
ReseaRch aRticles

Science 19 June 2025 1311

iMMUNOtheRaPY

In vivo CAR T cell generation  
to treat cancer and 
autoimmune disease
Theresa L. Hunter1, Yanjie Bao1, Yan Zhang1, Daiki Matsuda1, 
Romina Riener1, Annabel Wang1, John J. Li1, Ferran Soldevila1,  
David S. H. Chu1, Duy P. Nguyen1, Qian- Chen Yong1, Brittany Ross1, 
Michelle Nguyen1, James Vestal1, Scott Roberts1, Diana Galvan1, 
Jerel Boyd Vega1, Donald Jhung1, Matthew Butcher1,  
Josephine Nguyen1, Stanley Zhang1, Claudia Fernandez1,  
Jeffrey Chen1, Carolina Herrera1, Yi Kuo1, E. Michael Pica1,  
Goutam Mondal1, Andrew L. Mammen2, John Scholler3,  
Steven P. Tanis1, Stuart A. Sievers1, Aric M. Frantz1,  
Gregor B. Adams1, Laura Shawver1, Ramin Farzaneh- Far1,  
Michael Rosenzweig1, Priya P. Karmali1, Adrian I. Bot1,  
Carl H. June3,4,5*, Haig Aghajanian1,3* 

Chimeric antigen receptor (CAR) T cell therapies have 
transformed treatment of B cell malignancies. However, their 
broader application is limited by complex manufacturing 
processes and the necessity for lymphodepleting chemotherapy, 
restricting patient accessibility. We present an in vivo engineering 
strategy using targeted lipid nanoparticles (tLnPs) for 
messenger RnA delivery to specific T cell subsets. These tLnPs 
reprogrammed CD8+ T cells in both healthy donor and 
autoimmune patient samples, and in vivo dosing resulted in 
tumor control in humanized mice and B cell depletion in 
cynomolgus monkeys. In cynomolgus monkeys, the 
reconstituted B cells after depletion were predominantly naïve, 
suggesting an immune system reset. By eliminating the 
requirements for complex ex vivo manufacturing, this tLnP 
platform holds the potential to make CAR T cell therapies more 
accessible and applicable across additional clinical indications.

There are currently six Food and Drug Administration (FDA)–approved 
CAR T cell therapies on the US market for the treatment of various 
B cell malignancies, and hundreds more autologous and allogeneic CAR T 
and CAR natural killer (NK) products are being tested in clinical trials 
across the world (1). These ex vivo cell therapies have shown remark-
able success in providing durable responses to patients with advanced 
and refractory cancers (2, 3). Unfortunately, access to these therapies 
has been limited by challenges in manufacturing (costs, time, and 
scaling), geography, the limited number of specialized CAR T centers, 
the need for lymphodepleting chemotherapy, and safety concerns about 
genotoxicity with integrating vectors (4). Recently, CAR T cell therapy has 
shown great promise in the treatment of patients with B cell–mediated 
autoimmune disease (5). Emerging case reports indicate that B cell–
targeted CAR T cell therapies can provide substantial and lasting clinical 
benefits in conditions such as systemic lupus erythematosus, myositis, 
systemic sclerosis, and myasthenia gravis (6–10). These autoimmune 
diseases affect a considerably larger population than B cell malignancies, 
with ~20 million individuals in the United States and up to 10% of the 

global population impacted by some form of autoimmune disorder—a 
prevalence that continues to rise (11–13). Addressing such a vast pa-
tient population necessitates a therapy that is scalable, off- the- shelf, 
devoid of cells and integrating viral vectors, does not require chemo-
conditioning, and can be administered outside of specialized centers. 
An in vivo CAR T approach not requiring lymphodepletion may fulfill 
these requirements. Accordingly, we developed a novel targeted lipid 
nanoparticle capable of safely and preferentially engineering human 
T cells in vivo to become functional CAR T cells and identified a clini-
cally translatable, two- or- three- infusion regimen to safely achieve deep 
B cell depletion.

Results
Targeted lipid nanoparticle formulations for in vivo T cell engineering
In our prior study of targeted lipid nanoparticle (tLNP) delivery of 
mRNA payloads for in vivo CAR engineering (14), we used an LNP 
composition similar to those used in mRNA vaccines. In order for this 
technology to be used broadly in therapeutics with an acceptable safety 
profile, we sought to develop a tLNP specifically designed for in vivo 
mRNA delivery to immune cells. tLNPs consist of a lipid nanoparticle 
comprising five lipid components—including an ionizable lipid, a tar-
geting moiety conjugated to the LNP (such as an antibody), and an 
encapsulated mRNA payload (Fig. 1A and table S1). Our tLNP design 
objectives included reduced functional delivery to the liver, efficient 
delivery of mRNA to target immune cells, improved biodegradability, 
reduced reactogenicity, and improved tolerability. We rationally de-
signed ionizable (cationic) lipids and tLNP compositions to impart 
these characteristics. We formulated one of these novel ionizable lip-
ids, Lipid 829 (L829) into CD5- targeted tLNPs encapsulating an mRNA 
encoding a luciferase reporter protein. We compared these L829- tLNPs 
to tLNPs formulated with a benchmark ionizable lipid used in a severe 
acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) vaccine, ALC- 
0315 (BNT162b2) (15). Bioluminescence imaging revealed that animals 
treated with benchmark LNP exhibited luciferase expression in the 
liver and spleen at 6 and 24 hours (Fig. 1B and fig. S1, A and B). By 
contrast, animals treated with L829- LNP showed significantly lower 
luciferase expression in both liver and spleen (Fig. 1B and fig. S1, A 
and B). Administration of anti- CD5 antibody–targeted benchmark 
tLNP resulted in biodistribution similar to that of the untargeted LNP. 
However, CD5- L829- tLNP–treated animals showed a specific signal in 
the spleen without increased off- target liver expression (Fig. 1B and 
fig. S1, A and B). Reduced off- target delivery to liver and enhanced 
delivery to T cells compared with benchmark and previous reports 
(16–18) were also observed when using CD5- L829- tLNPs encapsulat-
ing mRNA encoding mCherry protein (fig. S1, C and E). Liquid 
chromatography–mass spectrometry (LC- MS) analysis showed that 
L829 lipid was rapidly cleared from the liver in CD5- L829- tLNP–treated 
mice, whereas ALC- 0315 levels remained elevated for at least 7 days, which 
is consistent with conventional LNP accumulation in the liver (Fig. 1C). 
To assess whether decreased liver uptake and rapid clearance of L829- 
LNP translated to an increase in safety and tolerability, we utilized 
Sprague- Dawley rats and cynomolgus monkeys, which are species sen-
sitive to LNP toxicities (19). Rats treated with human CD5- targeted 
L829- tLNP had significantly lower levels of acute phase response pro-
teins compared with those treated with the benchmark tLNP (Fig. 1D). 
Rat CD5- targeted L829- tLNP was well tolerated up to the highest dose 
of 5 mg/kg, with no adverse observations (fig. S2, A and B). In cyno-
molgus monkeys, CD5- L829- tLNP was safely administered intrave-
nously up to a high dose of 3 mg/kg, with lower liver enzyme levels 
when compared with benchmark tLNP–treated animals at the higher 
doses (Fig. 1E).

Preferential engineering of CD8+ T cells
We sought to specifically target the CD8+ T cell subset because this 
approach may be advantageous in certain diseases (20). Selective 
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expression in CD8+ T cells may be important in indications in which 
CD4+ T cell CAR expression and activation could have unwanted ef-
fects, such as in autoimmune disease (21). Additionally, CD4+ CAR T cells 
have been shown to be the major driver of cytokine release syndrome 
(CRS) in patients receiving CAR T therapy (22). To achieve CD8-specific 
targeting, an antimouse CD8 antibody was conjugated to L829- LNP. 
Wild- type (WT) mice injected with CD8- L829- tLNP- mCherry prefer-
entially expressed the reporter in CD8+ T cells compared with CD4+ 
T cells, B cells, or monocytes (Fig. 1F). Similarly, in humanized mice, 
CD8- L829- tLNP preferentially engineered human CD8+ T cells over 
CD4+ T cells (Fig. 1G). mRNA encoding an antihuman CD19 CAR was also 
encapsulated in L829- tLNP to produce CAR T cells. In a time- course 
study, CD8- L829- tLNP rapidly engineered CD8+ T cells in the blood, 
spleen, bone marrow, and lymph nodes of WT mice in a transient 
manner, with declining expression over 72 hours (fig. S3A). As with 

the reporter, selective expression of the CAR was observed on CD8+ T 
cell populations after transfection with CD8- L829- tLNP- CD19 and CAR 
T cells produced from these tLNP transfections displayed antigen- 
specific cytotoxicity, proliferation, and cytokine production (fig. S3).

mRNA designed to maximize CAR engineering of human T cells
To enhance the expression and functionality of anti- CD19 CAR T cells, 
we designed mRNA sequences incorporating various untranslated 
regions (UTRs) and codon usage strategies. Starting with two second- 
generation anti- CD19 CAR (23, 24) architectures (Fig. 2A), we designed 
mRNAs with diverse UTR sequences and codon usage combinations 
(Fig. 2B). These mRNAs were then encapsulated in L829- tLNPs and 
incubated with human primary T cells. Cells were evaluated for peak 
levels and durability of CAR expression (Fig. 2C and fig. S4A). Several 
constructs demonstrated enhanced CAR expression and increased 
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Fig. 1. Ionizable lipid L829 reduces off- target delivery of tLNP to liver. (A) Schematic representation of a targeted lipid nanoparticle. (B) Bioluminescence imaging of  
WT C57BL/6 mice 6 hours after treatment with CD5 tLNP encapsulating luciferase mRNA. Representative images of five mice per group are shown. Images are scaled at 0  
to 250,000 photons/s/mm2/sr. (C) Quantification of benchmark and L829 lipids in WT C57BL/6 mouse liver tissue at indicated time points after treatment with CD5 tLNPs. 
n = 3 mice per time point per group. (D) Plasma levels of acute phase proteins alpha- 1 acid glycoprotein (AGP), alpha- 2 macroglobulin (A2M), and haptoglobin (HP) in rats  
24 hours after dosing with 3.0 mg/kg CD5 tLNP. n = 3 rats per group; samples were run in duplicate and averaged. (E) Serum concentration of alanine aminotransferase (ALT), 
aspartate transferase (AST), and alkaline phosphatase (ALP) in cynomolgus monkeys after a single dose of 3.0 mg/kg CD5 tLNPs. n = 2 monkeys per group. Statistical analysis in 
(D) and (E) performed by two- way analysis of variance (ANOVA) with post hoc multiple comparisons (***P ≤ 0.001, ****P ≤ 0.0001). Normal reference range is shown by gray 
shading. (F) Expression of mCherry in CD4+ and CD8+ T cells, monocytes, and B cells 24 hours after intravenous dosing of 10 μg tLNP in WT C57BL/6 mice. n = 5 mice per 
group. (G) mCherry expression 24 hours after intravenous dosing of 20 μg tLNPs in NOD scid gamma (NSG) mice engrafted with human T cells. n = 3 to 4 mice per tLNP group,  
1 phosphate- buffered saline (PBS) control mouse. Data are mean ± standard deviation.
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efficiency in lysing of CD19+ tumor cells in vitro (Fig. 2D) and performed 
favorably compared with DNA lentiviral CAR constructs (fig. S4, B and 
C). An improved CAR2 design was selected for further evaluation; 
tLNP- generated CAR T cells from this construct demonstrated signifi-
cantly increased CAR expression, cytokine production, and degranula-
tion in response to CD19+ target cells (Fig. 2, E and F, and fig. S4D). 
This improvement translated in vivo, with significantly higher CAR 
expression on T cells in humanized mice after intravenous administra-
tion (Fig. 2G). Beyond enhanced cytotoxicity, the improved CAR2 
sequence enabled expression in nonactivated T cells (fig. S4E), dem-
onstrated dose- dependent cytotoxicity against autologous B cells 
(fig. S4F), and exhibited serial killing capacity against an antigen- 
positive tumor cell line (fig. S4G). The cytotoxic function of CD8- L829- 
tLNP–generated CAR T cells was primarily mediated by CD8+ T cells, 
because depletion of CD4+ T cells, NK cells, or monocytes had no 
apparent effect on B cell lysis across multiple tLNP doses (fig. S4H).

In vivo CAR T efficacy against human primary B cells and tumors
B cell–depleting CAR T cells have shown promising efficacy in treating 
patients with B cell–mediated autoimmune disease (5). To evaluate the 
effectiveness of our improved L829- tLNPs in generating functional 

CAR T cells from individuals with autoimmune conditions, we obtained 
PBMCs from patients with autoimmune disease as well as age-matched 
(+/− 10 years) and sex- matched healthy donors. CD8+ T cells from 
autoimmune patients were phenotypically similar to healthy donor 
T cells and were comparably engineered into CAR T cells by using 
CD8- L829- tLNPs (Fig. 3A and fig. S5, A and B). Notably, CAR T cells 
derived from autoimmune patient samples effectively lysed autologous 
B cells from these affected individuals (Fig. 3B).

To evaluate in vivo reprogramming of human T cells for targeted B 
cell elimination, we engrafted human peripheral blood mononuclear 
cells (PBMCs) into immunocompromised mice. After 17 days of engraft-
ment, mice were intravenously injected with 10 or 30 μg of CD8- L829- 
tLNP- CD19. Within 24 hours, B cells were largely eradicated from the 
spleens in both dosage groups, in contrast to control tLNP–treated 
mice (Fig. 3C and fig. S5C). CAR expression was predominantly ob-
served in CD8+ T cells, with minimal expression in CD4+ T cells (fig. 
S5D). Notably, early assessments indicated B cell depletion as soon as 
1 hour after dosing, with near- complete elimination by 3 hours (Fig. 3D 
and fig. S5E). CAR expression peaked at 6 hours and remained detectable 
on T cells at 24 hours (Fig. 3E). The duration of B cell depletion was 
further evaluated with a CD34+ hematopoietic stem cell humanized 
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mouse model. Mice treated with 30 μg of CD8- L829- tLNP- CD19, ad-
ministered every 3 days for three doses, exhibited rapid and sustained 
B cell depletion for up to 14 days after the initial dose compared with 
controls (Fig. 3F).

To test whether the tumor cell killing observed in vitro would trans-
late to an in vivo setting, we utilized a humanized leukemia xenograft 
mouse model routinely used with ex vivo CAR T (25). Unlike ex vivo 
models that involve adoptive transfer of virally transduced CAR T cells, 
this model entailed engraftment of Nalm6 tumor cells alongside human 
PBMCs, allowing for in vivo T cell engineering. After PBMC engraftment 
and a 7- day tumor growth period, mice were imaged and randomized 
into groups based on tumor size and PBMC engraftment. Mice were then 
injected with 10 or 30 μg of CD8- L829- tLNP- CD19 or 30 μg of CD8- 
L829- tLNP- mCherry control, administered twice weekly for a total of 
five doses. The 10- μg dose of CD8- L829- tLNP- CD19 resulted in consider-
able tumor control compared with the control group (Fig. 3G and 
fig. S5F). The 30- μg dose led to near- complete tumor clearance in four of 
five animals by 2 days after the first dose and in all animals by 3 days 
after the second dose (Fig. 3G and fig. S5G).

These findings suggest that CD8- L829- tLNP- CD19 effectively gen-
erates functional CAR T cells capable of depleting B cells and eradicating 
tumors in vivo, with potential applicability in autoimmune dis-
ease treatment.

Deep B cell depletion and evidence of immune reset in 
cynomolgus monkeys
To evaluate the efficacy and safety of in vivo anti–B cell CAR T therapy 
in a translationally relevant model, we conducted studies in cynomolgus 
monkeys. The anti- CD8 antibody used to target human T cells is cross- 
reactive to cynomolgus CD8; however, the anti- CD19 binder of the CAR 
is not. To target cynomolgus monkey B cells, we utilized an anti- CD20 
CAR that had been shown previously to deplete B cells in monkeys with 
an ex vivo lentiviral vector engineering approach (26). The improved 
anti- CD20 CAR mRNA, with sequence modifications as described, was 
encapsulated in L829- LNPs conjugated to the CD8 targeting antibody. 
In vitro assays confirmed that CD8- L829- tLNP- CD20 effectively engi-
neered cynomolgus monkey T cells to target and eliminate cell lines 
expressing human or cynomolgus CD20 (fig. S6A).
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AFig. 4. Treatment with tLNPs 
encapsulating B cell–targeted CAR 
mRNA induces deep B cell depletion 
in cynomolgus monkeys. (A) 
Representative study schematic for 
three separate studies in which 
cynomolgus monkeys were given three 
doses of CD8- L829- tLNP- CD20 every 
3 days. BioA, ADA and PK assays; BMx, 
biomarkers; ClinPath, clinical pathology 
consisting of complete blood count, 
serum chemistry, and coagulation 
testing; h, hour; PBFC, peripheral blood 
flow cytometry. (B) (Top) B cells/μl 
(CD19+ and/or CD20+) in blood after 
dosing cynomolgus monkeys with 
indicated amounts of CD8- L829- tLNP- 
CD20. Doses are indicated by arrows. 
Data combined from three studies. 
(Bottom) Representative spleen 
sections stained for CD20 through 
immunohistochemistry are shown for 
each dose group. Spleen samples were 
taken from animals 8 days (2.0 mg/kg), 
7 days (PBS, 0.5, and 1.5 mg/kg), or  
3 days (0.1, 0.3, and 1.0 mg/kg) after 
dose 3. (C) Averaged surface CAR 
expression on CD8+ T cells (left) and 
CD4+ T cells (right) for each dose group 
within each study, with a total of three 
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represent the same dose groups from 
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Across three studies, 22 cynomolgus monkeys received intravenous 
doses of CD8- L829- tLNP- CD20 ranging from 0.1 to 2.0 mg/kg every 
72 hours for a total of three doses (Fig. 4A and table S2). Animals were 
not pretreated with corticosteroids or antihistamines. Comprehensive 
clinical pathology and biomarker analyses were performed at all dose 
levels (figs. S6, B to D, and S7 to S10). The treatment was generally well 
tolerated; however, one monkey in the 1.5 mg/kg group was found lying 
prone, hypoactive, and hypothermic 72 hours after the third dose and was 
humanely euthanized. Clinical and biomarker assessments at sacrifice 
were consistent with immune effector cell–associated hemophagocytic 
lymphohistiocytosis–like syndrome (figs. S8 and S10B), a recognized 
adverse effect of CAR T cell therapies (27). More common findings in 
the other animals included mild, transient elevations in liver enzymes, 
and cytokines such as interleukin- 6 (IL- 6), monocyte chemoattractant 
protein 1 (MCP- 1), and interferon- γ (IFNγ), which are all consistent 
with on- target pharmacology expected with CAR T cell treatment (28). 
Transient increases in body temperature and C- reactive protein levels 
were also observed, which are consistent with typical responses to 
nanomedicine administrations. No central nervous system symptoms 
or seizures were observed.

Peripheral blood B cell counts declined sharply within 6 hours of 
the first dose and approached undetectable levels by 24 hours (Fig. 4B). 
Although sample size was limited at each dose level, CAR expression 
appeared dose- dependent, with up to 85% of CD8+ T cells and up to 
95% of CD8+ NK cells expressing the CAR after the third dose, whereas 
minimal expression was observed on CD4+ T cells (Fig. 4C and fig. S11, 
A and B). A marked increase in the number of CD8+ T cells in the 
peripheral blood was also observed after the second dose (fig. S11C). 
Immunohistochemistry confirmed substantial B cell depletion in the 
spleen and lymph nodes in CD8- L829- tLNP- CD20–treated animals 
compared with controls (Fig. 4B and fig. S11D). In animals dosed with 1 

to 1.5 mg/kg and monitored for B cell recovery, reemergence of B cells 
in peripheral blood began around day 21, returning to near baseline 
values by day 35 (fig. S12). Notably, memory B cells were largely eradi-
cated and the posttreatment B cells that returned in the blood and 
tissues had a predominantly naïve phenotype (Fig. 5 and fig. S12), 
which is suggestive of immune reset, similar to what has been reported in 
autoimmune patients treated with ex vivo anti- CD19 CAR T cells (29).

To better characterize the therapeutic window, we explored a more 
compact dosing regimen in 15 additional cynomolgus monkeys (table 
S2), comparing only two doses spaced 72 hours apart with the three- dose 
schedule, and found that the two- dose schedule also achieved deep 
peripheral blood and tissue B cell depletion as effectively as a three- 
dose regimen, with returning B cells again predominantly naïve (fig. 
S13). The two- dose regimen also demonstrated a favorable safety and 
tolerability profile and avoidance of increases in IL- 6, MCP- 1, and 
IP- 10 observed after a third dose (fig. S14). Furthermore, because 
patients receiving intravenous LNP products are routinely pre-
medicated with low- dose corticosteroids and antihistamines (30, 31), 
in a separate study of four cynomolgus monkeys (table S2), we 
confirmed that premedicating before tLNP dosing did not interfere 
with in vivo CAR engineering rates or B cell depletion but did have an 
additional positive impact on the safety- related markers, as demon-
strated by multifold reduction in C- reactive protein after tLNP infusion 
and decreased levels of cytokines, including IL- 6, which is a key driver 
of CRS (fig. S15). Although sample sizes are small, these data pro-
vide rationale for compact dosing and premedication in future clini-
cal studies.

Discussion
In this study, we introduced a novel CD8- L829- tLNP- CD19 formulation 
that preferentially engineers T cells in vivo to deplete B cells in 

humanized mice and cynomolgus monkeys. 
This depletion leads to repopulation with 
naïve B cells, which is suggestive of an 
immune reset. Clinical reports of ex vivo 
CAR T cell therapy in autoimmune pa-
tients have shown that although B cells 
return after ablation, symptoms often do 
not reappear (6, 8, 9). Returning B cells 
were shown to be predominantly naïve, 
suggesting that transient ablation of 
pathogenic B cells was sufficient to “reset” 
the immune system, providing a durable 
benefit (29). A key factor in this “reset” 
may be the depth of B cell depletion. B 
cell–depleting antibodies have shown in-
complete depletion of B cells in tissues, 
which is thought to be why these thera-
pies have not been as effective as CAR 
T cells in treating autoimmune pa-
tients (32–34).

However, CAR T approaches that use 
viral integrating vectors pose considerable 
challenges. First, long- term CAR expression 
from integrating vectors can lead to pro-
longed B cell aplasia, hypogammaglo-
binemia, and cytopenia, increasing the risk 
of serious infections (35). Second, recent 
reports of T cell lymphomas in patients 
treated with CAR T cell therapy have 
prompted regulatory agencies, such as 
the FDA, to mandate lifetime monitoring 
for secondary malignancies for patients 
treated with integrating vectors (36–39). 
These concerns raise questions about the 
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Fig. 5. Predominance of naïve B cells upon B cell lineage recovery after tLNP treatment–induced global B cell 
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suitability of such therapies for autoimmune disease patients, especially 
in earlier treatment stages.

Our nonviral, scalable approach using tLNPs with transient mRNA 
payloads addresses these issues by potentially reducing long- term 
risks associated with integrating vectors. Although we identified two-  
and three- infusion regimens leading to the desired pharmacological 
effect and maintaining a favorable safety profile preclinically, key 
questions remain regarding the translatability of this approach to the 
clinic, in cluding dose levels and regimens required to achieve immune 
reset in humans and the relationship between the B cell phenotype 
and function of repopulating cells and the durability of clinical re-
sponse. In certain oncological indications, a more extensive treatment 
regimen consisting of repeat dosing over an extended period may be 
required to achieve a durable clinical response. These extended dosing 
regimens have not yet been explored and would need to be evaluated 
for the development of immunogenicity or antidrug antibodies against 
the tLNP, which could potentially limit the efficacy of repeat dosing 
over time. Additionally, in B cell–mediated autoimmune disease, de-
termining whether this strategy should be reserved for refractory pa-
tients or used earlier in treatment is crucial. Overall, this in vivo approach 
offers the promise of potentially safer and more accessible CAR T 
therapies for B cell–mediated pathologies in oncology and autoimmune 
disease (27).
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