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Immune-mediated necrotizing myopathy (IMNM) is an autoimmune disorder asso-
ciated with the presence of autoantibodies, characterized by severe clinical presenta-
tion with rapidly progressive muscular weakness and elevated levels of creatine kinase,
while traditional pharmacological approaches possess varying and often limited effects.
Considering the pathogenic role of autoantibodies, chimeric antigen receptor (CAR)-T
cells targeting B cell maturation antigen (BCMA) have emerged as a promising thera-
peutic strategy. We reported here a patient with anti-signal recognition particle IMNM
refractory to multiple available therapies, who was treated with BCMA-targeting CAR-T
cells, exhibited favorable safety profiles, sustained reduction in pathogenic autoantibod-
ies, and persistent clinical improvements over 18 mo. Longitudinal single-cell RNA, B
cell receptor, T cell receptor sequencing analysis presented the normalization of immune
microenvironment after CAR-T cell infusion, including reconstitution of B cell lin-
eages, replacement of T cell subclusters, and suppression of overactivated immune
cells. Analysis on characteristics of CAR-T cells in IMNM demonstrated a more active
expansion of CD8" CAR-T cells, with a dynamic phenotype shifting pattern similar
in CD4" and CD8" CAR-T cells. A comparison of CD8" CAR-T cells in patients with
IMNM and those with malignancies collected at different timepoints revealed a more
NK-like phenotype with enhanced tendency of cell death and neuroinflammation and
inhibited proliferating ability of CD8" CAR-T cells in IMNM while neuroinflamma-
tion might be the distinct characteristics. Further studies are warranted to define the
molecular features of CAR-T cells in autoimmunity and to seek higher efficiency and
longer persistence of CAR-T cells in treating autoimmune disorders.

chimeric antigen receptor (CAR) T cell | immune mediated necrotizing myopathy |
B cell maturation antigen | single-cell RNA sequencing

Immune-mediated necrotizing myopathy (IMNM) is a distinct and common form of
inflammatory myopathy, characterized by symmetrical muscle weakness, exceptionally
high creatine kinase (CK) levels, and muscle necrosis or regeneration (1, 2). IMNM was
newly identified as a separate entity in 2004, with increasing recognition of its challenges
to treat. Autoantibodies recognizing signal recognition particle (SRP) have been described
in association with IMNM. Of note, despite intense immunotherapy, refractory or relapsed
disease has been reported in a significant subset of anti-SRP myopathy. Additionally,
younger patients tend to have poorer neurological recovery (3, 4).

B cell maturation antigen (BCMA), primarily expressed by plasmablasts and plasma
cells, could serve as a potential target for antibody-associated autoimmune disorders.
Chimeric antigen receptor (CAR) T cell therapy has recently extended to autoimmune
diseases (5). Given the pathogenic role of SRP-IgG, CAR-BCMA T cell therapy might
have therapeutic potentials in treating refractory anti-SRP myopathy.

Here, we report a case of highly refractory anti-SRP myopathy who received treatment
with anti-BCMA CAR-T cells and showed prolonged remission beyond 18 mo. To gain
further insights into the immune microenvironment changes following CAR-T therapy
and the characteristics of CAR-T cells in patients with IMNM, we conducted single-cell
RNA-sequencing (scRNA-seq), T cell receptor-sequencing (TCR-seq), and B cell
receptor-sequencing (BCR-seq) analysis on samples collected before and after infusion,
as well as the matching CAR-T infusion product. Besides clearance of B cell lineage after
CAR-T therapy, we observed suppressed humoral immune response and inflammatory
response of the immune microenvironment. By longitudinal CAR-T cells proportion
analysis and clone tracking, we observed a significant expansion of CD8" CAR-T cells
and a similar shifting pattern in CD4" and CD8" CAR-T cells. Furthermore, we found
that CD8" CAR-T cells collected at 1 mo post-infusion in IMNM were more likely to
function at a remission/stable stage, but presented compromised proliferation properties
and enhanced features of NK-cell signaling and cell death when compared to CAR-T cells
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Significance

The present study illustrates
great potentials of chimeric
antigen receptor (CAR-T) cells
targeting B cell maturation
antigen in treating anti-signal
recognition particle myopathy,
with sustained depletion of
autoantibodies and therapeutic
efficacies beyond 18 mo.
Moreover, by comparing
single-cell profiles of CAR-T cells
from patients with IMNM and
those from patients with
malignancies, our data show the
distinct characteristics of CAR-T
cells in human with
autoimmunity, which may guide
future improvement of CAR-T
therapy in autoimmune diseases.
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manufactured from patients with malignancies. Moreover, neu-
roinflammation was suggested to be the distinctive signature of

CDS8" CAR-T cells in IMNM.

Methods

Human Subjects and Treatment Procedure. This study was approved by the
Institutional Review Board of Tongji Hospital (TJ-IRB20220101). Written informed
consent for the use of the CAR-Tinfusion product and blood samples and disclo-
sure of deidentified health information in research were obtained. The anti-BCMA
CAR-T cells, CT103A, were manufactured by IASO Biotherapeutics, which have
been described and used in our previous studies in multiple myeloma patients
(6) and NMOSD patients (7). To enhance the expansion and engraftment of the
transferred cells, a lymphodepletion regimen was administered prior to CAR-T
cell infusion (8). Before lymphodepletion therapy, the participant discontinued
all maintenance therapy, including immunosuppressants and steroids, for 1 to
3 d before treatment nitiation. Then, the participant received a lymphodepletion
therapy with an FC regimen consisting of cyclophosphamide 500 mg/m? plus
fludarabine 30 mg/m* (on —4, =3, —2 d before infusion), and a single dose of
1.0 x 10° total CAR-T cells per kilogram body-weight (+20%) on day 0. Results
were reported here to a data cut-off of September 12, 2023, with follow-up
beyond 18 mo. Detailed materials and methods are available in S/ Appendix.

Results

Patients’ Characteristics and Clinical Response. The patient was
a 25-y-old man, who had a 7-y history of anti-SRP antibody
seropositive IMNM (1) and concomitantly suffered from Sjégren’s
syndrome (SS). At disease onset, he presented with weakness in the
proximal limbs and markedly elevated serum CK levels over 16,000
U/L, but without extramuscular involvement. The diagnosis of
IMNM was confirmed by anti-SRP-IgG detection and muscle
biopsy showing active fiber necrosis mixed with regeneration and
mild inflammation (3). The patient received multiple immuno-
modulatory therapies (Fig. 14), including pulsed/oral steroids,
tacrolimus, methotrexate, rituximab, tocilizumab, mycophenolate
mofetil, cyclosporin A, cyclophosphamide, plasma exchange,
regular intravenous immune globulin (IVIg), and mesenchymal
stem cell infusion (once, 8 mo before enrollment), but still suffered
from persistent impairments with recurrent attacks. At the time of
enrollment, he was paralyzed and bed-ridden, with the inability to
lift his arms above his head [grade 4- Medical Research Council
(MRC) score] or get up from the bed without assistance (grade
2- MRC score) and elevated CK levels of 4,806 IU/L, exhibiting
severe signs of clinical and radiographic progression, even under
regular administration of IVIg (2.0 g/kg, every 4 wk), oral
prednisone (25 mg/d), tocilizumab (8 mg/kg, 480 mg in total,
every 4 wk), and methotrexate (15 mg/wk) (Fig. 1LA).
Anti-BCMA CAR-T therapy was discussed and performed with
the patient’s written consent. All immunomodulatory treatments
including steroid were discontinued before lymphodepletion ther-
apy. Cyclophosphamide plus fludarabine was given for 3 consec-
utive days, and 6.534*10” anti-BCMA CAR-T cells (CT103A,
0.93*10° cell/kg body weight) with transfection efficacy of 48%
were administered on March 7, 2022 (Fig. 1B). CAR-T cells rap-
idly expanded, peaked at 10 d, and then gradually declined within
2 mo (Fig. 1 Cand D). Following CAR-BCMA T cells infusion,
the patient experienced transient grade 1 CRS (fever to 39.2 °C)
and was treated with 40 mg methylprednisolone once at day 9.
Transient cytopenia and cytokine release were observed but
resolved within 2 mo (Fig. 1E). By the third month, he showed
improvements in upper limb strength (no limitations to lift his
arms) and lower limb strength with the regained ability to walk.
At the 9-mo follow-up, he exhibited a near-normal neurological
examination, with only a mild residual weakness (grade 4 MRC
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score) in proximal lower extremity muscles, and normal strength
(grade 5 MRC score) in the neck, distal lower extremity, and all
upper extremity muscles. He was able to get up from the floor
and walk without assistance (Manual Muscle Testing-8 score from
96 at baseline to 137 at the last visit, Fig. 1F). The levels of serum
CK declined from 4,778 before treatment to 260 IU/L after 18
mo, and myoglobin level decreased from 837 to 66.2 ng/mL
(Fig. 1G). Arm and thigh MRI at the 18-mo follow-up demon-
strated reduced active muscle lesions of enhanced T1 signal
(Fig. 1H). The clinical and radiographic improvement have per-
sisted up to the data cut-off of September 12, 2023 (over 18 mo),
without any additional immunomodulatory treatments or steroid
administration.

CD3™ CD19" total B cells were undetectable within the first
2 mo, while CD4" T cells, CD8" T cells, and natural killer cells
being fluctuated (Fig. 1 /-K), possibly due to lymphodepletion
therapy and CAR-T cells expansion. Notably, circulating B cells
gradually returned to normal ranges, with approximately 90% of
the reconstituted B cells being CD19" CD27" IgD" naive B cells,
and a low presence of CD27" IgD™ switched memory B cells
(Fig. 1K). A significant decrease in total IgG after CAR-T cell
infusion was observed (Fig. 1Z), however, with no need for
long-term or regular intravenous immunoglobulin replacement.
The levels of both anti-SRP and anti-Ro52 autoantibodies in
serum declined and remained negative beyond 18 mo (Fig. 1M).
As for the concomitant SS, the decrease in pathogenic autoanti-
bodies (anti-SSA-IgG) and the increase in tear film breakup time
(5 s to 14 s in the right eye, and 3 s to 10 s in the left eye) were
observed from baseline to the last visit, suggesting both serologic
remission and clinical improvement related to SS.

Immune Alterations Following CAR-T Therapy. To illustrate the
altered cellular profiles during CAR-T therapy, we performed
longitudinal 5" single-cell RNA-sequencing (scRNA-seq), T cell
receptor-sequencing (TCR-seq), and B cell receptor-sequencing
(BCR-seq) on peripheral blood mononuclear cells from the
IMNM patient at baseline, 1 mo, 3 mo, 6 mo, 9 mo, 12 mo,
15 mo, and 18 mo after infusion. A total of 68,350 high-quality
cells were profiled, with 27,108 paired TCR sequences out of
32,566 T cells (83%) and 4,981 paired BCR sequences out of
5,670 B cells (88%; Fig. 2A4). By clustering and annotation,
we identified 15 diverse immune cell types based on canonical
markers (Fig. 2B). Subsequent cell-density analysis and cell-
type counting showed relatively obvious differences in cellular
composition pre- and post-infusion. In accordance with the
results of flow cytometry (Fig. 1K), B cell lineage showed a
noticeable decrease at 1 mo, followed by a step-by-step recovery
post-infusion, primarily consisting of CD19" CD27" IgD" B
naive cells. Additionally, we observed a significant expansion of
CD8" Te cells and remarkable reduction in CD4" T cells post-
infusion, suggesting the suppressed proliferation of autoreactive
CD4" T cells triggered by clonally expanded CD8" T cells in
autoimmune diseases as previously reported (9, 10). Perhaps
due to lymphodepletion therapy, the proportion of myeloid
cells raised at 1 mo and descended to the baseline level post-
infusion (Fig. 2 C and D). Despite the changes in cellular
composition, ssGSEA analysis demonstrated that CAR-T therapy
led to suppressed immune responses and inflammation-related
signatures of endogenous T cells, NK cells, and myeloid cells
(Fig. 2E), indicating that CAR-T therapy might also contribute
to the improvement of immune microenvironment except for
reconstitution of B cell lineages.

Re-clustering of B cells and plasma cells identified six clusters
that were annotated based on canonical marker expression,
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Fig. 1. Clinical evaluation following CAR-T cell infusion. (A) Serum creatine kinase (CK) levels before screening, with previous immunosuppressive therapies.
(B) A schematic overview of treatment procedure. (C) Kinetics of CAR copies per pg genomic DNA detected by droplet digital PCR. (D) Representative images
and kinetic changes of CAR-T cells percentage in CD3" T cells detected by flowcytometry. (E) Heatmap showing kinetic changes of inflammatory factors in blood
following CAR-T cell infusion. Interleukin, IL; tumor necrosis factor, TNF; interferon, IFN; CRP, C-reactive protein; PCT, procalcitonin. Average levels are normalized
from baseline. (F) Kinetic parameters measuring clinical response following CAR-T cell infusion, including the grip strength, the MMT-8 (with a maximum score
of 150 when tested bilaterally without presentation of muscle weakness), modified Rankin Score (mRS) score (range 0 to 6, from health without symptoms to
death), and activities of daily living (ADL) scale score (14-item, range 14 to 56, from maximal independence to maximal disability). (G) Kinetic levels of creatine
kinase and myoglobin levels in serum. (H) Representative Gadolinium-enhanced T1-weighted (Gd-T1w) MR images showing abnormally enhanced signal (active
lesions, arrows) in the left biceps (a and b), vastus lateralis (c), vastus intermedius (d), and gluteus maximus (e), at baseline (a-e) and at 18 mo post-infusion (f-)).
(and )) Representative plots of flowcytometry and kinetic changes of CD4" T cells, CD8" T cells, and CD3" CD16" NK cells levels in blood at indicated time points
post-infusion. (K) Kinetic changes of circulating CD19" B cells, and the proportion of CD19* CD27” IgD" naive B cells, CD19* CD27" IgD* non-switched memory B
cells (NS mem), CD19" CD27" IgD™ switched memory B cells (Sw mem), and CD27* CD38" plasmablasts and plasma cells (PB/PCs) in total B cells. (L) Kinetic changes
of 1gG, IgA, and IgM in blood pre- and post-infusion. (M) Kinetic changes of anti-SRP-I1gG, anti-Ro52-1gG, and anti-SSA-IgG levels were detected by enzyme-linked
immunosorbent assay (ELISA), magnetic nanoparticle chemiluminescence immunoassay (NMCLIA), and immunoblots.
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Immune alterations following CAR-T cell therapy. (A) Uniform manifold approximation and projection (UMAP) plot of 68,350 single-cell transcriptomes

of peripheral blood mononuclear cells integrated from the patient with IMNM at baseline, at 1 mo, at 3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo
post-infusion. Clusters denoted by color are labeled with inferred cell types, including four CD4" T cell clusters, two CD8" T cell clusters, cycling cells (Cycling),
NK cells, NKT cells, two monocyte clusters, conventional dendritic cells (cDCs), and three B cell clusters. UMAP of cells colored by BCR and TCR detection.
(B) Dot plot showing cell clusters denoted by gene expression of known markers. (C) UMAP plots showing cell density of peripheral blood mononuclear cell
(PBMC) cells integrated from the patient with IMNM at baseline, at 1 mo, at 3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo post-infusion. (D) Bar plots
of the proportion of cell types in PBMC cells integrated from the patient with IMNM at baseline, at 1 mo, at 3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18
mo post-infusion. (F) Heatmap showing single-sample gene set enrichment analysis (GSEA) scores of indicated signatures in CD4" T cells, CD8" T cells, NK cells,
and myeloid cells of patient with IMNM at baseline, at 1 mo, at 3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo post-infusion.

including immature, naive, non-switched and switched memory,
double-negative B cells and PB/PCs (Fig. 3 A—C and SI Appendix,
Fig. S14). PB/PCs, which were deemed as the main BCMA-
expressed cells responsible for producing pathogenic antibodies,
were successfully eliminated at 1 mo post BCMA-targeted CAR-T
therapy (Fig. 3C and SI Appendix, Fig. S1B). B cell lineage was
gradually restored after 3 mo post-infusion and we observed a
significantly lower clonality and higher diversity of restored B cells
compared with those at baseline (Fig. 3D). Furthermore, we con-
ducted the sequence alignment analysis to compare the CDRH3
sequences of B cells at different time-points and there was no
overlap between B cells at baseline and B cells collected at any
other time-point (Fig. 3 and SI Appendix, Fig. S1C), suggestive
of the efficient removal of abnormal pathogenic B cell lineage and
successful generation of brand-new B cells with distinct clone
types. Moreover, 1,366 differentially expressed genes were identi-
fied when comparing B cells at baseline with restored B cells at
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18 mo post-infusion (P-value < 0.05, log,FoldChange > 0.2)
(Fig. 3F) and subsequent functional enrichment analysis demon-
strated markedly down-regulated pathways and lower expression
of genes related with B cell function and energy metabolism in
restored B cells (Fig. 3 G and H), suggesting that B cells were
normalized from an overactivated status to a close-to-natural con-
dition that could produce a certain level of defensive antibodies
rather than pathogenetic antibodies after CAR-T therapy (Fig. 1
L and M).

We subsequently conducted a detailed analysis of endogenous
T cells by fine-resolution re-clustering and identified 11 final clus-
ters with canonical marker expression (Fig. 4 A and B). Notably,
CD8" Te cells were further subdivided into three more refined
clusters, termed CD8" Te-1/2/3, and all three clusters exhibited
a significant increase in proportion at 3 mo after CAR-T therapy
and remained relatively stable during the subsequent follow-up
(Fig. 4C). Paired T cell receptor analysis revealed a significant
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Fig.3. Compositional and clonal analysis of B lymphocytes following CAR-T cell therapy. (A) UMAP plots showing re-clustering of B cells colored by six subsets, annotated
as immature, naive, non-switched memory (NS mem), switched memory (Sw mem), double negative (DN) B cells, and plasmablasts and plasma cells (PB/PCs). UMAP
plot of B cell subsets colored by clone size (number of cells belonging to a specific clone type), showing significant clonal expansion. (B) Dot plot showing cell clusters
denoted by gene expression of known markers. (C) UMAP plots showing cell distribution of B cells integrated from the patient with IMNM at baseline, at 1 mo, at 3 mo,
at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo post-infusion. (D) Individual repertories from B cells integrated from the patient with IMNM at baseline, at 1 mo,
at 3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo post-infusion. For the inner circle, colored wedges represent expanded clones and gray area represents
singleton sequence. For the outer circle, colored edges represent immunoglobulin classes. () Scatterplot comparing BCR clone frequencies between B cells integrated
from the patient with IMNM at baseline and at 12 mo/15 mo/18 mo, respectively. (F) Volcano plot showing differential expression analysis comparing B cells integrated
from the patient with IMNM at baseline to those at 18 mo post-infusion. (G) GSEA analysis showing significantly changed pathways comparing B cells integrated from the
patient with IMNM at baseline to those at 18 mo post-infusion. (H) Dot plots of genes related to adaptive immune response, B cell activation, B cell-mediated immunity,
and Ig production of B cells integrated from the patient with IMNM at baseline, at 1 mo, at 3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo post-infusion.
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Fig. 4. Compositional and clonal analysis of endogenous T lymphocytes following CAR-T cell therapy. (A) UMAP plots showing re-clustering of T cells colored
by 11 subsets, including five CD4" T cell clusters, five CD8" T cell clusters, and cycling T cells (T Cycling). (B) Dot plot showing cell clusters denoted by gene
expression of known markers. (C) Bar plots of the proportion of cell types in re-clustered T cells integrated from the patient with IMNM at baseline, at 1 mo, at
3 mo, at 6 mo, at 9 mo, at 12 mo, at 15 mo, and at 18 mo post-infusion. (D) UMAP plot of T cell subsets colored by clone size, showing significant clonal expansion.
Bar plots showing the frequency of clonal T cells. =5 clones denote clonotypes observed more than fourth time. (E) Violin plots showing GZMB (granzyme B)
expression and Box plots showing signature enrichment of Cytotoxic in cells of three CD8" Te clusters. Boxes show median, Q1 and Q3 quartiles and whiskers
up to 1.5x interquartile range. Pairwise comparisons were performed using a two-sided Wilcoxon rank-sum test with a Benjamini-Hochberg correction. Scatter
plot showing single-sample GSEA scores of indicated signatures (upregulated in CD8" Te-1 cells) in cells of three CD8" Te clusters. (F) GSEA analysis showed
inhibited enrichment of immune response and inflammatory response in re-clustered T cells integrated from the patient with IMNM at 18 mo compared with
those at baseline. (G) Circos plots showing gained/lost cytokine-related cell-cell communication at 18 mo post-infusion compared to baseline between CD8"

Te-1 cells and other cell types.

expansion of highly frequent clonotypes (clonotype frequency =5)
in CD8" Te-3 cells across the clinical visit while highly expanded
CD8" Te-1 cells showed a certain degree of decrease at 3 mo and
at 6 mo post-infusion, followed by a gradual restoration (Fig. 4D).
Further exploration of differential gene expression identification,
gene module scoring, and GSVA analysis indicated that CD8"
Te-3 cells, characterized by relatively lower expression of GZMB
(granzyme B) and higher expression of CCL5 (C-C motif chemok-
ine ligand 5), and KLRG1 (killer cell lectin-like receptor G1),
presented a signature of enhanced cell chemotaxis and NK recep-

tor (Fig. 4F and SI Appendix, Fig. S2 A and B), which might assist
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to eliminate pathogenic cells and promote cell survival, as NK
receptors could provide needed signals to avoid activation-induced
cell death induced by TCR as previously reported (11). In contrast,
CD8" Te-1 cells with higher GZMB expression exerted a more
cytotoxic and neuroinflammation signature and were inclined to
facilitate humoral immune responses (Fig. 4E). Moreover, restored
CD8" Te-1 cells at 18 mo post-infusion presented an attenuated
feature of immune response and inflammatory response (Fig. 47
and ST Appendix, Fig. S2C) and shared obviously reduced
cytokine-related interactions with other cell types (Fig. 4G) when
compared with those at baseline, suggesting that the excessive
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immune and inflammatory effect of CD8" Te-1 cells could be also
partially normalized after CAR-T therapy.

CAR-T Cell Characteristics after Infusion in Patients with IMNM.
To investigate how transferred CAR-T cells might function
in vivo and be shaped by the host immunological milieu, we
further conducted scRNA-seq and paired TCR-seq on infusion
product (IP) of this IMNM patient as well as CAR-T cells in vivo
at 1 mo after infusion sorted by flow cytometry. By integrating
and re-clustering T cells collected at baseline, IP, CAR-T cells,
and endogenous T cells at 1 mo, distinct T cells clusters were
identified: CCR7* LEF1" naive T cells (Tn), CCR7" GPR183"
central memory T cells (Tem), CCR7” GPR183" GZMK" effector
memory T cells (Tem), CD8" GZMB* NKG7" effector T cells
(Te), CD4" NKG7" cytotoxic T cells (CD4" CTLs), and CD4"
FOXP3" regulatory T cells (CD4" Treg) using canonical markers
(Fig. 5 A and B). Furthermore, it was found that the cycling
effector phenotype (cycling Te, MKI67* GZMB") was the most
prevalent cell type in IPs, with a balanced proportion of CD4"
and CD8" cells, likely due to stimulation during manufacturing.
In the IP, CD4" CAR-T cells possessed a higher proportion, but
this dominance diminished in CAR-T cells at 1 mo post-infusion

B

(Fig. 5C), suggestive of a more significant expansion and a more
pivotal effect of CD8" CAR-T cells. Subsequent clone tracking
analysis demonstrated that dominant CD8" TCR clones within
1 mo in vivo primarily originated from endogenous Te and
Tem cells at baseline, then manufactured into cycling effector
phenotype in IP, and differentiated into Te cells after infusion
(Fig. 5D). CD4" CAR-T cells presented a similar dynamic pattern
(Fig. 5D) but tended to maintain an effector memory manner at
1 mo (Fig. 5C). Consistent with phenotype changes in CAR-T
cells, gene module scoring indicated distinct effector signature and
impaired proliferation and energy metabolism features in CD4"
and CD8" CAR-T cells at 1 mo in vivo (Fig. 5E).

We next aimed to identify the unique characteristics of CD8"
CAR-T cells in vivo originated from IMNM patient, which are
often considered as the primary effector of CAR-T therapy. To
that end, we integrated our transcriptome profiles of sorted
CAR-T cells collected at 1 mo in vivo with four external published
datasets  (GSE151310, GSE197268, GSE166352, and
GSE125881), including 1) CAR-BCMA T cells collected at peak
phase (day 8) and at remission phase (day 15) from 1 patient with
plasma cell leukemia, 2) CAR-CD19 T cells collected at day 7
from 11 lymphoma patients treated with Axi-cel and CAR-CD19

E
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Fig.5. Transcriptional signature and clone tracking of CAR-T cells in IMNM. (A) UMAP plot of CAR-T cells in IPs and at 1 mo post-infusion and endogenous T cells
at baseline and at 1 mo post-infusion. (B) Dot plot showing cell clusters denoted by gene expression of known markers. (C) Depiction of T cell subset frequencies
at each timepoint. Bar widths are proportional to the fraction of cells being classified as a particular subset. (D) The top five most prevalent TCR clones identified
at 1 mo post-treatment and the corresponding clones in IPs or at baseline are shown for CD8" and CD4" CAR-T subsets. For each, circles show the clone belongs
at each timepoint, with sizes corresponding to the clone frequency in its sample. Pie charts of the inner circle showing the distribution of cells in each phase of
the cell cycle. Pie charts of the outer circle showing the distribution of cell types in each subset. (F) Heatmap showing the expression of differentially expressed

genes of indicated signatures shown by cells from different samples.
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T cells collected at day 7 from another 11 lymphoma patients
treated with Tisa-cel, 3) CAR-CD19 T cells collected at early
phase (~day 7) and at late phase (~day 28) from 3 NHL patients,
4) CAR-CD19 T cells collected at early phase (~day 7), at late
phase (~day 28), and at very late phase (~day 90) separately from
two CLL patients and two NHL patients. The cells from different

datasets were integrated and clustered as they were evenly

interspersed across the UMAP plots and could be roughly anno-
tated as four distinct clusters (Fig. 64 and S/ Appendix, Fig. S3).
Correlation analysis using the transcriptomics profiles of each
dataset revealed a profound overlap between CD8" CAR-T cells
collected at 1 mo from IMNM patient and CD8" CAR-BCMA
T cells in remission phase from a PCL patient (Fig. 6B), possibly
due to their shared targets and similar stages. Furthermore, the
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Fig.6. Distinct signatures of CAR-T cells from patients with IMNM. (A) UMAP plots showing the integrating CAR-T cells in vivo originated from patients with IMNM,
leukemia, and lymphoma colored by subclusters. Single-cell transcriptomics in four recently published external datasets (GSE151310, GSE197268, GSE166352,
and GSE125881), including 1) CAR-BCMA T cells collected at peak phase (day 8) and at remission phase (day 15) from one patient with plasma cell leukemia, 2)
CAR-CD19T cells collected at day 7 from 11 lymphoma patients treated with Axi-cel and CAR-CD19 T cells collected at day 7 from another 11 lymphoma patients
treated with Tisa-cel, 3) CAR-CD19 T cells collected at early phase (~day 7) and at late phase (~day 28) from three NHL patients, 4) CAR-CD19 T cells collected at
early phase (~day 7), at late phase (~day 28), and at very late phase (~day 90) separately from two CLL patients and two NHL patients, along with our dataset
including CAR-T cells collected at 1 mo from the patient with IMNM, were used for signature validation. (IMNM: immune-mediated necrotizing myopathy; PCL:
plasma cell leukemia; BCL: B cell ymphoma; NHL: non-Hodgkin lymphoma; CLL: chronic lymphocytic leukemia). (B) Heatmap showing the correlations between
CD8" CAR-T cells of integrated conditions. (C) Ingenuity pathway analysis comparing CD8" CAR-T cells collected at 1 mo from IMNM patients with CD8" CAR-T cells
collected at late/remission phase from patients with leukemia and lymphoma. z score reflects the predicted activation level (z > 2 or z < -2 can be considered
significant). The yellow curve denotes the ratio between the number of the differentially expressed genes (DEGs) and the total number of genes in each of these
pathways. Cell Cycle Regulation®*, Cell Cycle: G1/S Checkpoint Regulation; Cell Cycle Regulation**, Cell Cycle: G2/M DNA Damage Checkpoint Regulation. (D) Venn
diagram showing overlapping upregulated and downregulated pathways in CD8" CAR-T cells collected at 1 mo from IMNM patients when compared with CD8"
CAR-T cells collected at late/remission phase from patients with leukemia and lymphoma.
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IMNM CD8" CAR-T cells were more similar to CAR-T cells
from late-stage disease patients with hematological malignancies,
rather than early or very late-stage disease patients (Fig. 6B), sug-
gesting that these cells were likely to function at a remission/stable
phase. However, the CAR-T cells originated from this IMNM
patient declined within 2 mo (Fig. 1C), not as persistent as
CAR-T cells from malignancy patients. Thus, we next conducted
Ingenuity Pathway Analysis (IPA) using differentially expressed
genes to figure out the possible pathway or mechanism that may
contribute to their diminished persistence. Compared to CD8"
CAR-T cells at early/peak phase, IMNM CD8" CAR-T cells at
1 mo exhibited suppression of OXPHOS, cell cycle, and
cancer-related pathway (PD-1, PD-L1 pathway), as well as acti-
vated mitochondrial dysfunction, cell death, and neuroinflamma-
tion, in accordance with the differences between peak and
remission phases (S Appendix, Fig. S4 A and B). Additionally,
compared to late/remission phase CD8" CAR-T cells, cell death
and neuroinflammation were up-regulated while cell cycle path-
way remains down-regulated in IMNM CD8" CAR-T cells at 1
mo (Fig. 6 Cand D), which might be the reason for their decline.
Of note, activation of NK cell signaling was also observed (Fig. 6
Cand D), which mightlead to T cell exhaustion (11). Collectively,
enhanced cell exhaustion/dysfunction, up-regulated cell death,
neuroinflammation characterized immune microenvironment,
inhibited expansion capacity may be the causes of poor persistence
of CAR-T cells in IMNM patients, except for the limited antigen
exposure of autoimmune diseases. Conversely, the results were
nearly opposite when compared to very late-stage CD8" CAR-T
cells (S Appendix, Fig. S4 C and D), suggestive of the relatively
higher proliferation and effector status of IMNM CD8" CAR-T
cells at 1 mo. Notably, the profound neuroinflammation-related
signature was still observed in IMNM CD8" CAR-T cells, high-
lighting their unique characteristics derived from IMNM patients.

Discussion

Immune-mediated necrotizing myopathy (IMNM) is an autoim-
mune disorder characterized by progressive proximal weakness
with few extra-muscular manifestations (1). Anti-SRP myopathy
is one of the most disabling and refractory subsets of IMNM,
often requiring intense, combined, long-term immunosuppressive
therapy (2-4). Unfortunately, despite receiving multiple treat-
ments, the disease continues to relapse, as seen in our patient. Our
case showed that anti-BCMA CAR-T cell therapy was well-
tolerated and brought sustained clinical remission, offering an
option for these refractory patients. Of note, the titers of anti-SRP
antibody correlate positively with serum CK levels and clinical
manifestations (3). The reconstitution of B cell subsets and long-
term reduction in autoantibodies we observed in this case might
underpin the clinical efficacy.

There is a growing interest in the potential use of CAR-T
therapy in treating autoimmune diseases, which was initially
developed as a revolutionary treatment for advanced leukemia
and lymphoma (12). CAR-T cells targeting CD19 were reported
to lead to depletion of CD19-expressing B cells, cessation of
autoantibody production, and improvement of clinical symptoms
in cases of refractory systemic lupus erythematosus (13, 14) and
refractory antisynthetase syndrome (15, 16). Recently, RNA-
based anti-BCMA CAR-T cell therapy has shown remarkable
therapeutic efficacy in treating 12 patients with refractory myas-
thenia gravis (17). Similar to our previously published cohort
studies involving 12 patients with refractory neuromyelitis optica
spectrum disorders (NMOSD) (7) and this highly refractory
anti-SRP myopathy patient, CAR-T cells targeting BCMA or

PNAS 2024 Vol.121 No.6 e2315990121

CD19 demonstrate significant advantages in treating relapsed/
refractory autoimmune diseases, including terrific depletion efhi-
cacy, decreased autoantibody titers, and sustained clinical remis-
sion during a relatively long follow-up periods. Additionally,
considering the restoration of antibody-producing cells with
distinct clone types as well as sustained undetected autoantibod-
ies after CAR-T therapy, renewed vaccination might be needed,
though more evidence is warranted.

Despite the fact that autoantibodies and B cell repertoire are
generally considered hallmarks of autoimmune disorders, recent
accumulating evidence suggests that autoimmune T cell lineage
and activated immune microenvironment could further contrib-
ute to the pathogenesis (18-20) and targeted manipulation of
autoimmune T cells might lead to new therapeutic strategies for
autoimmune diseases (21). Approximately 25% of IMNM
patients exhibit lymphocyte densities, including CD8" T cells,
in the muscle lesions (22) and this raises the possibility of T cell
mediated myotoxicity, yet has not been directly observed (3).
Thus, we conducted longitudinal scRNA-seq, paired TCR-seq,
and paired BCR-seq analysis to evaluate immune alterations fol-
lowing CAR-T therapy. Intriguingly, pathways related to immune
response and inflammatory response were down-regulated
post-infusion in different cell types, including CD4" T cells,
CD8" T cells, NK cells, myeloid cells, and restored B cells. Of
note, we observed an early-period replacement of higher cyto-
toxic/inflammatory CD8" Te-1 cells in expanded T cell lineage
by higher chemortaxis and survival CD8" Te-3 cells, which might
aid to eliminate pathogenic cells (23). Moreover, expanded CD8"
Te-3 cells still remained at a certain proportion at the late period
of follow-up, accompanied by restoration of CD8" Te-1 cells with
relatively normalized characteristics. These data suggested that
CAR-T therapy might contribute to the normalization of T
cell-related hyperactivation immune microenvironment in auto-
immune disorders indirectly by eliminating autoantibody pro-
ducing cells.

A major challenge in CAR-T cell therapy for autoimmune dis-
eases is the limited persistence of infused cells, which is observed
both in murine models and in clinical trials (5). CAR-T cells
treating autoimmune diseases typically become undetectable
within 2 mo or even less (7, 13—16), while CAR-T cells treating
hematological malignancies can persist for years or even decades
(12, 24), which may due to limited antigen exposure, features of
pre-manufactured T cells and immune microenvironment
post-infusion. To figure out the possible underlined mechanism,
we integrated our CAR-T cells in the IMNM patient with CAR-T
cells in malignancies patients from published single-cell datasets
(25-28). Unlike CAR-T cells at peak phase for proliferation and
taking effect or CAR-T cells at very late phase for perhaps exhaus-
tion or withering, IMNM CD8" CAR-T cells collected at 1 mo
tended to function at a remission/stable stage similar to CAR-T
cells in malignancies at similar timepoint but presented a more
NK-like phenotype with enhanced tendency of cell death and
neuroinflammation and inhibited proliferating ability. Notably,
neuroinflammation-related signature was observed up-regulated
in IMNM CD8" CAR-T cells when compared with CAR-T cells
in malignancies patients at any stage, suggestive of the distinct
characteristics of CD8" CAR-T cells in vivo originated from the
IMNM patient.

The current reports on CAR-T therapy in autoimmune diseases
show promise in terms of feasibility and potential efficacy, but
larger studies with long-term follow-up are needed. Further
research, including humanized animal models, is essential to inves-
tigate how to enhance the efficacy and persistence of CAR-T cells
in treating autoimmune diseases.

https://doi.org/10.1073/pnas.2315990121
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Data, Materials, and Software Availability. Raw sequencing data have been
deposited in the Genome Sequence Archive in National Genomics Data Center,
China National Center for Bioinformation/Beijing Institute of Genomics, Chinese
Academy of Sciences (GSA-Human: HRA004636) that will be publicly accessible
at https://ngdc.cnch.ac.cn/gsa-human (29).
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