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Abstract Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central ner-

vous system (CNS). Epstein‒Barr virus (EBV)-induced B-cell overactivation could lead to inflammatory

injury to the CNS, which is thought to underlie the initiation and progression of MS. To specifically erad-

icate these B cells, we report in situ EBNA1-specific chimeric antigen receptor (CAR)-T cells that were

transiently programmed with circular RNA (circRNA)-laden CD7-targeted lipid nanoparticles (CD7-

LNP). We demonstrate that systematic injection of CD7-LNP can efficiently introduce CAR circRNA
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to T lymphocytes and yield in vivo CAR-T cells. These in situ CAR-T cells were able to specifically clear

EBNA1-specific B cells and significantly mitigate the progression of MS in a MS mouse model. Thus, in

situ generation of EBNA1-specific CAR-T cells hold promise as a therapeutic strategy for MS that avoids

the risks of general immunosuppression, and warrant further clinical trials.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Multiple sclerosis (MS) is an autoimmune neurological disorder of

the central nervous system (CNS) of unknown aetiology1,2. The

elevated Epstein‒Barr virus (EBV) specific antibody titers and

symptomatic primary EBV infections being epidemiologically

associated with MS. EBV is a B cell-tropic virus, and B cells appear

central to driving autoreactive pathogenic T cells in MS. EBV can

trigger MS through molecular mimicry, promoting memory B cells

that act as pro-inflammatory antigen-presenting cells for T cells, and

by establishing a latent infection within B cells3-6. As such, tracking

and eradicating these B cells may be a potential approach for MS

therapy, which remains largely unexplored.

Large-scale clinical trials have demonstrated the efficacy of

B-cell depletion therapy using the anti-CD20 monoclonal antibody

(mAb) ocrelizumab in relapsing as well as primary progressive

MS7,8. However, B-cell depletion therapy is often accompanied by

the occurrence of infection risks9,10. EBV nuclear antigen 1

(EBNA1)-specific B cells that express an anti-EBNA1 BCR, a

membrane-bound autoantibody, preferentially migrate to the CNS,

contributing to CNS pathogenic autoimmunity in MS11. To direct

EBNA1-specific rather than total B-cell depletion, we proposed

engineering T cells with an EBNA1 chimeric autoantibody receptor

(EBNA1-CAR) to achieve precise eradication of B cells, avoiding

the potential risks associated with total B-cell depletion.

The current manufacturing process of CAR-T cells is labor-

intensive and time-consuming and requires dedicated equipment

and considerable technical expertise, limiting broader applica-

tions12-—14. As an alternative, in vivo programming of T cells to

express CAR has emerged as a promising strategy. This approach

leverages off-the-shelf products, offering key advantages such as

reduced production costs and potentially enhanced therapeutic

performance and safety15. mRNA-based CAR-T cell therapies

have been successfully tested in preclinical and clinical settings

across multiple cancers, including acute lymphoblastic leukemia

(ALL), melanoma, and Hodgkin’s lymphoma16. To simplify the

complex manufacturing process of ex vivo CAR-T cells, we

sought to engineer CAR-T cells in vivo by using targeted lipid

nanoparticles (LNPs). CD7 is a single-domain Ig superfamily

molecule expressed on T and NK cells, as well as on cells in the

early stages of T cell differentiation and it will be rapidly inter-

nalized after binding to antibodies or antibody derivatives17-19.

Thus, circRNA enveloped with EBNA1 chimeric autoantibody

receptor (EBNA1-CAR) was packaged with the targeted LNP that

was decorated with CD7 antibodies (Abs) for T-cell-targeted gene

delivery. We firstly induced experimental allergic encephalomy-

elitis (EAE) with EBNA1 peptide (Supporting Information

Fig. S1) and found intravenous injection of B cells from EAE

mice aggravated EAE (Supporting Information Fig. S2). And,

depletion B cell with CD19 Ab mitigated EAE severity (Sup-

porting Information Fig. S3). Further, EBNA1-specific T cells

were transferred alone or co-transferred with EBNA1 specific B

cell into WT mice. And in the presence of EBNA1 specific B

cells, disease onset occurred earlier, and the incidence and severity

of clinical deficits were increased (Supporting Information

Fig. S4). And we found that CD7-tagged LNPs (CD7/LNP)

were able to efficiently deliver targeted circRNA to T lymphocytes

and generate functional CAR-T cells in situ, which could specif-

ically clear EBNA1-specific B cells and attenuate the progression

of MS without the risk of potential infection, as demonstrated in

an EAE mouse model (Fig. 1A).

2. Materials and methods

2.1. Cell line

CTLL-2 cells were obtained from the Institute of Biochemistry

and Cell Biology, Shanghai Institutes for Biological Sciences,

Chinese Academy of Sciences (Shanghai, China). The cells were

cultured in RPMI 1640 medium supplemented with 10% (v/v)

FBS, 100 U/mL penicillin, 100 U/mL streptomycin and 50 ng/mL

IL-2 at 37 ◦C in a humidified atmosphere of 5% CO2.

2.2. Animals models

SJL/J mice (female, aged 8 weeks) were obtained from Vitalriver

Biotech. All animal experiments were conducted in accordance

with the guidelines and regulations of Institutional Animal Care

and Use Committee of the Cheeloo College of Medicine, Shan-

dong University (approval number: 21074). The mice were housed

under controlled conditions with a target temperature range of

19—25 ◦C and relative humidity of 30% to 60%. A time-controlled

lighting system was used to provide a 12 h light/12 h dark cycle.

Multiple sclerosis is female preponderance in prevalence. Female

mice were used to allow for group housing throughout the study.

For active EAE, mice were immunized subcutaneously with

EBNA1AA411—426 (350 μg per mouse, peptide sequence:

EADYFEYHQEGGPDGE) mixed with CFA emulsion (200 μL

per mouse, Sigma—Aldrich, F588). Additionally, SJL/J mice were

intravenously injected with pertussis toxin (350 ng per mouse,

LIST Biological laboratories, Inc., 180222A1) at the time of

immunization and 48 h later. For treatment, CD7/EBNA1/LNP

(0.5 mg of circRNA/kg) and CD19 Ab (125 μg per mouse, three

times every 7 days) were infused i.v. in EAE model mice on Day 9

when the disease phenotype was obvious (average score ≥1).

Mice were scored for clinical symptoms and signs of EAE were

translated into the clinical score as follows20,21: 0, no detectable

signs of EAE; 0.5, tail weakness; 1, complete tail paralysis; 2,

partial hindlimb paralysis or ataxia; 2.5, unilateral complete hin-

dlimb paralysis; 3, complete bilateral hindlimb paralysis or severe

ataxia; 3.5, complete hindlimb paralysis and partial forelimb

In situ CAR-T cells combat multiple sclerosis 4677



Figure 1 Construction and characterization of CD7/LNP. (A) Schematic illustration of CD7/LNP for in situ generation of EBNA1-CAR-T cells

for MS therapy in EAE mouse model. (B) Synthesis of LNP and CD7/LNP with microfluidics. (C‒E) Characterization of CD7/LNP. Scale

bars � 200 nm. TEM images of non-targeted LNPs and (left panel) and CD7 targeted LNPs (right panel) after 12 h incubation in PBS (C).

Hydrodynamic size distribution (D) and ζ potential of LNP and CD7/LNP (E). (n � 3 biological replicates). (F) Mouse primary T cells were co-

cultured with CD7/LNP for 24 h and the effect of CD7/LNP on cell viability was evaluated using CCK-8. (n � 5, biological replicates). Data are

presented as mean ± SD; ns, not significant. (G) Stability of CD7/LNP in PBS, as evaluated by determining changes in the nanocomplex size by

DLS over 7 days. (n � 3 biological replicates). (H, I) CD7/LNP was administered to WT mice, blood samples were collected at Days 0, 2, 4 and

7, anti-PEG IgM levels (H) and immunogenicity assessment related cytokine (IL-6, TNF-α, and IFN-γ) (I) were measured with ELISA (n � 5

mice per group, biological replicates). Data are presented as mean ± SD, ***P < 0.001 vs. indicated; ns, not significant.
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paralysis; 4, total paralysis of forelimbs and hindlimbs (mice with

a score >4 were killed); and 5, death.

2.3. General synthetic procedures and spectral data

To a mixture of TBSCI (6.715 g, 44.6 mmol), imidazole (6.304 g,

92.9 mmol), TRIS (1.54 g, 12.4 mmol) was added 5 mL anhy-

drous DMF, reacted for 12 h at room temperature. CH2Cl2 was

added to extract, and washed with saturated NaHCO3 and satu-

rated NaCl solution. The organic layer was collected and dried by

anhydrous MgSO4, filtered, and concentrated by rotary evapora-

tion. The products were separated and purified by column chro-

matography to obtain Compound 1.

To a mixture of 4-methyl-1-piperazineacetic acid (1.5 g,

6.32 mmol) with CH2Cl2 (10 mL) under stirring at 0 ◦C, 7.2 mL of

TEA was added dropwise and reacted for 10 min; Subsequently,

EDCI (1.8 g, 9.39 mmol) and HOBt (1.26 g, 9.32 mmol) were

added and reacted for 30 min; Compound 1 (3.0 g, 6.47 mmol)

dissolved in an appropriate amount of CH2Cl2 was dropped into

the above system and reacted for 24 h. The reactants were washed

and the organic layer was collected, dried with anhydrous MgSO4,

filtered and concentrated. The products were separated and puri-

fied by column chromatography to obtain Compound 2.

865 mg (2.73 mmol) TBAF·3H2O was dissolved in THF,

dropped into a mixture of 500 mg (0.828 mmol) Compound 2 with

10 mL THF at 0 ◦C. The solvent was removed by rotary evapo-

ration after reaction for 3 h, resulting in a pale oil (Compound 3).

The product can participate in the next reaction without purifi-

cation. Compound 3 was dissolved in CH2Cl2, DCC (563 mg,

2.73 mmol) and DMAP (334 mg, 2.73 mmol) were added, and

linoleic acid (765 mg, 2.73 mmol) was added at 0 ◦C. The reaction

was stirred for 24 h; The reactants were washed and the organic

layer was collected, dried with anhydrous MgSO4, filtered and

concentrated. The products were separated and purified by column

chromatography to obtain Compound 4.

2.4. LNP anti-CD7 antibody conjugation

To prepare antibody-targeted LNPs, LNPs were conjugated with

purified mouse anti-CD7, as described previously22. Briefly, LNP

was modified with maleimide functioning groups (DSPE-PEG-

Mal). The antibody was functionalized with SATA (N-

succinimidyl S-acetylthioacetate) to introduce sulfhydryl groups

allowing conjugation to maleimide. SATA was deprotected using

0.5 mol/L hydroxylamine followed by removal of the unreacted

components by G-25 Sephadex Quick Spin Protein columns. The

reactive sulfhydryl group on the antibody was then conjugated to

maleimide moieties using thioether conjugation chemistry. LNPs

were combined with CD7 antibody at a molar ratio of 1:1 maleimide

to antibody. Purification was carried out using Sepharose CL-4B gel

filtration columns. RNA content was calculated by performing a

modified Quant-iT RiboGreen RNA assay. After addition of the

targeting ligand, all the targeted and non-targeted LNP preparations

were kept at 4 ◦C and were used within three days of preparation.

2.5. cicrRNA synthesis and encapsulation in LNPs

The EBNA1 CAR construct contained the EBNA1 peptide (EAD

YFEYHQEGGPDGEFHPVGDADYFEY) with mouse CD3ζ and

4-1BB cytoplasmic signalling domains. CAR expression circRNA

was synthesized and supplied by GENESEED. The circRNA was

analyzed by agarose gel electrophoresis and was stored at − 80 ◦C.

Purified circRNA was encapsulated in LNP using a self-assembly

process with microfluidic as previously described23. Briefly, the

organic phase consisted of ethanol containing dissolved ionizable

lipid, auxiliary lipids, cholesterol, and polyethylene glycol lipid,

while the aqueous phase contained circRNA dissolved in citrate

buffer. The aqueous and organic phases were mixed in a 3:1 ratio

within a microfluidic chip device using syringe pumps, the total

flow rate was 0.8 mL/min. The formulated LNPs were subse-

quently dialyzed against PBS (pH 7.4) for ethanol removal.

2.6. The nucleotide sequence of CAR

UACCGGAAUGGTCACUGGCGGAACGAGGACGGCGACCG

GAACGACGAGGTGCGGCGGUCCGGCCUCGUCUUUGAGU

AGAGACUUCUCCUAGACUCGGUCUCGUCGUCGUCGCCG

UCGGGGGGGUCCUCCGGGGGGGGGCCGUCCUCCGGGA

AGAAGGUGGGGCACCCGCUGCGGCUGAUGAAGCUCAUG

UGGUGCUGCGGUCGCGGCGCUGGUGGUUGUGGCCGCG

GGUGGUAGCGCAGCGUCGGGGACAGGGACGCGGGUCUC

CGCACGGCCGGUCGCCGCCCCCCGCGUCACGUGUGCUC

CCCCGACCUGAAGCGGACACUAUAGAUGUAGACCCGCG

GGAACCGGCCCUGAACACCCCAGGAAGAGGACAGUGAC

CAAUAGUGGGAAAUGACGUUUGCCCCGUCUUUCUUUG

AGGACAUAUAUAAGUUUGUUGGUAAAUACUCUGGUCAU

GUUUGAUGAGUUCUCCUUCUACCGACAUCGACGGCUAA

AGGUCUUCUUCUUCUUCCUCCUACACUUGACUCUCACU

UCAAGUCGUCCUCGCGUCUGCGGGGGCGCAUGGUCGUC

CCGGUCUUGGUCGAGAUAUUGCUCGAGUUAGAUCCUGC

UUCUCUCCUCAUGCUACAAAACCUGUUCUCUGCACCGG

CCCUGGGACUCUACCCCCCUUUCGGCGUCUCUUCCUUC

UUGGGAGUCCUUCCGGACAUGUUACUUGACGUCUUUCU

AUUCUACCUCCUCCGGAUGUCACUCUAACCCUACUUUC

CGCUCGCGGCCUCCCCGUUCCCCGUGCUACCGGAAAUG

GUCCCAGACUCAUGUCGGUGGUUCCUGUGGAUGCUGCG

GGAAGUGUACGUCCGGGACGGGGGAGCG (from 5′ to 3′).

2.7. Nanoparticle characterization

The targeted and non-targeted particles were characterized by

NanoSight NS300 instrument (Malvern Instruments, Malvern,

UK) for number, average hydrodynamic radius, and concentration.

The zeta potential of the particles was determined using a

ZetaPALS Zeta Potential Analyzer (Brookhaven Instruments

Corporation, Holtsville, NY, USA). Samples were imaged with a

JEOL JEM-1400 transmission electron microscope operating at

120 kV (JEOL USA, Peabody, MA, USA).

Encapsulation Efficiency (EE) were calculated using Quant-iT

RiboGreen assays (Thermo Fisher Scientific). The Quant-iT

RiboGreen RNA kit was mixed with LNP or LNP demulsified

with 2% Triton X-100. With excitation by a laser at 480 nm, the

fluorescence intensity at 520 nm was detected by a multimode

plate reader (EnSight, PerkinElmer, Singapore), and the cirRNA

content was calculated according to the standard curve. The

circRNA contents were measured using the following Eq. (1):

EE (%)� (m2-m1)=m2× 100 (1)

Where m1 is the weight of LNP before demulsification using 2%

Triton X-100, m2 is the weight of LNP after demulsification using

2% Triton X-100.
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2.8. In vitro cytotoxicity assay

For cytotoxicity assays, primary T cells and the T-cell line CTLL-

2 cells were seeded in 96-well plates (5 × 103 cells/well) and

treated with CD7/LNP for 24 h, with circRNA concentrations

ranging from 100 to 1000 ng/mL. And cell viability was quantified

using a CCK-8 kit according to the manufacturer’s instructions.

2.9. Confocal microscopy

For confocal laser scanning microscopy (CLSM) observations,

primary T cells and CD7/LNP were cultured at 37 ◦C for 2 and

8 h, respectively. The nuclei and lysosomes/endosomes were

stained with DAPI and LysoTracker dyes respectively. To evaluate

the cellular uptake of each circRNA formulation, free cirRNA and

CD7/LNP were incubated with CTLL-2 and primary T cells for

4 h, respectively. Then, the cells were washed three times with

PBS and transferred onto fibronectin-coated 10-mm Teflon ring

glass slides, fixed in 2% paraformaldehyde, mounted with

ProLong Gold Antifade reagent for 24 h, and imaged with a Zeiss

LSM 780 confocal microscope.

2.10. In vitro T-cell transfection using CD7/LNP

Mice were euthanized using carbon dioxide anesthesia and then

immersed in 75% alcohol for processing. Remove the spleen, and

place in separate 15 mL tubes containing 5 mL ice-cold RPMI/FBS

(RPMI with 2% FBS). Next using the plunger of a 1 mL syringe,

mash the spleen using a 40 μm filter until it has been torn into very

fine parts to generate a single cell suspension. Transfer the cell

suspension to a 15 mL tube, and spin down at 400 × g for 5 min at

4 ◦C for removing the supernatant. After pelleting the cells and

removing the supernatant, re-suspend the cells with 1 mL RBC lysis

buffer for every 108 cells for 3—4 min. Stop RBC lysis with 14 mL

ice-cold PBS and spin down at 400 × g for 5 min at 4 ◦C. After-

wards, mouse spleen T cells were sorted using a mouse T cell

magnetic beads separation kit. Purified T cells can be obtained by

performing the sorting steps according to the protocol in the kit.

T cells were activated using CD3/CD28 Dynabeads (Gibco

11453D), expanded using 100 Units/mL of recombinant mouse

interleukin-2 (R&D Systems 402-ML) and grown in RPMI 1640

(Invitrogen 11875085) containing 10% FBS (Atlanta Biologicals

S11150), 4 mmol/L L-glutamine (Invitrogen 25030081), peni-

cillin/streptomycin (Invitrogen 15140122), 1 mmol/L sodium

pyruvate (Invitrogen 11360079), and 50 μmol/L 2-

mercaptoethanol (Gibco 21985023). Subsequently, activated T

cells were plated and cultured with the nanoparticle suspension,

using the CD7/LNP concentrations as indicated. Transfection

efficacy was evaluated by flow cytometry 48 h later.

2.11. Generation of EBNA1 CAR-T cells with LNP

T cells were sorted and activated above. After 6—8 days of activa-

tion, T cells are in a resting state and further expansion of T cells

requires a restimulation. Finally, the isolated and activated T cells

were coincubated with LNP to construct EBNA1-CAR T cell.

2.12. Lentiviral production and ex vivo T cell transduction

Lentiviral stocks were generated by transfection of 293T cells

with the pLenti-CAR-IRES-GFP, psPAX2 and pMD2.G plasmids

followed by concentration as previously reported24. For lentiviral

gene transfer into murine T cells, 1 mL per well of lentivirus was

preloaded on six-well non-tissue culture treated dishes coated with

RetroNectin and incubated at 37 ◦C for 1 h. An equal volume of

Concavalin A/IL-7 activated T lymphocytes (3 × 106 cells/mL in

RPMI medium supplemented with 100 Units/mL of recombinant

mouse IL-2) was added and centrifuged at 2000 × g for 30 min.

Six h after spinoculation, 1 mL of fresh, prewarmed RPMI con-

taining 50 IU IL-2 was added. T cells were used for adoptive

transfer experiments 2 days after gene transfer.

2.13. Detection of CAR expression

The primary anti-MYC (1:1000, Abcam, ab32) antibodies were

used for Western blotting for CAR protein expression detection,

performed using to an established method. Further, FITC labeled

EBNA1 antibody was used to detect the CAR expression on T cell

surface.

2.14. Functional in vitro T cell assays

2.14.1. In vitro killing assay

We measured in vitro cytotoxic activity of CAR-T cells using

standard LDH assay as described elsewhere25. Briefly, T cells and

targeted cells were added to the suspensions at varying effector-to-

target cell ratios in 96-well plates (final volume, 200 μL) and

incubated for 6 h at 37 ◦C. Then, cell death was assessed by LDH

Cytotoxicity Assay Kit.

2.14.2. Cytokine secretion assay

Supernatants were collected and stored at − 80 ◦C until use in this

assay and were thawed on ice upon use. T cell cytokine release

was measured with ELISA kit26.

2.15. Nanoparticle biodistribution and toxicity studies

The mice were intravenously injected with Cy5-tagged nano-

particles (at the dosage of 0.5 mg circRNA/kg) that were either

non-targeted, or targeted. The nanoparticle suspension was

administered through a tail vein as described above. After 6 h,

tissues as indicated were removed, weighed, and macerated as

needed with scissors. We quantified specific Cy5 tissue fluores-

cence for each organ using the IVIS Spectrum imaging system.

To measure potential in vivo toxicities of repeatedly infusing

lymphocyte-targeted RNA nanocarriers, CD7-targeted nano-

particles carrying EBNA1 CAR-encoding circRNA (at the dosage

of 0.5 mg circRNA/kg) were intravenously injected every other

day as previously reported27. Control animals received no treat-

ment. Forty-eight hours after the final nanoparticle infusion, mice

were anesthetized and blood was collected into serum separator

tubes for serum chemistry and cytokine profile analyses. Animals

were then euthanized with carbon dioxide to retrieve organs,

which were washed with deionized water before fixation in 4%

paraformaldehyde. The tissues were processed routinely, and

sections were stained with haematoxilin and eosin.

2.16. B cell detection

B cells after treatment were measured with flow cytometry

(EBNA1 Protein, ACRO Biosystems and PE Streptavidin, Bio-

legend) or ELISpot as described elsewhere. For ELISpot assay,

peripheral blood-derived B cells from different treated mouse

were isolated with B cell negative isolation Kit and suspended in
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ELISpot wells incubated with 5 μg/mL of EBNA1 peptide,

5 μg/mL of bovine serum albumin (BSA) or 15 μg/mL of mouse

total IgG monoclonal antibody. After incubation in ELISpot plates

for 18 h, plates were washed, developed using TMB substrate, and

quantitated using a Bio-Reader system (BioSys).

2.17. T cell detection with flow cytometry

Mice were sacrificed, and spinal cords were isolated, treated with

0.5 mg/mL DNase and 1 mg/mL Liberase for 30 min at 37 ◦C,

homogenized and strained through a nylon filter with a pore size of

100 μm. Viable immune cells were collected and washed exten-

sively before being stained. For flow cytometry, cell surface anti-

bodies were first incubated with the cells for 20 min at 4 ◦C. T cell

were tested using the following panel of antibodies: anti-CD45,

anti-CD3, PE-Labeled Mouse H-2 Tetramer-EADYFEYHQ

EGGPDGE and LIVE/DEAD™ Fixable Lime (506) Viability Kit.

2.18. Histology and immunofluorescence staining

At the time of sacrifice, mice were transcardially perfused with

4% paraformaldehyde. Spinal cords were removed and fixed in the

same fixative for 24 h. They were washed using PBS and

embedded in OCT in cryomoulds. Sections were cut at 8-μm

thickness using a cryostat. Luxol fast blue (LFB) staining was

used to evaluate myelin differentiation. Spinal cord and brain

sections were desiccated for 1 h and then subjected to a series of

washing steps with ethanol, lithium carbonate, Harris haematox-

ylin, acid alcohol, ammonium hydroxide, and eosin Y. For LFB, 3

different animals were examined, with at least 10 sections per

animal. All spinal cord slides were analysed using a Nikon system.

For T cell detection, samples were incubated with 10% normal

goat serum or 0.5% Triton in PBS for 1 h at RT, dried, incubated

with a primary antibody against CD3 (1:500 dilution, v/v) and

placed in a 4 ◦C room overnight. The samples were then washed 3

times with PBS for 5 min and incubated with secondary antibodies

for 1 h at RT. The following secondary antibodies were used:

Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat

anti-hamster IgG. After washing with PBS 3 times for 5 min, the

samples were mounted with DAPI. The slides were finally ana-

lysed using a Nikon microscope.

Nissl staining was used to evaluate the neuronal status after

treatment. Nissl staining was performed on transverse sections

rostral to the epicentre with 0.1% cresyl violet for 20 min at 37 ◦C.

After the samples were rinsed with distilled water, the stained

sections were differentiated in 95% ethyl alcohol. Then, the sections

were dehydrated with increasing concentrations of ethyl alcohol

and cleared using xylene. The quantitative analysis of Nissl bodies

and the neuronal status was performed using multiple sections from

at least three different spinal cord regions from three animals. All

spinal cord slides were analysed using a Nikon system.

2.19. In vivo anti-Staphylococcus aureus efficacy assay

After the treatment with CD7/LNP and CD19 Ab, the mice were

injected (i.p.) with Staphylococcus aureus (SA, 1 × 108 CFU/

mouse, 100 μL), body weight and probability of survival were

statistically analyzed. After 24 h of infection, peripheral bloods

from the live mice were collected and inoculated on SDA medium.

Then the SA CFUs were quantified. The levels of cytokines,

including IL-4, TNF-α, and IL-10, in the serum were determined by

ELISA following the instructions recommended by the

manufacturer.

2.20. Statistical analysis

Differences between two conditions were assessed using Students t-

test. Significance was determined for multiple conditions using one-

way analysis of variance (ANOVA). Significant ANOVA results

(P < 0.05) were analyzed further using Tukey’s post hoc multiple

comparisons test. All results are presented as mean ± standard

deviation (SD). All graphs were generated using Prism 8.0 software

(GraphPad Software, Inc., San Diego, CA, USA).

3. Results

3.1. Synthesis and characterization of the CD7-targeted LNPs

To precisely and efficaciously program T cells, we first designed

an ionizable lipid nanomaterial (Supporting Information Scheme

S1, Figs. S4—S7) and copackaged EBNA1-CAR circRNA

(Supporting Information Fig. S8) into lipid nanoparticles (LNPs)

by microfluidic self-assembly, in which the T cells-targeting

CD7 antibody was coupled to the surface of LNPs (Fig. 1B).

The LNPs were formed and screened according to transfection

efficiency, fabricated with the following molar ratios of ionizable

lipid (35):cholesterol (46.5):DOPE (16):DMG-PEG-Mal (2.5)

(Supporting Information Fig. S9), then modified with CD7 an-

tibodies (CD7/LNP). As shown in Fig. 1C—E, the synthesized

LNP exhibited a spherical morphology with a 122.6 ± 4.7 nm

hydrodynamic size distribution, and their ζ potential was

− 0.193 ± 0.61 mV, the synthesized CD7/LNP exhibited a

spherical morphology with a 144.3 ± 8.3 nm hydrodynamic size

distribution, and their ζ potential was − 1.08 ± 0.21 mV. And the

encapsulation efficiency (EE) of the circRNA was 86.4 ± 0.7%

(Supporting Information Fig. S10). To determine the cytotoxicity

of CD7/LNP, primary T cells, and the T-cell line CTLL-2 cells

were treated with CD7/LNP for 24 h, compared to a phosphate-

buffered saline (PBS)-treated group, and no significant differ-

ence in viability was observed (Fig. 1F and Supporting Infor-

mation Fig. S11). Further, the stability of CD7/LNP was

evaluated according to hydrodynamic size distribution and PDI.

As shown in Fig. 1G, CD7/LNP were stable in PBS, with

negligible size and PDI differences, for 7 days at 4 ◦C, which

indicated that the CD7/LNP have excellent stability. Collec-

tively, these results indicate that the CD7/LNP had the potential

to mediate gene delivery.

To evaluate the immunogenicity of CD7/LNP, CD7/LNP was

administered to WT mice, and blood samples were collected to

measure immunogenicity assessment related cytokines (IL-6,

TNF-α, and IFN-γ) and anti-PEG IgM levels in plasma at Days 0,

2, 4 and 7. As shown in Fig. 1H and I, immunogenicity assessment

related cytokines peaked on Day 1 and serum anti-PEG IgM levels

peaked on Day 2 both returned to baseline by Day 7. Further,

Human PBMCs were exposed to CD7/LNP for 6 h, CD69 and

CD107 expression were detected to determine the potential

immunogenicity of CD7/LNP on human. Supporting Information

Fig. S12 shows no significant CD69 and CD107 were detected in

CD7/LNP and LNP treated groups. Together, these data indicate

that CD7/LNP can be loaded with circRNA for T cells program-

ming with low immunogenicity.
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Figure 2 CAR expression and effector activity of CAR-T cells in vitro. (A) Design of EBNA1 CAR. (B) Free circRNA and LNP with or

without CD7 were cocultured with CTLL-2 and primary T cells for 4 h, cellular uptake of free circRNA and LNP with or without CD7 by CTLL-2

and primary T cells was evaluated by FC analysis. (C) Confocal images of CTLL-2 and primary T cells treated with free circRNA or CD7/LNP for

4 h. The cell membrane and nuclei were counterstained with WGA (green) and DAPI (blue), respectively. Scale bars � 10 μm. (D) Confocal

images of subcellular compartments of primary T cells after coincubation with LNP or CD7/LNP. Images from left to right show DAPI-stained

cell nuclei (blue), lysosomes (green), circRNA (red), and merged images. Scale bars � 20 μm. (E) Primary T cells were treated with CD7/LNP at

LNP/T cell number ratio from 50:1 to 1000:1 for 24 h, percentage of GFP-positive T cells was detected by flow cytometry analysis (n � 5 cell

samples per group, biological replicates). (F) Abundance of the EBNA1 protein in T cells after treatment with CD7/LNP at the LNP/T cell ratio of

1000:1 or relatively equivalent quality free RNA was detected with Western blot. (G) Primary T cells were treated with CD7/LNP or LNP at the

LNP/T cell ratio of 1000:1, expression of EBNA1 on the cell surface was detected with flow cytometry analysis (n � 3 cell samples per group,

biological replicates). Data are presented as mean ± SD. ****P < 0.0001 vs. indicated. (H, I) Effector cells, sorted CAR-T cells; target cells,

freshly sorted B cells from WT (control) and EAE mice (model). After coculture at the indicated ratios for 8 h, the percentage of lysed B cells

(H) and the supernatant TNF-α and IFN-γ concentrations (I) after 8 h of coculture at the ratio of 10:1 were analyzed by CCK-8 and ELISA

respectively (n � 5 cell samples per group, biological replicates). Data are presented as mean ± SD. ***P < 0.001, ****P < 0.0001 vs.

indicated. Statistical significance was analyzed using one-way ANOVA (E, H) and two-way ANOVA (J). (J) Mouse spleen lymphocytes were

sorted and cultured with nontargeted LNPs or targeted LNPs for 4 h, and nanoparticle fluorescence on T cells was detected by flow cytometry

analysis (n � 5 cell samples per group, biological replicates). Data are presented as mean ± SD. ****P < 0.0001 vs. indicated.
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3.2. CD7-targeted LNPs produce functional, circRNA-based

CAR-T cells in vitro

The efficiency of LNP-mediated gene delivery was tested with

primary T cells and the T-cell line CTLL-2, which allows T cells

to express corresponding CAR proteins, including the CD8α

hinger and 4-1BB transmembrane domains, the CD3ζ intracellular

signaling domain, and the EBNA1 extracellular domain (Fig. 2A).

Flow cytometry results (Fig. 2B) and confocal imaging (Fig. 2C)

established that in both primary T cells and T-cell lines, sub-

stantial enhancement was achieved in the cellular internalization

of genes after encapsulation in CD7-targeted LNPs in vitro. The

quantitative results of flow cytometry fluorescence intensity

showed that the intracellular RNA fluorescence intensity in the

CD7/LNP group was 11.3 times higher than that of free RNA.

These results indicated that the LNPs efficiently delivered the

genes into T cells with the CD7 motif, presumably as a result of

receptor-induced endocytosis. As the incubation time extended to

8 h, the wide distribution of Cy5-circRNA in the cytoplasm of T

cells indicated that the LNPs escaped the lysosome and entered

the cytosol, which further upregulated CAR protein expression

(Fig. 2D, Supporting Information Fig. S13).

We then assessed the ability of the engineered nanoparticles to

program T cells by incubating freshly isolated, activated murine T

cells with the particles at various ratios in vitro for 48 h. With GFP as

a marker of CAR, the expression of CAR was evaluated by FC, and

the expression level increased with the increase in the ratio of

nanoparticles to cells, indicating that nanoparticles mediate T-cell

programming (Fig. 2E). Next, we tested CAR expression on the

cell surface of the treated cells. After incubation with CD7/LNP,

Myc and EBNA1 in T cells were measured using Western blot

analysis (Fig. 2F) and flow cytometry (Fig. 2G), respectively. As

shown in Fig. 2G, in the CD7/LNP treatment group, the percentage

of EBNA1-positive T cells was 12.2 ± 1.12%, considerably higher

than that of the EBNA1/LNP-treated cells. These results provided

direct evidence that CD7/LNP drove the successful expression of

CAR on the T-cell surface. Also, human Jurkart cell and T cells

isolated from human PBMCs were cocultured with CD7/LNP for

48 h. As shown in Supporting Information Fig. S14, the average

transfection efficiency was 50.2% in Jurkart cell (Fig. S14A) and

11.2% in human primary T cell (Fig. S14B), indicating that it can be

used for human T cell transfection.

Then, Live GFP+ T cells were sorted by FACS as EBNA1 CAR-

T cells, and their specific killing ability toward anti-EBNA1 B cells

was tested by coincubating EBNA1 CAR-T cells with primary B

cells from EAE mice and WT mice. The LNP transduced CAR-T

cells showed compared specific killing efficacy with lentivirally

transduced CAR-T cells to B cells from EBNA1 induced EAE mice

and nearly no killing efficacy to B cells from WT mice (Fig. 2H,

Supporting Information Fig. S15). Enzyme-linked immunosorbent

assay (ELISA) and FC detection revealed substantial T-cell effector

molecule IFN-γ, TNF-α secretion by the CAR-T cells after their

coculture with the target cells (Fig. 2I).

We also assessed the ability of CD7/LNP to program specific-

ities against T cells by incubating mouse splenocytes with the

particles. We found that CD7-targeted nanoparticles selectively

bound T lymphocytes, and their interactions with off-target cells

were low (Fig. 2J). CD7/LNP-transfected T cells exhibited certain

enhanced cytotoxic activity against EAE mouse derived B-cell

compared to standard LNP-transfected cell (Supporting Informa-

tion Fig. S16A), accompanied by markedly elevated secretion of

key effector molecules (Fig. S16B) including IFN-γ and TNF-α. We

further quantitatively analyzed the ratios of CD4+ T cells, CD8+ T

cells, and NK cells after co-incubation with CD7/LNP. Flow

cytometry results showed that the uptake rates for CD8+ and CD4+

T cells were approximately 29.9% and 62.9%, respectively, while

NK cells had an uptake rate of 7.19% (Supporting Information

Fig. S17). The uptake results of CD8+ and CD4+ T cells were

consistent with the CAR expressing results, possibly due to CD7-

mediated targeted endocytosis, which further enabled effective

gene expression. And we quantified the CAR expression in CD8+,

CD4+ T cells and Treg cells. As shown in Supporting Information

Fig. S18, the percentage of CAR expressing T cells with respect

to CD8+, CD4+ T cells and Treg cells was 32.5 ± 0.66%,

46.8 ± 0.85% and 0.96 ± 0.085%, respectively. These data sug-

gested that CD7/LNP could specifically target T cells and that LNP-

engineered CAR-T cells had increased cytotoxicity against anti-

EBNA1 B cells but no cytotoxicity against normal B cells,

providing support for further translation of this strategy for T-cell

reprogramming in vivo.

3.3. CD7-targeted LNPs facilitate the generation of CAR-T cells

in vivo

To determine whether the targeted nanoparticles can specifically

reprogram circulating T cells with EBNA1-CAR genes in situ, we

intravenously injected CD7-targeted LNPs and examined how

exclusively CD7-mediated targeting confined nanoparticle in-

teractions with circulating T cells. FC analysis of peripheral blood

collected 4 h later established that 12.7 ± 2.0% of the circulating

T lymphocytes bound CD7-targeted nanoparticles, while signals

from off-target cells in peripheral blood were low (Fig. 3A and B).

In parallel experiments, we quantified the distribution of

nanoparticles in various organs 4 h after intravenous injection. The

highest concentrations of nontargeted particles were found in the

liver, while lymphocyte-targeted nanocarriers accumulated mainly

in the spleen and liver (Fig. 3C). No hepatotoxicity or nephro-

toxicity was detected, and no breathing problems or weight loss

were observed (Supporting Information Fig. S19).

To determine if the targeted nanoparticles can reprogram

circulating T cells with EBNA1-CAR genes in situ, CAR expression

on circulating T cells was dynamically detected and verified during

10 days of detection. The long-term expression of CAR protein

in vivo may be related to the stability of circRNA. The proportion of

EBNA1 CAR-T cells was the highest on the second day, accounting

for approximately 4.7% of peripheral lymphocytes (Fig. 3D and E),

CAR-T cells were detectable in peripheral blood at 10 days and

declined to baseline by Day 14. Furthermore, a more detailed

phenotypic analysis on Day 2 (Fig. 3F, Supporting Information

Fig. S20) and Day 7 (Supporting Information Fig. S21) revealed

that the GFP+ cells in peripheral blood were mainly expressed in T

cells, and a small amount was expressed in neutrophils and mac-

rophages, which further indicated that CD7/LNP specifically tar-

geted and programmed T cells in vivo.

Further, to detect long term persistence of CAR-T cells, GFP+

cells from mice injected with CD7/LNP were sorted at Days 2, 4 and

8, and co-incubated with primary B cells from EAE mice for 8 h at

the effect target ratio of 10:1. Killing ability and T-cell effector

molecule IFN-γ secretion were detected, as shown in Fig. 3G and H,

CAR-T cells sorted from Days 2, 4 and 8 exhibit comparable

cytotoxicity to autoimmune B cells, indicating functional persis-

tence of CAR-T cells. Meanwhile, PD1, TIM3 and LAG3 expres-

sion on GFP+ cells were detected to evaluate potential exhaustion of

CAR-T cells. While PD-1 expression increased modestly over time
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Figure 3 CD7-targeted LNPs bind to circulating T cells and produce CAR-T cells in vivo. (A, B) Flow cytometry demonstrating fluorescent

nanoparticle binding to peripheral T cells 4 h after injection (n � 5 mice per group, biological replicates). Data are presented as mean ± SD,

****P < 0.0001 vs. indicated. (C) Bioluminescent imaging of nanoparticle distributions 24 h after tail vein injection with CD7-targeted LNPs or

nontargeted nanoparticles (H for heart, Li for liver, S for spleen, Lu for lung, K for kidney). (D, E) Reprogramming host T cells with EBNA1-

CAR genes. CD7/LNP was administered to WT mice, CAR expression was detected for 14 days post-injection by flow cytometry (D) and

quantified (E) (n � 5 mice per group, biological replicates). (F) Quantification of GFP-positive macrophages, neutrophils, T cells and B cells in

peripheral blood after the injection of LNP or CD7/LNP at day 2 (n � 5 mice per group, biological replicates). (G‒K) Long-term persistence and

potential exhaustion of CAR-T cells. GFP+ cells were sorted on Days 2, 4 and 8, and co-incubated with EBNA1 specific B cells for 8 h at the

effect target ratio of 10:1. Killing ability (G) and T-cell effector molecule TNF-α, IFN-γ secretion (H) were detected by LDH assay and ELISA

respectively. Also, expression of PD1 (I), TIM3 (J) and LAG3 (K) on GFP+ cells sorted at Days 2, 4 and 8 were detected to evaluate potential

exhaustion of CAR-T cells by flow cytometry. One-way ANOVA with Tukey’s HSD test were used to determine P values (n � 5 mice per group,

biological replicates). Data are presented as mean ± SD, *P < 0.05, **P < 0.01 vs. indicated; ns, not significant.
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Figure 4 Modulation of EAE in mice by intravenously delivered CD7/LNP. (A) Schematic representation of the procedure used to induce EAE

and the treatment that the mice received on Day 9, followed by clinical scoring until Day 30. PTX (pertussis toxin). (B) Changes in the clinical

scores of EAE mice immunized with EBNA1 peptide and treated with PBS, CD7/LNP or CD19 Ab starting on Day 9 (n � 5 mice in all groups).

Arrows represent timepoints of EAE onset peak and recovery. Data are presented as mean ± SD, *P < 0.05, ****P < 0.0001 vs. indicated. (C)

Maximum disease score of different treat mouse (n � 5 mice per group, biological replicates). Data are presented as mean ± SD.*P < 0.05,

***P < 0.001, ****P < 0.0001 vs. indicated. (D) Day of onset of maximum score of different treatment groups of mice (n � 5 mice per group,

biological replicates). Statistical significance was analyzed using one-way ANOVA. Data are presented as mean ± SD, ***P < 0.001; ns, not

significant. ns, not significant. (E) Rotarod assessment of sensorimotor processes in the different groups (n � 5 mice per group, biological

replicates). Statistical significance was analyzed using one-way ANOVA. Data are presented as mean ± SD, ****P < 0.0001 vs. indicated; ns, not

significant. (F) Representative images of H&E staining of the spinal cords from WT mice, untreated and treated mice in B. Scale bar: 500 μm (top

panel), 100 μm (bottom panel). (G) Inflammatory infiltrating cells per mm2 from lumbar spinal cord sections from F (n � 5 mice per group,
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(Fig. 3I—K), CAR-T cells retained functional cytotoxicity and

cytokine secretion even at late timepoints (Fig. 3G and H), sug-

gesting that transient exhaustion does not compromise therapeutic

efficacy. These data demonstrate that CD7/LNP-generated CAR-T

cells maintained functional persistence for at least 7 days while

avoiding chronic exhaustion risks, supporting their suitability for

autoimmune therapy. Also, the majority of in situ-generated CAR-T

cells exhibit an effector memory phenotype (Supporting Informa-

tion Fig. S22).

3.4. CD7-targeted LNPs-mediated EBNA1-specific B-cell

depletion modulates EAE in mice but avoids the risk of infection

caused by total B-cell depletion

Next, we sought to examine the therapeutic effect of CD7/LNP on

the-established EAE model mice as descripted. Approximately 9

days after model construction the mice began to show extensive

symptoms of MS, then the mice were divided into different groups

and injected with CD7/LNP or 1D3 antibodies (CD19 ab) to start

biological replicates). Statistical significance was analyzed using one-way ANOVA. Data are presented as mean ± SD, ****P < 0.0001 vs.

indicated; ns, not significant. (H) Representative spinal cord sections stained with LFB. Dashed lines indicate areas of white matter damage. Scale

bar � 500 μm. (I) Images of Nissl staining in the spinal cords of WT mice and EAE mice after treatment with PBS and different preparations.

Scale bar � 100 μm. (J) Representative antimyelin basic protein (MBP and PLP) staining the spinal cords of WT mice and EAE mice after

treatment with PBS and different preparations, revealing areas of the degree of myelin injury. Scale bar � 100 μm. (K) Cytokine profiles in spinal

cords of different treated mouse were analysed using ELISA (n � 5 mice per group, biological replicates). One-way ANOVA with Tukey’s HSD

test was used to determine P values. Data are presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.0001 vs. indicated; ns, not significant.

Figure 5 EBNA1-specific B-cell depletion by CD7-targeted LNPs avoids the risk of infection caused by total B-cell depletion. (A) Scheme of

the mouse model injected with Staphylococcus aureus to evaluate their immune response. (B) Representative images showing the bactericidal

activity of B cells with the indicated treatment. (C) Bacterial CFU counts per 100 μL from mice infected with Staphylococcus aureus (n � 5 mice

per group, biological replicates). Data are presented as mean ± SD, ****P < 0.0001 vs. indicated; ns, not significant. (D) Concentration of IL-4,

TNF-α and IL-6 secreted by differently treated mice (n � 5 mice per group, biological replicates). Statistical significance was analyzed using one-

way ANOVA. Data are presented as mean ± SD, ***P < 0.001, ****P < 0.0001 vs. indicated; ns, not significant. (E) The body weight of the

mice (n � 5 mice per group, biological replicates, the absence of mice in certain treatment groups is due to the failure of infected mice to survive

until the sampling time point). Data are presented as mean ± SD, ***P < 0.001 vs. indicated. (F) Percentage survival of mice after bacteria

injection (n � 5 mice per group, biological replicates). Statistical significance was analyzed using one-way ANOVA. Data are presented as

mean ± SD, **P < 0.01 vs. indicated.
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Figure 6 Deletion of anti-EBNA1-specific B cells in EAE mice. (A) Schematic representation of the procedure used to treat EAE mice and

anti-EBNA1-specific B-cell detection. (B) On Day 30, peripheral blood lymphocytes of EAE mice were isolated, and the proportions of total B

cells and EBNA1-specific B cells were evaluated by flow cytometry (n � 5 mice per group, biological replicates). (C) Quantification of total B

cells and EBNA1-specific B in PBMC on Day 30 (n � 5 mice per group, biological replicates). Data are presented as mean ± SD, **P < 0.01,

****P < 0.0001 vs. indicated. (D) B cells were further sorted with magnetic beads, and the proportions of total B cells and EBNA1-specific B

cells were detected by ELISPOT assay. (E) Quantification of total B cells and EBNA1-specific B in spinal cords on Day 30 (n � 5 mice per group,

biological replicates). Data are presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.0001 vs. indicated. (F) Immunofluorescence staining

for T cells in spinal cord sections from EAE mice. Scale bar � 100 μm. (G‒J) Spinal cords of EAE mice were harvested on Day 30 after different

In situ CAR-T cells combat multiple sclerosis 4687



treatment (Fig. 4A). Each mouse was graded every other day and

assigned a clinical score ranging from 0 to 5 28. Treatment with

CD7/LNP and CD19 Abs significantly reduced EAE scores

compared with those of the PBS control (Fig. 4B). Furthermore,

we demonstrate a significant decrease in maximum disease score

for the CD7/LNP and CD19 Ab group compared to PBS (Fig. 4C).

When comparing day of onset of maximum score, a similar sig-

nificant decrease was also observed (Fig. 4D), demonstrating that

treatment with CD7/LNP and CD19 Ab both dampened disease

severity and disease progression.

Clinically, patients with MS present with a range of motor

dysfunction symptoms29,30. The rotarod test was adopted to

determine whether balance dysfunction was attenuated after

treatment31,32. In the rotarod bar test, EAE mice treated with CD7/

LNP and CD19 Abs spent a similar amount of time on the rotarod

as WT mice spent, and most mice did not fall from the rotarod,

whereas EAE mice treated with PBS fell very quickly, indicating

the therapeutic efficacy of CD7/LNP in treating motor and balance

dysfunction (Fig. 4E).

MS lesions are characterized by focal infiltration of monocytes

and lymphocytes into sites of the brain and spinal cord33,34. H&E

staining analysis showed fewer inflammatory foci and inflamma-

tory immune cell infiltration in the spinal cords of CD7/LNP- and

CD19 Ab-treated mice than in their counterparts (Fig. 4F and G).

Demyelination is one of the key features of MS, and it ultimately

leads to clinical symptoms35. Thus, to examine the severity of

demyelination in treated mice, spinal cord sections of mice sub-

jected to different treatments were stained for myelin using Luxol

fast blue (LFB). Spinal cord sections from CD7/LNP- and CD19

Ab-treated mice exhibited a decrease in the degree of demyelin-

ation compared to that in PBS control mice (Fig. 4H). Similar

results were also observed in the cerebellum (Supporting Infor-

mation Fig. S23).

MS is demyelinating diseases of CNS36. Thus, we further

observed the neuronal status after treatment by performing Nissl

staining. Compared with PBS treated mice, the numbers of Nissl

bodies in the spinal cords of CD7/LNP and CD19 Abs treated

mice increased, and were comparable to WT mice (Fig. 4I).

Moreover, CD7/LNP and CD19 Abs treatment significantly

increased the expression of the two dominant central myelin

proteins, proteolipid protein (PLP) and myelin basic protein

(MBP), which were reduced by EAE37,38 (Fig. 4J). These results

show that CD7/LNP and CD19 Abs treatment alleviated neuronal

damage and promoted a normal physiological state.

Also, the cytokine levels in the spinal cord were measured after

treatment. A significant increase was observed in IFN-ß levels, an

EAE-resolving mediator, and a significant decrease was observed

in TNF-α and IFN-γ levels, EAE-exacerbating mediators after

treatment with CD7/LNP and CD19 Ab (Fig. 4K), indicating the

modulation of inflammatory microenvironment in the EAE mouse

model.

B-cell depletion leads to an increased risk of infection due to

associated immune defects during clinical therapy. Our goal was

to selectively eliminate pathogenic EBNA1+ B cells in vivo to

induce the regression of MS in EAE mouse model and to avoid the

risk of infection. To evaluate the therapeutic effects, the treated

mice in the CD7/LNP and CD19 Ab groups on Day 30 were

chosen and injected with Staphylococcus aureus (SA) to evaluate

their immune responses, with WT mice as the control (Fig. 5A).

Among these groups, the CD7/LNP group showed comparable

bactericidal activity with the WT group, whereas the activity was

dramatically reduced in the CD19 Ab group (Fig. 5B and C), and

higher levels of anti-bacterial related cytokines IL-4, IL-6 and

TNF-α were detected in the blood of CD7/LNP and WT groups

(Fig. 5D), suggesting that specific clearance of EBNA1+ B cells

can not only relieve symptoms but also effectively avoid the risk

of infection. Moreover, the body weight and levels of the surviving

mice returned to their normal, healthy state 10 days after the SA

injection (Fig. 5E and F). A directly comparation of CD7/LNP-

mediated CAR-T therapy with anti-CD20 therapies was con-

ducted to further verify the efficacy, immune preservation, and

safety of CAR-T therapy. As shown in Supporting Information

Fig. S24, EAE mice were treated with CD7/LNP or anti-CD20

ab, both groups showed similar reductions in clinical scores, but

CD7/LNP-treated mice exhibited superior resistance to Staphy-

lococcus aureus infection.

3.5. CD7-targeted LNPs mediate EBNA1-specific B-cell

elimination in EAE mice

Our goal was to selectively eliminate anti-EBNA1 B cells in vivo

to induce the regression of MS in EAE mouse model and to avoid

the risk of infection. The efficiency of anti-EBNA1 B-cell

depletion was assessed at the end of treatment (Fig. 6A). We

found that anti-CD19 antibodies successfully eradicated almost all

circulating CD19+ B cells, leaving relatively many EBNA1-

positive B cells compared to the CD7/LNP group. Notably, a

significant number of CD19+ B cells remained after CD7/LNP

treatment, while anti-EBNA1 B cells were scarce in the treated

group (Fig. 6B and C).

B cells from different groups of treated mice were further

evaluated for antigen-specific and total IgG B-cell depletion with

ELISPOT. EBNA1 CAR-T cell treatment resulted in a 97.3%

reduction in anti-EBNA1 B cells, with a 15%-20% reduction in

total IgG B cells. CD19 Ab treatment depleted 95.3%—99.3% of

all IgG B cells (Fig. 6D). Strikingly, an analysis of B from spinal

cords the treated EAE mice showed a similar pattern of changes in

total and EBNA1+ cell frequencies, which may have also

contributed to the amelioration of EAE (Fig. 6E, Supporting In-

formation Figs. S25 and S26). With prior studies demonstrating

EBNA1 CAR-T cytolysis of anti—EBNA1 BCR-expressing cells,

as well as clinical data supporting the ability of CAR-T cells to

eradicate B cells in secondary lymphoid organs and tissues, the

collective data indicate that EBNA1 CAR-T effectively targets the

pathogenic anti-EBNA1 B-cell population in EAE mouse model.

Self-reactive T cells that traffic to the CNS of patients with MS

are driven by antigen-experienced B cells39,40. We profiled total

cells in the spinal cord and explored whether the anti-EBNA1

B-cell depletion could interfere EBNA1 specific T cells infiltra-

tion into MS niche in EAE mouse model and further relieve EAE

inflammation. As expected, CD19 Ab and CD7/LNP-treated mice

showed a decrease in the number of total T cells (Fig. 6F and G,

Supporting Information Fig. S27). Most notably, a decrease in the

numbers of EBNA1 specific T cells were also detected in CD19

treatment (n � 5 mice per group, biological replicates). The cell percentages of total T cells and EBNA1 specific T cells were analyzed using FC.

Data are presented as a representative plot (G, H) and as percentages (I, J). Statistical significance was analyzed using one-way ANOVA. Data are

presented as mean ± SD, *P < 0.05, ***P < 0.0001, ****P < 0.0001 vs. indicated; ns, not significant.
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Ab and CD7/LNP-treated mice (Fig. 6H—J), indicating that
depletion of anti-EBNA1 B-cell could inhibit EBNA1 specific T
cells in the MS niche in EAE mouse model, further alleviating
inflammatory response.

Thus, these observations strongly support our hypothesis that
selectively eliminate anti-EBNA1 B cells could induce the
regression of MS and adjust the immune balance for
inflammation-targeted therapy in the EAE mouse model.

4. Discussion

The success of CAR-T therapies in oncology, particularly for
hematologic malignancies like B-cell leukemia and lymphoma,
has revolutionized cancer treatment. However, translating this
success to autoimmune diseases requires overcoming unique
challenges, such as avoiding broad immunosuppression while
maintaining precision. Recent studies have demonstrated the po-
tential of CAR-T cells in autoimmune conditions, such as CD19-
targeted CAR-T therapy for refractory systemic lupus erythema-
tosus (SLE), which achieved complete remission in early trials.
Our work builds on these advancements but introduces two key
innovations: (I) Unlike traditional CAR-T therapies requiring
ex vivo T-cell engineering, our CD7-targeted LNP enable in situ
generation of CAR-T cells, eliminating the need for leukapheresis
and reducing manufacturing complexity. (II) By targeting
EBNA1+ B cells-a pathogenic subset implicated in MS―we
avoid the pan-B-cell depletion caused by anti-CD20 therapies,
thereby preserving protective immune functions.

The physiological functions of B cells and the mainmechanisms
through which B cells are thought to contribute to CNS autoim-
munity have been gradually investigated. The proinflammatory
functions of B cells, including the presentation of critical antigens to
Th17 and Th1 cells, secretion of cytokines and other molecules, and
antibody production, are mediators of tissue damage in many
neurologic disorders40-42. However, experimental and clinical ef-
forts used thus far to clear activated B cells, such as radiation and
CD20 mAbs have the potential to increase the risk of off-target
effects on the immune system, resulting in immune deficiency42-45.

Ongoing researches from different fields have provided
compelling evidence that EBV, a herpesvirus that infects more
than 90% of the global population, is a leading cause of MS4,46,47.
Over the past few years, a number of studies have provided clues
on the underlying mechanisms, and understanding EBV-specific
immune control could provide insights into the mechanisms that
underlie the increased risk of MS owing to EBV infection, which
might help us to develop more targeted treatments for MS. Two
new studies reinvigorated this interest and provide robust epide-
miological evidence and a mechanistic link that that antibodies
derived from the cerebrospinal fluid of patients with MS can
recognize both the EBV nuclear antigen 1 (EBNA1) as well as the
host CNS cellular protein GlialCAM with high affinity3,4. Judith
A. James’s lab found anti-EBNA1 responses are related to myelin
basic protein autoantibodies in MS patients and EBNA1411—426

immunization causes clinical signs of MS like disease in mice48.
EBNA1-specific B cells express an anti-EBNA1 B cell receptor
(BCR), a membrane-bound autoantibody, which suggests that
EBNA1 antibody-producing B cells are immune cells for MS and
may be a potential implication for MS therapy. Given the evidence
that EBV plays a central role in triggering MS, we report a novel
precision cellular immunotherapy for autoantigen-specific B cell
depletion in EBNA1 involved MS in EAE mouse model, which

was achieved by engineering EBNA1 CAR-T cells in vivo by
using targeted LNPs.

We found nanoparticle-transfected T cells were fully func-
tional, as they selectively killed EBNA1 specific cells from EAE
mice at levels similar to T cells transduced with a lentiviral vector
encoding the same CAR (Fig. S15). When the targeted LNPs were
injected in vivo once, CAR expression on circulating T cells was
dynamically detected and verified during 10 days of detection and
thus it is superior to other treatments that need repeated admin-
istrations. Further, we found a substantial number of peripheral
CD19+ B cells remained without anti-EBNA1 B cells after tar-
geted LNPs treated in EAE mice (Fig. 6B—D), which had
compared ability of anti-infection with WT mice. These experi-
mental results provide a proof of concept that circRNA encapsu-
lated in designated LNPs can be conveyed intravenously to
produce functional engineered lymphocytes in vivo. By focusing
on LNPs to explicit cell types, as we show here for T lymphocytes,
altered mRNA therapeutics are probably going to have extensive
applications. The generation of engineered lymphocytes, as we
reported T cells, in vivo using RNA is attractive for limiting
toxicities, including risks incurred by lymphodepletion before
injection, and allow for precise dosing. Dissimilar to patients with
malignant growth, those suffering from autoimmune diseases do
not require a total disposal of lymphocytes. Besides, targeted
LNP/RNA technology affords the advantageous ability to titrate
dosing and to re-dose as needed49,50. Future investigations will be
expected to optimize the dosing strategy, composition of LNP, and
targeting approaches to further enhance therapeutic effects and
limit potential toxicities.

Our study has limitations. Auto-immune B cells may contribute
to pathogenesis via antigen presentation and production of proin-
flammatory cytokines. In this study, we demonstrate EBNA1 spe-
cific B cells are critical drivers of our EBNA1 induced MS mouse
models. However, these B cell effector functions are not featured
well in EBNA1 induced EAE development. Peters’s group devel-
oped an adoptive cotransfer systemwhich described overexpression
of the proinflammatory cytokine IL-6 by autoreactive B cells leads
to an accelerated EAE but does not affect the T cell response51.
Kuchroo’s group demonstrated the active cooperation between
antigen-specific T and B cells induce a distinct clinicopathologic
EAE pattern in their reported EAEmodel52. Whether these EBNA1
specific B cells in our EAE mice accelerate EAE by cooperating
with T cells that closely replicates human or by secreting proin-
flammatory cytokines need to be further studied.

5. Conclusions

In this study, we tested the possible use of EBNA1 CAR-T cells to
treat MS in an EAE mouse model. Our approach achieved (I)
EBNA1 CAR-T-cell programming in situ with low off-target ef-
fects, (II) specific EBNA1 specific B-cell depletion in vivo, and
(III) reduced disease symptoms without the risk of infection,
representing a “off-the-shelf” universal therapeutic capable plat-
form technology and warrant further clinical trials.
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