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Ex vivo engineered chimeric antigen receptor (CAR) T cell therapy has
transformed the treatment of certain hematologic malignancies, yet

manufacturing complexities and limited patient accessibility constrain
itsimpact.Invivo CART cell engineering seeks to overcome these
limitations by generating CART cells directly within an individual. This
Perspective examines the rapidly evolving field of in vivo CART cell
generation in oncology, outlines principles of ymphocyte targeting,
discusses pharmacology and biodistribution and assesses emerging safety
issues. We conclude with a translational outlook, highlighting both the
opportunities and the outstanding questions that will define the path to
clinical implementation.

Adoptive cell therapy, including tumor-infiltrating lymphocytes, T cell
antigenreceptor (TCR)-modified T cells and chimeric antigen receptor
(CAR) T cells, has transformed the treatment landscape of cancer. In
some hematologic malignancies, ex vivo engineered CART cells have
achieved deep and durable responses in B cell cancers'? withlong-term
disease control observed in some individuals®. These successes, how-
ever, rely on a complex centralized manufacturing workflow that is
costly, logistically demanding and too slow for some individuals with
rapidly progressive disease.

These limitations have driven a surge of interest in in vivo CAR
technologies, which deliver CAR-encoding payloads or premade CAR
protein, directly to endogenous T cells, programming them in situ
and bypassing conventional cell manufacturing. Conceptually, in vivo
approaches could transform CAR therapy from a cell product to an
off-the-shelf treatment, shortening timelines and broadening access
forindividuals with aggressive or late-stage malignancies.

Major platforms currently under active development include
(1) non-integrating non-viral systems, including mRNA/circular RNA
(circRNA) in nanocarriers that enable rapid but transient expres-
sion; (2) integrating non-viral systems, including minicircle DNA with
transient transposase that supports durable expression; (3) integrat-
ing viral systems, including lentiviral vectors (LVVs), which provide
stable genomic insertion and potential long-term persistence; and
(4) non-integrating viral systems, including adeno-associated virus

(AAV) vectors, which allow episomal delivery with short- to mid-term
expression and reduced risk of insertional mutagenesis (Fig. 1 and
Table 1). Early preclinical and first-in-human studies confirm the fea-
sibility of programming T cells in situ using these approaches, each
characterized by distinct pharmacokinetics, integration profiles and
safety considerations.

This Perspective examines the technical progress and transla-
tional challenges of in vivo CAR approaches in oncology. We compare
major delivery strategies and outline key determinants of lymphocyte
tropism, expression kinetics and persistence and discuss emerging
pharmacology and safety frameworks for clinical translation.

Exvivo versusinvivo CAR engineering

Ex vivo CART cell therapy involves isolating T cells from a patient or
donor, genetically engineering them outside the body, expanding
them under controlled manufacturing conditions and reinfusing the
final engineered cell product into the individual. This approach has
underpinned the clinical success of currently approved CAR T cell
therapies but remains complex, costly and time-consuming, and the
required ex vivo activation and expansion can alter T cell phenotype
and functional fitness**. By contrast, in vivo CAR T cell engineering
modifies T cells directly within their native microenvironment, poten-
tially preserving less differentiated states, including naive or stem
cellmemory T cells. For in vivo CAR platforms designed to support
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Fig.1| Targeted delivery strategies for in vivo CAR T cell engineering. Four
major representative gene-delivery platforms are classified into viral and non-
viral non-integrating (transient expression) or integrating (stable expression)
systems. a, LNPs conjugated to cell-specific ligands encapsulate CAR mRNA to
achieve transient, non-integrating expression. Following receptor-mediated
endocytosis (1) and endosomal escape (2), the released mRNA (3) undergoes
ribosomal translation in the cytoplasm (4), producing CAR proteins on the
Tcell surface (5). b, Ligand-conjugated LNP-encapsulated minicircle DNA
(mcDNA) is delivered to T cells for stable, transposon-mediated CAR integration.
Following receptor binding, endocytosis (1) and endosomal escape (2), the CAR
minicircle DNA enters the nucleus (3) and integrates into the host genome viaa

Viral cDNA

transposase system (4), allowing constant transcription and mRNA expression
(5and 6) for durable CAR expression. ¢, AAV vectors carry the CAR transgene
within engineered or selected capsids that influence receptor usage and
biodistribution. After infection (1and 2), the single-stranded viral DNA (ssDNA)
converts to double-stranded episomal DNA in the nucleus (3 and 4), which is
transcribed into mRNA (5) and translated into CAR protein (6 and 7). d, LVVs
pseudotyped with targeting ligands deliver the CAR transgene for chromosomal
integration. Following viral fusion (1and 2) and reverse transcription (3), cDNA
enters the nucleus (4) and integrates into the genome (5), driving stable CAR
mRNA transcription (6) and expression (7 and 8). Figure created in BioRender;
Slaney, C. https://biorender.com/7d17fel (2026).

durable CAR expression, this could improve in vivo expansion, persis-
tence and long-term memory formation. Furthermore, mRNA-based
in vivo CAR strategies mediate rapid but transient CAR expression,
enabling applications that prioritize controllability and safety, such
as low-risk evaluation of novel antigen targets and treatment of acute
or time-limited disease contexts.

Non-integrating non-viral systems
Among emerging platforms, mRNA lipid nanoparticle (LNP) systems
enable non-viral delivery of CAR-encoding mRNA into endogenous

T cells (Fig. 1a). This produces rapid but transient CAR expression,
whichmay reduce toxicities associated with prolonged CART cell activ-
ity. As mRNA functions in the cytoplasm and does not integrate into
the genome, it also avoids insertional mutagenesis associated with
integrating viral vectors>®. Toimprove T cell specificities, most studies
use targeted LNPs (tLNPs) decorated with antibodies or nanobodies
against T cell antigens, such as CD3 (ref. 7), CDS5 (ref. 8), CD7 (ref. 9)
and CD8 (refs.10,11).

Recent advances in tLNP design and mRNA engineering have
improved delivery specificity, potency and therapeutic activity.
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Table 1| Comparison of different in vivo CAR approaches

Approaches Representative Advantages Disadvantages Clinical phase
examples
Non-integrating mMRNA/LNPs No LD. Avoids genomic integration and Short-lived expression; repeat dosing may be Clinical trials"

non-viral systems

dosing possible.

associated insertional mutagenesis risk;
rapid and transient CAR expression; repeat

required; anti-LNP or anti-payload immune
responses may limit durability or redosing.

Minicircle DNA with
transient transposase

Integrating
non-viral systems viral vectors; transient transposase
expression may limit prolonged

enzyme activity.

No LD. Durable CAR expression without

Slower onset than mRNA/LNPs; integration- Preclinical®®
site safety requires evaluation; redosing feasibility

and transposase-related toxicity remain unclear.

Integrating viral LVVs No LD. Durable CAR expression; potential  Risk of off-target integration, insertional Clinical trials®*
systems for long-term CAR T cell persistence; early mutagenesis and limited redosing; long-term

clinical activity reported. safety monitoring required.
Non-integrating AAVs Avoids stable genomic integration; Pre-existing anti-AAV immunity; limited payload Preclinical*

viral systems

potentially longer expression than mRNA/
LNPs; established gene-therapy platform.

capacity; capsid-dependent tropism and off-target
transduction risk; redosing may be limited.

Others CAR protein/FuNV,
CRISPR-Cas9

site-specific CAR insertion.

Gene-free or programmable delivery;
potential for transient CAR display or

Technically less mature; persistence, safety, Preclinical'®?%%%
scalability and anticancer efficacy require further

evaluation.

LD, lymphodepletion.

Early proof-of-concept studies showed that CD5-tLNP delivery of fibro-
blastactivation protein CARmRNA induced transient CAR expressionin
approximately 20% of splenic T cellsin mice, redirected T cells against
activated fibroblasts, reduced cardiac fibrosis andimproved heart func-
tion®. Subsequent optimization reduced off-target liver delivery and
improved T cell-directed mRNA uptake'. Using this platform, CD8-tLNP
delivery of optimized anti-CD19 CAR mRNA enhanced CAR expression
and function, achieving near-complete clearance in a leukemia xeno-
graft model. In cynomolgus monkeys, CD8-tLNP delivery of anti-CD20
CAR mRNA induced deep but reversible peripheral and tissue B cell
depletion, consistent with transient CAR activity'. Antigen-specific
uptake has also been achieved using peptide-MHC-functionalized
LNPs, which enabled in vivo anti-B cell maturation antigen (anti-BCMA)
CAR engineering of influenza-specific T cellsand durable tumor regres-
sioninamultiple myeloma mouse model*.

Despite these advances, peer-reviewed clinical data remain lim-
ited, underscoring the emerging status of this field. The clearest clinical
evidence comes from HN2301, a CD8-tLNP carrying anti-CD19 CAR
mRNA, which was tested in five individuals with refractory systemic
lupus erythematosus™. A single intravenous infusion showed tran-
sient, on-target pharmacology, although durable efficacy was not
established. Inoncology, CAR mRNA clinical testing is also underway,
including TROP2- and GPC3-CAR approaches in epithelial tumors
and hepatocellular carcinoma®, These studies support the feasi-
bility of in vivo CAR expression but indicate that repeat dosing or
persistence-enhancing strategies may be needed for sustained
therapeutic activity.

In addition to linear mRNA, circRNA is emerging as a promis-
ing payload for LNP-mediated CAR programming because its cova-
lently closed structure can increase resistance to exonuclease
degradation and prolong protein expression®. Preclinical studies
using LNP-delivered CAR circRNA have shown rapid and persistent
CAR expression acrossimmune cell subsets, including T cells, natural
killer (NK) cells and macrophages, as well as antitumor efficacy in
HER2' tumor models' and inflammatory disease models”. However,
circRNA-based platforms remain less mature than linear mRNA. Key
challenges include standardized manufacturing, quality control and
context-dependent, cap-independent translation, which can com-
plicate control over protein expression and dose-response relation-
ships'®. At present, linear mRNA/LNPs remain the more clinically
established and predictable platform, whereas circRNA may be better
suited to settings where sustained protein expression at lower doses
couldimprove the therapeutic window.

Unlike nucleic acid-based strategies, gene-free in vivo CAR
approachesdeliver the CAR proteinitself. Virus-mimetic fusogenic nan-
ovesicles (FuUNVs) carrying premade anti-CD19 CAR protein have been
tested inmouse models of lymphoma'®, where they fused directly with
T cells via T cell-targeted fusogens, engineered viral fusion proteins
bearing anti-CD3 single-chain variable fragments (scFvs) that direct
vesicle fusion with T cells and induce rapid but transient CAR display.
This slowed B cell lymphoma growth without cytokine-release-like
signals or blood toxicity. However, because the CAR was delivered
as a membrane protein rather than encoded by a transferred gene,
CAR" T cells showed transient CAR display rather than expansion.
Repeated dosing was well tolerated, and a subsequent rheumatoid
arthritis study further supported this strategy for B cell depletion.
Although peak CARlevels and durability remain modest, FUNVs provide
acomplementary protein-based route for transient CAR delivery with
afavorable safety profile.

Together, these studies identify key design variables for non-
integrating CAR platforms, including payload format, targeting ligand,
conjugation chemistry and CAR antigen selection (Fig. 2). Although
these approaches can offer a favorable safety profile, they are not
designedto generatelong-lived CART cells, and important limitations
remain. Repeated dosing may trigger immune responses against deliv-
ery components, limiting durability and redosing potential™. Off-target
uptake by macrophages, especially liver Kupffer cells, can also divert
payload away from target cells*.

Integrating non-viral systems

LNP technology has evolved beyond simple mRNA delivery.
Co-delivering CAR payloads with complementary molecules can, in
principle,improve persistence and CART cell function (Fig. 1b). This
concepthasbeenextended tointegrating non-viral CAR delivery using
NCtx, an anti-CD7/CD3-tLNP platform that co-delivers minicircle
DNA encoding a CAR construct with SB10Ox transposase mRNA?.
Minicircle DNA is a minimal plasmid derivative that excludes bacte-
rial backbone sequences, supporting more efficient and sustained
transgene expression, while SBI0Ox transposase mRNA, transiently
expressed in target cells, mediates stable genomic integration of
the CARinto the T cell genome. NCtx-delivered dual-specific CD19/
CD22-CAR generated persistent CART cells and mediated complete
tumor elimination in humanized mice, providing the first demon-
stration of stable, functional CAR T cells generated in vivo using an
integrating non-viral LNP system”. Compared to mRNA/LNP plat-
forms, this strategy has slower onset but greater durability, which
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Fig.2|tLNP delivery of non-integrating CAR payloads forin vivo CART

cell engineering. a, tLNP delivery of different CAR payloads, including CAR
protein, linear mRNA and circular mRNA, enabling immediate, transient or
prolonged CAR expression. Linear mRNA contains a5’ cap, 5’ untranslated
region (UTR), CAR-encoding sequence, 3’ untranslated region and poly(A) tail.
Circular mRNA is generated from back splicing of precursor RNA containing 3’
and 5’ introns, exon sequences, an internal ribosome entry site (IRES) and the
CAR-encoding sequence; CD8H, CD8 hinge; CD8TM, CD8 transmembrane.
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b, LNPs can be surface conjugated with different targeting ligands, including
full-length antibodies (Ab), antibody fragments and nanobodies, to enhance
cell-specific delivery. Common conjugation strategies include copper-free
dibenzocyclooctyne (DBCO)-azide click chemistry and thiol-maleimide covalent
coupling”. ¢, Representative CAR target antigens examined viamRNA/LNP in
vivo delivery for hematological malignancies and solid tumors. Figure created in
BioRender; Slaney, C. https://biorender.com/2v4wkps (2026).

may suitindications where long-term persistenceis prioritized over
immediate cytoreduction.

Programmable CRISPR delivery, including antibody-targeted Cas9
envelopeddelivery vehicles (EDVs), offers another route toin vivo CAR
Tcellengineering. Although EDVs are derived from lentiviral particles,
they are nonreplicating, non-integrating and programmable carriers,
making them functionally distinct from conventional viral vectors.
An initial study** showed that EDVs that co-displayed scFv-targeting
moieties selectively deliver both Cas9 ribonucleoprotein complexes
and an integrating CAR transgene to human T cells in humanized
mice. Compared to a T cell-targeted lentivirus, Cas9 EDVs generated
lower peak CART cell levels and variable CD19" B cell depletion, but
genome edits were enriched within the CART cell subset, supporting
coupled delivery and editing®*. Clonotype analysis showed multiple
independent in vivo transduction events rather than single-clone
outgrowth, with encouraging early safety signals. More recently, this
strategy has been extended using a dual EDV/AAV system, in which

anti-CD3-targeted EDVs deliver TCRa constant (TRAC)-targeting Cas9
ribonucleoprotein complexes, and anengineered AAV supplies the CAR
donor template for homology-directed repair®. Unlike the previous
study, thisdesigninserts the CAR specifically into the TRAClocus rather
thansemi-randomly. This approach achieved substantially higher CAR
T cell frequency, complete B cell aplasia and tumor control without
systemic inflammatory cytokine release in B cell acute lymphoblastic
leukemia, multiple myeloma and sarcoma models.

Integrating viral systems

Integrating viral systems use engineered viral vectors to deliver CAR
transgenesthatstably integrate into the genome, enabling durable CAR
expressionafterinvivo T cell transduction (Fig. 1d). This durability can
extend therapeuticactivity butalso places stringent demands on vec-
tor design, including the need to avoid serum-mediated neutralization
of unprotected (‘naked’) lentiviral particles and to achieve specificity
for the intended immune cell subset. Contemporary in vivo lentiviral
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Fig. 3| Targeted integrating viral particles for in vivo CART cell generation.

a, Schematic of anintegrating viral particle, such asan LVV particle, carrying a
CAR-encoding viral RNA genome, with envelope proteins mediating cell entry
and displayed T cell binders directing uptake to selected immune cell subsets.

b, Representative detargeting and retargeting strategies for in vivo viral delivery.
VSV-G- or cocal-G-derived systems use engineered fusogens, pseudotypes or
accessory modules, such as CD47 (refs. 9,31) and multi-domain fusion (MDF)*,

Viral entry glycoproteins
For example, VSV-G/cocal-G glycoproteins, NiV F
and G proteins or SINV E1 and E2 proteins
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For example, anti-CD3, anti-CD5, anti-CD7, anti-CD8
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to reduce native tropism, enhance serum persistence, provide additional T cell
stimulation and redirect entry. NiV-derived systems separate attachment and
fusion through G and F proteins, enabling T cell retargeting while preserving
membrane fusion. SINV-derived systems use E2 for receptor binding and E1for
fusion, allowing E2-based retargeting. VHH, variable heavy domain of heavy-
chain antibodies. Figure created in BioRender; Slaney, C. https://biorender.com/
k560nky (2026).

vector (LVV) systems address this by detargeting native tropism via
envelope selection or mutation and retargeting particles to T cells
using virion-displayed binders (nanobodies/scFvs*****’; Fig. 3a.). Most
platforms combine these elements to achieve T cell-selective transduc-
tion (Table 2).

Historically, vesicular stomatitis virus glycoprotein (VSV-G)
became the default pseudotype for LVVs (a vector whose core is
packaged with another virus’s envelope to retarget entry), because
it supports broad low-density lipoprotein receptor (LDLR)-mediated
tropism, high functional titers and robust manufacturing. Activated
T cells are more permissive to VSV-G-mediated transduction, par-
tially through increased LDLR-family receptor engagement and sub-
sequentendosomal fusion”. As CAR T cell manufacturing shifted from
y-retroviral to lentiviral systems in the 2000s-2010s, VSV-G became
entrenched as the workhorse pseudotype®*°, However, its broad tro-
pismis amajor limitation for in vivo delivery, where off-target uptake
and integration must be minimized.

The most advanced clinical example of this approach is ESO-TO1,
a TCR-targeted, CD47-shielded LVV encoding an anti-BCMA CAR.
ESO-TO1 uses an engineered VSV-G-derived entry system to reduce
native broad tropism and redirect vector uptake through an anti-TCR
nanobody. Across the two independent early-phase trials, eight of
nineindividuals withrelapsed/refractory multiple myelomaachieved
objective responses, including five stringent complete responses and
three partial responses®’. These early clinical results are encouraging,
although they are based on small cohorts and lack direct comparison to
anexvivo BCMA-CART cell product. Safety requires careful scrutiny:
early inflammatory toxicity was common, including grade > 3 cytokine
release syndromeinseveral individuals, and low-level CAR expression

was detected in CD3 - lymphocytes and NK cells’. These findings high-
lightboth the promise ofin vivo LVV-CART cell generation and the need
for larger studies with long-term monitoring for off-targetintegration,
insertional mutagenesis and platform-specific toxicities.

Other related systems use distinct detargeting and retargeting
strategies forinvivo LVV delivery. One approach uses a VSV-G-derived
fusogen engineered for LDLR-independent entry*, whereas another
uses cocal-G as analternative pseudotype for greater serumresistance™
(Fig.3b). The VSV-G-derived platform confers CD7-directed specificity
through a CD7-binding scFv on the LVV envelope, redirecting vector
uptake to CD7* T and NK cells. Following intravenous delivery, this
platform generated CD20-CAR T and CAR NK cells, cleared CD20* B
cell tumors in humanized mice and depleted B cells in cynomolgus
macaques®. Its first-in-human evaluation in B cell malignancies has
now beeninitiated (Table 3). A second strategy combines cocal-G pseu-
dotyping withamembrane-bound multifusion domain that activates
TcellsviaCD3 and provides co-stimulation through CD80-CD28 and
CD58-CD2interactions®. This platform generated in vivo CART cells
and robust tumor control in mouse models, as well as B cell aplasia
and memory-like responses in primates. Together, these studies show
how integrating viral systems are being engineered through distinct
but related solutions: serum-resistant pseudotyping, detargeting of
native tropism, retargeting toimmune cells and, insome cases, built-in
Tcellactivation.

Despite these advances (Table 3), VSV-G- and cocal-G-pseudotyped
vectors remain partly constrained by their native receptor biology.
VSV-G uses LDLR/LDLR-family receptors, which are poorly expressed
by resting T cells®, whereas cocal-G pseudotyped vectors have been
reported to share receptor usage with VSV-G**. Although engineered
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Table 2 | Examples of published LVV-based in vivo CARs

Group, company Serumresistance T cell-targeting CAR CART cell detection and persistence  Disease effect Reference(s)

or institute strategies strategies antigen

EsoBiotec Mutated VSV-G Nanobodyto TCR BCMA  Across two cohorts, CAR T cells were Four individuals with refractory 9,31

(AstraZeneca and CD47 detectable in blood within the first multiple myeloma, two

acquisition) overexpressing week, peaked around days 10-17 and complete responses and two

were detected in the bone marrow/ partial responses®.

tumor or pleural effusion in select Five individuals with refractory
individuals. Persistence was variable: multiple myeloma, four of five
in the first cohort, two of four were objective responses®.
undetectable by day 28 and another by

2 months; in the second cohort, CAR

T cells peaked at 10.6-59.1% of CD3"

T cells at days 10-14 before declining.

Umoja Cocal-G protein CD3scFv-CD58 CD20 In hNSG mice, CART cells were An anticancer effect was 33
pseudotyping ECD-CD80 MDF detectable on day 11 (<5%). In monkeys  observed on ~day 13 in treated
LVV (intranodal injection), CAR T cellswere  NSG mice, with clearance of

detectable on day 7 and peaked onday NALMG cells at the high dose
10, reaching 65% of peripheral blood of 5x107 TU.

CD3* T cells. On day 139, CAR insertion  Intranodal administration of
was detected. VivoVec particles carrying an
In treated monkeys (Macaca nemestrina), ~ anti-CD20 CAR led to potent
clearance of B cells was observed and prolonged B cell aplasia.
around day 7 and lasted for at least

8-11 weeks.

Interius (Kite Detargeted Membrane- CD20 In hNSG mice, CAR' T cells appeared B cell depletion was evidentby 32

acquisition) VSV-G (Gen2.1) anchored in the spleen, bone marrow and liver day 4 and drove robust tumor

binder to CD7 by day 14, and CAR* NK cells were also  clearance, including complete
detectable. The peak was around day eradications across dose ranges
21and was stable until at least day 35. and durable protection for at
least 40days.

Oxford Biomedica Mutated NiV CD3or CD8 CD19 In hNSG mice, CAR T cells were In a humanized CD45" model, 39
envelope detected in the peripheral blood from CD3-DARPin-treated B cells
pseudotyping day 7, peaked at day 14 and lasted until  started to disappear on day
with fourth- at least day 28 in the blood. At peak 7 and disappeared on day 14.
generation LV time, ~50% of the CD3* T cells in the For CD8-DARPin or VHH-LV

blood were CAR T cells, as assessed treatment, B cells started to
using either CD3 or CD8 DARpin. disappear around day 14. Disease
was not detectable on day 28.
Buchholz/ NiV glycoprotein ~ CD3 scFv CD19 In hNSG mice, CART cells were B cells fellas CAR T cells 38
Verhoeyen scaffold detected in blood within 1-2 weeks, emerged, and by day 26, cells
peaked at weeks 3-4 and declined were almost eliminated in most
toward baseline by week 5. animals. Durability depended
on cytokine priming.

Lai/UNC/NCSU Mutant SINV E2to  Bispecific binder ~ CD19 In hNSG mice, CART cells were B cells fellas CART cells 40
abrogate native that bridges detected in the first couple of expanded; moderate effect.
human tropism mutant E2 and weeks, typically rising to a peak a few

CD3onT cells weeks later.

TU, transducing units; ECD, extracellular domain; hNSG, humanized NOD scidgamma; LV, lentiviral vector; MDF, multi-domain fusion; NCSU, North Carolina State University; UNC, University of

North Carolina.

VSV-G variants can reduce native tropism and enable retargeting®,
VSV-G and cocal-G each use a single glycoprotein to mediate both
receptor attachment and membrane fusion®. This makes it techni-
cally challenging to detarget native receptor binding while preserving
efficient fusion, with potential risks of off-target transduction and
hepatic uptake.

Paramyxoviral envelopes offer a solution because they naturally
separate attachment and fusion functions. In Nipah virus (NiV), the
attachment glycoprotein can be engineered to retarget T cell mark-
ers, while the fusion protein preserves membrane fusion activity*®
(Fig.3b).NiVisasmartselection, as it naturally circulates among fruit
bats and is only occasionally transmitted to humans. Currently, there
is no licensed vaccination program against NiV, so neutralizing anti-
bodiesinthe human population are expected to be very low. However,
NiV-pseudotyped vectors often require envelope tail truncations and
other optimizationsto achieve functional titers, which generally remain
below those of VSV-G-pseudotyped vectors”. Preclinical NiV-LVV plat-
forms using anti-CD3 or anti-CD8 retargeting have generated func-
tional CART cellsin vivo (including from non-activated human T cells),
inducedrapid B cell aplasiaandimproved T cell specificity compared to

VSV-G-pseudotyped vectors®® and reduced liver uptake when combined
with ephrin-blinded glycoproteins®.

Alphavirus-derived envelopes provide another modular retarget-
ing strategy. Sindbis virus (SINV) contains functionally separable E1
and E2 proteins, with E1 mediating low-pH endosomal fusion and E2
mediating receptor binding, allowing cell targeting to be redirected
through E2 while preserving fusion function. Using this principle, a
bispecific binder bridging mutant SINV E2 to CD3 enabled selective
in vivo T cell transduction after intravenous dosing (Fig. 3b)*°. In
humanized mice, SINV-pseudotyped vectors generated detectable
and persistent CART cellsinblood, increased CAR T cell infiltration
and reduced CD19* tumor burden in the spleen, although CAR T cell
frequencies remained low. This approach provides flexibility because
the targeting binder can, in principle, be exchanged to redirect vec-
tors to different cell populations without re-engineering the viral
glycoproteins. However, anticancer activity remained modest, and
because the study used preactivated peripheral blood mononu-
clear cells, efficient transduction of unstimulated T cells remains to
be demonstrated. Further optimization will be needed to improve
potency and durability.
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Table 3 | In vivo CAR approaches in clinical trials

Group, Product name/ Clinical trial Study phase Lead indication Vector Payload Target cell Reference(s)
companyor platform number
institute
EsoBiotec ESO-TO1; in vivo NCT06791681 Phase I; Multiple myeloma Nanobody-targeted BCMA-CAR Tcells 9,31
anti-BCMA CAR LVV NCT06691685  recruiting self-inactivating LVV
Oricell Oriv506; NCTO07101705 Phase I; Multiple myeloma or Self-inactivating LVV ~ BCMA/CD19  Tcells
in vivo BCMA/CD19 recruiting B cell non-Hodgkin dual-target
dual-target CAR LVV lymphoma CAR
Kelonia KLN-1010; in vivo NCT07075185 Phase I; Multiple myeloma Targeted envelope- BCMA-CAR Tcells 73
anti-BCMA CAR LVV recruiting modified self-
using the iGPS inactivating LVV
platform (iGPS platform)
Umoja UB-VV111; in vivo NCT06528301 Phase |; Relapsed/refractory B Targeted envelope- CD19-CAR+  Tcells 74
anti-CD19 CAR LVV recruiting cell malignancies modified self- rapamycin
using the VivoVec inactivating LVV
platform
Interius INT2104; in vivo NCTO06539338 Phasel; active, Relapsed/refractory B CD7-targeted CD20-CAR T cells or NK
anti-CD20 CAR LVV not recruiting cell malignancies envelope-modified cells
self-inactivating LVV
Genocury JY231; in vivo NCT06678282  NA; recruiting  Relapsed/refractory B (AY) CD19-CAR T cells 75
anti-CD19 CAR LVV cell malignancies
Genocury JY231; in vivo NCT07059169  NA; recruiting  Refractory autoimmune  LVV CD19-CAR Tcells
anti-CD19 CAR LVV diseases
Starna Tx STR-PO04; in vivo NCTO7003178  Phasel; notyet B cell non-Hodgkin tLNP/mRNA CD19-CAR Tcells
anti-CD19 CAR recruiting lymphoma
mRNA/LNP
CREATE MT-302; TROP2-CAR NCT05969041  Phasel TROP2" advanced LNP/mRNA TROP2-CAR  Myeloidcells 76
(formerly mRNA myeloid cell epithelial cancers
Myeloid Tx) therapy
CREATE MT-303; GPC3-CAR NCT06478693  Phase |; Advanced or metastatic =~ LNP/mRNA GPC3-CAR Myeloid cells 13
(formerly mRNA/LNP myeloid ongoing GPC3-expressing
Myeloid Tx) cell therapy cancers, including HCC
MagicRNA HN2301; CD8-targeted  NCT06801119 NA; ongoing Relapsing and CD8-tLNP/mRNA CD19-CAR Tcells n
CD19-CAR mRNA/LNP refractory SLE
Capstan Tx CPTX2309; NCTO6917742  Phasel; B cell-mediated CD8-tLNP/mRNA CD19-CAR T cells
(AbbVie) CD8-targeted healthy adults; autoimmune diseases
CD19-CAR mRNA/LNP ongoing

HCC, hepatocellular carcinoma; iGPS, in vivo Gene Placement System; NA, not available; SLE, systemic lupus erythematosus.

Together, these platforms (Fig. 3) illustrate a central design trade-
offforintegratinginvivo CAR systems: durable CAR expressionrequires
stable genomicintegration, but this benefit must be balanced against
the need for precise immune cell targeting, low hepatic uptake, con-
trollable immune activation and long-term genotoxicity monitoring.

Non-integrating viral systems
The AAV platformis the most established non-integrating viral platform
exploredforinvivo CART cell engineering. By delivering genetic cargo
predominantly as episomes, AAVs can support longer-lived expres-
sionthan mRNA/LNP systems while avoiding stable genomicinsertion
associated withlentiviral or y-retroviral vectors (Fig. 1c). This positions
AAV-mediated CAR delivery between transient mRNA/LNP delivery
and durableLVVintegration, with intermediate onset and persistence.
Unlike enveloped viruses, AAVs cannot be pseudotyped. Instead,
itsreceptor usage and biodistribution canbe altered by packaging the
genetic cargo into different capsids*. This strategy has been applied
to in vivo CAR transduction with an AAV-DJ vector, a chimeric capsid
generated by DNA shuffling of eight wild-type serotypes. In human-
ized mice, asingle systemic dose of AAV-DJ encoding ananti-CD4 CAR
generated detectable CAR expression on CD45" cells, reduced tumor
burden and achieved overall survival comparable to conventional ex
vivo CART cells*>. No preconditioning or ymphodepletion was used.
However, this strategy still depends on capsid tropism and specificity,
raising the risk of transducing non-T or malignant cells.

Despite promising safety and persistence, current data suggest
preferential transduction or persistence inactivated T cells*, and sepa-
rate studies document residual off-target transduction by AAVs***,
highlighting the need forimproved capsid engineering and targeting
specificity for safe and effective translation. AAVs are also limited by
pre-existing immunity, due to the high global seroprevalence of neu-
tralizing antibodies to AAVs", and modest in vivo CAR frequencies.
Most of these data are derived from non-cancer contexts, and rigorous
evaluationin cancer models will be essential to determine therapeutic
value and safety in the intended setting.

Challenges and considerations for clinical
translation

From a translational perspective, in vivo CAR T cell strategies are
unlikely to be universally applicable across all clinical indications. Many
first-in-classin vivo CAR products are strategically debutingininflam-
matory or degenerative diseases®””, where inflammation increases vas-
cular permeability and leukocyte trafficking*, potentially improving
payload delivery and the movement of engineered T cellsinto diseased
tissues. Cancer presents a different set of translational challenges.
Hematologic malignancies provide a practical entry point because
malignantcellsinthe blood and bone marrow are readily accessible, and
targetssuch as CD19 and BCMA are highly expressed, lineage restricted
and associated with manageable on-target, off-cancer toxicity**™*%.
Solid tumors remain the most challenging frontier. Their abnormal
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vasculature and highinterstitial pressure limit payload delivery, while
dense extracellular matrix and stromal shieldingimpede T cellinfiltra-
tion®. Antigen heterogeneity further complicates targeting, and the
immunosuppressive tumor microenvironment imposes additional
constraints****°, To date, ex vivo CAR therapies have achieved only
modestbenefitin solid cancers**?, and no successful clinical examples
of in vivo CARs have been reported. Although integrating platforms
such as LVVs may support more sustained CAR expression, whether
invivo-generated CART cells canreach sufficient magnitude and per-
sistence for tumor control, particularly inindividuals with bulky disease
or following heavy pretreatment, remains uncertain. Thus, moving
from ex vivo to in vivo CAR T cells does not inherently overcome the
biological barriers that have limited CAR T cell therapyinsolid tumors.

Beyond efficacy, safety and immune toxicity remain central trans-
lational considerations. Unlike ex vivo CAR T cell therapies, where
the cell dose, phenotype and product composition can be controlled
before infusion*?, direct in vivo CAR platforms deliver genetic pay-
loads and targeting reagents directly. This reduces control over the
number, location, phenotype and persistence of CAR-engineered
cells generated after administration. This also creates distinct risks,
including innate immune sensing through pathways such as Toll-like
receptor and STING signaling™, systemic cytokinemia, redosing chal-
lenges and off-target delivery. Although ex vivo CAR T cell toxicities,
including cytokine release syndrome, immune effector cell-associated
neurotoxicity syndrome and insertional mutagenesis, are well recog-
nized and increasingly manageable through clinical experience***,
safety frameworks for in vivo CAR platforms remain less mature. Early
clinical studies have not yet reported many of the severe toxicities
classically associated with ex vivo CART cell therapy®", but follow-up
remains short and participant numbers are small. Moreover, although
several studies report low off-target effects**>*, others rely primar-
ily on whole-body or bulk tissue readouts®*****, which may miss rare
off-target CAR expression at single-cell resolution.

In addition to biological and safety considerations, manufac-
turing represents a major translational challenge for in vivo CAR
approaches”?. Viral vector production must tightly control purity
and potency, as heterogeneous LVV preparations may increase purifica-
tion challenge and immune activation risk?2. For mRNA/LNP platforms,
manufacturing and formulation are tightly linked to biological perfor-
mance. Lipid composition, particle size and surface display of targeting
ligands influence how efficiently particles engage T cells, enter cells
and escape endosomes, thereby shaping potency, immunogenicity
and the T cell subsets that are ultimately programmed*****, These
variables willbecome even more importantas LNPs are multiplexed to
co-deliver CARs with co-stimulatory modules, cytokines or persistence
regulators. Although such designs could enhance potency, they will
also increase demands on manufacturing precision, quality control
and regulatory oversight>*.

Repeat dosing feasibility depends strongly on delivery platform
design. For mRNA/tLNP systems, repeat dosing is commonly used and
generally well tolerated®'*""?2, However, PEGylated lipids, incorporated
to improve nanoparticle stability and circulation time, can induce
antibodies to PEG that reduce delivery efficiency following subsequent
administrations®. lonizable lipids, which serve as the core functional
components of LNPs, canactivate innateimmune pathways, leading to
unwanted immune responses and possible toxicities™. For integrating
viral vectors, such as LVV systems, which are generally intended for
single-administration use,immune responses to viral components are
expected to limit redosing. AAV platforms face additional limitations
for redosing due to the high prevalence of pre-existing immunity to
common serotypesin the population*. Collectively, these considera-
tions indicate the need to carefully consider immunogenicity when
choosing different delivery platforms.

Avoiding lymphodepletion is a key clinical advantage of
invivo CART cell approaches, as it could simplify treatment, reduce

conditioning-related toxicity and expand participant eligibility. How-
ever, lymphodepletion also supports conventional ex vivo CART cell
therapy by reducing immune competition, increasing homeostatic
cytokines, reprogramming the tumor microenvironment and promot-
ing CAR T cell expansion and persistence®*. Thus, although in vivo
CAR generation can often be achieved without preconditioning?,
this may limit efficacy in settings that require robust expansion and
durable persistence, particularly solid tumors, where newly gener-
ated CART cells must function within an intact and often suppressive
immune environment>°°,

Discussion and outlook

In vivo CAR platforms have emerged as highly adaptable technolo-
gies that enable direct programming of endogenous T cells against
diverse antigens, eliminating apheresis and ex vivo cell processing,
with the potential to reduce treatment complexity, lower toxicity and
broaden participant eligibility. Across the major delivery categories,
preclinical and early clinical data are encouraging, but each platform
carries distinct biological and translational trade-offs. mRNA/LNP
and AAV platforms are not designed for stable genomic integration,
which may provide a more favorable safety profile, but transient or
episomal CAR expression means they are less likely to generate a
self-renewing, long-term CAR T cell pool. By contrast, LVV platforms
may offer greater persistence through genomic integration, but this
comes with additional safety considerations, including off-target
transduction and insertional mutagenesis. Human data remain lim-
ited across all platforms. Achieving durable efficacy, particularly
in solid tumors, will likely require more than efficient in vivo gene
delivery alone. It will require careful matching of platform design to
the endogenous T cell states of participants, dose optimization and
incorporation of persistence-supporting strategies, such as cytokine
supplementation®”*%, co-stimulatory enhancement® %, judicious
checkpoint modulation®, antigen or vaccine boosting® " and pro-
motion of memory T cell subsets®®’.

Invivo delivery has the theoretical advantage of accessing naive
and less differentiated T cells while bypassing ex vivo activation and
expansion, thereby preserving their proliferative capacity and poten-
tial for long-term persistence. In practice, however, most current deliv-
ery platforms are more efficientinactivated T cells**’*”, as activation
increases cellular uptake, transcription and translation. This creates
a central tension for the field: the cells most amenable to engineer-
ing may not always be the cells best suited for durable therapeutic
function. In addition, many targeting strategies and delivery vehicles
induce concomitant T cell activation, for example, through anti-CD3
engagement”’”’, providing stimulatory signals that can alter T cell
phenotypes away from a naive state’. In parallel, both viral vectors
and LNPs can engage innate sensing pathways®, potentially driving
non-specificimmune activation and added safety concerns.

Although in vivo CAR strategies may reduce per-patient cost,
clinical-grade tLNPs and LVV production remain demanding, and
emerging modalities such as circRNA and CRISPR-Cas9 approaches
add further regulatory complexity. Continued innovationin delivery
platforms, payload design and manufacturing will be essential to make
CART cell therapy more accessible and adaptable.
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