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Abstract

Neuromyelitis optica spectrum disorder (NMOSD) is a severe autoimmune channelopathy primarily
driven by pathogenic autoantibodies against aquaporin-4 (AQP4). Current therapies, including broad B-
cell depletion, often result in systemic immunosuppression and confer an increased risk of infectious
complications. In this study, a precision immunotherapy platform was developed using chimeric
autoantibody receptor (CAAR) T cells designed to selectively eliminate AQP4-reactive B cells. The CAAR
construct incorporated M23 AQP4 (residues 1-232), preserving its native six-transmembrane topology
and orthogonal array of particles organization. Binding assays using serum IgG from patients with AQP4-
IgG-seropositive NMOSD confirmed that the M23 CAAR retained disease-relevant conformational
epitopes. M23 CAAR-T cells exhibited antigen-specific activation, secreted IFN-y and IL-2, and efficiently
lysed engineered B cells expressing anti-AQP4 B cell receptors, while exhibiting minimally responsive to
antigen-negative cells. A single infusion of M23 CAAR-T cells markedly reduced the target-cell burden
and prolonged survival in systemic xenograft model of AQP4-reactive B cells. No discernible off-target
toxicity was observed in antigen-negative control models or upon histopathological examination of
major organs. Collectively, these findings demonstrate that M23 CAAR-T cells can selectively recognize
and eliminate AQP4-reactive B cells, and they support the continued development of this approach as an
antigen-specific cellular therapy for AQP4-IgG-seropositive NMOSD.

Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a severe, relapsing-remitting inflammatory
channelopathy of the central nervous system (CNS) that primarily targets the optic nerves and spinal
cord(1). Once considered a variant of multiple sclerosis, NMOSD was reclassified as a distinct disease
after the identification of serum immunoglobulin G autoantibodies against aquaporin-4 (AQP4-1gG)(2, 3),
with subsequent diagnostic refinements from the 2015 consensus criteria and myelin oligodendrocyte
glycoprotein antibody-associated disease (MOGAD) recognitio(4, 5). NMOSD is globally prevalent with
geographic and ethnic variation, being more common in African and Asian population(6, 7) and
exhibiting a marked female bias (ratio > 9:1)(8). Clinically, recurrent attacks of optic neuritis,
longitudinally extensive transverse myelitis, area postrema syndrome, and brainstem or cerebral
syndromes can cause irreversible visual impairment, motor disability, and life-threatening respiratory
failure(1, 9).

AQP4-IgG is both a diagnostic biomarker and a principal mediator of tissue injury in seropositive
NMOSD. After the crossing blood—-brain barrier, AQP4-IgG binds astrocytic AQP4 and activates
complement- and antibody-dependent cytotoxicit(10—12). This astrocyte injury disrupts barrier
homeostasis, triggering a cascade of inflammation, demyelination and neuronal loss(10, 13). B cells fuel
this process through autoantibody production, antigen presentation, and cytokine secretion. NMOSD
patients exhibit defective memory B-cell and plasmablast differentiation, with AQP4-reactive clones
identified in peripheral blood and draining lymph nodes(14, 15). These findings support therapeutic
targeting the pathogenic B-cell compartment.
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Current AQP4-IgG-seropositive NMOSD treatments include terminal complement activation inhibitors
(ravulizumab and eculizumab), B-cell lineage antibodies(rituximab), and interleukin-6 receptor signaling
blocker(16-19). Despite improved disease control(20, 21), these therapies require repeated
administration, lack selectivity for AQP4-reactive clones, and may compromise humoral immunity
through broad B-cells depletion—as evidenced by increased hypogammaglobulinemia in long-term
rituximab-treated NMOSD cohort(22). Moreover, CD20-directed therapy spares long-lived plasma cells,
allowing relapse upon autoreactive B-cell reconstitution(15). These limitations underscore the need for
more selective approaches that target pathogenic AQP4-specific B cells while preserving protective
humoral immunity.

Chimeric antigen receptor (CAR) T-cell therapy offers durable B-cell depletion for severe autoimmune
disease(23). CD19-directed CAR-T cells show efficacy in refractory systemic lupus erythematosus (SLE),
systemic sclerosis, and idiopathic inflammatory myopathies(24, 25). However, their irrespective B-cell
elimination and lymphodepleting preconditioning pose risks including cytopenias,
hypogammaglobulinemia, infections, cytokine release syndrome, immune effector cell-associated
neurotoxicity syndrome, and immune effector cell-associated hemophagocytic lymphohistiocytosis-like
syndrome (IEC-HS)(23, 25, 26). Importantly, IEC-HS has also occurred in an early-phase clinical trial of
CD19-directed CAR-T-cell therapy for SLE, indicating that this potentially life-threatening toxicity extends
beyond oncology populations(27). In August 2026, autoimmune/neurological trials of CD19-CAR-T by
Novartis were also paused after three fatal IEC-HS events, and Bristol Myers Squibb (BMS) voluntarily
paused enrollment of zolacabtagene autoleucel trials after reversible inflammatory events were noted—
underscoring the clinical relevance of these risks again(28, 29). These examples emphasize the distinct
benefit-risk calculus for chronic autoimmune diseases versus fatal malignancies and the need for
strategies that engage only disease-relevant while sparing protective lineage.

Whereas conventional CARs employ antibody-derived domains to bind lineage markers, Chimeric
autoantibody receptor (CAAR) T present the autoantigen extracellularly to engage cognate B-cell
receptor (BCR), thereby activating CAAR-T cells and selectively eliminate autoreactive B-cell clones. The
concept was initially validated with desmoglein 3 CAAR-T cells in pemphigus vulgaris and later extended
to additional preclinical models(30, 31), including those targeting muscle-specific tyrosine kinase and
the N-methyl-D-aspartate receptor, demonstrating sparing of antigen-negative B cells(32, 33). CAARs
provide an antigen-specific alternative to conventional CARs and could be a potential candidate for
precise elimination of AQP4-reactive B cells in NMOSD without causing systemic immunosuppression
and increasing the risk of infection.

AQP4-CAAR development faces unique challenges because the pathogenic epitopes of AQP4 depend on
native membrane conformation and supramolecular assembly. AQP4 forms tetramers and M23
dependent orthogonal arrays of particles (OAPs)(34) and AQP4-IgG shows preferential binding to
OAP-associated M23 over non-arrayed forms(35). Patient sera recognize native membrane-associated
AQP4 tetramers and arrays more consistently than denatured proteins or isolated AQP4 fragments,
supporting the importance of intact antigenic surface(36). Mutagenesis studies demonstrates that
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pathogenic antibodies target discontinuous epitopes involving loops A, C, and E, while isolated loops are
insufficient for complete recognition(37, 38). Moreover, antibody clustering on supramolecular AQP4
arrays facilitates multivalent C1q recruitment and classical complement activation, directly linking
antigen organization to antibody pathogenicity(39). Cryo-electron microscopy(Cyro-EM) further revealed
that patient-derived autoantibodies can recognize epitopes formed by multiple extracellular loops and, in
some cases, by adjacent AQP4 molecules in assemblies(40). Thus, successful AQP4-CAAR design
should preserve the native membrane topology and conformational epitopes recognized by the diverse
patient AQP4-IgG repertoire.

Here, we developed an AQP4-CAAR-T-cell platform designed to selectively recognize and eliminate B
cells expressing AQP4-reactive BCRs. The antigen-specific activation, cytokine production, proliferation,
and cytotoxicity of the selected M23 CAAR-T cells were subsequently examined using engineered B-cell
targets expressing patient-derived anti-AQP4 BCRs. Therapeutic activity was assessed in a systemic
xenograft model of AQP4-reactive B cells, and potential antigen-independent and off-target toxicities
were evaluated in vitro and in vivo. This work provides a preclinical assessment of conformation-
dependent targeting of AQP4-reactive B cells and examines the feasibility of an antigen-specific cellular
therapy for AQP4-1gG-seropositive NMOSD.

Results

1. Biological Information and Structural Basis for Targeting AQP4 in NMOSD

Before designing intervention strategies, a bioinformatic analysis of the AQP4 target antigen was
conducted. To begin with, the GTEx transcriptome database was examined to assess the distribution of
AQP4 across different organs. The results revealed a strong bias of AQP4 mRNA levels toward the
central nervous system, with high signals in the cerebral cortex, cerebellum, and spinal cord (Fig. 1A),
while the expression in peripheral tissues, such as the heart, liver, and kidney were minimal or
undetectable. The low expression level in non-CNS tissues provide a natural safety margin for systemic
delivery, thus giving us a preliminary idea of the safe operating window at the molecular level.
Structurally, AQP4 is a six-transmembrane (6-TM) water channel protein (Fig. 1B) that exists in two major
translational isoforms: the full-length M1 and the N-terminally truncated M23 (Fig. 1C). A critical
physiological feature of AQP4 is its supramolecular organization. Due to the long N-terminal domain
causing spatial steric hindrance, the M1 isoform exists as a single tetramer, whereas the M23 isoform
aggregates to form a highly ordered supramolecular structure known as orthogonal arrays of particles
(OAPs) (Fig. 1C).

This spatial arrangement implies that if isolated peptide segments alone wre used as targeting units, the
key conformational information required for antibody recognition is likely to be lost. Therefore, when
constructing chimeric autoantibody receptors (CAARs), the three-dimensional framework of the native
conformational epitopes in the extracellular domain was retained rather than resorting to truncated
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linear epitopes. According to molecular modeling data, the former approach appeared to be more
advantageous for simulating the interaction between autoantibodies and antigens.

2. Transcriptomic reprogramming of Patient B Cells Defines a Hyper-secretory Pathogenic Mechanism

To substantiate the clinical requirement for targeted B-cell depletion, a high-resolution transcriptomic
analysis of B-lineage cells from NMOSD patients (GSE271586) was performed. Principal Component
Analysis (PCA) revealed that the B cells from NMOSD patients exhibited significant and non-overlapping
spatial segregation from the healthy control group. The main variation axes (PC1: 22.8%; PC2: 18.3%)
indicated a fundamental reprogramming of the B-cell compartment (Fig. 1D). The transcriptomic split
observed in our PCA was confirmed by the elevated expression of a specific B-cell gene set. Analysis of
individual markers showed a significant increase in the levels of CD38, MZB1, and TNFRSF17 in NMOSD-
derived B cells (Fig. 1E). These findings suggest that the patients’ B cells have transitioned into a highly
active state.

Functionally, the elevated expression of MZB1 and TNFRSF17 indicated that the B-cell pool was
programmed for high-intensity antibody output. MZB1 facilitates immunoglobulin heavy-chain folding
and antibody secretion as an endoplasmic reticulum-localized GRP94 co-chaperone, whereas TNFRSF17
(BCMA) mediates APRIL/BAFF-dependent prosurvival signaling in plasma cells(41, 42). The significant
increase in these markers indicate that the patients' immune systems are preset to produce
autoantibodies. To see if these changes were coordinated, we performed a correlation matrix analysis
(Fig. TF). The results revealed a strong positive correlation among all four genes, suggesting that they
participate in a synchronized pathogenic process rather than acting independently. Such coordinated
molecular evidence indicates that autoreactive B cells in NMOSD are not merely products of
proliferation, but are biologically optimized for high-titer antibody synthesis. These findings on the
distribution of AQP4 and B cell behavior provide a solid basis for the therapeutic strategy. By deploying
M23 CAAR-T as a structurally precise “decoy,” these hyperactive B-cell clones could be selectively
eliminated.

3. Engineering Design and Clinical Recognition of AQP4-CAAR Structures

Based on the above structural principles, we designed two different CAAR architectures, “Tandem-Loop
CAAR” and “M23 CAAR", to serve as molecular decoys for autoreactive B cells. The Tandem-Loop CAAR
was constructed by linking the isolated extracellular loops A, C, and E in a linear arrangement to enhance
epitope exposure, whereas the M23 CAAR employed a truncated M23 fragment (residues 1-232) that
preserved the native six-transmembrane structure and the correct spatial arrangement of the
conformational loops (Fig. 2A). For each antigen domain, the chimeric backbones were customized to
ensure optimal surface stability and proper signaling. In the Tandem-Loop design, the loop sequences
were appended to the CD28-derived hinge and transmembrane (TM) domains to provide structural
support and membrane anchoring. By contrast, for the M23 CAAR, which natively carries its own six-
transmembrane helices, the 4-1BB and CD3¢ signaling endodomains were fused directly to the C-
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terminal end (residue 232) of the AQP4 scaffold, enabling the use of its endogenous TM regions for
signal transduction (Fig. 2A).

We next investigated whether these constructs could be properly produced and anchored on the cell
surface. Transient transfection of 293T cells yielded robust expression of all constructs, as evidenced by
bright EGFP fluorescence signal (Fig. 2C). After surface localization was confirmed, the following
investigation focused on whether these engineered receptors could recognize the authentic pathogenic
antibodies in serum samples of patients. To this end, a “clinical-to-molecular” binding assay was
performed by incubating the CAAR-expressing 293T cells with serum from AQP4-positive NMOSD
patients. When tested, the Tandem-Loop CAAR showed no detectable binding above the background of
healthy control levels (Fig. 2D, F), while the M23 CAAR design exhibited strong, high-affinity binding to
the patient-derived autoantibodies (Fig. 2E, G). Quantitative analysis of multiple clinical samples
confirmed that the natural conformation provided by the M23 scaffold was essential for recognizing
pathogenic autoantibodies in NMOSD. This finding indicated that the pathogenic epitopes of AQP4 are
strictly conformation-dependent and could not be reconstructed simply by using a linear sequence of
loops. Accordingly, the M23 CAAR construct was selected as the sole candidate for all subsequent
functional and therapeutic evaluations.

4. Generation of CAAR-T cells and Pathogenic B-Cell models

To estimate the translational potential of the molecular design above, engineered T cells and compatible
target cells were established for in vitro functional conformation. Primary T cells were isolated from the
peripheral blood of healthy donors and subjected to infection treatment with a gene delivery tool of the
second-generation lentiviral vector. The efficiency of editing was confirmed by flow cytometry analysis
on the 8th day after infection. The transduction rates of approximately 30% and 40% were observed for
the CD19 CAR-T and the M23 CAAR-T groups, respectively, whereas the empty vector control group
carrying the EGFP showed a positive rate exceeding 90% (Fig. 3A). These might because that the empty
vector was relatively short in length, while the coding sequences for CAR and CAAR, along with the
signal peptide, hinge region, and transmembrane domain, significantly increased the genetic load.
Previous studies of lentiviral and y-retroviral vectors have consistently shown that increasing vector
genome length can reduce functional vector titer and transduction efficiency by impairing RNA
packaging and subsequent steps of viral replication(43). Infection process was repeated in four
independent healthy donors and the positive rates varied minimally among donors (Fig. 3B), suggesting
that this difference was stable across individuals. Simultaneously, a "pathogenic B-cell" model was
established to simulate the autoreactive B-cell clones found in NMOSD patients. A lentiviral transfer
plasmid encoding a membrane-anchored, full-length human IgG-BCR based on the patient-derived AQP4-
specific sequence D15107 (Fig. 3C) was conducted and connected to the cell surface via a CD5b
transmembrane domain with mCherry and nanoLuciferase co-expressed for tracking and killing
quantification. After transfecting this structural molecule into Nalm6 B cell line, fluorescence-activated
cell sorting (FACS) was performed to enrich the target cell population. Following the procedure, the
initially heterogeneous transfection products were converted into a highly uniform mCherry positive
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population with purity exceeding 99% (Fig. 3D). This high-purity target population ensured that all
subsequent functional data reflect antigen-specific interactions without being interfered by non-reactive
cells.

5. M23 CAAR-T cells exhibit Selective Activation and Potent Cytotoxicity in Vitro

To evaluate the functional properties of the engineered effector cells, the T-cell cascade activation in
M23 CAAR-T cells were examined after exposure to the target antigen. The Vector-T, CD19 CAR-T, and
M23 CAAR-T cells were co-cultured respectively with the D15107-Nalmé6 cell line expressing the target
antigen for 16 hours. Changes in the expression of the early activation marker CD69 and the mid-late
activation marker CD25 were detected by flow cytometry, The results showing that both the CD19 CAR-T
and M23 CAAR-T groups exhibited significant upregulation of these markers, while the Vector-T group
remained at resting levels (Fig. 4A). The activation dynamic results were consistent in four independent
donors in repeated experiments (Fig. 4B). Therefore, the intensity of the signal transduction triggered by
the M23 CAAR structure after binding to the targeted BCR was comparable to that of the clinically
validated mature CD19 CAR structure. This had provided a foundation for the subsequent validation of
effector functions such as cytotoxicity and cytokine secretion.

During the activation process, large amounts of pro-inflammatory cytokines were secreted. ELISA of co-
culture supernatants revealed significantly increased concentrations of interferon-y (IFN-y) and
interleukin-2 (IL-2) in the M23 CAAR-T group (Fig. 4C), while these cytokines were barely detectable in
the Vector-T group supernatants. In the repeated experiments across four donors, the amounts of IFN-y
and IL-2 released by the M23 CAAR-T group remained consistently higher than those in the Vector
control group and their secretion levels were comparable to those of conventional CD19 CAR-T cells.

The binding of CAAR receptors to the target antigen, as indicated by these results, not only caused an
increase in activation markers on the T-cell surface but also droved downstream effector functions.

To define the therapeutic efficiency of our platform, we conducted a dose-titration cytotoxicity assay.
When challenged with D15107-Nalmé6 target cells, M23 CAAR-T cells exhibited a clear, dose-dependent
trajectory of cell lysis. The killing efficacy increased steadily as the effector-to-target (E:T) ratio rose from
1:1 to 5:1, ultimately reaching a threshold of near-complete eradication (approximately 100% lysis) at a
ratio of 10:1 (Fig. 4D).

The true clinical potential of CAAR-T cells lies in their ability to match the performance of existing
benchmarks while offering superior safety. Therefore, we performed a comparison at the optimized E:T
ratio of 10:1. The results demonstrated that the M23 CAAR-T cells possessed a cytolytic ability entirely
comparable to that of the gold-standard CD19 CAR-T cells (Fig. 4E). While Vector-T and Blank-T cells
remained quiescent, both M23 CAAR and CD19 CAR induced a clearance of the pathogenic B-cell model,
suggesting that the "antigen-as-receptor” design does not compromise the inherent killing capacity of
the T cells.
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Finally, we conducted a critical specificity experiment to determine whether this potent killing could be
restricted to pathogenic clones. When effectors were co-cultured with antigen-negative wild-type Nalmé
(Nalm6-WT) cells, a fundamental divergence in behavior was observed. CD19 CAR-T cells, acting as a
broad-spectrum B-cell depleter, induced a near-total destruction of the WT cells. In contrast, M23 CAAR-T
cells remained functionally silent, with cell viability levels identical to the Blank control group (Fig. 4F).
This fundamental difference indicated that while CD19 CAR-T cells had a broad-spectrum ability to clear
B cells, M23 CAAR-T cells could selectively eliminate pathogenic clones while preserving a broader, non-
autoreactive B-cell repertoire.

6. M23 CAAR-T cells induce Rapid Clearance of Pathogenic B cells and extend Survival in Vivo

To evaluate the therapeutic efficacy of M23 CAAR-T cells in a complex biological environment, a
systemic NMOSD xenograft model was established using immunodeficient NSG mice (Fig. 5A). On day
0, 6—8-week-old female NSG mice were intravenously inoculated with 1x10° luciferase-labeled D15107-
Nalm6 target cells to simulate systemic B-cell dissemination. On day 3, the mice were randomized into
four groups and received a single intravenous injection of either PBS or 1x107 effector cells (Vector-T,
CD19 CAR-T, or M23 CAAR-T respectively). Bioluminescence imaging (BLI) was performed on days 7, 14,
and 21 to track how the pathogenic B-cell burden changed over time and across different body regions
(Fig. 5A). During the observation, the PBS and Vector-T groups showed a steady and rapid increase in the
luminescence signal in both the trunk and the limbs, suggesting a typical widespread pattern of B-cell.
Meanwhile, the mice adopted the M23 CAAR-T infusion showed no obvious increase in luminescence
(Fig. 5B). When quantified the total flux got quantified from the BLI data, it was found that both the M23
CAAR-T and the CD19 CAR-T groups maintained significantly lower values at all the time points we
measured (Fig. 5C). These results provided further evidence for the M23 CAAR design possessing strong
cell-killing activity in vivo.

As previously reported, sustained body-weight loss in tumor-bearing mice may accompany progressive
disease and an increasing disease burden, whereas stabilization or recovery of body weight after
treatment, together with reduced bioluminescent burden, is consistent with improved general condition
following disease control(44, 45). Hence, the body weights of each treated groups were chosen as an
indirect but sensitive measurement for assessing treatment-related systemic toxicity. The results
showed that although the overall weights of all groups increased, the two groups treated with M23
CAAR-T or CD19 CAR-T treatment had significantly greater weight gain than the PBS and Vector-T
control groups (Fig. 5D). No acute toxic signs were observed in the M23 CAAR-T group throughout the
entire experiment — including no sudden weight drop, no reduced activity, nor abnormal behaviors such
as piloerection — suggesting that the CAAR-T infusion at this dose did not trigger cytokine release
syndrome or other off-target tissue damage.

Although tumor burden and cytokine release were relevant endpoints, the ultimate benchmark for clinical
potential was whether this strategy would confer survival benefits in. The Kaplan-Meier survival curves
showed that compared with the PBS group and the Vector-T cell control group, M23 CAAR-T cell therapy
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significantly prolonged the survival time of mice (Fig. 5E). All the animals in the PBS group and the
Vector-T group died successively within 40 days after tumor inoculation, while most of the mice that
received a single infusion of M23 CAAR-T cells remained alive at the end of the observation window. The
Log-rank test confirmed that the differences between the groups were significant (P < 0.007). Although
the ultimate survival limits of all the animals had not been tracked in this experiment, the existing data
suggested that M23 CAAR-T cells could specifically eliminate the pathogenic B-cell lineage in vivo,
thereby achieving sustained remission and prolongation of survival.

7. In Vivo Specificity and Comprehensive Safety Profiling of M23 CAAR-T cells

A critical prerequisite for the clinical translation of CAAR-T therapy was to strictly restrict the cytolytic
activity to the targeted-autoantibody-expressing B cells. To rigorously evaluate the specificity of M23
CAAR-T cells in vivo, we established a parallel "off-target" challenge model using wild-type Nalmé cells
(Nalm6-WT), which lack the D15107-BCR. Mice bearing either Nalm6-WT or D15107-Nalmé6 target cells
were treated with the same dose of M23 CAAR-T cells and compared by their disease progression.
Longitudinal BLI revealed a fundamental difference in treatment efficacy: although M23 CAAR-T cells
effectively cleared the BCR-expressing cells, the Nalm6-WT cells proliferated uncontrollably, showing a
rapid increase in the bioluminescent signal identical to that of untreated controls (Fig. 6A). Statistical
quantification of the total flux confirmed that the tumor burden in the Nalm6-WT group was significantly
higher than that in the D15107-Nalmé6 group (P < 0.0017), indicating that M23 CAAR-T cells have no non-
specific cytolytic activity in vivo (Fig. 6B).

In mice with Nalm6-WT cells, we observed a temporary increase of body weights in the early stage of the
experiment, followed by a gradual decline. This pattern of an initial rise and subsequent decline was
consistent with the tumor-induced cachexia. However, in the D15107-Nalmé group treated with M23
CAAR-T, the weight curve showed a completely different trend: it steadily increased after the start of the
treatment and remained stable throughout the follow-up period, without any signs of decline (Fig. 6C). In
terms of survival, M23 CAAR-T had no effect on extending the survival of the Nalmé6-WT model. However,
in the D15107-Nalm6 model, the same dose of CAAR-T treatment significantly prolonged the survival
times, and the Log-rank test showed a significant difference between the groups (P < 0.007) (Fig. 6D).
The only variable between the two experiments was the expression of the M23 CAAR recognized BCR
configuration on the target cell, which was absent in Nalm6-WT but stably expressed in the D15107-
Nalmé. This differential expression established that the observed weight recovery and survival benefit
were attributable solely to antigen-specific recognition by CAAR-T cells, rather than to non-specific
immune activation or graft-versus-host effects from the T cell infusion.

On day 24, mice from all four groups were euthanized so that a detailed histologic safety evaluation was
carried out, the major vital organs, including the lungs, colon, heart, kidneys, and liver, were examined for
signs of unintended toxicity against normal tissues or “on-target, off-tumor” effects. The results of
Hematoxylin and Eosin (H&E) staining showed that all organs from the M23 CAAR-T-treated group had
completely normal structures, with no inflammatory cell infiltration, cell death, or tissue damage
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observed (Fig. 6E). Especially, the lungs, which normally expressing low level endogenous AQP4, also
remained entirely intact. This result suggested that the activation threshold of the M23 CAAR-T cells had
been properly tuned to avoid harming healthy tissues. Collectively, these findings indicated that the M23
CAAR-T cells had a favorable safety profile, supporting their promise as a targeted, well-tolerated
precision therapy for NMOSD.

8. M23 CAAR-T cells serve as Precision Molecular Decoys that help reset Inmunological Tolerance

A therapeutic model centered on M23 CAAR-T cells was proposed, based on comprehensive molecular,
cellular, and in vivo data (Fig. 7). Under disease conditions, AQP4-reactive B-cell clones managed to
escape immune tolerance and then differentiated into plasma cells, secreting large amounts of AQP4-
IgG. After crossing the blood-brain-barrier, these antibodies could bind to AQP4 on astrocyte end-feet
and subsequently recruit complement components as well as inflammatory cells, eventually causing
demyelination, axonal damage, and neuronal dysfunction, which collectively underlined the clinical
symptoms. In this model, however, the engineered T cells present the AQP4 autoantigen in its native M23
conformation on the surface, thereby acting as “molecular decoys”, allowing them to engage
autoreactive B cells and plasmablasts through BCRs specifically with normal tissues unaffected. After
the stable immune synapses formed between CAAR-T cells and the BCRs, the effector cells would be
activated and expanded, releasing cytotoxic granules which selectively eliminate pathogenic B cells. This
precision strategy had a distinct benefit for resetting the immune memory against AQP4 without wiping
out the entire B-cell compartment or causing serious side effects. As a result, autoantibody titers would
decrease, preventing further attacks and protecting the optic nerves and spinal cord, thus to offer a
potentially curative option for patients with NMOSD.

Discussion

This study provides preclinical proof of concept for an AQP4-directed chimeric autoantibody receptor T-
cell therapy for NMOSD. By incorporating M23-AQP4 into a CAAR, we applied the disease-associated
autoantigen as a molecular bait to specifically recognize and eliminate B cells expressing anti-AQP4 B-
cell receptors (BCRs). In contrast to conventional CAR-T cells targeting broad B-cell lineage markers, this
strategy is designed to restrict cytotoxicity to autoreactive B cells. Patient-IgG recognition, antigen-
dependent activation, selective cytotoxicity, in vivo target-cell clearance, and preliminary safety findings
collectively support the feasibility of this antigen-specific approach.

The potential value of AQP4-CAAR-T cells lies in changing the level at which therapeutic selectivity is
imposed. Broad B-cell- or plasma-cell-directed therapies can suppress autoantibody production but may
also compromise protective humoral immunity, leading to B-cell aplasia, hypogammaglobulinemia,
impaired vaccine responses, and infection. CAR-T therapy may additionally cause cytokine release
syndrome, neurotoxicity, and hematologic toxicity. By recognizing the antigen specificity of the BCR
rather than a shared lineage marker, AQP4-CAAR-T cells may provide a more restricted immune
intervention suitable for a nonmalignant disease.
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The performance of the M23 CAAR emphasizes the importance of preserving native autoantigen
conformation. AQP4 is a six-transmembrane protein whose antibody-binding surface is formed by the
spatial organization of extracellular loops A, C, and E within tetramers and higher-order orthogonal arrays
of particles (OAPs). The inability of isolated extracellular-loop sequences to reproduce patient-IgG
recognition indicates that these loops do not function as independent linear epitopes. Instead, their
native spacing and orientation are required to reconstruct clinically relevant conformational epitopes.
Patient-serum recognition of the M23 CAAR provides functional evidence that these epitopes are
retained, although direct confirmation of tetramerization and OAP formation on the T-cell membrane
remains necessary.

By using anti-AQP4 BCRs as recognition ligands, AQP4-CAAR-T cells could eliminate pathogenic memory
B cells and surface-BCR-positive plasmablasts while sparing unrelated B-cell populations. This
selectivity may help preserve immunoglobulin production and antimicrobial immunity. However, antigen-
specific B-cell depletion should not yet be equated with restoration of immune tolerance. Long-lived
plasma cells lacking surface BCR may escape recognition, while persistent autoreactive T-cell or newly
generated AQP4-reactive clones could re-establish autoantibody production. Meanwhile, antigen-
restricted recognition does not eliminate toxicity risk inherent to cellular immunotherapies. Accordingly,
CAAR design must preserve pathogenic epitopes while avoiding antigen-independent activation, off-
target recognition, and interference from circulating autoantibodies.

Further evaluation should also address the diversity of the autoreactive B-cell repertoire. The use of a
defined anti-AQP4 BCR provides a controlled setting for demonstrating recognition, but cannot represent
the full range of receptor affinities, epitope preferences, and surface expression levels encountered in
patients. Testing primary patient-derived B cells would help determine how broadly the construct
recognizes clinically relevant autoreactive populations. Parallel assessment of unrelated B cells and their
functional responses would be needed to substantiate the proposed preservation of protective immunity.
Such studies would clarify the relationship between antigen-specific targeting, depletion breadth, and the
immunological consequences of this approach.

Normal AQP4-expressing tissues are not the intended targets of this CAAR because the receptor
displays AQP4 and recognizes anti-AQP4 immunoglobulin expressed as a BCR. The absence of overt
toxicity and organ pathology therefore provides initial evidence of tolerability but does not establish an
absolute safety window. Circulating AQP4-IgG could occupy or crosslink the CAAR and affect T-cell
activation, exhaustion, or target recognition. Moreover, CAAR-T cells may enter the central nervous
system when the blood-brain barrier is disrupted, potentially producing either therapeutic effects or
local inflammation. These possibilities require further investigation under physiologically relevant
conditions.

Materials and Methods
Bioinformatics and Structural Modeling
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The tissue-specific mMRNA expression data of human AQP4 were obtained from the Genotype-Tissue
Expression (GTEXx) portal (version 8) and the Human Protein Atlas (HPA). The data were normalized as
Transcripts Per Million (nTPM).

Plasmid Construction and Lentivirus Production

The AQP4-CAAR constructs were designed by fusing either the tandem-linked extracellular loops (A, C,
and E) to a CD28 hinge and transmembrane domain or the truncated M23 isoform (residues 1-232) of
human AQP4 (UniProt: P55087), followed by CD137 (4-1BB) and CD3 ( signaling endodomains, and a
vector expressing only the EGFP fluorescent protein as a control. The CD19 CAR was designed by fusing
CD19 HV and CD19 LV to a CD28 hinge and transmembrane domain, followed by CD137 (4-1BB) and
CD3 ( signaling endodomains as a positive control. The structures of the plasmids are shown in Fig. 2B.

The pathogenic B-cell receptor (BCR) model was constructed by cloning the light chain and heavy chain
sequence through T2A of the AQP4-specific antibody D15107, fused to a CD5Sb-transmembrane anchor.
The structure of the plasmid is shown in Fig. 3C. All constructs were inserted into a pLenti-EF1 «
backbone co-expressing EGFP or mCherry/nano-Luciferase via P2A/T2A self-cleaving peptides.

In this study, the second-generation lentiviral packaging system was used to prepare the viral vectors
required for all the engineered T cells. The packaging plasmid psPAX2 and the capsid plasmid pMD2.G
provided the viral structural proteins and the envelope proteins respectively. These two plasmids were
co-transfected with the recombinant lentiviral plasmid carrying the target gene at a molar ratio of 4:3:2,
which was determined based on the previous titration optimization results, and it could achieve a good
balance between the virus titer and packaging efficiency. The culture supernatant was collected 72 hours
after transfection, and then concentrated by ultracentrifugation (5000xg, 4°C) and aliquoted for storage
at -80°C. The aliquoting operation was designed to avoid the reduction in infectivity caused by repeated
freezing and thawing.

Cell culture

The HEK293T and Nalm6 were purchased from the Cell Center of the Chinese Academy of Medical
Sciences. HEK293T cells were cultured in DMEM (Gibco, San Francisco, CA, USA) containing 10% fetal
bovine serum (Gibco, San Francisco, CA, USA). Nalmé cells were cultured in RPMI 1640 (Gibco, San
Francisco, CA, USA) medium containing 10% fetal bovine serum.

Human T cells were maintained in RMPI 1640 medium supplemented with HEPES (N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid)), sodium pyruvate, nonessential amino acids, and 2-
mercaptoethanol (Thermo Fischer, Carlsbad, CA, USA). All the cells were incubated at 37°C with 5%
carbon dioxide.

Flow Cytometry
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Before conducting the flow cytometry test, the cells were adjusted to the appropriate density according
to the established experimental protocol, and simultaneous control groups of the same type and un-
stained control groups were set up to define the positive threshold. After the cells were washed with
PBS, they were incubated at room temperature with a blocking solution containing 1% BSA to block non-
specific Fc receptor binding; then, the corresponding fluorescently labeled antibodies were added and
incubated at 4°C in the dark for 30 minutes. After the incubation, the cells were washed with PBS three
times again to remove unbound antibodies, and then the cells were resuspended in the buffer and loaded
onto the flow cytometer for data collection. The entire staining process was carried out on ice to ensure
the stability of cell viability and surface antigens.

Binding of patient serum IgG to AQP4-CAAR constructs

HEK293T cells were transiently transfected with plasmids encoding the M23-CAAR, Tandem-Loop-CAAR
using polyethylenimine (408727, Sigma-Aldrich). Untransfected HEK293T cells were used as negative
controls.

At 48 h after transfection, 1 x 10° cells from each group were collected and incubated with serum
samples from patients with AQP4-IgG-seropositive NMOSD or healthy donors at a 1:10 dilution for 1 h on
ice. After washing, the cells were incubated with an unconjugated Fc-specific goat anti-human IgG
antibody (31125, Invitrogen; 1:200) for 20 min on ice. The cells were then washed and stained with Alexa
Fluor 647-conjugated donkey anti-goat IgG (H + L) antibody (A-21447, Invitrogen; 1:800) and eBioscience
Fixable Viability Dye eFluor 780 (65-0865-14, Invitrogen; 1:500) for 20 min on ice.

Samples were acquired by flow cytometry and analyzed using FlowJo software. This assay compared
serum IgG binding to the two AQP4-CAAR designs using the same detection scheme. The analysis
focused on viable single cells. Subtraction of the fluorescence measured in matched untransfected cells
provided a background-referenced measure of binding for each indicated construct, rather than relying
on its fluorescence intensity alone.

T Cell expansion in vitro

Primary human T cells were isolated from healthy donor PBMCs by lymphocyte separation medium. T
cells were activated with anti-CD3/CD28 Dynabeads (Thermo Fisher) and cultured in RPMI-1640 medium
supplemented with 10% FBS and 100 U/mL recombinant human IL-2. Activated T cells were transfected
with CAAR or control (Vector/CD19 CAR) lentiviruses at a multiplicity of infection (MOI) of 3-10.
Transfection efficiency was assessed by EGFP expression on Day 8 post-transduction. The expansion
and engineering workflow therefore consisted of activation, lentiviral delivery, and assessment of
reporter expression. EGFP expression at the stated time point was used to assess the efficiency of this
process, with CAAR-engineered cells and the vector or CD19 CAR control cells included in the
experimental design.
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Generation of Pathogenic B-Cell Models

We constructed a lentiviral vector carrying the D15107-BCR-mCherry-nanoLuc fusion gene and
transfected it into the human Nalmé B cell line. To obtain target cells with uniform antigen expression
density and sufficient expression level, we used the SH800S flow cytometer (SONY) to enrich the
mCherry-positive cells. The sorted cells were re-tested by flow cytometry, and the positive purity reached
over 99%, which was sufficient to eliminate the dilution effect that negative cells might cause on cytokine
release or killing readings. The enrichment step reduced the proportion of reporter-negative cells in the
target-cell population. Reassessment after sorting established the reported purity of the resulting
population. This was relevant to subsequent functional assays because a mixed population containing
negative cells could affect the interpretation of the measured responses.

Luciferase-based cytotoxicity

The cytolytic activity of CAAR-T cells was quantified using a luciferase-based killing assay. Nalmé target
cells stably expressing nanoLuciferase (nanolLuc) were inoculated into 96-well white-bottom plates.
Effector T cells were added at indicated effector-to-target (E: T) ratios and co-incubated in phenol-free
medium for 16 hours. At the endpoint, Nano-Glo substrate (Promega) was added according to the
manufacturer’s instructions. Bioluminescence was measured using a multimode plate reader. The

percentage of specific lysis was calculated using the formula:
[1 — (Experimental\:Group\:RLU/Target-only\:Control\:RLU)] x 100%.

The target-only control provided the reference luminescence for calculating specific lysis. Experimental
luminescence was expressed relative to this reference before conversion to a percentage. Under the
stated formula, a lower experimental-to-control luminescence ratio corresponds to a higher calculated
percentage of specific lysis.

Enzyme-Linked Immunosorbent Assay (ELISA)

After co-culture for 16 hours, the cell-free culture supernatant was collected and stored at -80°C until
analysis. The concentrations of Interferon-gamma (IFN- ~y ) and Interleukin-2 (IL-2) were quantified using
human ELISA kits according to the manufacturer’s protocols. Briefly, 96-well plates were coated with
capture antibodies overnight. After blocking, standards and samples were added, followed by incubation
with detection antibodies and streptavidin-HRP. The reaction was developed with TMB substrate. The
optical density (OD) was measured at 450 nm using a microplate reader. Cytokine concentrations were
calculated based on the standard curves. The two cytokines were measured in supernatants collected at
the stated co-culture endpoint. For each analyte, the standard curve was used to convert the measured
optical density into a concentration. These measurements provided a soluble cytokine readout alongside
the separate assessment of target-cell lysis.

In Vivo Therapeutic Efficacy and Safety
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All anima experiments were approved by the Institutional Animal Care and Use Committee (IACUC).
Female NSG mice aged 6 to 8 weeks were intravenously injected with 1x10° D15107-Nalm6 target cells
on Day 0. On Day 3, the mice were randomly divided into different groups and were given a single
intravenous injection of 1x1 07 M23 CAAR-T cells, CD19 CAR-T cells, Vector-T cells or PBS. Tumor burden
was monitored by bioluminescence imaging (BLI) using the IVIS Spectrum system. Body weights were
recorded every four days. For off-target assessment, a parallel control group was set up, inoculated with
antigen-negative Nalm6-WT cells. At the study endpoint, major organs (heart, liver, spleen, lung, kidney,
colon) were harvested for H&E staining to evaluate systemic toxicity.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 9.0. The data were presented as mean + SEM
(standard error of the mean). Significant differences between groups were determined using unpaired
two-tailed t-test. Survival curves were analyzed using the Kaplan-Meier method with log-rank tests. P <
0.05 was considered statistically significant. P < 0.01 was considered extremely significant. Group
comparisons and survival analyses were evaluated using the respective tests specified above. The SEM
described the uncertainty around the estimated mean, rather than the dispersion of individual
observations. The stated P-value thresholds were used to interpret statistical significance.
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Figure 1

AQP4 exhibited CNS-specific expression and defined a coordinated pathogenic B-cell program in
NMOSD

(A) Tissue-specific expression profiling of AQP4.
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Gene expression of AQP4 reported by Genotype Tissue Expression(GTEx) database.
Expression values are shown in Transcripts Per Kilobase Million mapped reads (TPM).
(B) Structure of the AQP4 monomer.

A two-dimensional schematic illustrating the six-transmembrane (6-TM) helices and the orientation of
extracellular loops (A, C, and E) relative to the plasma membrane. Created in BioRender.

(C) Molecular characterization and supramolecular membrane organization of AQP4 isoforms.

Schematic illustrating the N-terminal differences between M1 and M23 isoforms and their distribution
patterns as individual tetramers or orthogonal arrays of particles (OAPs) on the cell membrane. Created
in BioRender.

(D) Principal Component Analysis (PCA) of B-cell transcriptomes.

Spatial segregation of B-cell clusters between healthy controls (HC) and NMOSD patients based on the
GSE271586 dataset. Variance explained by PC1 and PC2 is indicated on the axes.

(E) Expression profiling of pathogenic B-cell signatures.

Normalized FPKM values of CD38, MZB1, TNFRSF17 (BCMA), and XBP1 in purified B cells from NMOSD
patients compared to healthy controls. Data were presented as mean + SEM.

(F) Correlation matrix of B-cell pathogenic markers.

Pearson correlation coefficients () calculated for the expression levels of CD38, MZB1, TNFRSF17, and
XBP1 within the NMOSD patient cohort.
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Figure 2

M23-CAAR construct specifically captured clinical autoantibodies

(A) Schematic of AQP4-CAAR constructs.
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Schematic representation of the two receptor designs: the “Tandem-Loop CAAR,” featuring AQP4
extracellular loops A, C, and E linked in series; and the “M23 CAAR/” utilizing the native-conformation
M23 isoform (residues 1-232). Both constructs were fused to CD137(4-1BB)-CD3 signaling chains.
Created in BioRender.

(B) Schematic of lentiviral transfer plasmids.

Linear maps of the four expression vectors used in this study: Vector control (EGFP only), CD19-targeted
CAR, Tandem-Loop CAAR, and M23 CAAR. All constructs are driven by the EF1 promoter and include a
P2A-EGFP reporter for tracking expression. SP, signal peptide. TM, transmembrane domain.

(C) Expression efficiency in HEK293T cells.

The transfection efficiency of HEK293T cells was measured 36h after transfection by C-flow cytometry,
as monitored by EGFP fluorescence.

(D-E) Specific binding to NMOSD patient autoantibodies.

Histograms show IgG binding of human serum to 293T cells expressing Tandem-Loop CAAR(D) or M23
CAAR(E) as determined by flow cytometry. Ab1-3 refers to three autontibodies derived from NMOSD
patients. Serum of NMOSD patients were shown in blue and sera of healthy controls were shown in
green, Autoantibodies were shown in ren, respectively.

(F-G) Statistical quantification of clinical recognition.

Summary statistics of binding efficiencies across multiple clinical serum samples for (F) Tandem-Loop
CAAR (quantifying data from 2D) and (G) M23-CAAR (quantifying data from 2E). The data were
presented as mean + SEMs. ns, no significant difference, *p < 0.05, **p < 0.01, ****p< 0.0001, unpaired t
test.
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Figure 3

Successful establishment of the CAAR-T effector and pathogenic B-cell target system
(A-B) Engineering of primary human CAAR-T cells.
(A) Representative flow cytometry plots of lentivirus infection efficiency on day 8.

(B) Statistical quantification of transduction efficiency of lentivirus infection of human primary T cells on
day 8 across four independent donors (=4). The data were presented as the means + SEMs. ****p<
0.0001, unpaired t test.

(C) Schematic design of the pathogenic B-cell model.

Map of the transfer plasmid encoding a membrane-anchored, full-length human IgG-BCR (D15107
sequence). The construct included a CD5b-transmembrane domain for surface anchoring and co-
expresses nano-Luciferase and mCherry for downstream cytotoxicity assays.

(D) Purity validation of target Nalmé cells.

Flow cytometric analysis of mCherry expression in D15107-Nalmé target cells before and after FACS-
mediated enrichment.
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Figure 4

M23 CAAR-T cells undergo potent antigen-driven activation and exhibited highly selective cytotoxicity
against pathogenic B-cell models

(A-B) Antigen-specific T-cell activation.
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(A) Representative flow cytometry plots of activation markers CD25 and CD69 on M23 CAAR T cells
following 16-hour co-culture with D15107-Nalm6 target cells. The ratio of effector cells to target cells
was 5:1.

(B) Statistical quantification of activation marker expression across four independent experiments (=4).
The data are presented as the means + SEMs. *p < 0.05, **p < 0.01, by a two-tailed unpaired t-test.

(C) Secretory profile of effector cytokines.

ELISA quantification of Interferon-gamma (IFN-) and Interleukin-2 (IL-2) levels in the supernatants of
CAAR-T cells co-cultured with target cells for 16 h. The ratio of effector cells to target cells was 5:1
(n=4). The data was presented as the means + SEMs. ** p < 0.01, *** p < 0.001, by a two-tailed unpaired
t-test.

WDNIn vitro cytolytic potency across varying E:T ratios. Potent cytotoxicity of M23 CAAR-T cells against
D15107-Nalm6 target cells was measured using a luciferase-based killing assay at multiple effector-to-
target (E:T) ratios. The coincubation time of the effector cells and target cells was 16 h. The data are
presented as the means + SEMs.

(E)The cytotoxic activity of different effector cells against D15107-Nalm6 target cells was evaluated by
luciferase-based killing assay at the effector-to-target (E:T) ratio of 10:1. The coincubation time was 16
h. The data are presented as the means + SEMs. ****p< 0.0001, by a two-tailed unpaired t-test.

(F) Evaluation of antigen-dependent selectivity. Potent cytotoxicity of M23 CAAR-T cells against Nalm6
cells was measured using a luciferase-based killing assay at the effector-to-target (E:T) ratio of 10:1. The
coincubation time of the effector cells and target cells was 16 h. The data was presented as the means +
SEMs. ****p< 0.0001, by a two-tailed unpaired t-test.
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Systemic infusion of M23 CAAR-T cells induced durable clearance of pathogenic B cells and provided

robust survival rescue in vivo

(A) Schematic of the animal experiment protocol. Timeline of the NMOSD xenograft model established
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in NSG mice. A total of 1x10° D15107-Nalm6 target cells were inoculated intravenously on Day 0,
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followed by a single infusion of PBS, Vector-T cells, CD19 CAR-T cells or M23 CAAR-T cells on Day 3.

Each mouse was inoculated with 1 x 107 cells intravenously. Monitor the luminescence of animals on
day7, day 14 and day 21.

(B) Representative bioluminescence imaging (BLI). Bioluminescence imaging with an IVIS Spectrum
system.

(C) Quantification of tumor burden. Statistical analysis of total bioluminescent flux (photons/second)
over time via in vivo imaging after treatment. The data are presented as the means + SEMs. *** p < 0.001,
****p < 0.0001, as determined by a two-tailed unpaired t-test.

(D) Body weight changes in the mice during treatment. The data are presented as the means + SEMs.

(E) Survival curves. Kaplan-Meier survival curves comparing mice treated with CD19 CAR-T cells or M23
CAAR-T cells versus PBS group. *** p < 0.001, ****p < 0.0001, Log-rank test.
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Figure 6

M23 CAAR-T cells maintained a favorable systemic safety profile
(A-B) Evaluation of in vivo specificity in an antigen-negative model.

(A) Longitudinal monitoring of systemic B-cell burden via bioluminescence imaging (BLI).
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(B) Statistical analysis of total bioluminescent flux (photons/second) over time via in vivo imaging after
treatment. The data are presented as the means + SEMs. ****p < 0.0001, as determined by a two-tailed
unpaired t-test.

(C) Body weight changes in the mice during treatment. The data are presented as the means + SEMs.
(D) Survival curves of the mice. ****p < 0.0001, Log-rank test.

(E) Systematic histopathological evaluation. Representative Hematoxylin and Eosin (H&E) staining of
major organs—including the heart, liver, spleen, lung, and kidney—harvested at the study endpoint.
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Figure 7

AQP4-CAART cells function as a precision "molecular decoy" to reset immunological tolerance in
NMOSD

Schematic summary of NMOSD pathogenesis and the selective depletion of pathogenic B cells by AQP4-
CAART cells. Left, AQP4-reactive B cells generate pathogenic AQP4-IgG, which binds AQP4 on
astrocytes and promotes complement-mediated cellular injury. Middle, M23 AQP4 displayed on CAAR-T
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cells acts as a molecular decoy that engages anti-AQP4 B-cell receptors and triggers selective
cytotoxicity against autoreactive B cells. Right, depletion of AQP4-reactive B-cell clones, with relative
sparing of antigen-negative B cells, is proposed to reduce pathogenic autoantibody production and limit
further astrocyte injury while preserving broader humoral immunity.Created in BioRender.
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