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Abstract

Chimeric antigen receptor (CAR)-T cell therapy has transformed the 
outcomes of patients with haematological malignancies, yet its use is 
limited by labour-intensive manufacturing, constrained production 
capacity and variable clinical performance. In vivo CAR-T cell 
engineering, in which CAR-T cells are generated directly inside the 
patient’s body, seeks to overcome these challenges by eliminating 
the need for ex vivo cell processing and complex logistics, as well 
as improve clinical performance. Recent advances in virology, RNA 
medicines and nanotechnology have catalysed a radical overhaul of 
this approach, which uses targeted delivery systems such as lentiviral 
vectors and lipid nanoparticles to introduce CAR-encoding genetic 
material into endogenous T cells. Early clinical studies have shown 
efficient transduction, sustained CAR expression and initial signs 
of antitumour activity, establishing proof of concept. This Review 
explores the underlying technologies — including RNA delivered by 
lipid nanoparticles and engineered viral vectors — and discusses how 
they are being adapted to develop more broadly applicable, scalable, 
safe and effective CAR-T cell therapies. By removing the need for ex vivo 
manipulation and chemotherapeutic conditioning, this strategy could 
enable the wider application of CAR-T cell therapies not just to blood 
cancers but to autoimmune diseases for which ex vivo CAR-T cell therapies 
have shown strong promise, such as systemic lupus erythematosus.
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Lessons from ex vivo engineered CAR-T cells
To date, multiple autologous CAR-T cell products engineered using 
retroviral or lentiviral vectors targeting CD19 or B cell maturation 
antigen (BCMA) have been approved for the treatment of several 
B cell malignancies, including B cell acute lymphoblastic leukaemia, 
non-Hodgkin’s lymphomas and multiple myeloma10–17. In addition, 
hundreds of CAR-T cell programmes are in various stages of develop-
ment, with more than 1,000 clinical trials ongoing worldwide18. These 
include off-the-shelf allogeneic CAR-T cell (allo-CAR-T cell) products 
that are yet to show clinical performance comparable with autologous 
CAR-T cells in oncology19 but may find applicability in autoimmune 
diseases20,21. Detailed evaluation of approved CAR-T cells — including 
reverse translational analysis to understand the mechanisms of toxicity 
and treatment resistance — has provided key lessons that guided the 
design of next-generation cell-based and in vivo CAR therapies (Box 1).

CAR-T cell therapy as a transformational modality
Although autologous CAR-T cells have primarily been developed for 
cancer, emerging evidence supports their potential in treating a much 
broader range of disorders, including autoimmune diseases. Preclinical 
studies in fibrosis and autoimmunity22,23, along with multiple clinical 
case studies spanning autoimmune disease indications — including 
lupus nephritis, myositis and systemic sclerosis24 — have shown durable, 
drug-free response, ablation of autoreactive memory B cells and reduc-
tion of disease-associated biomarkers25–34. This mechanism, termed 
‘immune reset’, mimics the effect of high-dose chemotherapy followed 
by rescue with autologous stem cell transplantation, to treat severe 
autoimmune disorders35,36. In essence, this reset results in the replace-
ment of an immune repertoire containing pathogenic autoreactive 
immune cells with a normally functioning immune system leading to 
complete and sustained remission.

The substantial clinical data from ex vivo engineered CAR-T cell 
products, including more than 35,000 patients with cancer treated with 
commercial products, led to characterization and standardization of the 

Introduction
Immunotherapy has undergone a major transformation during the 
past three decades driven by advances in monoclonal antibodies1, 
antibody–drug conjugates2, cytokines3, immune cell engagers4, 
DNA vaccination5 and, more recently, RNA-based vaccines6 and 
engineered T cell therapies7,8. Among these modalities, autologous 
chimeric antigen receptor (CAR)-T cell therapy — in which a patient’s 
own T cells are collected, genetically modified to express a CAR and 
reinfused — has stood out for its potency, showing curative potential 
across B cell malignancies9,10. Despite expectations, the expansion 
of autologous or allogeneic CAR-T cell therapies into broader indi-
cations and patient populations has been slower than anticipated. 
Multiple hurdles have been identified, including manufacturing and 
logistical complexity, limited production capacity and the require-
ment for chemotherapy-based lymphodepletion conditioning, all 
of which limit access and restrict applicability. The field thus stands 
at another inflexion point, requiring innovation in delivery and 
engineering technologies to overcome these limitations and fully 
realize the potential of CAR-T cell therapy, and immunotherapy  
in general.

In this Review, we first discuss key insights gained from the devel-
opment of conventional ex vivo engineered CAR-T cell products, which 
have prompted efforts to advance in vivo CAR technologies as an 
alternative approach. This novel strategy eliminates cell manufacturing 
and related access-limiting logistics, and avoids chemotherapy-based 
lymphodepletion conditioning, thus presenting the opportunity of 
unleashing the full potential of CAR technology including larger indi-
cations that present a higher safety bar. We then review the leading 
in vivo CAR platforms, and the preclinical or clinical proofs of con-
cept that support their development. Finally, we discuss potential 
limitations, strategies to advance these therapies to clinical appli-
cation and how this progress may drive a broader shift to in vivo 
immune cell engineering utilizing a diversified range of mechanisms  
and payloads.

Box 1 | Key lessons learned from the development of ex vivo viral-engineered  
CAR-T cell products
 

Strengths
Chimeric antigen receptor (CAR)-T cell therapy is a potent intervention 
with curative potential: autologous CAR-T cell products achieve a 
durable response in a subset of patients with B cell malignancies7 
and may induce ‘immune reset’ in autoimmunity involving B cells24–34. 
Durable responses can be achieved without prolonged on-target 
toxicities and persisting CAR-T cells47. The grading and management 
of treatment-related adverse events are well understood and 
standardized37–40.

Limitations
Many patients with cancer do not achieve durable clinical 
benefit owing to limited product T cell fitness, detrimental 
tumour characteristics and/or tumour clonal evasion50–52. Serious 
toxicities occur in some patients and may include immune 
inflammatory adverse events (cytokine release syndrome (CRS), 
immune effector cell-associated neurotoxicity (ICANS), immune 
effector cell-associated haemophagocytic lymphohistiocytosis-like 
syndrome (IEC-HS))37–40 and conditioning-related bone marrow 

toxicities. From an access standpoint, only a subset (~20%) of 
eligible patients have access to commercial products43 owing 
to cell manufacturing scalability and logistics, and confinement to 
accredited centres. Use of integrating viral vectors and reliance on 
chemotherapy conditioning may also influence applicability.

Future opportunities
Looking ahead, the field is focusing on simplifying manufacturing 
and logistics simplification to improve patient access, with particular 
emphasis on off-the-shelf formats. In the near term, there is potential 
to expand the role of CAR-T cell therapies in haematological 
malignancies beyond relapsed and refractory disease to also 
include first-line196, recently diagnosed high-risk patients for curative 
purpose, as well as in non-B cell blood cancers. In solid tumours250, 
efforts are aimed at developing products with greater efficacy and 
durability of remission. Beyond oncology, there is growing interest in 
applying CAR technologies to non-oncology indications, including 
autoimmune disorders, regenerative medicine and infectious 
diseases251.



Nature Reviews Drug Discovery

Review article

grading and management of treatment-related adverse events37–40, such 
as cytokine release syndrome (CRS), immune effector cell-associated 
haemophagocytic lymphohistiocytosis-like syndrome (IEC-HS), 
immune effector cell-associated neurotoxicity syndrome (ICANS), neu-
tropenia and B cell aplasia associated with hypogammaglobulinaemia. 
Altogether, this knowledge can be used to facilitate clinical devel-
opment of next-generation CAR-T cell products aimed to massively 
expand the footprint of this treatment modality.

Access and clinical performance limitations
Despite these successes, cost, scalability and feasibility issues are 
severely limiting access to commercial ex vivo engineered CAR-T cell 
products41,42, and could also hamper broader applicability of such prod-
ucts to non-oncologic and earlier-line cancer indications. In fact, about 
four out of five eligible patients with lymphoma in the United States 
do not currently have access to commercial CAR-T cell products43. 
Besides scalability, there are several other caveats of CAR-T cell prod-
ucts in clinical practice or in development. These include a risk pro-
file that requires the use of chemotherapy-based lymphodepletion 
conditioning44,45, typically including a DNA alkylating agent such as 
cyclophosphamide, plus fludarabine, a purine analogue in oncology 
practice. These agents add well-described toxicities to a range of other 
adverse events stemming from excessive CAR-T cell activity, which can 
require intensive, in-hospital management in a subset of patients37–40, 
thereby confining this treatment modality to accredited treatment 
centres46. Collectively, all these factors contribute to access chal-
lenges and are likely to limit broader application in indications such 
as autoimmunity and regenerative medicine.

In addition, efficacy limitations in oncology arise from complex 
mechanisms of treatment resistance that affect a subset of patients. 
These mechanisms include poor immune cell fitness47, tumour-intrinsic 
factors, such as an immunosuppressive microenvironment48,49, and 
immune evasion driven by low or heterogeneous expression of target 
antigens50–52. Addressing these factors systematically is essential 

to expanding the benefits of CAR-T cells to a broader population of 
patients with haematological malignancies and to achieving compa-
rable efficacy in solid tumours, an ambitious objective that will likely 
require new approaches, such as multimodal in vivo engineering of 
the immune system.

In vivo cell therapy: a historical perspective
In vivo CAR-T cell therapy is emerging as a scalable alternative obviat-
ing both ex vivo cell manipulation and lymphodepletion conditioning. 
The major mechanistic feature of this approach is direct in situ CAR 
engineering of immune cells with off-the-shelf vectors or formulations 
(Box 2). These in vivo engineered immune cells can be T cells, mac-
rophages, natural killer cells and/or other immune cells, already differ-
entiated to effector cells, or even haematopoietic stem cells (HSCs) with 
great capability to differentiate to immune effector cells. The approach 
carries the promise of bringing together the transformational potency 
of CAR molecules, with the scalability of these off-the-shelf cell-free 
approaches, thereby potentially addressing both access and even some 
clinical performance limitations of conventional therapies.

This field emerged at the intersection of several areas including 
nanotechnology, RNA medicines, virology and CAR therapy (Fig. 1), rais-
ing considerable biopharma interest, with several companies entering 
the clinical stage (Tables 1 and 2). The first preclinical reports of success-
ful in situ programming of CAR-T cells were from Matthias Stephan’s 
group at Fred Hutchison Cancer Center in August 2017 (ref. 53) and 
Christian Buchholz’s team at Paul-Ehrlich Institute in September 2018 
(ref. 54). The team at Fred Hutchinson Cancer Center developed bio-
degradable DNA-carrying polymer-based nanoparticles that target 
CD3 on murine T cells to deliver a therapeutic payload, a piggyBac 
transposon system encoding a CD19-specific CAR. In a mouse model 
of acute lymphoblastic leukaemia, the intravenously infused anti-CD19 
CAR nanoparticles performed as well as adoptive T cell therapy, while 
obviating the need for cell manipulation ex vivo. The Paul-Ehrlich 
Institute team had already described a human CD8-targeted lentiviral 

Box 2 | Mechanistic differences between ex vivo engineered CAR-T cell products and 
in vivo CAR therapy
 

Ex vivo viral-engineered CAR-T cells
Lymphodepletion conditioning is needed to enable activation, 
expansion and differentiation of infused chimeric antigen receptor 
(CAR)-T cells to effector cells44,45. This process is primarily driven by 
less differentiated T cells47 such as stem cell-like memory T cells, 
with the highest expansion and differentiation capability. Within 
7–14 days post treatment, differentiating effector cells engage and 
eliminate target cells directly and through co-opting other immune 
mechanisms48,49. In a subset of patients, permanently engineered 
CAR-T cells may show exacerbated expansion or persistence, also 
co-opting macrophages, and leading to cytokine release syndrome 
(CRS), immune effector cell-associated neurotoxicity syndrome 
(ICANS) and immune effector cell-associated haemophagocytic 
lymphohistiocytosis-like syndrome (IEC-HS)37–40. In addition, 
some patients may experience very durable B cell aplasia and 
hypogammaglobulinaemia, requiring intravenous immunoglobulin 
treatment252 to prevent infections. A version of this platform 
comprises mRNA rather than an integrating vector as the payload, 
resulting in transient CAR expression30.

In vivo CAR therapy
Upon infusion of viral vectors or lipid nanoparticle (LNP) formulations  
comprising CAR-expressing payloads, immune cells — including 
already differentiated effector cells — are rapidly engineered 
leading to engagement and eradication of target cells within 
the microenvironment. Lymphodepletion conditioning is 
not compatible with this treatment modality as pre-existing 
immune cells are needed. Some vectors are engineered to 
enable cell uptake and selectivity or modulate the activity of the 
engineered immune cells. In contrast to lentiviral vectors, CAR 
mRNA formats are designed to work transiently, thereby limiting by 
design the duration of on-target activity. Nevertheless, they may 
require substantial optimization or re-dosing to achieve sufficiently 
high pharmacological activity. In contrast, viral-based platforms 
result in T cells with a permanently integrated CAR payload, 
that may continue to expand and/or persist in vivo, depending 
on the antigen.
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vector in 2012 and suggested that this feature is instrumental for in vivo 
gene delivery of antigen receptors to cytotoxic T cells55. After packaging 
a CD19-specific CAR, the preclinical proof of concept included T cell 
engineering in transplanted humanized mouse models generated via 
infusion of human peripheral blood mononuclear cells or HSCs, which 
were accompanied by B cell depletion and cytokine production54.

However, clinical translation seemed far off, for three main reasons.  
Firstly, these in vivo programming breakthroughs were not imme-
diately known among venture capitalists and biopharma. Secondly, 
Novartis and Kite had just received US Food and Drug Administration 
(FDA) approvals for the first-ever CAR-T cell therapies (Kymriah and 
Yescarta) with Kite Pharma being acquired by Gilead in a US $11.9 billion 
deal, boosting investor confidence in ex vivo engineered CAR-T cell 
products56. Lastly, there were high hopes that off-the-shelf alloge-
neic cell-based technologies57 would rapidly translate to a second wave 
of commercial products with broader applicability. Compared with the 
challenge of developing injectable multicomponent nanomedicines — a 
field most biopharma was unfamiliar with at that time — ex vivo T cell 
engineering technologies seemed less risky and an easier path to mar-
ket and financial returns in the wake of clinical proof of concept and 
product approvals. Moreover, legal wrangles over intellectual property 
rights covering CAR-T cell technology and intellectual disputes over 
nanoparticle drug-delivery systems further complicated translation 
of in vivo CAR-T cell technologies58. Nevertheless, July 2018 saw the 
launch of Tidal Therapeutics, the first biotech company focused on 
in vivo CAR-T cell therapy. Others quickly followed — Umoja Biopharma, 
Orna Therapeutics and Sana Biotechnology in 2019, Abintus Bio in 
2020 and Capstan Therapeutics in 2021 — setting the stage for rapid 
growth, innovation and investment in this field, in which more than 
30 companies now operate. In 2021, Sanofi acquired Tidal Therapeu-
tics and is currently developing three in vivo CAR-T cell programmes 
for oncologic and inflammatory diseases59. Recently, Astra Zeneca 
acquired EsoBiotec developing in vivo viral CAR therapy for multiple 
myeloma60, and Abbvie acquired Capstan developing in vivo CAR prod-
ucts based on RNA-lipid nanoparticles (RNA-LNPs) for autoimmunity 
and other indications61.

In vivo immune engineering: a mechanistic background
In vivo CAR engineering enables rapid generation of CAR-modified 
immune cells and their engagement with target cells, either within 
the same microenvironment where modification occurs or in distant 
tissues following CAR-T cell trafficking. Hence, lymphodepletion 
conditioning — which is key to facilitating CAR-T cell expansion 
upon cell product delivery — is not only unnecessary but is incom-
patible with in vivo CAR-T cell treatment. Conversely, in addition to 
increasing access and broadening applicability, avoidance of chemo-
therapy conditioning opens avenues to more effectively co-opting 
broader immune mechanisms, needed to augment clinical efficacy. 
However, some beneficial effects of lymphodepletion conditioning 
for CAR-T cell therapy in oncology, such as the immunomodulating 
effect on the tumour microenvironment (TME) or innate immunity62, 
may need to be addressed, for example by co-delivery of biological 
response modifiers such as γ-chain receptor cytokines. In any case, 
to enable successful reprogramming of desired immune cells while 
minimizing uptake by pathogenic cells or other cells in the body, the 
vectors or formulations used for in vivo CAR-T cell therapy need to 
have remarkable tissue and cell selectivity. The two leading platforms 
entering clinical development differ in their payloads and delivery 
strategies: engineered viral vectors with integrating payloads; and 
LNPs carrying transiently expressed RNA. In vivo CAR technologies 
using integrating payloads result in immune cell populations that may 
self-adjust their expansion and persistence in response to antigen 
presence and burden, which may be an advantage in indications that 
demand higher potency for clinical efficacy. By contrast, technologies 
relying on transiently expressed, non-integrating payloads present the 
opportunity to control exposure (tune up or down the number and 
persistence of CAR-engineered immune cells) relatively independently 
of antigen burden, through modulating the dose regimen, which may 
be an advantage in indications with a higher safety bar.

Below, we describe the main in vivo CAR therapy platforms and 
the leading product candidates entering the clinical stage (Tables 1 
and 2 and Figs. 2 and 3), categorized based on whether or not they have 
an integrating payload. In addition, we outline specific challenges in 
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2021, 2023, 2024: 
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Fig. 1   | Timeline: major discoveries and milestones leading to clinical 
translation of in vivo CAR technologies. Development of ex vivo engineered 
chimeric antigen receptor (CAR)-T cell products represented a major milestone in 
medicine but shed light on the access and clinical performance limitations of this 
platform (top left). The advent of in vivo CAR technologies, aiming to overcome 
these limitations, was catalysed by progress in several different fields: virology, 

RNA therapeutics and nanomedicines (bottom left). Two major in vivo CAR 
platforms emerged at the intersection of these fields and are currently translated 
to the clinic: engineered viral (lentiviral or gamma-retroviral) vectors leading to 
payload integration in the genome (top right); and lipid nanoparticles (LNPs) 
loaded with RNA, leading to transient payload expression (bottom right)233–249. 
NHP, non-human primate.
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translating in vivo CAR technologies from preclinical to clinical appli-
cations, and discuss how these challenges compare with those faced 
by traditional ex vivo CAR-T cell therapies.

Viral vectors
Early development of viral vectors for in vivo CAR-T  
cell therapy
This platform relies on cell-selective vector delivery and genomic inte-
gration of the CAR payload via engineered lentiviral or gamma-retroviral 
vectors. A critical requirement for these viral vectors is achieving 
remarkable selective gene transfer into the patient’s T cells. Vector 
particles need to avoid uptake by undesired cells, ensuring safety 
and boosting efficiency by minimizing the sink effect. This has been 
achieved through engineering of viral envelope proteins used to 
pseudotype lentiviral vectors. The concept is based on simultaneously 
eliminating the interaction with natural cell surface receptors, together 
with displaying high-affinity binders that recognize a T cell-specific cell 
surface marker. Proof of concept for lentiviral vectors was provided 
using measles virus glycoproteins, in which the membrane fusion and 
receptor attachment functions were separated onto two proteins, 
thus facilitating the engineering process63,64. Engineered Nipah virus 
(NiV) glycoproteins made the vector particles more active for gene 
delivery65, whereas the display of CD4 and CD8 specific binders enabled 
T cell-specific transduction, achieving in the latter case more than 99% 
specificity for CD8-positive T cells66.

An important advance in lentiviral glycoprotein engineering was 
the adaptation of receptor-targeted delivery strategies to the G gly-
coprotein of the rhabdovirus vesicular stomatitis virus (VSV). VSV 
lentiviruses harbour the advantage of high yields and established 
purification and good manufacturing practice (GMP) processes. In con-
trast to paramyxoviral glycoproteins, which mediate highly efficient 
pH-independent fusion at the cell surface, the VSV-G protein combining 

receptor binding and membrane fusion in a single molecule requires 
the low pH of late endosomes to initiate fusion. Clinical testing will 
ultimately inform on whether different entry modes have an effect on 
gene delivery rates as well as off-target delivery and toxicities. Based 
on the principle of ablating natural receptor usage and displaying 
high-affinity binders either fused to VSV-G protein or as a separate 
transmembrane protein, various target receptors, including T cell 
markers, have been evaluated67,68.

The first T cell-specific lentivirus (CD8-lentivirus) used for in vivo 
CAR-T cell generation was based on the NiV glycoproteins displaying a 
high-affinity designed ankyrin repeat protein (DARPin) that was specific 
for the CD8α chain54,69. This CD8-lentivirus enabled proof-of-concept 
demonstration of in vivo generation of human CD19 CAR-T cells54. 
A single systemic administration in a humanized mouse model resulted 
in the transduction of enough human T cells into CAR-T cells to medi-
ate effective clearance of primary B cells or lymphoma cells from the 
circulation and bone marrow54,70. Follow-up studies relying on similar 
humanized mouse models using lentivirus targeted to other T cell 
markers resulted in relevant findings for in vivo CAR therapy. Notably, 
delivery of CARs exclusively into CD4-positive T cells by anti-CD4-
lentiviral vectors resulted in highly efficient target cell elimination 
in preclinical models, comparably or exceeding the activity achieved 
with CD8-lentiviral vectors71. Targeting CD3 with agonistic single-chain 
antibodies allowed for selective binding to T cells while simultaneously 
inducing their activation72,73. As CD3 is specifically expressed on T cells 
and has a central role in T cell receptor (TCR) signalling, its engage-
ment typically triggers internalization and receptor downregulation 
as part of the activation process. To prevent this loss of surface CD3 — 
which would limit vector binding and transduction efficiency — the 
tyrosine-kinase inhibitor dasatinib was used during transduction to 
transiently suppress TCR signalling, thereby preserving CD3 expres-
sion and enhancing gene transfer74. Through targeting markers on less 

Table 1 | Lentiviral-based in vivo CAR-T cell platforms in development

Company Targeting mechanism Therapeutic 
payloads

Lead indications Preclinical 
evidence

Development stage

Interius
BioTherapeutics

Anti-CD7 scFv-decorated 
particles (T cell and natural 
killer cell engineering)

Anti-CD20 CAR, 
anti-CD19 CAR

B cell malignancies, 
autoimmunity

Proof of principle in 
mice and NHPs84

Clinical (phase I enrolling in 2024 with 
anti-CD20 CAR)78,85

Umoja
Biopharma/ 
Abbvie

Multi-domain anti-CD3, 
CD80, CD58 decorate 
particles (T cell engineering)

Anti-CD19 CAR, 
anti-CD22 CAR, 
anti-CD20 CAR

B cell malignancies, 
autoimmunity

Proof of principle in 
mice and NHPs81,88,91

Clinical (phase I initiated in 2024 with 
anti-CD19 CAR, the others in 2024, 
2026)90

Shenzen 
Genocury Ltd

Anti-CD3 decorated 
particles

Anti-CD19 CAR B cell malignancies Not disclosed Investigator-sponsored trial, 
first responder in a patient with 
lymphoma95,96

EsoBiotec/Astra 
Zeneca

Targeted lentiviral particles Anti-BCMA 
CAR, 
undisclosed

Multiple myeloma, 
autoimmunity, solid 
tumours

Proof of principle in 
mouse model95

Phase I initiation in 2025, first clinical 
response in myeloma, acquisition98,101,148

Kelonia Anti-CD3 decorated 
particles

Anti-BCMA 
CAR

Multiple myeloma Proof of principle in 
mice and NHPs102,103

Phase I initiation mid 2025

Sana Anti-CD8 fusogen-decorated 
particles

Anti-CD19 CAR Undisclosed Proof of principle 
in mice and 
NHPs78,109,111

Undisclosed

Ensoma CD46-targeted viral-like 
particles (multilineage)

Anti-HER2 CAR Multiple solid tumours Proof of principle in 
preclinical models112

Undisclosed

Exuma Biotec CD3-targeted lentiviral 
vector

Anti-CD19 CAR B cell malignancies Proof of principle, 
mouse models114

Undisclosed

BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; NHP, non-human primate.
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differentiated T cells, such as CD62L, CAR payloads can be preferen-
tially delivered into naive, stem cell-like memory or central memory 
T cells, which could be beneficial in augmenting efficacy or preventing 
early exhaustion75. One barrier for this technology is represented by 
macrophages that may act as a sink. Their activity in eliminating vector 
particles can be substantially reduced by shielding the vector surface 
against non-specific phagocytosis through incorporating the ‘don’t eat 
me signal’ CD47 within the lentivirus envelope membrane76.

All preclinical models for in vivo CAR-T cell engineering men-
tioned above used B cell-targeted CARs. However, a recent preclinical 
publication showed that angioblastic T cell lymphoma, comprising 
CD4-positive tumour cells, can be effectively addressed by in vivo 
CD4 CAR-T cell delivery using CD8-targeted lentivirus77. In addition, 
selective delivery of the CAR payload to CD8+ T cells prevented CAR 
delivery into malignant cells and, thus, potential treatment resistance.

Although mouse models are ideal for generating proof of concept 
for in vivo CAR delivery, large animal models (such as non-human pri-
mates (NHPs)) proved crucial for translation to the clinic. NHPs have 
been instrumental to guide platform, product and dose-regimen opti-
mizations, setting the stage for clinical testing of T cell-targeted lentivi-
rus with NiV glycoproteins78 or rhabdoviral envelope glycoproteins79,80, 
with the latter just having entered phase I development (Table 1).

Below, we describe the leading engineered viral vectors for in vivo 
CAR therapy translated to the clinic or at an advanced preclinical devel-
opment stage by Interius BioTherapeutics, Umoja Biopharma, Shenzen 
Genocury, EsoBiotec, Kelonia Therapeutics and Sana Biotechnology.

Engineered viral platforms in clinical development  
The delivery platform developed by Interius BioTherapeutics is an 
engineered self-inactivating, replication-incompetent lentiviral vector 
that can target and transduce specific cells types in vivo following 
a single intravenous administration81,82. Interius vectors include 
proprietary components that enable precise in vivo gene delivery: 

a high-affinity binder to provide cell-specific targeting of the vector, 
and a de-targeted fusogen to enable transfer of an integrating lentiviral 
genome into the target cell.

The first clinical candidate from Interius BioTherapeutics, 
INT2104, is a CD7-targeted lentiviral vector designed to deliver a CAR20 
transgene, encoding an anti-CD20 CAR construct, for treatment of 
B cell malignancies. To improve cell targeting and vector stability, 
INT2104 is pseudotyped with Gen 2.1 Fusogen, a modified version of 
the VSV-G protein engineered with amino acid substitutions that reduce 
off-target binding and enhance persistence in the bloodstream82,83. 
A single amino acid substitution retargets the fusion protein from 
its native receptor (low-density lipoprotein receptor (LDL-R)) with-
out disrupting its fusogenic potential. Precise in vivo targeting of 
INT2104 is achieved by the high-affinity CD7-specific binder on the 
vector providing tropism to T cells (including both CD4+ and CD8+ 
subsets) and natural killer cells, resulting in a diverse population of 
effector anti-CD20 CAR cells after a single intravenous treatment.

In vivo studies with INT2104 were conducted in both NHPs 
and humanized mouse models to evaluate the safety, specificity of 
target cell transduction and biological effect in preparation for a 
first-in-human study. The results of these in vivo studies confirmed the 
ability of INT2104 to achieve specific transduction of T cells and natural 
killer cells following intravenous delivery; the generation and per-
sistence of functional anti-CD20 CAR cells; and specific depletion of 
CD20+ B cells84. A good laboratory practice (GLP)-compliant toxicol-
ogy study carried out in cynomolgus macaques demonstrated that 
INT2104 was well tolerated with no evidence of toxicity, no CRS and 
no neurotoxicity following intravenous administration, providing 
support for the selected dose range and route of administration for 
the first-in-human clinical study.

In October 2024, the first study participant was dosed in the 
INVISE study (NCT06539338), a first-in-human phase I clinical trial 
evaluating the safety of INT2104 intravenous infusion in adults with 

Table 2 | LNP-RNA-based in vivo CAR-T cell platforms in development

Company Targeting mechanism Therapeutic payloads Lead indications Preclinical evidence Development stage

Myeloid 
Therapeutics

LNPs – macrophage tropic Anti-Trop2 CAR, anti-GPC3 CAR, 
anti-HER2 CAR, anti-gp75 CAR 
(CD89 and natural killer cell 
p44-based CAR constructs)

Multiple solid tumours and 
hepatocellular carcinoma

Multiple preclinical 
models122,124

Clinical (phase I initiated 
in 2024 with anti-TROP2 
and GPC3 CARs) and first 
clinical response125,127

Capstan Anti-CD8 monoclonal 
antibody-decorated LNPs 
(CTL engineering)

Anti-CD19 CAR and undisclosed Autoimmunity and 
undisclosed

Mouse and NHP proof 
of principle135–137

Phase I initiated 
(NCT06917742)

Immorna tLNPs (T cells, myeloid cells 
and natural killer cells)

B cell-targeted CAR 
(RNA format)

CD19+ B cell malignancies Undisclosed Phase I initiated with first 
patient dosed140

Shenzen 
MagicRNA

CD8 T cell tLNPs Anti-CD19 CAR (mRNA format) Systemic lupus 
erythematosus

Mouse and NHP proof 
of principle142

Phase 1 initiated and 
evidence of activity 
reported140,143

Orna LNPs containing immunotropic 
lipids (pan-T cell engineering)

Anti-CD19 CAR (circular RNA 
format)

B cell malignancies and 
autoimmunity

Mouse and NHP proof 
of principle148

Phase I initiation by 2026

Sanofi tLNPs (T cell engineering) Anti-CD22 and anti-CD19 CAR 
(mRNA)

Oncology, autoimmunity Mouse and NHP proof 
of principle152,154

Undisclosed

Carisma/ 
Moderna

LNPs – macrophage tropic Anti-GPC3 CAR and 
not disclosed

Hepatocellular carcinoma Preclinical mouse 
models161,162

Preclinical stage; strategic 
changes announced164

Tessera tLNPs Anti-CD19, CD20, BCMA using 
RNA writer (integrating payload)

Oncology, autoimmunity Preclinical 
modelling171–173

Undisclosed

Orbital tLNPs and viral-like particles CAR (circular RNA format) – 
details not disclosed

Undisclosed Undisclosed Undisclosed

BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; CTL, cytotoxic T cell lymphocyte; GPC3, glypican 3; LNP, lipid nanoparticle; NHP, non-human primate; tLNP, targeted LNP.
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refractory/relapsing B cell malignancies79,85. Data from the INVISE 
study are expected to be available in the second half of 2025. Based on 
the in vitro and in vivo data generated during INT2104 development, 
Interius anticipates that the clinical data from the INVISE study will 
support the development of additional products including INT2106, 
a CAR19 vector comprising an anti-CD19 CAR payload, developed 
for the treatment of autoimmune diseases. Recently, Kite, a Gilead 
Company, announced its intention to acquire Interius86. 

VivoVec, the in vivo delivery and CAR-T cell-generating plat-
form developed by Umoja Biopharma, is a surface-engineered, 
third-generation, self-inactivating, replication-incompetent lenti-
viral vector particle system engineered to express a multi-domain 
fusion protein that enables delivery of genetic payloads directly to 
T cells in vivo87. A key differentiating feature of this platform is that 
VivoVec particles are pseudotyped with the Cocal fusion viral glyco-
protein, which is resistant to serum inactivation in humans, which 
improves in vivo persistence, and enables direct infusion to patients. 
Additionally, VivoVec products incorporate CD80 and CD58 T cell 
co-stimulatory ligands combined with an anti-CD3 scFv into a single 
multi-domain fusion protein, providing high specificity tropism for 
T cells as well as endowing the particles with the ability to bind, acti-
vate and transduce T cells in vivo88. In effect, VivoVec particles mimic 
the antigen-presenting cells which initiate T cell immune responses.

Umoja’s first lead programme is UB-VV111, a VivoVec-based 
drug product that encodes a CD19-targeted CAR along with a 

rapamycin-activated cytokine receptor (RACR)88. UB-VV111 enables 
direct, in vivo generation of CD19 CAR-T cells that co-express the RACR 
system, equipping these cells with the capacity for rapamycin-induced 
expansion and enhanced in vivo survival. Umoja received investiga-
tional new drug (IND) clearance from the FDA in July 2024 and has 
initiated its phase I clinical trial both in the United States and interna-
tionally, treating B cell malignancies. AbbVie secured a development 
and commercialization option for UB-VV111, announced in January 
2024 (ref. 89). Evaluation in NHP models has demonstrated that a single 
infusion of VivoVec drug particles generates peak levels of CAR-T cells 
comprising up to 65% of circulating T cells following intranodal or 
intravenous delivery80,90. Accompanying rapid and durable B cell apla-
sia has been demonstrated as well, exceeding what has been observed 
in benchmark ex vivo NHP CAR models. Interestingly, there was also 
evidence of secondary CAR-T cell expansion in one of the treated ani-
mals, occurring months after treatment and accompanied by B cell 
decline, ascribable to persistence of viral-transduced CAR-T cells80. 
Inflammatory adverse events in the treated animals were successfully 
addressed with standard immune suppressive therapy including the 
anti-IL-6 antibody tocilizumab80.

Umoja’s second lead programme is UB-VV400, a VivoVec-based 
drug product that encodes a CD22-targeted CAR, also in combina-
tion with the RACR system91. This product candidate showed pre-
clinical proof of concept in humanized mouse models92. Umoja’s 
investigator-initiated trial with Chinese partner IASO Biotherapeutics 
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Fig. 2 | Major in vivo CAR platforms with a focus on the engineering vector 
and payloads. a,b, Viral engineering vectors (lentiviral or gamma-retroviral).  
A retargeted approach in which the viral envelope is modified with T cell- 
specific binders that enable selective uptake by T cells and fusogenic elements  
to facilitate cytoplasmic delivery of the payload (chimeric antigen receptor  
(CAR)-expressing vector) (panel a). Structure of the viral payload, which  
typically includes a CAR-expressing open reading frame (ORF) with regulatory 
elements similar to those used in conventional ex vivo engineered CAR-T cell  
products (panel b). Companies developing viral-based in vivo CAR-T cell 
platforms include Interius BioTherapeutics, Umoja Biopharma, Genocury, 
EsoBiotec, Sana Biotechnology and Kelonia Therapeutics. c,d, Lipid nanoparticle 
(LNP)-RNA engineering vectors. LNPs are composed of lipids, including an 

ionizable lipid that promotes the RNA payload release from endolysosomes 
into the cytoplasm. Targeting can be achieved using tropic lipids (Myeloid 
Therapeutics, Carisma Therapeutics, Orna Therapeutics) or antibody-derived 
binders (Capstan Therapeutics, Sanofi). Two categories of RNA formats are 
under investigation: linear mRNA optimized for high-level CAR expression 
through modifications such as improved untranslated regions (UTRs), codon 
optimization and the use of N1-methylpseudouridine (panel c); and circular 
RNAs designed to achieve prolonged payload expression by preventing early 
translation termination (panel d). Companies developing this technology 
include Myeloid Therapeutics, Carisma Therapeutics, Orna Therapeutics, 
Capstan Therapeutics, Shenzen MagicRNA and Sanofi.
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will commence in 2025, with a focus on B cell malignancies and further 
investigation in autoimmune conditions93. Additional programmes 
are investigating VivoVec-based therapies in multiple myeloma, solid 
tumours and autoimmune applications.

As this emerging field is expanding, recently initiated trials yield 
evidence of clinical activity through case studies. The First Affiliated 
Hospital of Zhengzhou University and Shenzen Genocury Ltd reported 
their first patient, with relapsed/refractory diffuse large B cell lym-
phoma, treated with an anti-CD19 CAR in T cell-targeted, retroviral 
format94. The Varicella zoster virus (VZV)-G protein retroviral vector 
was engineered to display an anti-CD3 binder and an undisclosed X 
activation domain, with a CAR payload comprising a murine FMC63 

CD19 scFv linked to a CD8 hinge/transmembrane domain, and 41BB and 
CD3ζ stimulatory domains, respectively. Interestingly and unusually, 
the treatment protocol comprised apheresis to collect T cells, fol-
lowed by lymphodepletion conditioning and co-infusion of autologous 
T cells and viral vector, possibly to also leverage the potential benefit of 
pre-conditioning. The major side effects were myelotoxicity and grade 1  
CRS, without evidence of neurotoxicity or infection. The treatment 
resulted in CAR-T cell expansion within 3 weeks post infusion, and a 
partial remission on day 35 documented by clinical imaging and cor-
roborated by reduction of malignant cell counts95. This was followed by 
a more recent update showcasing a complete response 3 months post 
treatment96, although it is not clear whether this was a different patient.
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Fig. 3 | Major in vivo CAR platforms in development, and their mechanism of 
action. a, In vivo platforms using integrating viral vectors (typically lentiviral or 
gamma-retroviral vectors in general) require targeted delivery to T cells, followed 
by membrane fusion, transfer of the virion to the cytoplasm or endolysosomal 
compartment and, eventually, genomic integration of the chimeric antigen 
receptor (CAR) transgene66. Mechanistically, the main features of this approach 
include target-driven expansion, whereby CAR-expressing T cells proliferate 
upon encountering their specific antigen on tumour cells. This can lead to 
persistence of CAR-expressing cells, but also to challenges in preventing 
amplified activity, undesired persistence or re-expansion leading to delayed or 
protracted on-target toxicities occurring weeks or months post treatment81,91. 
Companies focused on this technology include Interius BioTherapeutics, Umoja 
Biopharma, Sana Biotechnology, Genocury, EsoBiotec and Kelonia Therapeutics. 
b, Myeloid cell-tropic lipid nanoparticles (LNPs) are used to deliver CAR mRNA 
to macrophages, resulting in CAR-expressing macrophages currently tested in 
solid tumours with promising emerging data121,127,155. Prolonged CAR expression 

in trafficking myeloid cells can be obtained owing to payload optimizations 
and the slow proliferation of these cells. Level of CAR expression represented 
through shading of the circles (darker shading corresponds to a higher level). 
Companies developing this technology include Myeloid Therapeutics and 
Moderna Inc. with Carisma Therapeutics. c, Targeted LNPs (tLNPs) – either 
expressing antibody binders or comprising immunotropic lipids – can be used 
to engineer T cells or T cell subsets with CAR in linear136,137,152 or circular144–146 
RNA formats. CAR expression drives rapid antigen-induced activation and 
proliferation of engineered cells. However, because the RNA payload is not 
integrating, CAR expression decays with rapid T cell division. Owing to the 
immunogenicity profile, LNPs can be re-dosed, achieving increased exposure 
and even augmenting the pharmacological effect136. Companies developing 
this technology include Shenzen MagicRNA, Orna Therapeutics, Capstan 
Therapeutics and Sanofi. Filled circles indicate CAR-expressing functional cells; 
semi-filled circles indicate exhausted CAR-transduced cells.
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Using a comparable approach, based on a third-generation 
self-inactivating, VSV-G protein targeting-deficient lentivirus vector, 
EsoBiotec/Shenzen Pregene developed an anti-BCMA CAR product 
that has some additional features. These include an engineered 
envelope (ENaBL-T) that is T cell retargeted via a binder specific for 
TCRαβ, a llama-derived variable domain of heavy-chain only (VHH) 
nanobody, but immunologically stealthy through major histocom-
patibility complex (MHC) class I depletion and CD47 expression, and 
comprising a payload equipped with a T cell-specific promoter97–99. 
This technology achieves effective engineering of both resting and 
activated T cells, showing preclinical proof of concept in a multiple 
myeloma model95. In addition, the company has initiated clinical activi-
ties and recently reported the first treatment of a patient with multiple 
myeloma treated with their in vivo anti-BCMA product, who achieved 
an objective response with elimination of disseminated disease in 
bone marrow100. Notably, the response evaluation was performed on 
day 28 — underscoring the speed of clinical response — thus support-
ing the paradigm that complete responses can be rapidly achieved by 
CAR therapy without the need for prolonged CAR exposure. This was 
complemented by a more recent update describing objective responses 
in four patients with malignant myeloma, including the one reported 
earlier101. Together with the innocuous adverse events profile, this 
outcome catalysed the recent acquisition of EsoBiotec by Astra Zeneca 
heralding the interest of large biopharma in this rapidly evolving field 
of in vivo CAR therapy60.

Engineered viral vectors in advanced preclinical research
The in vivo gene placement system (iGPS) developed by Kelonia 
Therapeutics, an off-the-shelf genetic medicines platform technol-
ogy, enables in vivo generation of CAR-T cells. iGPS particles are 
designed to generate potent, persistent CAR-T cells after only a single 
intravenous dose. This platform, aiming to achieve high specificity when 
targeting T cells, was developed based on studies geared at identifying 
antigen-reactive TCR67. They initially engineered lentiviral vectors capa-
ble of specifically transducing antigen-specific T cells by de-targeting 
the VSV-G envelope protein to LDL-R, its natural entry receptor, and 
instead co-expressing a peptide–MHC complex. Kelonia adapted the 
technology to target all T cells by using CD3 as a viral entry receptor. 
An anti-CD3 scFv was combined with a de-targeted VSV-G that was 
selected from numerous variants of mutated VSV-G variants that best 
inhibited LDL-R binding while maintaining potent T cell transduction. 
The potential of the iGPS platform has been highlighted in a series of 
NHP studies in which an anti-CD20 CAR, targeting normal and malignant 
B cells, was used to transduce T cells in vivo102. A single intravenous 
infusion at dose levels as low as 108 viral particles per kilogram of body 
weight resulted in sufficient anti-CD20 CAR-T cell generation for com-
plete B cell depletion lasting longer than 2 months without any addi-
tional treatments. Strikingly, potent CAR-T cell activity occurred without 
notable toxicities including hepatotoxicity, CRS or neurotoxicity103.

Kelonia’s lead medicine, KLN-1010, encodes a proprietary, fully 
human anti-BCMA CAR in an iGPS viral particle for treatment of mul-
tiple myeloma103. In preclinical studies, humanized mouse models of 
multiple myeloma treated with a single intravenous dose of anti-BCMA 
iGPS particles resulted in complete tumour clearance, and compared 
favourably with ex vivo CAR-T cells modelled after the commercial 
anti-BCMA ex vivo engineered CAR-T cell products idecabtagene 
vicleucel (ide-cel) or ciltacabtagene autoleucel (cilta-cel). Perhaps 
related to a higher composition of memory and stem cell-like memory 
CD4 and CD8 T cells, CAR-T cells generated with KLN-1010 persisted 

longer than the ex vivo engineered T cells. Most off-target, non-T cell 
CAR expression was limited to cells capable of phagocytosis, such as 
macrophages103. KLN-1010 is scheduled to enter clinical development 
for multiple myeloma in 2025 followed by additional internal and 
partnered programmes in oncology and autoimmunity.

The targeted fusogen platform technology developed by Sana 
Biotechnology is designed to enable potent and highly specific 
T cell transduction following systemic administration of a lentivi-
ral vector. This approach uses a third-generation self-inactivating 
lentiviral vector equipped with a retargetable fusogen derived from 
paramyxoviruses63–65. The fusogen’s native receptor binding is disa-
bled (‘blinded’) and replaced with an engineered domain that binds 
a selected T cell surface receptor. Upon engagement with this recep-
tor, the fusogen is activated to mediate membrane fusion, enabling 
vector entry and gene delivery104,105. This direct plasma membrane 
entry mechanism not only improves targeting specificity but also 
circumvents the non-specific uptake observed with endosomal entry 
routes — an issue known to affect VSV-G-based vectors in vivo. The 
receptor-coupled mechanism ensures that transduction occurs only in 
T cells, minimizing off-target effects caused by unintended interactions 
with other cell types. Such targeting precision is particularly important 
because CAR proteins can be incorporated into vector particles dur-
ing lentiviral production, a known artefact that, when combined with 
VSV-G fusogens, has been shown to drive off-target transduction106–108. 
Although the fusogen is modular and can target different TCRs such as 
CD3 and CD4, this proposed therapeutic approach uses a CD8-targeted 
fusogen. Sana’s early work with the CD8-targeted lentiviral vector 
in mice109 and NHPs78 shows specific delivery to CD8+ T cells in the 
peripheral blood, spleen and other lymphoid organs109. Advancement 
in Sana’s suspension-based manufacturing process increased CD8-
targeted lentivirus vector (LV) vector titres some 50-fold over earlier 
processes, while preserving the specificity of the fusogen system109,110. 
This enhanced potency vector reduced the required in vivo dose to 
achieve robust CAR-T cell production and B cell depletion in mouse 
models109 and NHPs. In NHP studies with the enhanced potency vector, 
highly specific transduction of target CD8+ T cells was observed in the 
peripheral blood, spleen and other lymphoid organs, with a lack of 
signal in key off-target organs such as the liver111.

Sana has used the modular retargetable system to deliver to dif-
ferent T cell subsets, but also hepatocytes and HSCs. In each case, 
targeted fusosome delivery has been demonstrated to be highly spe-
cific for in vivo delivery. Additional proteins can also be added to the 
vector surface to permit cell activation without changing specificity, 
for example through the addition of a CD3 ligand for T cell activation. 
Moreover, the lentiviral vector can be modified for the delivery of gene 
editing cargos as has been shown for virus-like particles, providing a 
delivery vehicle with modular cell-specific targeting and diverse pay-
load incorporation. Plans to advance the lead product (in vivo anti-CD19 
CAR in an engineered lentiviral vector format targeted to CD8+ T cells) 
to the clinic are being developed.

Engineered, targeted lentiviruses for CAR therapy are also being 
developed by other organizations such as Ensoma (multicell line-
age engineering through reprogramming HSCs)112, Vyriad — which 
announced recently a collaborative agreement with Novartis113 — 
and Exuma Biotec (co-engineering of T cells and natural killer cells) 
with preclinical data available114 and clinical plans yet to be disclosed 
(Table 1). Novel technologies comprising pH-sensitive polymer shield-
ing of lentivirus for in vivo CAR therapy are also being explored by 
Alaya Bio115,116.
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RNA-based platforms
Origins and evolution of RNA delivery systems for in vivo 
CAR-T cell therapy
RNA-based engineering platforms use either linear mRNA or circular 
RNA for transient immune cell engineering, delivered via tissue-tropic 
lipid formulations or via cell-targeted, antibody-functionalized nano-
particles. The rise of this platform was accelerated by the develop-
ment of mRNA vaccines formulated in LNPs, as a rapid response to 
the COVID-19 pandemic5. Although early work achieved preclinical 
proof of concept with CD3 and CD8-functionalized polymer-based 
nanoparticles loaded with anti-CD19 CAR in mRNA format117, LNPs 
became a preferred formulation approach owing to mass vaccina-
tion experience5 and innovations with respect to ionizable lipids118. 
Ionizable lipids with high biodegradability and low reactogenicity, 
relative to those typically used for mRNA-LNP vaccination, are enabling 
desired target product profiles and the possibility to re-dose to a great 
extent. Antibody-functionalized LNPs enable effective T cell engineer-
ing and cell-type selectivity, whereas immunotropic LNPs identified 
through high-throughput screening support cell or tissue-specific 
delivery. These can be used to effectively engineer T cell subsets or 
entire lymphocyte populations in vivo, whereas another version of this 
LNP-RNA platform aims to engineer macrophages, leveraging the par-
ticle tropism for myeloid cells. This occurs through yet to be identified 
components of the particle corona interacting with scavenger recep-
tors, probably different to the conventional ApoE/LDL-R-mediated 
uptake by hepatocytes119. Macrophages are well-described sentinel cells 
of the innate immune system capable of tumour infiltration, phagocy-
tosis, inflammatory cytokine release, T cell recruitment and antigen 
presentation. Unlike T cells, macrophages120 lack endogenous antigen 
specificity; however, they could effectively mobilize multiple arms 
of immunity.

Below, we describe in more detail the emerging LNP-mRNA in vivo 
CAR platforms and leading products (Table 2 and Fig. 2). We further 
categorize RNA-based engineering approaches in technologies that 
rely on tissue and cell tropism of lipids (Myeloid Therapeutics, Carisma 
Therapeutics, Orna Therapeutics) or cell-selective targeting antibod-
ies (Capstan Therapeutics, Shenzen MagicRNA, Sanofi, Immorna), 
respectively.

Non-viral RNA-based systems in clinical development  
In vivo myeloid cell programming is pursued by companies such as Mye-
loid Therapeutics. This in vivo engineering platform specifically targets 
and activates myeloid cells, redirecting them against tumour cells121. 
This group demonstrated that delivery of LNPs encapsulating CAR 
in mRNA format resulted in uptake and selective expression by mye-
loid cells in vivo, leading to tumour elimination in multiple tumour 
models121. The approach leverages the natural tropism of LNPs for 
the myeloid cell lineage. The CAR design comprised a truncated FcαR 
(CD89) fusion construct forming a multi-chain complex with the endog-
enous FcRγ chain, which is required for its stable cell surface expression, 
thus achieving cell lineage-specific expression and function. The mRNA 
payloads were also optimized by introducing modifications in the 
mRNA coding sequence and 3’ untranslated region (UTR) to enhance 
and prolong the CAR expression. In 2022, Myeloid entered an agreement 
with Acuitas, an innovator in the field of LNPs, to enable development of 
novel in vivo CAR therapies for patients with cancer122. Initial preclinical 
proof-of-concept studies in mice used an LNP-mRNA format to deliver 
CARs targeting glypican 3 (GPC3), tumour-associated calcium signal 
transducer 2 (TACSTD2; also known as TROP2) and glycoprotein 75  

(GP75)121. In a mouse lung xenograft model, intravenous administra-
tion of TROP2 CAR mRNA-LNP resulted in tumour growth inhibition123. 
Similar to tumour-bearing mice, in cynomolgus monkeys the TROP2 
CAR mRNA-LNPs were primarily internalized by myeloid cells.

A similar preclinical dataset was generated for the GPC3 CAR 
mRNA-LNP product candidate. In vitro transfection of human and 
cynomolgus whole blood cells resulted in effective LNP uptake by 
myeloid cells, with the GPC3 CAR selectively expressed in up to 30% of 
monocytes124. Furthermore, dose-dependent expression of the GPC3 
CAR was observed in cynomolgus monkeys following infusion. Finally, 
antitumour activity in a mouse model was associated with increased 
cytokines, an indicator for CAR engagement with GPC3 on tumour cells. 
Overall, these findings demonstrate that myeloid cells can be directly 
engineered with CAR mRNA-LNPs in vivo to eliminate tumour cells and 
orchestrate an adaptive immune response.

Two product candidates have progressed to phase I trials: MT-302, 
an in vivo CAR targeting TROP2+ epithelial malignancies, is being 
evaluated for safety and preliminary efficacy (NCT05969041), with 
patient dosing initiated on 12 September 2023 (ref. 125); and MT-303, 
an in vivo CAR targeting primary or metastatic hepatocellular carci-
noma overexpressing GPC3, that commenced dosing in a phase I study 
(NCT06478693) on 31 July 2024 (ref. 126). In TROP2+ cancers, MT-302 
resulted in CAR expression in both the peripheral blood and TME127. 
In GPC3+ hepatocellular carcinoma, MT-303 has shown antitumour 
activity, including lesion reductions in heavily pretreated patients127. 
Across both programmes, tolerability remains acceptable at current 
dose levels, with no dose-limiting toxicities observed and manageable 
CRS. These findings demonstrate the mechanism of action and sup-
port further dose escalation and expansion into combination studies. 
Recently, Myeloid Therapeutics extended preclinical proof of concept 
to CARs against HER2, also applicable to solid tumours128.

To effectively co-opt T cells, Capstan Therapeutics developed 
ligand-decorated LNP particles (CellSeeker technology) in support 
of their in vivo CAR portfolio. This in vivo CAR platform comprises 
payloads in optimized linear mRNA format delivered by targeted LNPs 
(tLNPs), with antibody-based binders aimed to selectively engineer 
immune cell subsets. Compared with LNPs used for mRNA vaccines129, 
these tLNPs contain highly biodegradable, less reactogenic ionizable 
lipids, amenable to repeat intravenous infusion. This platform design 
was enabled by major progress in the field of mRNA medicines through 
use of modified nucleotides such as N1-methylpseudouridine130, 
nanomedicines (through the advent of ionizable lipids131) and CAR 
designs enabling potent immune cell function7. Foundational sci-
ence consisted of the generation of anti-fibroblast activated protein 
(FAP) CAR-T cells in situ, reduction of FAP+ fibroblasts and improve-
ment of organ function in a preclinical cardiac fibrosis model, using 
an anti-CD5 antibody-decorated tLNP-mRNA format132. This was 
followed by platform and payload optimization, yielding formula-
tions amenable to development, and an anti-CD19 CAR in an anti-CD8 
antibody-LNP-mRNA format, recently nominated as a lead clinical 
development candidate133.

Similarly to other in vivo CAR technologies that do not rely on 
integrating vectors, owing to its transient, self-limiting CAR expres-
sion, this mRNA-engineering approach may obviate heightened or 
prolonged on-target toxicities, immunogenicity attributable to viral 
components and genotoxicity, which can all impact patient access. 
In addition, owing to the use of targeting antibody binders, this type 
of technology enables preferential engineering of immune cell subsets 
without co-opting other cell types such as B cells or CAR-target cells 
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in general, that may have a detrimental contribution to the outcome. 
De-risking tLNP immunogenicity and reactogenicity is critically 
important, especially in disease indications associated with a higher 
efficacy bar warranting repeat infusions over a prolonged time frame. 
Finally, mRNA sequence optimization was key to augmenting CAR 
activity, underscoring the yet to be tapped potential of linear mRNA 
as a payload type134.

Non-clinical evidence with Capstan’s anti-CD19 CAR lead product 
candidate comprised comparably efficient in vitro engineering of 
human T cells from healthy or diseased individuals135. Proof of concept 
in humanized mouse models showed rapid in vivo engineering and 
profound activity of human CD8+ T cells against primary or malignant 
B cells134. An anti-CD20 CAR in anti-CD8-LNP-mRNA format, a surro-
gate product applicable to NHPs, showed profound B cell depletion 
including memory B cells in lymphoid tissues and marrow, followed by 
repopulation with predominantly naive B cells136,137, akin to the immune 
reset achieved with conventional CAR-T cells23. A compact treatment 
cycle of only two infusions 3 days apart sufficed to achieve B cell deple-
tion in lymphoid organs138. This supports clinical development of this 
lead product in autoimmunity, and of other in vivo CAR products and 
novel treatment concepts for broader indications including genetic 
disorders139, pending on demonstrating safety and activity in early-
stage clinical trials. A first-in-human trial (NCT06917742) was initiated 
this year. Capstan intends to develop a broader portfolio of in vivo CAR 
products applicable to autoimmune disorders, and to other categories 
of indications (based on targets such as BCMA for plasma cell disorders, 
and activated fibroblasts for regenerative medicine, autoimmunity and 
oncology applications). Recently, Abbvie announced the acquisition 
of Capstan therapeutics, underscoring the broader interest in this 
rapidly evolving field61.

Two other organizations have just initiated clinical testing of 
their in vivo CAR therapies, also using a tLNP-RNA format. Immorna  
Biotherapeutics started evaluating their tLNP formulation 
loaded with an anti-CD19 CAR in a phase I trial with patients with 
non-Hodgkin’s lymphoma140. This product candidate ( JCXH-213) aims 
to co-reprogramme T cells, natural killer cells and macrophages for 
an augmented pharmacological effect. Shenzen MagicRNA has also 
advanced a CD8-tLNP loaded with an anti-CD19 CAR (HN2301) to the 
clinic141. Their Enc-LNP platform includes proprietary antibody frag-
ments and ionizable lipids, to selectively engineer immune cells in vivo. 
Preclinical evidence showed activity of a surrogate anti-CD19 CAR in a 
human CD8-transgenic lupus nephritis model, and data indicative of 
immune reset in NHPs dosed with an anti-CD20 CAR surrogate142. This 
investigator-initiated trial, conducted with corporate participation, is 
evaluating HN2301 in patients with relapsing and refractory systemic 
lupus erythematosus, with the objective to evaluate safety and efficacy 
and broader platform feasibility. At the time of publication of this 
Review, this approach showed the first evidence of in vivo engineer-
ing of anti-CD19 CD8+ CAR-T cells accompanied by evidence of B cell 
depletion, cytokine production associated to on-target activity and 
clinically relevant biomarker activity manifested through decreased 
autoantibody titers in patients with systemic lupus erythematosus143.  

RNA-based platforms in advanced preclinical research
The non-viral platform developed by Orna Therapeutics is distinct in its 
use of LNPs formulated with immunotropic lipids, which preferentially 
target immune cells without the need for peptide ligands or any other 
sort of targeting moiety, which could have considerable advantages 
from a chemistry, manufacturing and controls (CMC), regulatory and 

cost perspective. In immune cells, next-generation circular RNA is 
used to transiently express CARs (panCAR). This enables engineering 
a precise, transient CAR expression in the patient’s immune cells using 
both LNP design and circular RNA engineering. The Orna platform uses 
cross-species reactive CAR designs enabling validation of efficacy in 
both rodent and NHP studies ahead of preclinical toxicology studies. 
At launch in 2019, based on its foundational MIT technology, Orna had 
a focus on immune cell engineering using a tissue-specific internal 
ribosomal entry site within a circular RNA platform144–146. Subsequently, 
it acquired a leading non-viral delivery platform from ReNAgade in 
2024 (ref. 147) after ReNAgade demonstrated delivery to immune cells 
in NHPs including >50% engineering of T cells.

Using anti-CD20 and anti-CD19 CARs in circularized RNA format, 
this group has demonstrated robust B cell depletion in vitro, in rodent 
and NHP models after a single dose administration148. The anti-CD20 
CAR formulation showed significant B cell depletion that manifested 
as a 75–80% reduction in B cells in the peripheral blood, spleen and 
bone marrow at 24 h in a humanized mouse model. This effect was 
sustained for 7 days after dosing in the peripheral blood and bone mar-
row. Finally, this formulation showed a 95% reduction in B cells in blood, 
with sustained depletion (82%) for 7 days after a single dose in NHPs148. 
The first clinical programme will use anti-CD19 CAR in circular RNA 
format in autoimmune diseases across multiple indications. A BCMA 
programme in multiple myeloma will run shortly after dosing the first 
patient with the anti-CD19 CAR.

The concept of circular RNA is also pursued by other companies 
currently in the preclinical development stage — an example is Orbital 
Therapeutics, initially focused on vaccines79 — with plans to bring 
forward a tLNP formulation loaded with a CAR payload against a B cell 
lineage antigen. In addition, preclinical evidence in vitro or in murine 
models by Sail Biomedicines149, Strand Therapeutics150 and RiboX 
Therapeutics151 underscores the tremendous interest in circular RNA 
platforms as means to further optimize the potential efficacy advan-
tage afforded by the enhanced or prolonged CAR payload expression, 
with particle functionalization thus augmenting the selectivity and 
performance of this approach.

Sanofi is also developing a tLNP-based platform, a similar 
concept to that pursued by Capstan Therapeutics, MagicRNA and 
Immorna. This is different from typical mRNA-LNP formulations used 
for vaccines as it is designed to enable selective T cell engineering 
and control of CAR-T cell exposure. Cell-specific CAR expression is 
achieved by encapsulating modified mRNA inside the LNP with the 
addition of antibody-based binders on the surface to target CD8+ 
cells152. The proprietary ionizable lipid used in this formulation is the 
result of an extensive screen designed to improve the tolerability, 
stability and activity in T cells. This was achieved by altering both the 
lipid head and tail groups of the lipid molecules152. LNP performance 
depends heavily on the structure of the ionizable lipid structure, includ-
ing the hydrophobic chain length, branching, structural isomerism and 
degree of saturation. Systematic modification of these features led to 
a 3-fold to 4-fold increase in T cell transfection efficiency compared 
with LNPs formulated with unoptimized lipids.

The preclinical activity highlights the modularity and flexibil-
ity of the tLNP system, supporting potential utility against multiple 
targets and diseases. Transfection of T cells is achieved by antibody 
fragments on the surface of the LNP, where they facilitate the inter-
action and uptake of the targeted nanoparticles153. Multiple Fab and 
nanobody binders were screened using model LNP formulations. 
Antibody fragments against CD3 enabled rapid uptake and payload 
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expression but resulted in non-specific activation, which reduced tol-
erability. Targeting LNPs with fragments against CD8 resulted in rapid 
payload expression (CAR or fluorescent protein) without non-specific 
activation and cytokine expression. LNPs combining the functionally 
screened lipids and T cell binders enabled robust CAR expression in 
human T cells. CAR expression was limited to CD8+ cells, including 
both T cells and natural killer cell subsets, and the CAR-expressing cells 
were active against target cell lines152. Cellular transfection was demon-
strated in vitro and in a humanized mouse model, in which the platform 
also demonstrated the ability to control tumour cell growth, systemi-
cally and in the spleen152. Recently, evidence of anti-CD19 CAR engineer-
ing and pharmacological effect was generated in rhesus macaques 
infused with single or multiple doses of CD8-tLNPs containing CD19 
CAR mRNA. Rapid B cell depletion was documented in both blood 
(>95% relative to baseline) and bone marrow (90% relative to control 
animals), with B cells returning to pre-infusion levels by day 29 in mar-
row and day 50 in blood154. Plans to initiate clinical development have 
yet to be disclosed.

Although Myeloid Therapeutics entered clinical development as 
described above, the prospect of reprogramming myeloid cells ex vivo 
or in vivo has also been pursued by others. Carisma Therapeutics 
developed human CAR macrophages and monocytes (CAR-M), demon-
strating that CARs can redirect macrophage effector function against 
tumour-associated antigens155. Pierini et al. demonstrated that CAR-M 
remodel the solid tumour TME, recruit T cells, drive epitope spreading 
and sensitize solid tumours to checkpoint inhibition156. Subsequently, 
the concept of CAR-M was expanded by directly introducing CARs to 
CD14+ classical monocytes, which differentiated into CAR-M in situ 
while enabling enhanced trafficking and persistence157,158. The first 
CAR-M, CT-0508 (autologous, anti-HER2), was evaluated without lym-
phodepletion chemotherapy in 14 patients with advanced/metastatic 
HER2-overexpressing solid tumours, and demonstrated feasibility, 
safety, TME remodelling and induction of adaptive immunity159. Antitu-
mour activity was demonstrated in patients with HER2+ solid tumours 
based on deep but transient reductions in circulating tumour DNA158. 
A key limitation of the ex vivo CAR-M approach is the maximum poten-
tial dose; monocytes and macrophages are terminally differentiated 
and do not expand, which directly caps the dose by apheresis out-
put. In addition, allogeneic CAR-M approaches have limited utility in 
the oncology context as MHC mismatch limits antigen presentation. 
Thus, direct in vivo delivery of CARs to myeloid cells was an appealing 
alternative, in line with the potential advantages discussed earlier. 
In 2022, Carisma Therapeutics and Moderna initiated a collaboration 
to develop in vivo CAR-M using mRNA-LNP technology160. The plat-
form was developed using an LNP with robust capability to transfect 
myeloid cells in vivo and a novel CAR comprising optimized structural 
and signalling domains for myeloid cell antitumour activity. In vitro 
data demonstrated that the CAR was expressed for >7 days and induced 
antigen-dependent cell death, cytokine release, serial killing (the ability 
to kill multiple target cells in sequence) and polarized macrophages 
towards an inflammatory phenotype post antigen stimulation161. 
In vivo, systemic dosing of mRNA-LNP led to robust antitumour activ-
ity in humanized mice engrafted with metastatic solid tumours in 
both HER2 and GPC3-positive tumour models161,162. Myeloid cells 
were the primary CAR-expressing immune cells after intravenous 
mRNA-LNP administration161,162. Carisma and Moderna announced that 
an anti-GPC3 in vivo CAR-M development candidate was nominated in 
2024 for further clinical development in hepatocellular carcinoma. 
Meanwhile, the companies continued to develop in vivo CAR-M for 

additional undisclosed oncology targets and expanded the collabora-
tion in 2024 to include two targets in autoimmune disease163. Carisma 
and Moderna have since discontinued the anti-HER2 programme but 
continued development of CAR-M targeting GPC3 (ref. 164).

Other companies are exploring improvements to the tLNP 
design and manufacturing process applicable to in vivo CAR prod-
ucts, as pursued, for example, by Acuitas Therapeutics165, Mote 
Therapeutics166, Nitto Denko Corporation167, Aera Therapeutics168 and 
Grit Biotechnology169. A particular interest is represented by non-viral, 
all-RNA payload approaches, to permanently insert a CAR construct 
gene in T cells, in vivo, in specific loci. Such alternate knock-in techno
logies pioneered by Tessera Therapeutics, obviating the use of viral 
vectors170,171, may be greatly enabled by the advent of RNA writing, 
highly compatible with the LNP platform. Preclinical mouse modelling, 
supported by NHP evidence, yielded proof of concept for CD19, CD20 
and BCMA-directed CARs, utilizing this CAR knock-in approach171–173. 
A similar path is also pursued by other organizations, such as Stylus 
Medicine174 and Integra Therapeutics175, as an alternative to LV-based 
in vivo CAR platforms, in the quest to achieve a permanent yet more con-
trolled CAR payload integration and expression profile. Finally, to this 
aim, NanoCell is developing a hybrid payload approach, comprising 
CAR in a DNA format and transposase delivered as mRNA176.

In vivo CAR-T cells in clinical development
As the field enters the clinical stage, first with engineered lentiviral 
vectors and myeloid cell-tropic LNP-mRNA formulations explored in 
malignant disorders, clinical case studies point to favourable safety, 
tolerability and biological response or clinical efficacy. These first-in-
human trials are either investigator-initiated studies with corporate 
participation or company-sponsored trials and are taking place world-
wide, including in China, the United States, Australia and the European 
Union, illustrating the global nature of this emerging ecosystem. 
Objective responses afforded by anti-BCMA60,97–99,101 and anti-CD19 
(refs. 95,96) CARs in T cell-targeted lentivirus format were described 
in multiple myeloma and non-Hodgkin’s lymphoma, respectively. 
Recently, four patients with multiple myeloma with deep objective 
responses treated with an in vivo lentiviral anti-BCMA CAR therapy have 
been reported101. One of the patients showed stringent CR by day 28 
and another minimal residual disease clearance in marrow by day 28, 
underscoring the possibility to achieve rapid and profound responses 
in cancer, provided that the CAR exposure is sufficiently high. The CRS 
profile appeared biphasic101, with the first peak within hours likely 
co-contributed by an acute infusion reaction to T cell-activating virions 
plus activity mediated by CAR+ effector cells, and the second typical of 
viral CARs, possibly mediated by de novo differentiated effector cells 
about 7–14 days post treatment. Although the field is still in its infancy, 
the magnitude and speed of CAR-T cell expansion followed by a clini-
cal response, measurable within weeks post treatment, points to the 
scenario that a clinically meaningful outcome can be afforded during a 
short period of CAR exposure. This may also bode well for CAR products 
with transient expression by design when CAR exposure can be cali-
brated by repeating infusions or adjusting the dose. Although emerging 
data with myeloid cell-tropic LNP-RNA formulations comprising CAR 
constructs against solid tumour targets (TROP2 and GPC3)127 support 
this observation, additional evidence is needed.

Although all these trials are designed to carefully monitor the 
safety profile, owing to the novelty of these platform technologies 
and risks emerging from integrating components with distinct 
and potentially synergistic toxicities, no serious adverse events or 
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dose-limiting toxicities have been reported to date. In addition to the 
slow dose escalation with low starting dose, these studies may include 
sentinel patients, in-hospital treatment and post-infusion follow-up, 
prolonged observation intervals between cohorts, strict stopping 
rules and definition of dose-limiting toxicities, as well as extensive 
safety biomarker evaluation pertaining to infusion reactions, possible 
on-target toxicities and product immunogenicity. These efforts are 
also aimed at supporting selection of dose regimens for subsequent 
trials. Based on the number of companies in the preclinical stage and 
the expanding interest in this field, we anticipate that the number 
of companies entering clinical development will continue to rapidly 
increase beyond 30, a tremendous double-digit expansion during the 
last 2 years (Tables 1 and 2).

In vivo immune engineering: key challenges
As the first in vivo CAR therapies enter clinical evaluation (Tables 1 
and 2 and Fig. 4), several key risks and unanswered questions remain 
(Box 3). To address these, early-phase trials are incorporating a broad 
array of safety and pharmacological response biomarkers to guide 
further development. Most notably, in terms of safety, this approach 
represents uncharted territory, combining distinct technologies, each 
with its own risk profile.

Technical risks and current limitations
To anticipate risks associated with in vivo CAR therapy, NHP modelling 
could be highly informative. In addition, physicians are becoming more 
experienced with commercial CAR-T cell products; however, there is 
only very limited clinical experience with direct in vivo CAR-T cell ther-
apy with lentiviral vectors and LNP-RNA products177. Hence, it is key to 
deploy a risk-based monitoring approach in early clinical development, 
factoring in the specifics of the platform technology (viral or LNP-RNA-
based) and the experience to date, in the clinic, with conventional 
CAR-T cell products.

Owing to the integrating nature of the payload, lentiviral-based 
CAR products present inherent challenges, mainly stemming from 

limited achievable control with respect to the CAR activation, expan-
sion and persistence. Self-adjustment of CAR-T cell expansion, in pro-
portion to the target cell burden, can enhance treatment efficacy. 
However, uncontrolled pharmacological responses, amplified by pre-
disposing factors, could trigger serious inflammatory adverse events 
such as CRS, ICANS and IEC-HS. These require aggressive management 
and hospitalization. A key challenge is that this category of adverse 
events may occur after a lag interval post treatment, and are therefore 
difficult to predict, thus warranting prolonged monitoring of patients. 
Current efforts with conventional ex vivo engineered CAR-T cells in 
autoimmune diseases should continue to be very informative178: 
whereas the prevalence and severity of inflammatory adverse events 
seems to be lower than in oncology settings for reasons that are being 
elucidated179, protracted CAR-T cell persistence and even re-expansion 
accompanied by severe toxicities such as high-grade IEC-HS180, months 
after CAR-T cell infusion, have been recently reported. Recently, a novel 
toxicity has been described in patients with autoimmune disease dosed 
with anti-CD19 CAR-T cells: local immune effector cell-associated 
toxicity syndrome (LICATS)181. However, this seems to be a disease 
flare up, or bystander CAR-mediated activity transiently affecting 
the organs involved in the autoimmune process; 30% of the treated 
patients were managed with low-dose corticosteroids and 8% required 
hospitalization. Half of the treated patients developed LICATS at 
least 2 weeks post treatment, underscoring again the importance of 
long-term monitoring of patients with autoimmune disease treated 
with viral-engineered CAR-T cells. Finally, prolonged persistence of 
CAR-T cells may lead to protracted on-target toxicities manifested 
through B cell aplasia and hypogammaglobulinaemia — requiring 
prophylaxis of infections in the case of targeting the B cell lineage — 
or Parkinsonism182, which has been reported with ex vivo anti-BCMA 
CAR-T cell products. In addition to long-term monitoring, to enhance 
the safety profile and controllability of in vivo CARs relying on genomic 
payload integration, one may need to integrate features that ensure 
spatial-temporal control of CAR expression such as cell lineage-specific 
promoters and kill switches183.

Platform optimization
with validated 
targets, guided by 
metrics from the 
clinic informed by ex 
vivo CARs or other 
agents 
(e.g. CD19, BCMA, 
CD20, CD22, Trop2, 
GPC3)

First-in-human trials
(first-generation products)

Preclinical stage

Proof-of-concept and
registrational trials

Expansion to additional disease indications and life cycle 
management (first-generation product designs)

Platform design diversification for broad 
applicability (next-generation product designs)

Current stage 
of the field

Platform validation

Translational learnings and technology development

Fig. 4 | Top-line perspective of development of in vivo CAR therapies. At this 
stage, most efforts are focused on platform and product design and optimization 
using validated targets, guided by metrics from clinical experience with other 
treatment modalities. These targets are B cell lineage antigens (CD19, B cell 
maturation antigen (BCMA), CD20, CD22) with dual applicability to oncology 
and autoimmunity, and solid tumour targets (TROP2, glypican 3 (GPC3)). Several 
product candidates are currently being translated to the clinic, including both 
engineered viruses and lipid nanoparticle (LNP)-RNAs. Upon demonstrating 
safety, tolerability and clinically relevant biological activity with the first-wave 
product candidates, we envisage a rapid progression towards proof of concept 
and registrational trial, respectively, accompanied by an expansion of clinical 

activities across diverse clinical indications (oncology and autoimmunity). Owing 
to the novelty of these platforms, and the yet to be defined therapeutic indexes, 
it is likely that most product candidates will be clinically tested first in oncology 
indications, followed by autoimmune disorders or regenerative medicine; 
except for product candidates deemed to have a safety profile more amenable to 
non-oncologic indications such as those based on RNA . Pending on continuous 
technology development, we envisage a diversification of product concepts, 
payload architectures and targeted delivery vehicles, leading to increasingly 
innovative and disruptive in vivo therapies for diseases that are hard to treat with 
conventional technologies. CAR, chimeric antigen receptor.
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A particularly notable aspect related to retroviral vectors is the 
insertional oncogenesis due to the relatively stochastic nature of 
genomic integration. Some recent reports showed that patients treated 
with conventional viral-engineered CAR-T cell therapy developed 
CAR+ secondary T cell malignancies184. Nevertheless, establishing a 
direct causal link between CAR insertion and tumour development 
is challenging, given the low numbers of cases, the underlying can-
cer susceptibility of this patient population and the inherent diffi-
culty of transforming differentiated T cells184–186. Clearly, additional 
investigation into this matter — specifically, elucidating the relative 
contribution of the CAR vector insertion and identity of co-factors 
such as locus integration and interaction with oncogenes187 — is neces-
sary. Regulatory guidance for industry is available to guide product 
developers with respect to long-term monitoring after administra-
tion of human gene products188, although these may need to be fur-
ther adjusted to enable development of in vivo retroviral-based  
CAR therapies.

In turn, RNA-based CARs relying on LNP formulations may present 
safety risks resulting from the interaction of the three major compo-
nents of the technology: nanoformulations that can mediate infusion 
reactions or acute phase response189; RNA payloads with intrinsic 
innate immune activating effect190; and CAR constructs with profound 
immune pharmacologic activity that may result, as discussed above, in 
inflammatory adverse events or uncontrolled on-target pharmacology. 
Owing to the transient nature of CAR expression off an RNA template, 
especially in the face of rapid T cell division, repeat dosing or other 
optimizations may be necessary to achieve sufficient CAR exposure 
during a critical interval, required for clinical effectiveness. This raises 
several key challenges, including de-targeting the liver to pre-empt 
organ-specific toxicities due to the inherent liver-tropism of such 

formulations191. Secondly, repeat administration of antibody-tLNPs or 
untargeted LNPs may lead to induction of antibody and T cell responses 
against the LNP components, targeting moiety and/or expressed pay-
load. These could, in principle, limit the effectiveness of these therapies 
but could also elicit immune-mediated adverse events192 including 
type I, III and IV hypersensitivity reactions.

Altogether, these potential limitations, combined with the lack 
of clinical experience with in vivo CARs in LNP-RNA format, under-
score the importance of de-risking such technologies in multiple 
ways in diverse preclinical settings including NHPs. Previously 
approved RNA-nanomedicines such as ONPATTRO177 may provide 
key building blocks for a roadmap to develop in vivo LNP-RNA CAR 
products, but they need to be integrated with CAR treatment-related 
considerations193 in future guidelines. Meanwhile, comprehensive 
risk-based monitoring194 of all potential toxicities during early clini-
cal development remains key to a successful translation to the clinic 
of this treatment modality. This needs to include product immuno-
genicity, acute phase reactions, organ (liver) toxicities and on-target 
inflammatory or other categories of adverse events. It remains to 
be seen whether in vivo CAR technologies comprising transiently 
expressed payloads may obviate relatively delayed or chronic on-target 
or off-target toxicities seen with viral CARs, such as LICATS, IEC-HS 
associated with secondary CAR-T cell expansion, movement disorders, 
delayed cytopenia195 or prolonged B cell aplasia.

Below, we propose a product development roadmap and potential 
initial applicability (Figs. 4 and 5) for the main categories of in vivo CAR 
therapies based on their target product profiles. Finally, we provide a 
longer-term perspective on the concept of programming the immune 
system in vivo, with a potential transcending those of conventional 
treatment modalities.

Box 3 | In vivo CAR therapy: risks and questions to be answered
 

Viral vector-based in vivo CAR therapies
Owing to permanent genomic integration of the chimeric antigen 
receptor (CAR) sequence, there is a likelihood of amplified CAR-T cell 
activation, expansion, re-expansion and/or persistence in a subset 
of patients, leading to cytokine release syndrome (CRS), immune 
effector cell-associated neurotoxicity syndrome (ICANS), immune 
effector cell-associated haemophagocytic lymphohistiocytosis-like 
syndrome (IEC-HS) and prolonged B cell aplasia, and 
hypogammaglobulinaemia in the case of B cell-directed products. 
These may require monitoring or intensive management utilizing 
tocilizumab, corticosteroids, anakinra, intravenous immunoglobulin 
and other supportive therapies. There is potential genotoxicity and a 
low probability of clonal events, requiring long-term monitoring and 
influencing the utilization of this technology in indications with a high 
safety bar. Immunogenicity against certain viral components may 
also influence utilization and re-dosing with these products. Finally, 
insertional mutagenesis that may lead to clonal events warrants 
long-term monitoring of patients treated with retroviral-based in vivo 
CAR products.

Lipid nanoparticle (LNP)-RNA-based in vivo CAR therapies
Owing to the transient engineering nature, this approach may 
need re-dosing to achieve sufficient exposure, hence product 
reactogenicity or immunogenicity may be limiting, or this modality 

may be more suitable for indications with a lower efficacy bar. 
Depending on the formulation specifics and due to the tropism 
for liver and myeloid cells, there is a possibility for acute infusion 
reactions, liver toxicities and product immunogenicity leading to 
hypersensitivity reactions. In the case of suboptimal cell selectivity, 
co-engineering of non-target cells may limit efficacy or facilitate 
organ immunopathology. Although this technology is tunable with 
respect to dosing, one cannot rule out the possibility of aggravated 
pharmacology (CRS, ICANS, IEC-HS) that may require adequate 
management. Finally, the lack of clinical experience with this type of 
product that brings together the safety profile of nanomedicines, RNA 
molecules and CAR products, respectively, warrants comprehensive 
risk-based monitoring during early clinical development.

Key questions
	• Can in vivo CARs be curative, on a par with currently available 
ex vivo CAR products?

	• Is this concept scalable and broadly applicable to both 
non-oncology and oncology indications, the outpatient setting 
and early lines of treatment?

	• What are the novel dose-limiting toxicities warranting adequate 
prophylaxis and management?

	• What future optimizations are needed to maximize the footprint of 
in vivo CAR therapies?
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Product development strategies
Most sponsors have prioritized well-validated targets (CD19, CD20, 
BCMA, CD22, TROP2, GPC3) to guide the optimization of their platform 
technology, thus enabling clinical translation and development of com-
mercial products. The overarching aim is to expand the clinical appli-
cability of CAR therapy, by displacing or outcompeting less scalable 
ex vivo engineered cell-based products or underperforming biologics. 
The first wave of human trials with in vivo CARs, in addition to safety 
and evidence of clinical activity, will enable dose-regimen selection for 
subsequent proof of concept and registrational trials (Fig. 6). These 
initial trials in B cell malignancies and autoimmune diseases involv-
ing B cells will investigate risks including infusion reactions, product 
immunogenicity, acute, subacute and chronic on-target toxicities, 
and genotoxicity. Therefore, a comprehensive translational analysis is 
critical to build an adequate safety monitoring and management plan, 
to inform optimizations prior to phase II trials and to select adequate 
dose regimens for registrational trials.

In haemato-oncology, owing to the strong rationale of advancing 
immunotherapy to earlier lines196,197 and the advent of minimal residual 
disease testing198, a major opportunity will be treating high-risk patients 
in a front-line setting, for curative intent. In autoimmunity, a key objec-
tive will be to advance scalable therapies that afford ‘immune reset’, 
consisting of deep immune cell lineage depletion and rapid repopula-
tion with a normal immune cell repertoire, both leading to durable, 
drug-free responses23 without any tissue or genomic sequelae. In regen-
erative medicine, fibrosis21 and senescence199, a major opportunity will 
be to eliminate pathogenic cells and restore the normal functioning 
tissue architecture, through in vivo CAR engineering of immune cells 
leading to the ablation of pathogenic cells in tissues. Based on the 
predicted target product profiles for the viral and mRNA based in vivo 
CAR-T cell treatment modalities, we envisage different commer-
cial entry points, although first targeting solid tumours with CAR 
mRNA-engineered macrophages may represent an exception (Fig. 5). 

Iterative product and platform optimizations based on deep reverse 
translation will likely yield improvements in product performance and 
target product profiles, leading to broader clinical applicability across 
all these platforms.

Towards in vivo reprogramming of the immune system
Clinical validation of these treatment platforms enabled by the first 
waves of in vivo CAR-T cell products may pave the way to re-thinking 
immunotherapy altogether in the future. The differentiating character-
istics for in vivo immune engineering from other treatment modalities 
are numerous, and the therapeutic potential is vast (Box 4). For exam-
ple, in oncology one could envisage multi-receptor CARs or TCR engi-
neering of multiple categories of immune cells that work in concert with 
each other, direct reprogramming of the immune microenvironment, 
effective co-opting of endogenous immunity, modulating the transcrip-
tome and signalling pathways of immune cells, and combating immune 
checkpoints — all through in vivo engineering, as detailed below.

In autoimmunity, transplant rejection management, allergy and 
other immune conditions, in vivo CAR-T cell products could reset or 
modulate the immune system in various ways, through co-deploying 
counter-regulatory mechanisms or by inducing operational 
tolerance200, thereby achieving very durable drug-free responses. 
Other promising directions include expanding CAR payload designs 
to target a broader array of molecules60,201, selectively directing CARs to 
antigen-specific pathogenic cells202,203 or using dual-targeted CAR 
constructs to broaden activity and enhance clinical safety and effi-
cacy in certain settings204. A decade after the initial demonstrations 
of antibody-guided LNP-mediated in vivo T cell engineering205, cur-
rent efforts continue to focus on improving precision delivery to 
defined immune cell subsets, with the use of highly selective antibody 
fragments and emerging classes of binders such as nanobodies152.

Novel platforms including implantable devices may greatly enable 
this wholistic immune system engineering approach206. Similar to 
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Fig. 5 | In vivo engineering platform features inform on target product profile 
characteristics and therapeutic applicability. The in vivo chimeric antigen 
receptor (CAR) product candidates that contain non-integrating payloads 
for transient engineering with lipid nanoparticle (LNP)-RNAs are, in principle, 
re-dosable and tunable, thus enabling modulation of the CAR exposure function 
of therapeutic efficacy and safety bars. In addition, considering the lack of genomic 
integration of the payload, these are appealing for disease indications with high 
safety bars amenable to ‘hit-and-run’ mechanisms (such as induction of ‘immune 
reset’ in autoimmunity or elimination of residual disease in cancer). Nevertheless, 
macrophage-tropic LNP formulations delivering CAR mRNA, which enable repeat 
administration and co-opt endogenous immune mechanisms, are currently 

being tested in solid tumours with promising emerging results127. The in vivo CAR 
products based on integrating payloads for stable T cell engineering using viral 
(lentiviral or gamma-retroviral) vectors carry the mechanistic advantage of self-
calibrated CAR-T cell expansion and persistence as a function of the target antigen 
burden. This is appealing for disease indications that require elevated and sustained 
CAR cell activity. Nevertheless, the genomic integration aspect may pose specific 
challenges related to possible CAR+ cell re-expansion, exaggerated on-target 
pharmacology and requirement to monitor genotoxicity. Hence, in principle, such 
products could be more easily translated first for disease indications with higher 
efficacy and a lower safety bar, such as blood cancers in an advanced stage or solid 
tumours. AUC, area under the curve; MRD, minimal residual disease.
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injectables, implantable devices are promising new technologies to 
genetically manipulate patient T cells in vivo. For example, biomaterial 
implants can recruit host T cells in situ, genetically equipping them 
with tumour-specific receptors, and rapidly expanding and dispersing 
the cells into the tumour milieu207. The device is a functionalized porous 
collagen scaffold, with a potent T cell chemoattractant, a CAR-encoding 
lentiviral vector and stimulatory anti-CD3/CD28 antibodies. In a mouse 
model of breast cancer, the implants quickly amassed and programmed 
cancer-specific host lymphocytes and drove long-term tumour regres-
sion. A potential advantage of this localized implant technology is that 
it reduces the required vector dose considerably, saving costs and 
minimizing systemic toxicity risk. The devices could be placed near 
a solid tumour during or post primary debulking surgery, or be posi-
tioned strategically near lymph nodes to facilitate rapid dissemination 
of in situ programmed CAR-T cells throughout the body. Furthermore, 
these ‘off-the-shelf’ scaffolds can work with the same lentiviral vectors 
that are used for any of the current FDA-approved CAR-T cell therapies.

With six medicinal products on the market for in vivo gene therapy, 
adeno-associated viral (AAV) vectors may become a versatile vector of 
choice for in vivo delivery. Owing to intrinsic limitations of AAVs such as 
immunogenicity, their episomal location and, thus, transient activity 
in proliferating cells, the use of AAV vectors for CAR-T cell generation 
has been very limited to date. Yet combining AAV-based CAR delivery 
with endonuclease-mediated genomic targeting enabled stable CAR 
integration208,209. Another potential combination is with the recently 
described T cell-targeted AAVs based on a capsid design strategy such 
as the engineering of lentivirus envelope, which may soon yield an alter-
native vector system for transient or permanent precision engineering 

of CAR-T cells in vivo209–211. Optimizations may include bispecific 
AAVs recognizing combinations of target receptors with logic ‘AND’ 
gating210. An alternative approach to directly reprogramming T cells 
is HSC engineering to generate CAR-T cells, CAR natural killer cells 
and CAR-M, by using virus-like particles based on helper-dependent 
adenoviruses with a sleeping beauty integration payload along with a  
CAR construct212.

Alternative knock-in technologies that obviate the use of viral 
vectors169,170 may also enable the next generation of in vivo CAR-T cell 
therapies. The advent of RNA gene writing presents a tremendous 
opportunity to develop integrating payload technologies with 
increased control of CAR gene insertion; and late breaking preclinical 
data generated from in vitro and mouse models yielded proof of con-
cept for CD19, CD20 and BCMA-directed CARs in this format, delivered 
as an all-RNA payload through tLNPs170,213.

Novel technologies to further optimize the safety and efficacy 
profile will be critical to enabling the clinical translation of such in vivo 
engineering platforms, especially in disease indications with high 
safety and efficacy bars. The academic research continues to drive 
this field, with several additional concepts that may greatly enable 
next-generation product design as described recently214. With respect 
to obviating toxicities and enhancing targeting selectivity, major direc-
tions include spatial-temporal control of payload expression215 and 
combinatorial antigen recognition216. Other avenues include leveraging 
tissue and cell lineage-specific promoters for genomic integrating tech-
nologies, and in case of RNA-based CARs and other payloads, utilization 
of tissue-specific microRNA binding sites that restrict undesired trans-
lation in the liver217 or other organs. Payloads with enhanced biological 
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Fig. 6 | The rapidly evolving, in vivo CAR therapy ecosystem. The main 
technologies entering clinical testing or in a preclinical optimization phase 
divided according to the payload technology (viral or non-viral) and whether 
it relies on chimeric antigen receptor (CAR) construct integration into the 
genome. The leading technologies with emerging proof of concept are 
based on integrating engineered lentiviral vectors and mRNA formulated in 
myeloid cell-tropic lipid nanoparticles (LNPs), evaluated in B cell malignancies 
and solid tumours, respectively. These are followed by other engineered 
lentiviral vectors and targeted LNP (tLNP)-RNA technologies entering the clinical 
stage or in advanced preclinical development (Table 1). Additional technologies 

comprising hybrid or non-viral gene editing systems are in early research or the 
preclinical development stage as described in the text. The inner circle shows 
companies in the clinical testing stage and the outer circle shows companies in 
the preclinical stage. Companies developing engineered lentiviral vector formats 
are shown in the orange sections, whereas companies developing RNA-based 
approaches are shown in the blue section. Finally, the red sections shows 
companies pursuing in vivo engineering, based on target delivery of gene editing 
systems. *Companies with emerging proof of concept based on reported case 
studies: Esobiotec in multiple myeloma, Genocury in non-Hodgkin’s lymphoma 
and Myeloid Therapeutics in solid tumours.
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activity warrant better performing and tissue or cell-selective nano-
medicines, facilitated by high-throughput screening augmented by bar 
coding218–220, and designs guided by artificial intelligence221. Another 
approach to enhance the safety of LNPs as a vehicle for in vivo CAR 
therapy is co-formulation of immunomodulating factors such as short 
hairpin RNA to knock down the production of IL-6 (refs. 222,223) or of 
other pro-inflammatory molecules. A highly specific tissue and cell 
delivery vehicle becomes even more critical as the payloads diversify 

to include gene editing systems219. In parallel, there is continuous 
focus on exploring diverse formulation and payload chemistry, func-
tionalization and manufacturing optimization224–227. To meet a higher 
efficacy bar presented by disease indications such as solid tumours, 
diversification of payloads including biological response modifiers for 
immune cell armouring228, immune cell engagers co-opting additional 
effector mechanisms229 and immune checkpoint modulators230 are all 
being considered.

Box 4 | Major differentiating features and potential advantages of in vivo immune 
engineering over conventional immunotherapies
 

Relative to antibodies and immune cell engagers
	• Augmented activity: owing to immune cell trafficking and 
chimeric antigen receptor (CAR) design comprising multiple 
co-stimulatory domains

	• Higher versatility in terms of engineering-specific immune 
cell subsets

	• Capability to simultaneously co-opt multiple immune cell types 
that work in concert with each other

	• More diverse cell engineering modalities, including modifying 
the cell functionality from within through reprogramming the 
genome, transcriptome, cell signalling networks, receptors or 
other aspects of the immune cell biology

	• Co-delivery of payloads: by expressing biological response 
modifiers, checkpoint modulators or other biomolecules for local 
activity, within the microenvironment, thereby enabling a broader 
range of mechanisms with an augmented safety profile

Relative to ex vivo engineered cell products
	• Obviates cell manipulation, supporting broader scalability and 
access, especially as compared with autologous products

	• Avoids the use of chemotherapy-based lymphodepletion 
conditioning that may limit access and narrow applicability to 
indications with a low safety bar

	• Possibility to co-engineer in vivo multiple categories of 
immune cells that may work in concert with each other

	• Build on pre-existing immunity through activating rather than 
lymphodepleting conditioning approaches

	• Increased tunability, depending on the nature of the payload, 
through dose adjustment and re-dosing, both key to attaining the 
desired exposure fitting a broader range of indications with their 
specific performance metrics

Glossary

Circular RNA
A single-stranded RNA molecule that 
forms a continuous loop. Although 
naturally a type of non-coding RNA that 
is found in many species, circular RNA 
can be adapted for cell engineering.

Designed ankyrin repeat 
protein
(DARPin). A genetically engineered 
antibody mimetic protein typically 
exhibiting highly specific and 
high-affinity target protein binding, 
derived from natural ankyrin repeat 
proteins.

Fusogen
A protein on the surface of a virus 
that helps the virus enter a host cell 
by fusing the viral membrane with 
the host cell membrane. This process 
releases the genetic material of the virus 
into the host cell’s cytoplasm.

Hypogammaglobulinaemia
A condition characterized 
by abnormally low levels of 
immunoglobulins in the blood, making 
individuals more susceptible to 
infections.

Internal ribosomal entry site
A specific RNA sequence that 
allows ribosomes to bind to mRNA 
and initiate protein synthesis at an 
internal location, bypassing the 
typical cap-dependent initiation 
process.

Ionizable lipids
Lipid molecules that can change their 
charge depending on the pH level 
of their environment. They are a key 
component of lipid nanoparticles 
(LNPs), which are used to deliver RNA 
therapeutics.

Lymphodepletion 
conditioning
A treatment that prepares the 
body for chimeric antigen receptor 
(CAR)-T cell therapy or adoptive cell 
transfer in general. It involves using 
chemotherapy drugs (most frequently 
cyclophosphamide and fludarabine) to 
deplete endogenous immune cells.

Minimal residual disease
A term used for a small number of 
cancer cells that remain in the body 
after treatment. Minimal residual 
disease can occur in blood cancers 
such as leukaemia and lymphoma, as 
well as solid tumours.

N1-Methylpseudouridine
A chemical compound found in tRNA 
and mRNA vaccines. Although a natural 
component of archaea, it is presently 
utilized in biochemistry and molecular 
biology.

Nipah virus (NiV) 
glycoproteins
NiV uses two key glycoproteins on its 
surface: the attachment glycoprotein (G) 
and the fusion glycoprotein (F), which 
are crucial for viral entry into host cells. 
The G protein facilitates attachment 
to the host cell, whereas the F protein 
triggers membrane fusion, allowing the 
virus to enter the cell.

PiggyBac transposon system
A genetic engineering tool used to 
introduce and integrate DNA sequences 
into a genome, often in a stable and 
reproducible manner. It utilizes a 
transposase enzyme to ‘cut and paste’ 
a transposon (a DNA sequence) into a 
new location in the genome.

Pseudotype
A virus particle that has been 
engineered to display a foreign viral 
envelope protein on its surface.
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Outlook
Thirty-five years after the first evaluation of in vivo gene-based immu-
nization with a simple antigen in a plasmid DNA format5,231, 25 years 
after the first intravenous infusion of a retroviral vector for therapeu-
tic application in clinic232 and 8 years after the approval of the first 
CAR-T cell products11,12, we envisage a future comprising precise and 
complex in vivo programming of the immune system. These tech-
nologies (Fig. 6), presently entering the clinical stage, will eventually 
afford spatial-temporal control and tunability of payload expression, 
and accommodate diverse mechanisms working in concert with each 
other. They will thus transcend the capabilities of current treatment 
modalities, leading to augmented clinical performance across a broader 
range of diseases. More specifically, the conceptual shift from ex vivo 
to in vivo CAR-T cell therapy redefines the scalability and accessibil-
ity of immune therapies, facilitated by massive reduction of the cost 
of goods, with profound socio-economic implications leading to 
democratization of life-saving therapies.

Published online: xx xx xxxx
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