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B-cell targeted therapies in
autoimmune encephalitis:
mechanisms, clinical
applications, and
therapeutic potential
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Autoimmune encephalitis (AE) broadly refers to inflammation of the brain

parenchyma mediated by autoimmune mechanisms. In most patients with AE,

autoantibodies against neuronal cell surface antigens are produced by B-cells

and induce neuronal dysfunction through various mechanisms, ultimately

leading to disease progression. In recent years, B-cell targeted therapies,

including monoclonal antibody (mAb) therapy and chimeric antigen receptor

T-cell (CAR-T) therapy, have been widely used in autoimmune diseases. These

therapies decrease autoantibody levels in patients and have shown favorable

results. This review summarizes the mechanisms underlying these two B-cell

targeted therapies and discusses their clinical applications and therapeutic

potential in AE. Our research provides clinicians with more treatment options

for AE patients whose conventional treatments are not effective.
KEYWORDS
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1 Introduction

Autoimmune encephalitis (AE) is a group of diverse inflammatory autoimmune diseases

that affect the brain parenchyma (cortex or deep gray and white matter) and may involve the

meninges and spinal cord (1). AE accounts for 10%–20% of encephalitis cases, with an annual

incidence of approximately 1 in 100,000 (2). Its clinical features include acute- or subacute-onset

seizures, cognitive impairment, and psychiatric abnormalities.

B cells play a pivotal role in the pathogenesis of AE by the production of autoantibodies.

Based on the location of the targeted antigen, AE-associated autoantibodies can be

categorized as antibodies against neuronal cell surface and intracellular antigens. Among
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these, anti-neural surface protein antibodies have clear

pathogenicity. However, the mechanism by which anti-

intracellular antigen antibodies induce disease is unclear, although

they may result from a non-dependent function of the antibodies.

Patients positive for autoantibodies exhibit typical clinical features

and can be diagnosed and clinically classified. For patients with

anti-neurosurface protein antibodies, antibody-mediated

encephalitis can lead to disease through different pathogenic

mechanisms (3). Patients with clinical features of AE but no

detectable autoantibodies are defined as having serum and

cerebrospinal fluid negative AE (SCNAE), which can only be

diagnosed based on clinical manifestations and auxiliary

examinations (cerebrospinal fluid [CSF], magnetic resonance

imaging, and electroencephalogram) (4).

AE can be categorized into several types, which display different

pathophysiologies. Among these types, N-methyl-D-aspartate

receptor (NMDAR) AE is the most common, accounting for

approximately 54%–80% of AE cases, followed by leucine-rich

glioma-inactivated protein 1 (LGI1) AE and gamma amino

butyric acid type B receptor (GABABR) AE (5). The characteristic

clinical manifestations of NMDAR AE are consistent with features

indicative of diffuse encephalitis, whereas glutamic acid

decarboxylase (GAD) AE, LGI1 AE, and contactin-associated

protein-2 (CASPR2) AE are consistent with limbic encephalitis.

The presence of antibodies in patients with AE reflects

disruption of the CNS and/or peripheral tolerance mechanisms.

In the bone marrow, impaired clearance of autoreactive B cells due

to the disruption of negative selection barriers causes autoantibody-

producing B cells to mature and subsequently differentiate into

plasma cells (6).

The blood-brain barrier (BBB) makes it difficult for large

molecular to enter the brain, but autoantibody can be detected in

CSF of patients with AE.The influence of factors such as infection,

brain injury, and emotional state may lead to increased permeability

of the BBB, allowing autoantibodies to enter the brain (7–9).

Compartmentalized enrichment of numerous CD20+ B cells and

CD138+ plasma cells detected in brain tissue biopsies of patients

with NMDAR AE indicate that autoantibodies in the CSF may be

produced by activated immune cells entering the CNS (10–12).
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The 2016 AE clinical criteria emphasize the importance of early

immunotherapy once AE is highly suspected and infectious etiologies

are excluded based on CSF results (4). In the acute phase, high-dose

steroids are preferred in first-line immunotherapy, followed by the

combination of steroids and intravenous immunoglobulins (IVIG)

and/or plasma exchange. When first-line therapy fails, one converts

to second-line immunotherapy. Rituximab (RTX) is considered the

first-choice treatment at this stage, with cyclophosphamide

subsequently considered (13). Cyclophosphamide is preferred over

RTX when AE is associated with paraneoplastic syndromes because it

can deplete T cells, cross the BBB, and may be part of the tumor

treatment (14). In addition, patients with different antibody-positive

AE may have different responsiveness to drugs, which may affect the

choice of treatment regimen (15). Due to the clinical applicability and

limitations of first- and second-line drugs, some patients with

refractory disease cannot be treated promptly and effectively, which

may lead to further disease progression and prolonged intensive care

unit hospitalization.

Immunosuppressive therapy can reduce antibody levels in

patients, but B cells still exist and produce antibodies. Since the

1990s, studies have demonstrated the effectiveness of therapies

aimed at eliminating antibody-secreting cells (B cells or plasma

cells) in treating autoimmune diseases. Currently, B-cell targeted

therapies mainly involve two approaches: monoclonal antibody

(mAb) therapy and chimeric antigen receptor T-cell (CAR-T)

therapy. However, the use of these therapies in AE has not yet

been summarized. In this review, we summarize the mechanisms of

B-cell targeted therapies and their applications in AE and provide

an outlook on their future development.
2 mAb therapy in AE

mAb therapy was initially employed for B-cell malignancies and

has since been widely used for various autoimmune diseases. Many

membrane molecules on the surface of B cells play important roles

in B-cell recognition of antigens, activation, proliferation, and

antibody production. Moreover, these roles constantly change

during B cell development (Figure 1). mAbs can bind to these
FIGURE 1

Expression of cell surface antigens during B-cell differentiation.
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molecules, disrupt signaling pathways, and employ complement-

dependent cytotoxicity (CDC) and antibody-dependent cellular

cytotoxicity (ADCC) to reduce the number of antibody-

producing cells and ultimately alleviate patient symptoms

(Figure 2) (16). In recent years, mAb therapies targeting B cells

have been widely used to treat AE (Table 1). Among these, RTX is

the most extensively applied, serving as a second-line treatment for

AE, while other mAbs are still in the early stages of exploration.
2.1 mAbs targeting CD20

CD20 is a transmembrane protein that may function by

indirectly regulating calcium dependent on B cell receptors,

thereby regulating B cell proliferation and differentiation (28).

CD20 is expressed in pre-B cells in the bone marrow, naïve B

cells in lymphoid tissues or germinal centers, and memory B cells,

but not in hematopoietic stem cells, pro-B cells, most plasmablasts

and antibody-producing plasma cells.

2.1.1 RTX
RTX is a mouse-human chimeric mAb of the IgG1 class that

binds to amino acid residues in the extracellular loop of CD20. RTX

exerts its effects via CDC and ADCC, with CDC playing a

predominant role. The Fab variable regions of RTX are all

mouse-derived structures, so treatment with RTX may induce an

immunogenic response, which may reduce therapeutic efficacy and/

or lead to adverse events (29). RTX was the first anti-CD20

monoclonal antibody approved for use against human diseases

and is now widely used as a second-line treatment for AE.

A meta-analysis conducted in 2020 examined the efficacy and

safety of RTX in AE (17). 277 patients from 14 studies included in

the meta-analysis revealed favorable outcomes in 72.2% of patients

after RTX treatment. Meanwhile, there were no significant
Frontiers in Immunology 03
differences in outcomes within different patient subgroups (e.g.,

adults and children, standard and low dose RTX, Asian and non-

Asian, NMDAR and mixed antibodies AE). Meta-analysis of 7

studies reporting mRS at the last follow-up showed that the

initiation of RTX treatment significantly reduced the average

Modified Rankin Scale (mRS) score by 2.7 points. A significant

correlation was found between disease duration at RTX initiation

and reduction in mRS score (p=0.0071). Therefore, timely RTX

administration is suggested when first-line treatment is ineffective.

Meta-analysis of 7 studies reporting relapse showed a relapse rate of

only 14.2%. In a subcohort of 184 patients from 11 studies reporting

the adverse reactions associated with RTX, infusion-related

reactions were reported in 29 patients (15.7%), pneumonia was

reported in eleven patients (6.0%) and severe sepsis in two (1.1%).

A multicenter clinical study in 2021 suggested varied responses

to RTX treatment among patients with AE and different antibody

types (18). RTX showed significant efficacy in NMDAR, LGI1, and

CASPR2 AE, while GAD65 AE exhibited less favorable treatment

outcomes. The disease duration before using RTX affected the

reduction of the mRS score, emphasizing the potential benefit of

early RTX treatment in controlling disease progression.

2.1.2 Ocrelizumab
Ocrelizumab is a humanized anti-CD20 mAb of the IgG1 class.

It targets a different but overlapping epitope with RTX. Except for

retaining part of the mouse structure of the complementarity

determining regions on the Fab, the other parts of ocrelizumab

are all human components. Therefore, the immunogenicity induced

by Ocrelizumab is lower than RTX. Compared with RTX,

ocrelizumab exhibits lower CDC activity but higher ADCC

activity (28).

A study on the efficacy of ocrelizumab in AE (NCT03835728)

was terminated because of the inability to reach target enrollment.

In two reported cases of patients treated with ocrelizumab, both
FIGURE 2

Three B-cell deletion therapies and their mechanisms. mAB, monoclonal antibody; CAR-T, chimeric antigen receptor T cell; RTX, rituximab; CAAR-T,
chimeric autoantibody receptor T cell; NMDAR, N-methyl-D-aspartate receptor; scFv, single-chain variable fragment.
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TABLE 1 B-cell targeted mAb therapies in use or under investigation for the treatment of AE.

Drug Specific
target

Evidence Studied
group; n

administration Efficacy Relapse,
n (%)

Adverse,
n (%)

mRS
score

CASE
score

Rituximab CD20 Meta-
analysis (17)

NMDAR
AE:277

375 mg/m2 weekly for 4
weeks (most commonly
used regimen)

mRS score ≤
2; n (%)
206 (72)
mean mRS
score
decreased
by 2.67

NA 21 (14.2) Infusion-related
reactions:
29 (16);
Pneumonia:11 (6);
Severe sepsis:2 (1)

Observational
cohort (18)

NMDAR
AE: 81
LGI1 AE: 26
CASPR2 AE:
11
GAD65
AE: 31

Infusion dose,g;
Median (IQR)
NMDAR:1.0(0.3)
LGI1:1.0(0.3)
CASPR2:1.0(0.02)
GAD65:1.0 (0)

mRS score
≤2; n (%)
NMDAR: 48
(94)
LGI1: 20 (83)
CASPR2: 4
(80)
GAD65:
14 (52)

NA NMDAR: 13
(19)
LGI1: 5 (20)
CASPR2: 1
(11)
GAD65: 0

Infusion-related
reactions: 2
Lymphopenia: 1
frequent infections:
1
unknown side
effect: 1

Ocrelizumab CD20 Terminated
(NCT03835728)
(19)

LGI1 AE: 1
(Patient 1)
NMDAR
AE: 2
(Patient 2-3)

Two 300-mg infusions 2
weeks apart, 600-mg
infusion 24 weeks later; If
clinical worsening
endpoint is reached in
the first 6 months, receive
a single dose of 600 mg

Change of
mRS:
Patient 1: 3
to 3;
Patient 2: 2
to 1;
Patient 3: 4
to 1

NA No No

Ofatumumab CD20 Case Series (20) LGI1 AE: 2
(Patient 1-2)
NMDAR
AE: 1
(Patient 3)

Patient 1 and 2: 20 mg/
week, 3 weeks
Patient 3: 20 mg
infusions 2 weeks apart

Change of
mRS:
Patient 1: 3
to 1;
Patient 2: 2
to 1;
Patient 3: 4
to 1

NA No short-term low-
grade fever:
3 (100)

Inebilizumab CD19 Ongoing
(NCT04372615)

NMDAR AE NA NA NA NA NA

Daratumumab CD38 Case Report
(21–23)

NMDAR
AE: 2
(Patient 1-2)
CASPR2 AE:
3 (3–5)
SCNAE: 2
(6–7)

16 mg/kg weekly for the
first 8 cycles, biweekly or
monthly for the
remaining cycles

Change of
mRS
Patient 1: 5
to 1
Patient 2: 5
to 3
Patient 3-5: 5
to 6
Patient 6: 5
to 5
Patient 7: 5
to 4

Change of
CASE
Patient 1:
27 to 1
Patient 6:
22 to 8
Patient 7:
21 to 3

No Death after septic
shock: 2 (67)
Blood stream
infections: 3 (100)
urinary tract
infections: 3 (100)
Tracheobronchitis:
3 (100)
Fever: 2 (67)
Dyspnea: 1 (33)
Tachycardia: 1 (33)

Bortezomib Proteaso-
me

Systematic
review (24)

NMDAR
AE: 29

Usually used 1.3 mg/m2

administered
subcutaneously per cycle

mRS score ≤
2; n (%)
16 (55)

NA NA Hematological side
effects: 8 (28)
infectious side
effects: 3 (10)
Gastrointestinal:
3 (10)

Ongoing
(NCT03993262)

No antibody
specified AE

NA NA NA NA NA

Tocilizumab IL-6R Case report (25) CASPR2
AE: 1

8 mg/kg every 4 weeks Full
remission

NA No No

Retrospective
cohort (26)

No antibody
specified AE:

Tocilizumab group: 8mg/
kg monthly for >= 2

mRS score ≤
2; n (%)

NA NA Tocilizumab
group:

(Continued)
F
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demonstrated an improvement in clinical symptoms. In the placebo

group, one patient experienced clinical deterioration at 12 weeks,

subsequently received ocrelizumab and showed improvement. No

serious adverse reactions related to ocrelizumab were noted in any

of the three patients (19).
2.1.3 Ofatumumab
Ofatumumab(OFA) is a fully human mAb of the IgG1 class.

Its immunogenicity is the lowest among all anti-CD20 mAb.

Therefore, it has a favorable safety profile. OFA targets a

different CD20 epitope from that of RTX, allowing it to dissolve

RTX-resistant cells expressing CD20 (29, 30). In vitro studies in

RTX-sensitive tumor cell lines have shown that OFA exhibits

twice the ADCC activity and ten times the CDC activity compared

to that of RTX (31). Furthermore, OFA has a stronger binding

affinity and a slower dissociation rate from CD20 (29). Compared

with RTX, OFA lasts longer in patients and is administered

less frequently.

OFA has been approved by the US Food and Drug

Administration (FDA) for the treatment of multiple sclerosis

(MS); however, the use of OFA in AE has only been described in

a 2023 study (20). Three patients with AE who were unresponsive to

or ineligible for methylprednisolone and IVIG treatment were

administered OFA injections. The patients showed an immediate

reduction in CD20+ B cells and improvement in clinical symptoms.

In patients with MS treated with OFA, the most common adverse

reactions were injection-related reactions, including mild or

moderate fever, headache, myalgia, chills, and flushing. In

contrast, only short-term hypothermic injection reactions were

observed, demonstrating the safety of OFA in the clinical

treatment of AE.
Frontiers in Immunology 05
2.2 mAbs targeting CD19

As the main signaling component of multi-molecular

complexes on the surface of B cells, CD19 can form complexes

with membrane proteins such as CD21 (complement receptor) and

CD81. This complex lowers the threshold for antigen-triggered B-

cell activation by modulating the B cell receptor (BCR) signaling

pathway (32). CD19 is expressed from progenitor B cells to plasma

cells, and its expression gradually decreases during differentiation.

CD19 expression spans the entire differentiation stage of B cells and

therefore can serve as a specific marker on the B cell surface.

While anti-CD20 mAbs can effectively deplete mature naïve

and memory B cells, B cells in the early developmental stages and

most plasma cells that do not express CD20 are largely resistant to

CD20 depletion (33). The anti-CD19 mAbs have a wider range of

action and can eliminate B cells more completely.

2.2.1 Inebilizumab
Inebilizumab is a humanized anti-CD20 mAb. In addition to

the coding sequence of F(ab)2 was humanized to reduce

immunogenicity, the affinity of the F(ab)2 moiety for CD19 was

optimized, and its crystallizable fragment (Fc) was converted into

human IgG1. Inebilizumab depletes CD19+ B cells primarily

through ADCC (34). It is approved in 2020 by the FDA for the

treatment of neuromyelitis optica spectrum disorder.

CD19+ is significantly expanded in B cells in patients with

NMDAR AE and is markedly higher than that in patients with non-

inflammatory neurological disorders, supporting the use of anti-

CD19 mAb. However, the current application of inebilizumab in

AE is limited to a phase IIb, double-blind, randomized controlled

trial (NCT04372615) that is currently recruiting. This trial aims to
TABLE 1 Continued

Drug Specific
target

Evidence Studied
group; n

administration Efficacy Relapse,
n (%)

Adverse,
n (%)

mRS
score

CASE
score

Tocilizumab
group:30
Additional
rituximab
group:31

cycles
Additional rituximab
group: Tocilizumab 8mg/
kg + rituximab 375 mg/
m2 monthly

Tocilizumab
group: 18
(60)
Additional
rituximab
group: 7 (23)

decrement of
absolute neutrophil
count: 3 (10)

Prospective
cohort (27)

NMDAR
AE: 52

Teratoma removal,
Steroid, IVIG, Rituximab,
and Tocilizumab
(Tocilizumab:
8 mg/kg monthly)

In the
subgroup
analysis with
baseline mRS
score of 5
(n=15), 1-
year D mRS
scores: 4

In the
subgroup
analysis
with
baseline of
5 (n=15),
1-year D
CASE
scores: 21

NA Pneumonia: 6
Neutropenia: 11
Lymphopenia: 5
Urinary tract
infection: 7
Any serious
adverse event: 1

Satralizumab IL-6R Ongoing
(NCT05503264)

NMDAR/
LGI1 AE

NA NA NA NA NA
AE, Autoimmune encephalitis; CAAR-T, chimeric autoantibody receptor T cell; IL, interleukin; NMDAR, N-methyl-D-aspartate receptor; LGI1, leucine-rich glioma-inactivated protein 1;
CASPR2, contactin-associated protein-like 2; GAD, glutamic acid decarboxylase; SCNAE, serum and cerebrospinal fluid negative AE; NA, not available; CASE, Clinical Assessment Scale for
Autoimmune Encephalitis; mRS, Modified Rankin Scale.
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evaluate the efficacy and safety of inebilizumab for the treatment of

NMDAR AE.
2.3 mAbs targeting CD38

CD 38 is a multifunctional receptor and an extracellular enzyme

found on the surface of B cell. It is expressed in the early B-cell

development when stimulated by cytokines, endotoxins, and

interferons. The expression levels of CD38 continue to change as

B cells differentiate, eventually peaking in plasma cells. CD38 on the

surface of B cells can affect B cell activation, induce apoptosis of

immature B cells and promote B cell proliferation (35). CD38 is not

a surface molecule unique to B cells, it is also expressed on

monocytes, NK cells, and T cells.

2.3.1 Daratumumab
Daratumumab is a humanized IgG1 mAb that primarily targets

CD38 surface proteins in plasma cells. It can induce B-cell-

associated tumor cell death through various mechanisms and is

approved by the FDA for he treatment of multiple myeloma (36).

Seven patients with AE receiving daratumumab have been

reported (NMDAR AE, n=2; CASPR2 AE, n=3; SCNAE, n=2).

All patients showed varying degrees of clinical improvement

(reduction in mRS or Clinical Assessment Scale in Autoimmune

Encephalitis scores [CASE]) and a reduction in autoantibody titers

and total IgG levels in the serum and CSF.

The adverse reactions resulting from daratumumab treatment

included urinary tract infections, tracheobronchitis, bloodstream

infections, fever, shortness of breath, and tachycardia. Three

patients with CASPR2 AE died, two of whom died after

developing gram-negative shock, which was considered a serious

adverse reaction associated with the treatment regimen. Therefore,

the impact of the drug’s side effects should not be ignored when

using daratumumab to treat patients with AE (21–23).
2.4 mAbs targeting the proteasome

Proteasomes are widely found in the nuclei and cytoplasm of

eukaryotic cells, with the most common being the 26S proteasome,

which consists of a 20S core proteasome and two 19S regulatory

proteasomes. The ubiquitin-proteasome pathway degrades

intracellular proteins, in which ubiquitin marks the proteins that

are slated for degradation and recognition by the proteasome. The

nuclear factor kappa B (NF-kB) pathway is crucial for regulating

both innate and adaptive immunity, wherein ubiquitin marks the

inhibitory factor of NF-kB (IkB), leading to its degradation in the

proteasome and subsequently activating NF-kB to induce cell

activation and proliferation.

2.4.1 Bortezomib
Bortezomib is a proteasome inhibitor that primarily targets the

20S core proteasome. It inhibits the ubiquitin-proteasome pathway

by inhibiting proteasome activity, IkB cannot be degraded, thereby
Frontiers in Immunology 06
blocking NF-kB activity and inducing apoptosis, and is able to

significantly deplete short- and long-lived plasma cells in the

peripheral blood and bone marrow (37). RTX only depletes pre-B

and mature B cells. However, long-lived plasma cells may continue

to produce antibodies, potentially contributing to the lack of

improvement observed in some patients following RTX

treatment. Therefore, combined therapy with RTX and

bortezomib, which can deplete both B and plasma cells, may be

an option for the treatment of severe and refractory AE (38).

A 2021 systematic review summarized 29 patients with

NMDAR AE treated with bortezomib with a mean age of 26

years, including six pediatric patients (<17 years old) and two

elderly patients (≥50 years old). After demonstrating poor

responses to various conventional first- and second-line

treatments, these patients underwent 1–6 cycles of bortezomib

treatment based on their condition and efficacy. Most patients

showed decreased antibody titers in the serum and CSF after

bortezomib treatment. The reduction in antibody titers was more

significant in patients with favorable outcomes than in patients with

unfavorable outcomes. Eleven patients experienced side effects after

bortezomib treatment, among which hematological side effects were

the most common, followed by infections and gastrointestinal

disorders (24).

A phase II, multicenter randomized, double-blind, placebo-

controlled trial (NCT03993262) is currently being conducted to

evaluate the efficacy and safety of bortezomib in patients with severe

AE (antibody type is not limited).
2.5 mAbs targeting IL-6R

Interleukin-6 (IL-6) is a typical multifunctional cytokine that

plays a central role in acute inflammatory responses. IL-6 can be

secreted by a variety of cells and its receptor system includes two

components: the IL-6 receptor (IL-6R, also known as CD126) and

Glycoprotein 130 (gp130). IL-6R can be expressed on activated B

cells and plasma cells. IL-6 can be used as B cell stimulating factor to

activates downstream signaling pathways, promote the

differentiation of effector B cells into antibody-producing cells (39).

2.5.1 Tocilizumab
Tocilizumab is a humanized anti-IL-6R mAb of the IgG1 class.

It can inhibit signal transduction by blocking the binding of IL-6 to

IL-6R. Although it cannot directly delete B cells, it can indirectly

reduce the number of antibody-producing cells through functional

regulation, and ultimately reduce antibody levels (40).

Tocilizumab was first administered to a patient with CASPR2

AE, who responded well to treatment (25). The subsequent study by

Lee et al. provided a basis for the application of tocilizumab in AE

treatment. This 3-year retrospective institutional cohort study

included 91 patients with AE who demonstrated no significant

clinical response to first-line therapy and 1 month of rituximab

treatment. The patients were divided into three groups: tocilizumab

treatment (n = 30), additional rituximab treatment (n = 31), and

observation (no further treatment, n = 30). Compared with the
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other two groups, tocilizumab showed better mRS improvement

(mRS score reduction ≥2 points), and a more significant favorable

clinical response at the final follow-up (mRS score improvement ≥2

points or mRS score ≤2 points). Moreover, among the 30 patients

who received tocilizumab, none showed infections or infusion-

related adverse reactions, and only three patients showed a

decrease in absolute neutrophil counts (26).

Lee et al. also analysed the efficacy of combined treatment of

teratoma removal, steroid, IVIG, rituximab and tocilizumab (T-

SIRT) (27). In the subgroup analysis for the patients with baseline

mRS score of 5, the combination immunotherapy that included

tocilizumab significantly reduced CASE and mRS scores compared

with those that did not when the treatment regimen is completed

within one month. Decreased lymphocyte count also were observed

in this study.Therefore, close follow-up of the complete blood count

is required during tocilizumab treatment.

2.5.2 Satralizumab
Satalizumab is a humanized IgG2 mAb. Satalizumab has the

same mechanism of action as that of tocilizumab, which acts by

blocking the IL-6 signaling pathway. However, it employs a novel

circulating antibody technology that allows satralizumab to

dissociate from the IL-6 receptor in a pH-dependent manner. IL-

6R bound to the drug is degraded in lysosomes, and the drug is re-

released into the plasma to combine with other IL-6R molecules,

increasing the duration of action of satralizumab to four times that

of tocilizumab (41).

A phase III randomized double-blind placebo-controlled

multicenter basket study is currently underway (NCT05503264)

to evaluate the efficacy, safety, pharmacokinetics, and

pharmacodynamics of satralizumab in NMDAR and LGI1 AE.
3 CAR-T treatment of AE

CAR-T cell therapy was originally used as a tumor treatment

method. Due to its good therapeutic effect on tumors, it has also

been studied in autoimmune diseases. Genetic modification

technology is used to produce CAR-T cell by transfering genetic

material encoding sequences of specific antigen recognition domain

(e.g., single chain variable fragment) and intracellular activation

signal. T cells expressing chimeric receptors are activated by directly

combining with specific antigens on the surface of target cells and

killing the target cells directly by releasing perforin, granzyme B, etc.

T cells also recruit endogenous immune cells to kill pathogenic cells

by releasing cytokines for disease treatment and can also form

immune memory T cells.

Chimeric autoantibody receptor T cells (CAAR-T) therapy have

been investigated for the treatment of B-cell-related autoimmune

diseases. The mechanism of CAAR-T is similar to CAR-T, but its

specific antigen recognition domain is replaced by specific antigen

so that CAAR-T cells can specifically recognize and kill antigen-

specific B cells and reduce autoantibody production without

harming other B cells, thus reducing the cytotoxicity of CAR-T

therapy (Figure 2).
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Reincke et al. developed NMDAR-specific chimeric

autoantibody receptor T cells (NMDAR CAAR-T), which contain

NMDAR autoantigen fragments fused to the CD8 hinge and a 4-

1BB/CD3z intracellular signaling domain. In vitro experiments,

K562 and Nalm6 cell lines co-expressing human mAb and

luciferase (ffluc) were used as target cells to activate and expand

NMDAR CAAR-T cells. Activated NMDAR CAAR-T cells can

secrete interferon-gamma and granzyme B to specifically lyse target

cells, and ffluc was used to verify the killing effect of NMDAR

CAAR-T cells. In vivo experiments, NMDAR antibodies and Nalm6

cells were co-injected into immunodeficient mouse lacking natural

killer cells and lymphocytes, followed by injection of NMDAR

CAAR-T cells for treatment. Reduction of Nalm6 cells and

elimination of antibodies was observed, with no evidence of off-

target toxicity or other adverse effects. However, Nalm6 cells belong

to the lymphoblastoid cell line, representing precursors of B cells,

while the goal of CAAR-T is the specific elimination of antibody-

secreting B cells. Meanwhile, this study did not establish an AE

animal model to verify the efficacy of CAAR-T under real

pathological conditions. The vivo experiment only monitored the

efficacy and off-target effects of CAAR-T within 20 days, and did not

study the duration of its effect (42).

The results of preclinical models investigating the efficacy and

safety of NMDAR-CAART supported its potential as a precise

cellular immunotherapy for inducing complete and durable

remission in NMDAR AE and provided a basis for phase I/II

trials of CAAR-T cells in NMDAR and other AE.
4 Discussion

4.1 Current challenges in AE treatment

In this article, we described the mechanisms of mAb and CAR-

T therapies and discussed the existing evidence for the treatment of

AE. Both approaches have advantages and disadvantages. In terms

of production, mAbs are universally available, whereas CAR-T cells

must be produced individually based on each patient’s T cells,

resulting in higher costs. In clinical use, mAbs need to be

administrations multiple times to achieve the desired and stable

results owing to their short half-life, whereas CAR-T cells can self-

amplify in the body and last longer. While CAR-T cells demonstrate

superior B cell depletion compared to that by mAbs, fludarabine

and cyclophosphamide are required for lymphocyte clearance

before treatment. The stability and persistence of CAR-T cells in

the body vary among individuals, leading to inconsistent clinical

outcomes. The BBB prevents easy entry of mAbs into the CNS,

whereas CAR-T cells exhibit better tissue penetration. After

peripheral injection, CAR-T cells enter the CNS and exert their

effects (43). Regarding safety, the common adverse events

associated with mAb include immune reactions, infections,

hematologic events, and infusion-related reactions (44). For CAR-

T cell therapy, cytokine release syndrome is the most common but

can be addressed using drugs that inhibit cytokine secretion or

block cytokine signal transduction. The risk of T-cell exhaustion
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increases owing to sustained antigen stimulation, and severe risks of

T-cell malignancies have been reported in patients treated with

CAR-T cells targeting B-cell maturation antigen (BCMA) or CD19.

Caleb et al. reported reactivation of human herpes virus 6 in CAR-T

cell-treated patients based on genomic analysis (45). Both mAb and

CAR-T therapies targeting B-cell surface molecules can lead to

broad immunosuppression, whereas CAAR-T therapy targeting

specific antibodies has a more precise action, avoiding

immunosuppression-induced side effects.

Many questions remain regarding the current exploration of B-

cell targeted therapies in AE. Currently, research on mAb and

CAAR-T therapies mainly focuses on NMDAR AE, but different

antibodies of AE exhibit distinct clinical characteristics. However,

studies on other types of AE are limited. Additionally, AE is a rare

disease, which limits the number of included patients. The

feasibility of mAb treatment for AE has only been explored in a

small number of patients, and CAAR-T therapy remains in the

preclinical stage. Large-scale randomized controlled trials are

required to validate these treatments.
4.2 Current status and prospects of B-cell
targeted therapy

The efficacy of various mAb in patients with different types of

AE is summarized in Table 1. In NMDAR AE cases, the

effectiveness of RTX, Bortezomib and Tocilizumab have been

demonstrated their effectiveness in large clinical studies, whereas

Ocrelizumab, OFA and Daratumumab has only been studied in

individual cases. For LGI1 AE, RTX and OFA are effective, but the

effectiveness of ocrelizumab is not significant. Treatment of

CASPR2 AE with RTX and Tocilizumab is effective, but the use

of Daratumumab can cause serious adverse reactions and even

death. For GAD65 patients, only the effectiveness of RTX has been

studied, but it is not significant. Additionally, Daratumumab and

Tocilizumab have shown significant therapeutic effects on SCNAE

and no-antibody-specified AE, respectively.

In addition to the mAbs mentioned in the article, mAbs

currently used in the treatment of cancer or other autoimmune

diseases also show significant potential for the treatment of AE. For

example, epratuzumab, which targets CD22 expressed on

developing B cells, except plasma cells and plasmablasts, showed

no difference in effectiveness from the standard treatment in phase

III clinical trials in patients with systemic lupus erythematosus (46–

48). B-cell activating factor (BAFF) can induce autoimmune

diseases when overexpressed (49). mAbs targeting BAFF, such as

belimumab and tabalumab, can prevent the binding of BAFF to its

receptor system on the B cell surface and the differentiation of B

cells (50).

Furthermore, interactions between T and B cells in AE cannot

be ignored. Blocking the interactions may also be a treatment

strategy for AE. Li et al. observed a significant decrease in the

expression of regulatory B cells (Bregs) and regulatory T cells

(Tregs) and an increase in T follicular helper cells (Tfh) in

patients with NMDAR AE, indicating that Bregs may also be

involved in AE pathogenesis (51). Bregs do not have a distinctive
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transcription factor and are characterized by the production of the

inhibitory cytokine IL-10. IL-10 inhibits the proliferation and

differentiation of effector T cells, including Tfh cells, and

increases the number of Tregs. Tfh play a crucial role in germinal

center formation, B-cell differentiation into plasma and memory

cells, and antibody production. Therefore, increasing IL-10

expression may be a potential therapeutic approach for AE.

Another T cell-B cell interaction is that of CD40 and its ligand

(CD40L). CD40 is expressed on B cells and other antigen-

presenting cells, whereas CD40L is expressed on activated T cells

(52). In the acute phase of NMDAR AE, serum CD40 levels

decrease, whereas CD40L levels increase and the CD40L/CD40

ratio decreases. In the remission phase, the CD40 and CD40L levels

and the CD40L/CD40 ratio decrease. Thus, the CD40/CD40L

signaling pathway may be involved in the pathogenesis of

NMDAR AE (53). Blocking the CD40/CD40L pathway may

reduce the antigen-presenting ability of cells and inhibit B cell

proliferation, differentiation, and antibody class switching, thereby

reducing antibody production.

No studies have yet reported on the effectiveness and safety of

CAR-T cell therapy targeting universal targets in AE. Considering

the favorable performance of mAbs targeting CD19/20 in AE,

similar effects are expected for CAR-T therapy. The development

and preclinical work on NMDAR-CAAR T cells provides a solid

foundation for phase I/II trials of CAAR T cells in NMDAR AE and

offers valuable insights for designing CAAR T cells for other AE.

CAR-Tregs recognize specific antigens, which leads to their

activation and proliferation. CAR-tregs can directly deactivate

antigen-presenting cells to prevent their presentation to T cells.

CAR-Tregs can also inhibit the proliferation and differentiation of

effector B cells and T cells by producing inhibitory cytokines

(transforming growth factor-beta, IL-10, and IL-35). Finally,

CAR-Tregs suppress rejection reactions by releasing cytotoxic

granules and perforin proteins to kill effector B and T cells, thus

indicating the feasibility of applying CAR-treg cell therapy for AE.

Further design and optimization of CAR structures are

necessary to enhance the specificity, affinity, and persistence of

CAR-T cells. Simultaneously, improving the immunotolerance of

CAR-T cells to reduce the adverse reactions associated with CAR-T

therapy should also be considered. Although CAR-T therapy has

progressed to the fifth generation, second-generation CAR-T cells

remain the primary therapy owing to their effectiveness and safety

concerns. Given the high cost of CAR-T cell production, CAR-T

cells should be developed that can be rapidly produced to reduce the

treatment time and costs, thereby alleviating patient burden.

In conclusion, B-cell targeted therapy has broad application

prospects in the treatment of AE. Researchers should delve deeper

into understanding disease mechanisms, developing safer and more

effective B-cell targeted therapies, and providing more accurate,

timely, and personalized treatment options for AE.
Author contributions

HS: Conceptualization, Software, Writing – original draft,

Writing – review & editing. XS: Data curation, Writing – review
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1368275
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Shang et al. 10.3389/fimmu.2024.1368275
& editing. XY: Writing – original draft, Writing – review & editing.

JZ: Supervision, Writing – review & editing. YJ: Methodology,

Software, Writing – review & editing. FG: Funding acquisition,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by projects of Basic Research Fund of Henan

Institute of Medical and Pharmacological Sciences (grant

numbers 2022BP0116 and 2023BP0201); Henan Province

scientific and technological research grant (grant numbers

232102310408 and 232102311196).
Acknowledgments

We are grateful for the support provided by the Henan

Engineering Technology Research Center for Accurate Diagnosis
Frontiers in Immunology 09
Neuroimmunity; the Key Laboratory of Pharmacology for Liver

Diseases of Henan Province for the smooth implementation of this

study. We would like to thank Editage (www.editage.cn) for English

language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Hiesgen J, Schutte C. Autoimmune encephalitis : Part 1 (Epidemiology,
Pathophysiology and Clinical spectrum). South Afr Med J = Suid-Afrikaanse tydskrif
vir geneeskunde. (2023) 113:116–21. doi: 10.7196/SAMJ.2023.v113i3.780

2. Dubey D, Pittock SJ, Kelly CR, McKeon A, Lopez-Chiriboga AS, Lennon VA, et al.
Autoimmune encephalitis epidemiology and a comparison to infectious encephalitis.
Ann neurology. (2018) 83:166–77. doi: 10.1002/ana.25131

3. Gill AJ, Venkatesan A. Pathogenic mechanisms in neuronal surface autoantibody-
mediated encephalitis. J neuroimmunology. (2022) 368:577867. doi: 10.1016/
j.jneuroim.2022.577867

4. Graus F, Titulaer MJ, Balu R, Benseler S, Bien CG, Cellucci T, et al. A clinical
approach to diagnosis of autoimmune encephalitis. Lancet Neurology. (2016) 15:391–
404. doi: 10.1016/S1474-4422(15)00401-9

5. Davies G, Irani SR, Coltart C, Ingle G, Amin Y, Taylor C, et al. Anti-N-methyl-D-
aspartate receptor antibodies: a potentially treatable cause of encephalitis in the intensive
care unit. Crit Care Med. (2010) 38:679–82. doi: 10.1097/CCM.0b013e3181cb0968

6. Ludwig RJ, Vanhoorelbeke K, Leypoldt F, Kaya Z, Bieber K, McLachlan SM, et al.
Mechanisms of autoantibody-induced pathology. Front Immunol. (2017) 8:603.
doi: 10.3389/fimmu.2017.00603

7. Pan H, Steixner-Kumar AA, Seelbach A, Deutsch N, Ronnenberg A, Tapken D,
et al. Multiple inducers and novel roles of autoantibodies against the obligatory
NMDAR subunit NR1: a translational study from chronic life stress to brain injury.
Mol Psychiatry. (2021) 26:2471–82. doi: 10.1038/s41380-020-0672-1

8. Vahabi Z, Etesam F, Zandifar A, Badrfam R. Psychosocial stress, blood brain
barrier and the development of anti N-methyl-D-aspartate receptor (NMDAR)
encephalitis. Multiple sclerosis related Disord. (2021) 50:102876. doi: 10.1016/
j.msard.2021.102876

9. James LM, Georgopoulos AP. At the root of 3 "Long" Diseases: persistent antigens
inflicting chronic damage on the brain and other organs in gulf war illness, long-
COVID-19, and chronic fatigue syndrome. Neurosci Insights . (2022)
17:26331055221114817. doi: 10.1177/26331055221114817

10. Corsiero E, Nerviani A, Bombardieri M, Pitzalis C. Ectopic lymphoid structures:
powerhouse of autoimmunity. Front Immunol. (2016) 7:430. doi: 10.3389/
fimmu.2016.00430

11. Wei L, Lu Z, Du Z, Wang Y, Guan H. Abundant infiltration of B cells and plasma
cells in brain biopsy of a male patient with severe anti-NMDA receptor encephalitis: A
case report. Medicine. (2023) 102:e34237. doi: 10.1097/MD.0000000000034237

12. Zrzavy T, Endmayr V, Bauer J, Macher S, Mossaheb N, Schwaiger C, et al.
Neuropathological variability within a spectrum of NMDAR-encephalitis. Ann
neurology. (2021) 90:725–37. doi: 10.1002/ana.26223

13. Abboud H, Probasco JC, Irani S, Ances B, Benavides DR, Bradshaw M, et al.
Autoimmune encephalitis: proposed best practice recommendations for diagnosis and
acute management. J neurology neurosurgery Psychiatry. (2021) 92:757–68.
doi: 10.1136/jnnp-2020-325300

14. Nosadini M, Eyre M, Molteni E, Thomas T, Irani SR, Dalmau J, et al. Use and
safety of immunotherapeutic management of N-methyl-d-aspartate receptor antibody
encephalitis: A meta-analysis. JAMA neurology. (2021) 78:1333–44. doi: 10.1001/
jamaneurol.2021.3188

15. Dinoto A, Ferrari S, Mariotto S. Treatment options in refractory autoimmune
encephalitis. CNS Drugs. (2022) 36:919–31. doi: 10.1007/s40263-022-00943-z

16. Zhang Z, Xu Q, Huang L. B cell depletion therapies in autoimmune diseases:
Monoclonal antibodies or chimeric antigen receptor-based therapy? Front Immunol.
(2023) 14:1126421. doi: 10.3389/fimmu.2023.1126421

17. Nepal G, Shing YK, Yadav JK, Rehrig JH, Ojha R, Huang DY, et al. Efficacy and
safety of rituximab in autoimmune encephalitis: A meta-analysis. Acta neurologica
Scandinavica. (2020) 142:449–59. doi: 10.1111/ane.13291

18. Thaler FS, Zimmermann L, Kammermeier S, Strippel C, Ringelstein M, Kraft A,
et al. Rituximab treatment and long-term outcome of patients with autoimmune
encephalitis: real-world evidence from the GENERATE registry. Neurology(R)
neuroimmunology Neuroinflamm. (2021) 8. doi: 10.1212/NXI.0000000000001088

19. Blackburn KM, Denney DA, Hopkins SC, Vernino SA. Low recruitment in a
double-blind, placebo-controlled trial of ocrelizumab for autoimmune encephalitis: A
case series and review of lessons learned. Neurol Ther. (2022) 11:893–903. doi: 10.1007/
s40120-022-00327-x

20. Zhou Q, Yin D, Ma J, Chen S. The therapeutic effect of ofatumumab in
autoimmune encephalitis: A case series. J neuroimmunology. (2023) 377:578062.
doi: 10.1016/j.jneuroim.2023.578062

21. Ratuszny D, Skripuletz T, Wegner F, GroßM, Falk C, Jacobs R, et al. Case report:
daratumumab in a patient with severe refractory anti-NMDA receptor encephalitis.
Front neurology. (2020) 11:602102. doi: 10.3389/fneur.2020.602102

22. Scheibe F, Ostendorf L, Reincke SM, Prüss H, von Brünneck AC, Köhnlein M, et al.
Daratumumab treatment for therapy-refractory anti-CASPR2 encephalitis. J neurology.
(2020) 267:317–23. doi: 10.1007/s00415-019-09585-6

23. Scheibe F, Ostendorf L, Prüss H, Radbruch H, Aschman T, Hoffmann S, et al.
Daratumumab for treatment-refractory antibody-mediated diseases in neurology. Eur J
neurology. (2022) 29:1847–54. doi: 10.1111/ene.15266

24. Dinoto A, Cheli M, Bratina A, Sartori A, Manganotti P. Bortezomib in anti-N-
Methyl-d-Aspartate-Receptor (NMDA-R) encephalitis: A systematic review. J
neuroimmunology. (2021) 356:577586. doi: 10.1016/j.jneuroim.2021.577586

25. Krogias C, Hoepner R, Müller A, Schneider-Gold C, Schröder A, Gold R.
Successful treatment of anti-Caspr2 syndrome by interleukin 6 receptor blockade
through tocilizumab. JAMA neurology. (2013) 70:1056–9. doi: 10.1001/
jamaneurol.2013.143
frontiersin.org

http://www.editage.cn
https://doi.org/10.7196/SAMJ.2023.v113i3.780
https://doi.org/10.1002/ana.25131
https://doi.org/10.1016/j.jneuroim.2022.577867
https://doi.org/10.1016/j.jneuroim.2022.577867
https://doi.org/10.1016/S1474-4422(15)00401-9
https://doi.org/10.1097/CCM.0b013e3181cb0968
https://doi.org/10.3389/fimmu.2017.00603
https://doi.org/10.1038/s41380-020-0672-1
https://doi.org/10.1016/j.msard.2021.102876
https://doi.org/10.1016/j.msard.2021.102876
https://doi.org/10.1177/26331055221114817
https://doi.org/10.3389/fimmu.2016.00430
https://doi.org/10.3389/fimmu.2016.00430
https://doi.org/10.1097/MD.0000000000034237
https://doi.org/10.1002/ana.26223
https://doi.org/10.1136/jnnp-2020-325300
https://doi.org/10.1001/jamaneurol.2021.3188
https://doi.org/10.1001/jamaneurol.2021.3188
https://doi.org/10.1007/s40263-022-00943-z
https://doi.org/10.3389/fimmu.2023.1126421
https://doi.org/10.1111/ane.13291
https://doi.org/10.1212/NXI.0000000000001088
https://doi.org/10.1007/s40120-022-00327-x
https://doi.org/10.1007/s40120-022-00327-x
https://doi.org/10.1016/j.jneuroim.2023.578062
https://doi.org/10.3389/fneur.2020.602102
https://doi.org/10.1007/s00415-019-09585-6
https://doi.org/10.1111/ene.15266
https://doi.org/10.1016/j.jneuroim.2021.577586
https://doi.org/10.1001/jamaneurol.2013.143
https://doi.org/10.1001/jamaneurol.2013.143
https://doi.org/10.3389/fimmu.2024.1368275
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Shang et al. 10.3389/fimmu.2024.1368275
26. Lee WJ, Lee ST, Moon J, Sunwoo JS, Byun JI, Lim JA, et al. Tocilizumab in
autoimmune encephalitis refractory to rituximab: an institutional cohort study.
Neurotherapeutics. (2016) 13:824–32. doi: 10.1007/s13311-016-0442-6

27. Lee WJ, Lee ST, Shin YW, Lee HS, Shin HR, Kim DY, et al. Teratoma removal,
steroid, IVIG, rituximab and tocilizumab (T-SIRT) in anti-NMDAR encephalitis.
Neurotherapeutics. (2021) 18:474–87. doi: 10.1007/s13311-020-00921-7

28. de Sèze J, Maillart E, Gueguen A, Laplaud DA, Michel L, Thouvenot E, et al.
Anti-CD20 therapies in multiple sclerosis: From pathology to the clinic. Front
Immunol. (2023) 14:1004795. doi: 10.3389/fimmu.2023.1004795

29. Klein C, Lammens A, Schäfer W, Georges G, Schwaiger M, Mössner E, et al.
Epitope interactions of monoclonal antibodies targeting CD20 and their relationship to
functional properties. mAbs. (2013) 5:22–33. doi: 10.4161/mabs.22771

30. Keating MJ, Dritselis A, Yasothan U, Kirkpatrick P. Ofatumumab. Nat Rev Drug
discovery. (2010) 9:101–2. doi: 10.1038/nrd3100

31. Oflazoglu E, Audoly LP. Evolution of anti-CD20 monoclonal antibody
therapeutics in oncology. mAbs. (2010) 2:14–9. doi: 10.4161/mabs.2.1.10789

32. Bhoj VG, Arhontoulis D, Wertheim G, Capobianchi J, Callahan CA, Ellebrecht
CT, et al. Persistence of long-lived plasma cells and humoral immunity in individuals
responding to CD19-directed CAR T-cell therapy. Blood. (2016) 128:360–70.
doi: 10.1182/blood-2016-01-694356

33. Forsthuber TG, Cimbora DM, Ratchford JN, Katz E, Stüve O. B cell-based
therapies in CNS autoimmunity: differentiating CD19 and CD20 as therapeutic targets.
Ther Adv neurological Disord. (2018) 11:1756286418761697. doi: 10.1177/
1756286418761697

34. Chen D, Gallagher S, Monson NL, Herbst R, Wang Y. Inebilizumab, a B cell-
depleting anti-CD19 antibody for the treatment of autoimmune neurological diseases:
insights from preclinical studies. J Clin Med. (2016) 5. doi: 10.3390/jcm5120107

35. Zeng F, Zhang J, Jin X, Liao Q, Chen Z, Luo G, et al. Effect of CD38 on B-cell
function and its role in the diagnosis and treatment of B-cell-related diseases. J Cell
Physiol. (2022) 237:2796–807. doi: 10.1002/jcp.30760

36. Krejcik J, Casneuf T, Nijhof IS, Verbist B, Bald J, Plesner T, et al. Daratumumab
depletes CD38+ immune regulatory cells, promotes T-cell expansion, and skews T-cell
repertoire in multiple myeloma. Blood. (2016) 128:384–94. doi: 10.1182/blood-2015-
12-687749

37. Tan CRC, Abdul-Majeed S, Cael B, Barta SK. Clinical pharmacokinetics and
pharmacodynamics of bortezomib. Clin pharmacokinetics. (2019) 58:157–68.
doi: 10.1007/s40262-018-0679-9

38. Zhang XT, Wang CJ, Wang BJ, Guo SG. The short-term efficacy of combined
treatments targeting B cell and plasma cell in severe and refractory Anti-N-methyl-D-
aspartate receptor encephalitis: Two case reports. CNS Neurosci Ther. (2019) 25:151–3.
doi: 10.1111/cns.13078

39. Tanaka T, Narazaki M, Kishimoto T. Anti-interleukin-6 receptor antibody,
tocilizumab, for the treatment of autoimmune diseases. FEBS letters. (2011) 585:3699–
709. doi: 10.1016/j.febslet.2011.03.023
Frontiers in Immunology 10
40. Yao X, Huang J, Zhong H, Shen N, Faggioni R, Fung M, et al. Targeting
interleukin-6 in inflammatory autoimmune diseases and cancers. Pharmacol Ther.
(2014) 141:125–39. doi: 10.1016/j.pharmthera.2013.09.004

41. Heo YA. Satralizumab: first approval. Drugs. (2020) 80:1477–82. doi: 10.1007/
s40265-020-01380-2

42. Reincke SM, von Wardenburg N, Homeyer MA, Kornau HC, Spagni G, Li LY,
et al. Chimeric autoantibody receptor T cells deplete NMDA receptor-specific B cells.
Cell. (2023) 186:5084–97.e18. doi: 10.1016/j.cell.2023.10.001

43. Frigault MJ, Dietrich J, Gallagher K, Roschewski M, Jordan JT, Forst D, et al.
Safety and efficacy of tisagenlecleucel in primary CNS lymphoma: a phase 1/2 clinical
trial. Blood. (2022) 139:2306–15. doi: 10.1182/blood.2021014738

44. Hansel TT, Kropshofer H, Singer T, Mitchell JA, George AJ. The safety and side
effects of monoclonal antibodies. Nat Rev Drug discovery. (2010) 9:325–38.
doi: 10.1038/nrd3003

45. Lareau CA, Yin Y, Maurer K, Sandor KD, Daniel B, Yagnik G, et al. Latent
human herpesvirus 6 is reactivated in CAR T cells. Nature. (2023) 623:608–15.
doi: 10.1038/s41586-023-06704-2

46. Daridon C, Blassfeld D, Reiter K, Mei HE, Giesecke C, Goldenberg DM, et al.
Epratuzumab targeting of CD22 affects adhesion molecule expression and migration of
B-cells in systemic lupus erythematosus. Arthritis Res Ther. (2010) 12:R204.
doi: 10.1186/ar3179

47. Onuora S. Systemic lupus erythematosus: Epratuzumab not effective in phase III
trials. Nat Rev Rheumatol. (2016) 12:622. doi: 10.1038/nrrheum.2016.165

48. Clowse ME, Wallace DJ, Furie RA, Petri MA, Pike MC, Leszczyński P, et al.
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