presenting cells and delivered CD19 CAR
mRNA into primary human T cells. This eliminated the need
for activating beads and reduced workflow time to 24 hours.
aLNPs achieved >80% CAR Tcell vyield, efficient transfection,
and generation of functional CAR T cells with robust pro-
liferation, cytotoxicity, and activation phenotypes. In xenograft
leukemia models, aLNP-derived CAR T cells demonstrated
potent anti-tumor activity comparable to lentiviral ap-
proaches [68].

Overall, these studies highlight a range of innovative strat-
egies for generating CAR-T cells directly in vivo. Approaches
include antibody-mediated targeting of T cells (CD3, CD5, CD7),
tuning ionizable lipids to favor extrahepatic delivery, stable
genomic integration using transposases, organ-specific tar-
geting, and the use of dual-gene payloads to modulate T-cell
function. Preclinical evidence shows that antibody-conjugated
LNPs can enhance transfection efficiency in circulating T cells
while limiting off-target uptake by hepatocytes and other
immune cells. Notably, these ligand-directed systems can also
shape T-cell differentiation, with some studies reporting ex-
pansion of central memory—like populations when delivery
is confined to specific subsets. Across different platforms,
CAR-T transfection efficiencies reached up to ~20% in blood or
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spleen, depending on LNP composition, targeting strategy, and
dose, underscoring the promise of LNPs as versatile, non-viral
vehicles for in situ CAR-T engineering.

When benchmarked against ex vivo—manufactured CAR-T
cells, LNP-generated cells have demonstrated competitive ef-
ficacy in murine models. Tumor clearance kinetics and durability
of response have been comparable, although persistence of in
vivo—engineered cells may be shorter in some contexts due
to the transient nature of mRNA expression. Nevertheless,
repeated dosing of LNPs has been explored as a strategy
to extend therapeutic effect, capitalizing on the scalability
and rapid manufacturing of nanoparticle formulations. Taken
together, these preclinical findings provide a strong founda-
tion for translation, establishing proof of feasibility across mul-
tiple antigens and tumor models.

Safety and immunogenicity considerations

Safety remains a central consideration in the develop-
ment of LNP-based in vivo CAR-Ttherapies. Preclinical stud-
ies have highlighted several immunological and organ-
specific effects associated with these approaches [65-68].
Systemic T-cell activation is commonly observed following
the administration of antibody-targeted LNPs, including
anti-CD3 formulations, which induce activation markers, tran-
sient CD3 downregulation, and reversible depletion of circulat-
ing and splenic T cells. Importantly, T-cell populations typically
recover within 24 hours, emphasizing the transient nature
of these effects. Excessive activation, however, may contrib-
ute to systemic inflammation and organ toxicity, underscoring
the need for careful dose optimization [44,46].

Cytokine Release Syndrome (CRS) and Immune effector
Cell-Associated Neurotoxicity Syndrome (ICANS) remain po-
tential risks, mirroring observations in conventional ex vivo
CAR-T therapy [69] which arises from activated CAR-T cells
releasing high levels of cytokines, including IL-6 and IFN-y,
which can precipitate systemic inflammation [70]. Preclinical
evidence suggests that transient CAR expression via mRNA
delivery and co-encapsulation of IL-6 shRNA can reduce CRS
while maintaining antitumor efficacy [64] Antibody-directed
targeting, organ-specific strategies such as Selective Organ
Targeting (SORT) LNPs, have been shown to reduce hepatic and
macrophage uptake while enhancing T-cell specificity. Even so,
dose-dependent liver enzyme elevations have been observed
at high LNP doses, and rare severe events, including he-
mophagocytic lymphohistiocytosis—like syndromes, underscore
the need for cautious translational evaluation. Immunogenicity
of the LNP carrier and payload represents an additional chal-
lenge [46]. Anti-PEG antibodies can accelerate LNP clearance
[71] reducing efficacy and potentially inducing inflamma-
tory responses, while repeated dosing of mRNA or plasmid
DNA can trigger innate immune pathways, including STING,
driving cytokine release [72].

Mitigation strategies have focused on rational LNP and
payload design, targeted delivery, dosing optimization, and
manufacturing control. Optimized ionizable lipids, helper lipids,
and PEG lipids can reduce cytotoxicity and immunogenic-
ity. Antibody-functionalized LNPs, Extrahepatic tropism, SORT
LNPs, and CD47 decoration enhance T-cell specificity and
minimize off-target effects. Co-delivery of functional modula-
tors allows controlled immune activation, while transient CAR
expression and local delivery reduce systemic toxicity [64].
Collectively, preclinical evidence indicates that LNP-mediated

in vivo CAR-T generation carries manageable risks when care-
fully designed. Transient, tunable mRNA-based delivery com-
bined with antibody or organ-targeted strategies minimizes
off-target effects, mitigates systemic toxicity, and supports
functional CAR-T activity, highlighting the translational po-
tential of these approaches [44,46,64-68].

Early clinical translation and future directions

While in vivo CAR-T generation remains largely preclini-
cal, early steps toward clinical translation are emerging.
Several biotechnology companies have disclosed pre-
clinical programs developing antibody-directed LNPs for T-cell
engineering, and partnerships between academic centers and
industry are accelerating progress. Capstan Therapeutics, for
instance, is advancing targeted LNPs (tLNPs) capable of deliv-
ering CAR payloads directly to T cells in vivo, with AbbVie’s
recent acquisition underscoring the translational momentum
in this space [46]. Orna Therapeutics is pursuing a par-
allel strategy using circular RNA (oRNA®) formulated in
LNPs to drive in vivo pan-CAR generation, supported by strategic
alliances with Merck and Vertex [73]. Other emerging players
such as ReNAgade and Orbital Therapeutics are also building
broad RNA delivery platforms that include oncology appli-
cations. The scalability of LNP manufacturing, already validated
in the global rollout of COVID-19 mRNA vaccines by Moderna
and Pfizer/BioNTech, provides a unique advantage for
clinical deployment, enabling rapid, large-scale production under
GMP conditions [16,21]. The balance between transient versus
durable expression remains an active area of investigation, with
some groups pursuing hybrid strategies such as self-amplifying
RNA to extend persistence while retaining the safety advantages
of mRNA. To date, no clinical trial of LNP-based in vivo CAR-T has
yet reported outcomes, but Investigational New Drug (IND)-en-
abling studies are underway. Key priorities include refining tar-
geting specificity, validating safety in nonhuman primates, and
determining optimal dosing strategies.

Conclusion

The potential clinical impact of this approach is
profound. By eliminating ex vivo manipulation, LNP-based
in vivo CAR-T could dramatically reduce cost, accelerate vein-
to-vein time, and expand access globally, particularly in regions
where current therapies remain excessively expensive or logis-
tically infeasible. If safety and efficacy are confirmed in human
trials, this strategy may redefine the landscape of cellularimmu-
notherapy, transitioning CAR-T therapy from a personalized,
resource-intensive procedure to an off-the-shelf modality
deliverable at scale.
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