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Abstract

Autoimmune encephalitis (AE) comprises a heterogeneous group of disorders in which the host immune system targets self-
antigens expressed in the central nervous system. The most conspicuous example is an anti-N-methyl-p-aspartate receptor
encephalitis linked to a complex neuropsychiatric syndrome. Current treatment of AE is based on immunotherapy and has
been established according to clinical experience and along the concept of a B cell-mediated pathology induced by highly
specific antibodies to neuronal surface antigens. In general, immunotherapy for AE follows an escalating approach. When
first-line therapy with steroids, immunoglobulins, and/or plasma exchange fails, one converts to second-line immunotherapy.
Alkylating agents could be the first choice in this stage. However, due to their side effect profile, most clinicians give prefer-
ence to monoclonal antibodies (mAbs) directed at B cells such as rituximab. Newer mAbs might be added as a third-line
therapy in the future, or be given even earlier if shown effective. In this chapter, we will discuss mAbs targeting B cells
(rituximab, ocrelizumab, inebulizumab, daratumumab), IL-6 (tocilizumab, satralizumab), the neonatal Fc receptor (FCRn)

(efgartigimod, rozanolixizumab), and the complement cascade (eculizumab).

Introduction

Autoimmune encephalitis (AE) comprises a heterogeneous
group of disorders in which the host immune system targets
self-antigens expressed in the central nervous system (CNS).
The antibody epitopes can be located intracellularly which is
associated with the presence of a concurrent tumor (Chap-
ter 8) or extracellularly on which we will focus in this chap-
ter. In 2007, anti-N-methyl-D-aspartate receptor (NMDAR)
antibodies were the first to be discovered and linked to a
complex neuropsychiatric syndrome previously not thought
to be immune-mediated [1]. Meanwhile, more and more
autoantibodies directed at neuronal cell surface antigens
have been identified and associated with specific neurologi-
cal phenotypes [2]. Anti-leucine-rich glioma-inactivated
protein 1 (LGI1) encephalitis typically manifests with subtle
faciobrachial dystonic or other focal seizures followed by
memory disturbances [3—6]. Anti-contactin-associated pro-
tein-like 2 (CASPR2) encephalitis is characterized by a pro-
tracted course, and anti-alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR) antibodies
induce an often paraneoplastic, treatment-responsive limbic
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encephalitis which frequently relapses [6—8]. The presence of
tumor varies per type of antibody. Some antibodies are com-
monly associated with tumors whereas in other antibody-
associated syndromes, tumors are rare or absent [9].

The circulating neuronal cell surface antibodies are aimed
at extracellular proteins which have a direct pathogenic
effect by influencing the antigen function or causing antigen
internalization in the absence of cell destruction [10-13]. By
counteracting the autoimmune response with immunosup-
pressive drugs, most patients, even those who are severely
ill, make a substantial improvement [1, 5, 14, 15]. This is
different from AE associated with antibodies targeting intra-
cellular epitopes (i.e., paraneoplastic syndromes) in which
the effect of immunotherapy is less established.

Current treatment of AE is based on immunotherapy and
has been established according to clinical experience and
along the concept of a B cell-mediated pathology induced
by highly specific antibodies to neuronal surface antigens
[16—18]. The available evidence to treat AE is mainly based
on retrospective data, and (randomized) clinical trials are
largely lacking. This is due to the relative novelty of AE as
well as the rarity of these diseases making large-scale inter-
national collaborations to study treatment effects necessary.
Currently, we have most evidence-based experience treating
anti-NMDAR encephalitis following the publication of one
large, partially prospective cohort study [15]. For the other
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AE types, mainly smaller cohorts or cases series have been
published [4, 5, 8, 19, 20].

In general, immunotherapy for AE follows an escalating
approach [16—-18]. In the acute phase, first-line immunother-
apy is initiated which mostly involves a combination of high-
dose steroids and immunoglobulins or plasma exchange.
When first-line therapy fails, one converts to second-line
immunotherapy. Alkylating agents such as cyclophospha-
mide could be the first choice in this stage. However, due
to their side effect profile, most clinicians give preference
to monoclonal antibodies (mAbs) directed at B cells such
as rituximab [21]. Newer mAbs might be added as a third-
line therapy in the future, or be given even earlier if shown
effective.

In this chapter, we will discuss mAbs targeting B cells
(rituximab, ocrelizumab, inebulizumab, daratumumab),
IL-6 (tocilizumab, satralizumab), the neonatal Fc receptor
(FCRn) (efgartigimod, rozanolixizumab), and the comple-
ment cascade (eculizumab) (Table 1).

Monoclonal Antibodies Targeting at B cells
Rituximab in Anti-NMDAR Encephalitis

Mode of Action in Anti-NMDAR Encephalitis

Rituximab is a chimeric mAb targeting the CD20 surface

antigen, a glycoprotein primarily found on the surface of
B cells. It reduces both naive and memory B cells through

Table 1 Monoclonal antibodies used or under investigation for the treat-
ment of autoimmune encephalitis (RCT randomized controlled trial,
AE autoimmune encephalitis, anti-NMDAR anti-N-methyl-D-aspartate

antibody-mediated cellular toxicity, complement activation,
and induction of apoptosis [30]. Rituximab also removes
antibody-producing plasma cells and consequentially low-
ers circulating anti-NMDAR antibody levels. As rituximab
does not target long-lived mature plasma cells in the CNS,
there will be prolonged presence of antibodies albeit at
lower levels [30-32]. The long-term effects of the drug are
most likely mediated by the deletion of the antigen-specific
memory B cell populations and prevention of the formation
of new plasmablasts which secrete the pathogenic antibod-
ies [30]. Although subject to individual variation, peripheral
blood B cell counts begin to increase from week 24, and
evidence for repopulation is observed in the majority of
patients by week 40 [33, 34]. Common rituximab dosing
regimens include 375 mg/m?* weekly for 4 weeks or two
doses of 1000 mg administered 2 weeks apart [16].

Timing

In patients without clinical improvement or with only
minimal improvement 2 weeks after the start of first-line
treatment, it is recommended to proceed with second-line
therapies [16, 18]. We acknowledge this is different from the
4-week period reported in the methods of the only partially
prospective, partially retrospective cohort study done in
anti-NMDAR encephalitis [15]. However, in our experience,
patients will not show marked improvements between week
2 and 4 after start of a first-line therapy, if improvement
did not already start by day 14 [18]. This is also suggested
by the results of a meta-analysis of mostly case reports and

receptor, anti-LGII anti-leucine-rich glioma-inactivated protein 1, anti-
CASPR?2 anti-contactin-associated protein-like 2, anti-GAD65 anti-glu-
tamic acid decarboxylase 65)

AE subtype Evidence
B cells
Rituximab Anti-NMDAR Prospective multi-center cohort study [15], observational cohort [22],

meta-analysis [23]

Anti-LGI1, anti-CASPR2, anti-GAD65 Observational cohorts [8, 20, 22, 24]
Ocrelizumab AE (no antibody specified) Ongoing RCT (NCT03835728)
Inebulizumab Anti-NMDAR Ongoing RCT (NCT04372615)
Daratumumab Anti-NMDAR Case report [25]

Anti-CASPR2 Case report [26]
IL-6
Tocilizumab Anti-CASPR2 Case report [27]

AE (no antibody specified)
Satralizumab -
Neonatal Fc receptor
Anti-LGI1
Efgartigimod -

Rozanolixizumab

Complement cascade

Eculizumab -

Observational cohort [28], prospective single-center cohort study [29]

Phase 2b trial pending

Ongoing RCT (NCT04875975)
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small case series in children with anti-NMDAR encephalitis.
The median time from symptom onset to initiation of
treatment was 15 vs. 21 days in children who recovered
completely compared to children with remaining deficits
at follow-up, respectively [35]. The amount of intrathecal
antibody synthesis might account for this lack of response
to first-line immunotherapy by a large part of anti-NMDAR
encephalitis patients [32]. In patients with an anti-NMDAR
encephalitis relapse, we recommend to treat with a combina-
tion of first- and second-line treatment independent of the
response to first-line therapies alone [17, 18]. Although it
is an option to dismiss second-line therapy and to initiate
azathioprine or mycophenolate to prevent future relapses,
rituximab is preferred given the faster onset of action [17].
Also, rituximab is associated with lower risk of relapses
after treatment [15], while these data are lacking for azathio-
prine or mycophenolate. For other types of AE, this is less
clear, although long-term use with azathioprine or mycophe-
nolate seems to be associated with lower relapse risks [4].

Effectiveness

There are no studies comparing first-line therapies with
upfront use of rituximab. The current escalation approach is
based on a study of 472 patients with anti-NMDAR encepha-
litis treated with immunotherapy. Among the 221/472 (47%)
who did not improve at 4 weeks of initiation of first-line
therapies, the 125 individuals who received second-line
therapies had significantly better improvement compared to
the 96 individuals who did not: at 12 months follow-up 61%
vs. 44% had improved to mRS 0-2, and at 24 months 78% vs.
55%, respectively [15]. In this study, the choice of adding
second-line immunotherapy was not based on standardized
criteria. Nonetheless, no differences in severity of the ini-
tial symptoms, duration of ICU stay, age, gender, ethnic-
ity, and delay of initial immunotherapy were seen between
patients who failed on first-line therapy versus those who
did not [15]. Recently, a meta-analysis of 14 retrospective
and prospective case series summarizing 277 patients with
AE (89% anti-NMDAR+) concluded that rituximab had a
good effect on functional outcome and prevention of relapses
[23]. In a retrospective AE cohort, anti-NMDAR patients
treated with rituximab (n=81) were affected more severely
at baseline but had reached independent living more fre-
quently compared to untreated patients (n=61) (94 vs. 88%,
respectively) [22]. About 10% of the patients are refractory
to a combination of first- and second-line therapy [15, 36].

Duration of Treatment
The relapse risk in anti-NMDAR encephalitis is estimated to

be 12% within 2 years, and the large majority of the relapses
will be milder than previous episodes [15]. Two other

retrospective cohorts showed relapse rates of 16% and 17%
after a median follow-up of 30 and 24 months, respectively
[22, 37]. The chance of relapses after second-line immuno-
therapy, including rituximab, is however much smaller [15].
Because of these observations, there is currently no rationale
to repeat rituximab at regular intervals after induction ther-
apy [17, 18]. An exception can be made in the rare patients
with relapses despite second-line immunotherapy. If tumor
screening comes back negative, repetition of rituximab could
be considered to avoid new relapses [38]. This could be an
neuromyelitis optica spectrum disorder (NMOSD) scheme
(repeated every 6 months or based on B cell repopulation) or
an individual repetition scheme based on the time between
onset and relapse.

Side Effects

In a retrospective study of 161 patients with AE who
received rituximab, adverse events of rituximab were
infusion-related reactions in 6.7% and infections, all pneu-
monia, in 11.3% [39]. No life-threatening or recurrent
infectious occurred [39]. During the recent SARS-CoV-2
pandemic, the reduced vaccination response after treatment
with rituximab and other anti-CD20 mAb was highlighted,
although most of these patients received prolonged treat-
ments for years [40, 41]. As the majority of people with
anti-NMDAR encephalitis do not need repeated rituximab
cycles, it is unclear whether these data will be similar in AE
patients. Options are to postpone vaccination until B cell
repopulation has occurred [40] or provide vaccines when
available and check for SARS-CoV?2 antibodies to monitor
vaccine response.

Treatment in in Patients Younger than 18 Years

Treatment in children is comparable to adults, as a simi-
lar escalation approach is being used [18, 42]. Results of
immunotherapy in children are slightly better than in adults.
This might be because treating physicians are inclined to
treat earlier and more aggressively [15, 43], but also because
recovery can be better due to better plasticity [15, 37]. Ritux-
imab is generally well tolerated, although infusion reactions
affect about 12% of children, and serious infectious side
effects do occasionally occur [44]. Of 144 children given
rituximab for inflammatory CNS indications, 4 patients had
grade 4 (disabling) or 5 (death) infectious adverse events
[44]. Importantly, dosing schedules for rituximab are less
well studied in children, and B cell repopulation might be
faster in younger children [44, 45].

Intrathecal Administration

Inaccessibility of the inflammation compartmentalized to the
CNS may underlie the lack of efficacy of immunomodulatory
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treatments in AE [13, 46]. This has prompted clinicians to
administer drugs intrathecally. However, from studies in mul-
tiple sclerosis (MS), we learned that intrathecal rituximab
has a profound effect on peripheral B cell numbers without
consistent effect on cerebrospinal fluid B cell counts and
markers [47-49]. Moreover, there was no effect of intrathecal
rituximab on the presence of leptomeningeal enhancement
in progressive MS patients [50]. Presumably, there are insuf-
ficient complement and effector cells for antibody-dependent
cellular cytotoxicity in the intrathecal compartment [51].
There is one case report of an anti-NMDAR encephalitis
resistant to intravenous rituximab at day 32 post-infusion
who started to improve days after intrathecal administration
of the same drug [52]. However, a delayed beneficial effect of
intravenous rituximab and steroids administered previously
is likely as it is known that improvement after intravenous
rituximab can take a while [37].

Rituximab in other Autoimmune Encephalitis

The therapeutic schedules for other types of AE are based
on mainly retrospective cohort studies and expert opinions
[16-18, 42]. Because the disease course is in most types less
fulminant and relapse rates might be different, these deviate
somewhat from the treatment of anti-NMDAR encephalitis.
In case of no or inadequate treatment response, switching to
another type of first-line treatment or proceeding to second-
line treatment such as rituximab or cyclophosphamide is
advised. The choice to escalate and the timing of this escala-
tion depend on the disease severity, symptoms to improve, and
the antibody involved. In a retrospective German cohort, 26
out of 61 (43%) patients with anti-LGI1, 11 out of 25 (44%)
with anti-CASPR2, 31 out of 84 (37%) with anti-glutamic
acid decarboxylase 65 (GADG65), and 81 out of 142 (57%)
with anti-NMDAR encephalitis were treated with rituximab
[22]. Observational single-center cohorts reported lower rates
of rituximab use: 5/28 patients with anti-CASPR2 [8], 3/28
patients with anti-GADG65 [24], and 3/14 patients with anti-
LGI1 encephalitis [20]. Although no standardized measure-
ment of effectivity has been done, patients with anti-LGI1
and anti-CASPR2 seem to respond well to rituximab [22].
Furthermore, superiority of first- and second-line immune
therapies over anti-epileptic treatment to control seizures in
AE has clearly been established [4, 53]. The effectivity of
rituximab in anti-GAD65 encephalitis is less established [22].
This is in line with the overall lesser response rate to immu-
notherapy for this disorder compared to encephalitis caused
by antibodies targeting extracellular neuronal structures [24].

Ocrelizumab in Autoimmune Encephalitis

Ocrelizumab is a humanized mAbD targeting the large loop of
the CD20 molecule which is partially overlapping with the
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epitope targeted by rituximab [54]. Compared to rituximab,
ocrelizumab has less complement-dependent cytotoxicity
and more antibody-dependent cellular cytotoxic activity
[51]. The latter might explain the longer times needed for
median B cell repopulation (72 weeks) with ocrelizumab vs.
rituximab (40 weeks) [33, 55]. The clinical significance of
these differences is unknown. There is currently an ongoing
placebo-controlled trial to establish ocrelizumab’s efficacy
in subjects with a new diagnosis of AE (NCT03835728).

Inebilizumab in Autoimmune Encephalitis

Inebilizumab is a humanized IgG1 mAb against the CD19
B cell surface antigen. Compared to rituximab, inebi-
lizumab does not only deplete CD20* B cells but also
CD20™ plasmablasts and plasma cells which results in
more extensive and sustained suppression of B cells [56].
A recently finished phase 2/3 study for treating NMOSD
showed to be very effective. The latter is another auto-
immune disease characterized by the presence of anti-
aquaporin-4 (AQP4) antibodies similar to anti-NMDAR
antibodies that target a surface protein [56]. Of 174 par-
ticipants in the inebilizumab treatment arm, 21/174 (12%)
relapsed over the course of the trial compared with 22/56
(39%) in the control arm (HR 0.27; 95% CI 0.15-0.50)
[57]. In moderate to severe anti-NMDAR encephalitis, the
ExTINGUISH Trial will randomize 116 participants to
receive either inebilizumab or placebo in addition to first-
line therapies (NCT04372615).

Daratumumab in Autoimmune Encephalitis

Daratumumab is an anti-CD38 monoclonal therapeutic anti-
body approved for treatment of refractory multiple myeloma
and acting by depletion of plasma cells and modification of
various T cell functions. Daratumumab has been applied in
a case of anti-CASPR2 encephalitis that remained unrespon-
sive to standard immunotherapies [26]. After initial clini-
cal improvement and reduction of systemic and intrathecal
antibody titers, the patient died due to septicemia. A second
case report in anti-NMDAR encephalitis showed clinical
improvement 2 months after initiation of daratumumab and
after previous unsuccessful treatment with glucocorticoids,
plasma exchange, intravenous immunoglobulins, rituximab,
and bortezomib [25]. Given the sequential immunosuppres-
sive treatment in this case, it is difficult to ascribe the clini-
cal improvement to daratumumab alone. Remarkably, dara-
tumumab had only minimal effect on serum anti-NMDAR
titers despite falling IgG levels which incites questions about
the mode of action of the drug in AE. Currently, the data are
insufficient to provide proper recommendations.
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Monoclonal Antibodies Targeting IL-6
Tocilizumab in Autoimmune Encephalitis

Tocilizumab is a humanized mAb targeting both soluble-
and membrane-bound interleukin-6 receptor (IL-6R), and
consequently repressing the B cell proliferation and dif-
ferentiation into antibody-producing cells [58, 59]. IL-6
facilitates also other inflammatory cascades involving cyto-
toxic, helper, and regulatory T cells, which all contribute to
autoimmunity and increase blood—brain permeability [58,
59]. Tocilizumab is an established treatment in rheumatoid
arthritis and Castleman’s disease [59] and was effective
in NMOSD. In the NMOSD phase 2 trial, median time to
first relapse was significantly longer with tocilizumab than
with azathioprine (79 vs. 57 weeks). At 60 weeks, risk
for relapse was significantly lower with tocilizumab (HR
0.27; 95%CI 0.12-0.61) [60]. Tocilizumab also showed
its efficacy in a case series of 8 individuals with NMOSD
resistant to B cell depletion [61].

In AE, the evidence for tocilizumab is still emerging.
A case of anti-CASPR?2 encephalitis was successfully
treated with tocilizumab as a first second-line therapy
instead of B cell depletion [27]. In people with clinically
suspected AE, a retrospective study showed that patients
who received tocilizumab (n = 10) had better outcomes
at 24 months than individuals who continued on rituxi-
mab (n=10) or who received no further immunotherapy
(n=6) [28]. A single-center cohort study from the same
group observed better 3-month and 1-year outcomes in
anti-NMDAR encephalitis patients (n=78) treated with
tumor removal, steroids, immunoglobulins, rituximab,
and tocilizumab (T-SIRT) within 1 month of onset com-
pared to other regimens within the same time period [29].
Caveats suggesting caution in the interpretation of both
studies are the chosen statistical analyses, small patient
numbers, selection bias in patient assignment to the study
groups, and confounding by the short clinical follow-
up after rituximab administration in patients who also
received tocilizumab. In addition, there were relatively
high rates of infectious complications in people receiv-
ing the T-SIRT regimen (pneumonia 66.7%, neutropenia
21.2%) which is an unnecessary hazard in people that
would have responded well to T-SIR. Confirmation by fur-
ther studies in larger samples with more uniformity in AE
diagnosis and timing of tocilizumab is necessary. Of note,
tocilizumab increases the risk of infection, and it hampers
the recognition of an infection by diminishing the fever
response and the levels of C-reactive protein [62]. For
this reason, clinicians must have increased awareness for
systemic infection in treated patients, especially in those
treated with multiple immunomodulating drugs.

Satralizumab in Autoimmune Encephalitis

Satralizumab is a subcutaneously administered humanized
mAb that binds to both membrane-bound and soluble IL-6R
and prevents the binding of IL-6. This results in blocking
of the IL-6-signaling pathways that are involved in inflam-
mation. It was designed on the basis of tocilizumab with a
novel antibody-recycling technology, allowing for increased
duration of antibody circulation [56]. In the SAkuraSky stuy,
investigating NMOSD patients, of sartralizumab plus back-
ground immunotherapy, 8/41 (20%) participants in the treat-
ment arm relapsed over the course of the trial compared with
18/42 (43%) controls (HR 0.38; 95% CI 0.16-0.88) [63]. In
the SAkuraStar study, 19/63 (30%) participants in the treat-
ment arm relapsed over the course of the trial compared with
16/32 (50%) controls (HR 0.45; 95% CI1 0.23-0.89) [64]. No
data exist in AE, but a phase 2b randomized clinical trial is
pending.

Monoclonal Antibodies Targeting
the Neonatal Fc Receptor

Efgartigimod is a human IgG1 antibody Fc-fragment that
has increased affinity to FcRn compared with endogenous
IgG while retaining the characteristic pH dependence. It
outcompetes endogenous IgG binding, thereby reducing
IgG recycling and increasing IgG degradation [65, 66].
Rozanolixizumab, a subcutaneously infused mAb that spe-
cifically targets FcRn, prevents IgG recycling by inhibiting
the interaction of FcRn with IgG and leads to unbound IgG
being eliminated [67]. The mode of action of both drugs is
thus similar to immunoglobulins and plasma exchange but
with the advantage of a reduced treatment burden which
allows them to be used as both acute rescue and mainte-
nance treatment. These drugs have been effective in phase
2/3 trials of patients with myasthenia gravis, another IgG
antibody—mediated disease [65, 66, 68]. A phase 3 trial with
rozanolixizumab is currently recruiting [68]. Phase 2 clinical
trials are ongoing in patients with anti-LGI1 encephalitis
(NCT04875975) and myelin oligodendrocyte glycoprotein
(MOG) antibody-associated disease (NCT05063162).

Monoclonal Antibodies Targeting
the Complement Cascade

Eculizumab is a humanized mAb that inhibits the terminal
complement protein C5 and prevents its cleavage into C5a,
which is proinflammatory, and C5b, which coordinates the
formation of membrane attack complex. There is already
wider experience with eculizumab in treating myasthenia
gravis [69, 70], and eculizumab was highly effective in
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NMOSD. In the phase 3 trial, 3/96 (3%) NMOSD patients
relapsed over the course of the trial compared with 20/47
(43%) in the control arm (HR 0.06; 95% CI 0.02-0.20) [71].
Main safety concerns include risk of infections, particularly
with encapsulated bacteria [71]. Eculizumab may be an
option for treatment of subtypes of AE, although the evi-
dence for complement-mediated neuronal toxicity occurring
in AE is not substantial. There is some evidence from a post-
mortem study for complement-mediated neuronal toxicity
in anti-CASPR2 and anti-LGI1 encephalitis. However, this
probably does not apply to anti-NMDAR encephalitis [32,
72,73].

Conclusion and Future Directions

Antibodies targeting the CD20 epitope on the surface of B
cells are the cornerstone of second-line treatment in AE,
originally combined with cyclophosphamide. They have a
favorable side effect profile compared to second-line treat-
ments with a different mode of action. Moreover, rituximab
has shown to be effective in anti-NMDAR encephalitis as
well as in many other AE cases when first-line therapies fail.
However, anti-CD20 mAb do not deplete long-lived plasma
cells which might underlie treatment-refractory cases and the
occurrence of (early) relapses. Therefore, there is an emerg-
ing repertoire of mAb that aim to directly (inebulizumab,
daratumumab) or indirectly (tocilizumab, sartralizamab) tar-
get long-lasting plasmablasts or plasma cells with or without
additional B cell depletion. Alternatively, the plasma cell
products (i.e. pathogenic antibodies) can be removed with
mAb targeting the FcRn (efgartigimod, rozanolixizumab).
mAbs that disrupt the complement cascade (eculizumab)
are also explored but have fewer biological underpinnings.
Future trials are needed to understand whether these third-
line treatments are effective, when they need to be initiated
and whether they have an acceptable safety profile in com-
bination with previous rituximab administration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13311-021-01178-4.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

@ Springer

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Dalmau J, Tiiziin E, Wu H, Masjuan J, Rossi JE, Voloschin A,
Baehring JM, Shimazaki H, Koide R, King D, et al. Paraneoplastic
anti-N-methyl-D-aspartate receptor encephalitis associated with
ovarian teratoma. Ann Neurol. 2007;61:25-36. https://doi.org/10.
1002/ana.21050.

2. Graus F, Titulaer MJ, Balu R, Benseler S, Bien CG, Cellucci T,
Cortese I, Dale RC, Gelfand JM, Geschwind M, et al. A clinical
approach to diagnosis of autoimmune encephalitis. Lancet Neu-
rol. 2016;15:391-404. https://doi.org/10.1016/S1474-4422(15)
00401-9.

3. Lai M, Huijbers MGM, Lancaster E, Graus F, Bataller L, Balice-
Gordon R, Cowell JK, Dalmau J. Investigation of LGI1 as the
antigen in limbic encephalitis previously attributed to potassium
channels: a case series. Lancet Neurol. 2010;9:776-85. https://
doi.org/10.1016/S1474-4422(10)70137-X.

4. Irani SR, Stagg CJ, Schott JM, Rosenthal CR, Schneider SA,
Pettingill P, Pettingill R, Waters P, Thomas A, Voets NL, et al.
Faciobrachial dystonic seizures: the influence of immunotherapy
on seizure control and prevention of cognitive impairment in a
broadening phenotype. Brain. 2013;136:3151-62. https://doi.org/
10.1093/brain/awt212.

5. van Sonderen A, Thijs RD, Coenders EC, Jiskoot LC, Sanchez E, de
Bruijn MAAM, van Coevorden-Hameete MH, Wirtz PW, Schreurs
MW]J, Sillevis Smitt PAE, et al. Anti-LGI1 encephalitis: clinical
syndrome and long-term follow-up. Neurology. 2016;87:1449-56.
https://doi.org/10.1212/WNL.0000000000003173.

6. Irani SR, Alexander S, Waters P, Kleopa KA, Pettingill P, Zuliani
L, Peles E, Buckley C, Lang B, Vincent A. Antibodies to Kv1
potassium channel-complex proteins leucine-rich, glioma inac-
tivated 1 protein and contactin-associated protein-2 in limbic
encephalitis. Morvan’s syndrome and acquired neuromyotonia
Brain. 2010;133:2734-48. https://doi.org/10.1093/brain/awq213.

7. Lai M, Hughes EG, Peng X, Zhou L, Gleichman AJ, Shu H, Mata
S, Kremens D, Vitaliani R, Geschwind MD, et al. AMPA receptor
antibodies in limbic encephalitis alter synaptic receptor location.
Ann Neurol. 2009;65:424-34. https://doi.org/10.1002/ana.21589.

8. van Sonderen A, Arifio H, Petit-Pedrol M, Leypoldt F, Kortvélyessy
P, Wandinger K-P, Lancaster E, Wirtz PW, Schreurs MW]J, Sillevis
Smitt PAE, et al. The clinical spectrum of Caspr2 antibody-associated
disease. Neurology. 2016;87:521-8. https://doi.org/10.1212/WNL.
0000000000002917.

9. Graus F, Vogrig A, Muiiiz-Castrillo S, Antoine JCG, Desestret
V, Dubey D, Giometto B, Irani SR, Joubert B, Leypoldt F, et al.
Updated diagnostic criteria for paraneoplastic neurologic syn-
dromes. Neurol Neuroimmunol. 2021;8. https://doi.org/10.1212/
NXI.0000000000001014.

10. Lancaster E, Dalmau J. Neuronal autoantigens-pathogenesis,
associated disorders and antibody testing. Nat Rev Neurol.
2012;8:380-90. https://doi.org/10.1038/nrneurol.2012.99.

11.  Van Coevorden-Hameete MH, de Graaff E, Titulaer MJ, Hoogenraad
CC, Sillevis Smitt PAE. Molecular and cellular mechanisms underly-
ing anti-neuronal antibody mediated disorders of the central nervous
system. Autoimmun Rev. 2014;13:299-312. https://doi.org/10.1016/j.
autrev.2013.10.016.

12. Vincent A, Bien CG, Irani SR, Waters P. Autoantibodies associ-
ated with diseases of the CNS: New developments and future


https://doi.org/10.1007/s13311-021-01178-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ana.21050
https://doi.org/10.1002/ana.21050
https://doi.org/10.1016/S1474-4422(15)00401-9
https://doi.org/10.1016/S1474-4422(15)00401-9
https://doi.org/10.1016/S1474-4422(10)70137-X
https://doi.org/10.1016/S1474-4422(10)70137-X
https://doi.org/10.1093/brain/awt212
https://doi.org/10.1093/brain/awt212
https://doi.org/10.1212/WNL.0000000000003173
https://doi.org/10.1093/brain/awq213
https://doi.org/10.1002/ana.21589
https://doi.org/10.1212/WNL.0000000000002917
https://doi.org/10.1212/WNL.0000000000002917
https://doi.org/10.1212/NXI.0000000000001014
https://doi.org/10.1212/NXI.0000000000001014
https://doi.org/10.1038/nrneurol.2012.99
https://doi.org/10.1016/j.autrev.2013.10.016
https://doi.org/10.1016/j.autrev.2013.10.016

Antibody Therapies in Autoimmune Encephalitis

829

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

challenges. Lancet Neurol. 2011;10:759-72. https://doi.org/10.
1016/S1474-4422(11)70096-5.

. Dalmau J, Geis C, Graus F. Autoantibodies to synaptic receptors

and neuronal cell surface proteins in autoimmune diseases of the
central nervous system. Physiol Rev. 2017;97:839-87. https://doi.
org/10.1152/PHYSREV.00010.2016.

Irani SR, Bera K, Waters P, Zuliani L, Maxwell S, Zandi MS, Friese
MA, Galea I, Kullmann DM, Beeson D, et al. N-methyl-d-aspartate
antibody encephalitis: temporal progression of clinical and paraclin-
ical observations in a predominantly non-paraneoplastic disorder of
both sexes. Brain. 2010;133:1655-67. https://doi.org/10.1093/brain/
awql13.

Titulaer MJ, McCracken L, Gabilondo I, Armangué T, Glaser C,
Tizuka T, Honig LS, Benseler SM, Kawachi I, Martinez-Hernandez
E, et al. Treatment and prognostic factors for long-term outcome in
patients with anti-NMDA receptor encephalitis: an observational
cohort study. Lancet Neurol. 2013;12:157-65. https://doi.org/10.
1016/S1474-4422(12)70310-1.

Abboud H, Probasco JC, Irani S, Ances B, Benavides DR, Bradshaw
M, Christo PP, Dale RC, Fernandez-Fournier M, Flanagan EP, et al.
Autoimmune encephalitis: proposed best practice recommendations
for diagnosis and acute management. J Neurol Neurosurg Psychiatry.
2021;92:757-68. https://doi.org/10.1136/jnnp-2020-325300.
Abboud H, Probasco J, Irani SR, Ances B, Benavides DR, Bradshaw
M, Christo PP, Dale RC, Fernandez-Fournier M, Flanagan EP, et al.
Autoimmune encephalitis: proposed recommendations for sympto-
matic and long-term management. J Neurol Neurosurg Psychiatry.
2021;92:897-907. https://doi.org/10.1136/jnnp-2020-325302.

de Vries JM, Titulaer MJ. Treatment approaches in autoimmune
neurology: focus on autoimmune encephalitis with neuronal cell
surface antibodies, in Neuroimmunology: Multiple Sclerosis,
Autoimmune Neurology and Related Diseases, eds. A. L. Piquet,
E. Alvarez (Cham: Springer International Publishing), 261-278.
https://doi.org/10.1007/978-3-030-61883-4_17.

Arifio H, Armangué T, Petit-Pedrol M, Sabater L, Martinez-
Hernandez E, Hara M, Lancaster E, Saiz A, Dalmau J, Graus F. Anti-
LGI1-associated cognitive impairment. Neurology. 2016;87:759-65.
https://doi.org/10.1212/WNL.0000000000003009.

Shin YW, Lee ST, Shin JW, Moon J, Lim JA, Byun JI, Kim TJ,
Lee KJ, Kim YS, Park K 11, et al. VGKC-complex/LGI1-antibody
encephalitis: clinical manifestations and response to immunother-
apy. J Neuroimmunol. 2013;265:75-81. https://doi.org/10.1016/;.
jneuroim.2013.10.005.

Nosadini M, Mohammad SS, Ramanathan S, Brilot F, Dale RC.
Immune therapy in autoimmune encephalitis: a systematic review.
Expert Rev Neurother. 2015;15:1391-419. https://doi.org/10.
1586/14737175.2015.1115720.

Thaler FS, Zimmermann L, Kammermeier S, Strippel C,
Ringelstein M, Kraft A, Siths KW, Wickel J, Geis C, Markewitz
R, et al. Rituximab treatment and long-term outcome of patients
with autoimmune encephalitis: real-world evidence from the
GENERATE Registry. Neurol Neuroimmunol. 2021;8. https://
doi.org/10.1212/NXI1.0000000000001088.

Nepal G, Shing YK, Yadav JK, Rehrig JH, Ojha R, Huang DY,
Gajurel BP. Efficacy and safety of rituximab in autoimmune
encephalitis: a meta-analysis. Acta Neurol Scand. 2020;142:449—
59. https://doi.org/10.1111/ane.13291.

Mufioz-Lopetegi A, de Bruijn MAAM, Boukhrissi S, Bastiaansen
AEM, Nagtzaam MMP, Hulsenboom ESP, Boon AJW, Neuteboom
RF, de Vries JM, Sillevis Smitt PAE, et al. Neurologic syndromes
related to anti-GADG5: clinical and serologic response to treat-
ment. Neurol Neuroimmunol neuroinflammation. 2020;7:1-13.
https://doi.org/10.1212/NXI1.0000000000000696.

Ratuszny D, Skripuletz T, Wegner F, Grofl M, Falk C, Jacobs R,
Ruschulte H, Stangel M, Siths KW. Case report: daratumumab in

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

a patient with severe refractory anti-NMDA receptor encephalitis.
Front Neurol. 2020;11:1-5. https://doi.org/10.3389/fneur.2020.
602102.

Scheibe F, Ostendorf L, Reincke SM, Priiss H, von Briinneck AC,
Kohnlein M, Alexander T, Meisel C, Meisel A. Daratumumab treat-
ment for therapy-refractory anti-CASPR2 encephalitis. J Neurol.
2020;267:317-23. https://doi.org/10.1007/s00415-019-09585-6.
Krogias C, Hoepner R, Miiller A, Schneider-Gold C, Schroder A,
Gold R. Successful treatment of anti-caspr2 syndrome by inter-
leukin 6 receptor blockade through tocilizumab. JAMA Neurol.
2013;70:1056-9. https://doi.org/10.1001/jamaneurol.2013.143.
Lee WIJ, Lee ST, Moon J, Sunwoo JS, Byun JI, Lim JA, Kim
TJ, Shin YW, Lee KJ, Jun JS, et al. Tocilizumab in autoimmune
encephalitis refractory to rituximab: an institutional cohort study.
Neurotherapeutics. 2016;13:824-32. https://doi.org/10.1007/
s13311-016-0442-6.

Lee WIJ, Lee ST, Shin YW, Lee HS, Shin HR, Kim DY, Kim S,
Lim JA, Moon J, Park K II, et al. Teratoma removal, steroid, IVIG,
rituximab and tocilizumab (T-SIRT) in anti-NMDAR encephali-
tis. Neurotherapeutics. 2021;18:474—487. https://doi.org/10.1007/
s13311-020-00921-7.

Abulayha A, Bredan A, El Enshasy H, Daniels I. Rituximab:
modes of action, remaining dispute and future perspective. Futur
Oncol. 2014;10:2481-92. https://doi.org/10.2217/fon.14.146.
Gresa-Arribas N, Titulaer MJ, Torrents A, Aguilar E, McCracken
L, Leypoldt F, Gleichman AJ, Balice-Gordon R, Rosenfeld MR,
Lynch D, et al. Antibody titres at diagnosis and during follow-up
of anti-NMDA receptor encephalitis: a retrospective study. Lancet
Neurol. 2014;13:167-77. https://doi.org/10.1016/S1474-4422(13)
70282-5.

Martinez-Hernandez E, Horvath J, Shiloh-Malawsky Y, Sangha
N, Martinez-Lage M, Dalmau J. Analysis of complement and
plasma cells in the brain of patients with anti-NMDAR encepha-
litis. Neurology. 2011;77:589-93. https://doi.org/10.1212/WNL.
0b013e318228¢136.

EMA. Summary of product characteristics rituximab. Available at:
https://www.ema.europa.eu/en/documents/product-information/
mabthera-epar-product-information_en.pdf [Accessed 7
July 2021].

Ellwardt E, Ellwardt L, Bittner S, Zipp F. Monitoring B-cell
repopulation after depletion therapy in neurologic patients.
Neurol - Neuroimmunol Neuroinflammation. 2018;5: e463.
https://doi.org/10.1212/NXI1.0000000000000463.

Byrne S, Walsh C, Hacohen Y, Muscal E, Jankovic J, Stocco
A, Dale RC, Vincent A, Lim M, King M. Earlier treatment of
NMDAR antibody encephalitis in children results in a better
outcome: Table 1. Neurol - Neuroimmunol Neuroinflammation.
2015;2: e130. https://doi.org/10.1212/NXI1.0000000000000130.
Dalmau J, Armangué T, Planaguma J, Radosevic M, Mannara
F, Leypoldt F, Geis C, Lancaster E, Titulaer MJ, Rosenfeld MR,
et al. An update on anti-NMDA receptor encephalitis for neurolo-
gists and psychiatrists: mechanisms and models. Lancet Neurol.
2019;18:1045-57. https://doi.org/10.1016/S1474-4422(19)30244-3.
Bastiaansen AEM, van Steenhoven RW, de Bruijn MAAM, Crijnen
YS, van Sonderen A, van Coevorden-Hameete MH, Niihn MM,
Verbeek MM, Schreurs MW], Sillevis Smitt PAE, et al. Autoim-
mune encephalitis resembling dementia syndromes. Neurol Neu-
roimmunol neuroinflammation. 2021;8:1-12. https://doi.org/10.
1212/NXI.0000000000001039.

Kim SH, Huh SY, Lee SJ, Joung AR, Kim HJ. A 5-year follow-
up of rituximab treatment in patients with neuromyelitis optica
spectrum disorder. JAMA Neurol. 2013;70:1110-7. https://doi.
org/10.1001/jamaneurol.2013.3071.

Lee WJ, Lee ST, Byun JI, Sunwoo JS, Kim TJ, Lim JA, Moon
J, Lee HS, Shin YW, Lee KJ, et al. Rituximab treatment for

@ Springer


https://doi.org/10.1016/S1474-4422(11)70096-5
https://doi.org/10.1016/S1474-4422(11)70096-5
https://doi.org/10.1152/PHYSREV.00010.2016
https://doi.org/10.1152/PHYSREV.00010.2016
https://doi.org/10.1093/brain/awq113
https://doi.org/10.1093/brain/awq113
https://doi.org/10.1016/S1474-4422(12)70310-1
https://doi.org/10.1016/S1474-4422(12)70310-1
https://doi.org/10.1136/jnnp-2020-325300
https://doi.org/10.1136/jnnp-2020-325302
https://doi.org/10.1007/978-3-030-61883-4_17
https://doi.org/10.1212/WNL.0000000000003009
https://doi.org/10.1016/j.jneuroim.2013.10.005
https://doi.org/10.1016/j.jneuroim.2013.10.005
https://doi.org/10.1586/14737175.2015.1115720
https://doi.org/10.1586/14737175.2015.1115720
https://doi.org/10.1212/NXI.0000000000001088
https://doi.org/10.1212/NXI.0000000000001088
https://doi.org/10.1111/ane.13291
https://doi.org/10.1212/NXI.0000000000000696
https://doi.org/10.3389/fneur.2020.602102
https://doi.org/10.3389/fneur.2020.602102
https://doi.org/10.1007/s00415-019-09585-6
https://doi.org/10.1001/jamaneurol.2013.143
https://doi.org/10.1007/s13311-016-0442-6
https://doi.org/10.1007/s13311-016-0442-6
https://doi.org/10.1007/s13311-020-00921-7
https://doi.org/10.1007/s13311-020-00921-7
https://doi.org/10.2217/fon.14.146
https://doi.org/10.1016/S1474-4422(13)70282-5
https://doi.org/10.1016/S1474-4422(13)70282-5
https://doi.org/10.1212/WNL.0b013e318228c136
https://doi.org/10.1212/WNL.0b013e318228c136
https://www.ema.europa.eu/en/documents/product-information/mabthera-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mabthera-epar-product-information_en.pdf
https://doi.org/10.1212/NXI.0000000000000463
https://doi.org/10.1212/NXI.0000000000000130
https://doi.org/10.1016/S1474-4422(19)30244-3
https://doi.org/10.1212/NXI.0000000000001039
https://doi.org/10.1212/NXI.0000000000001039
https://doi.org/10.1001/jamaneurol.2013.3071
https://doi.org/10.1001/jamaneurol.2013.3071

830

I. Smets, M. J. Titulaer

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

autoimmune limbic encephalitis in an institutional cohort. Neurology.
2016;86:1683-91. https://doi.org/10.1212/WNL.0000000000002635.
Mrak D, Tobudic S, Koblischke M, Graninger M, Radner H,
Sieghart D, Hofer P, Perkmann T, Haslacher H, Thalhammer
R, et al. SARS-CoV-2 vaccination in rituximab-treated patients:
B cells promote humoral immune responses in the presence of
T-cell-mediated immunity. Ann Rheum Dis. 2021;1-6. https://
doi.org/10.1136/annrheumdis-2021-220781.

Achiron A, Mandel M, Dreyer-Alster S, Harari G, Magalashvili D,
Sonis P, Dolev M, Menascu S, Flechter S, Falb R, et al. Humoral
immune response to COVID-19 mRNA vaccine in patients with
multiple sclerosis treated with high-efficacy disease-modifying
therapies. Ther Adv Neurol Disord. 2021;14:17562864211012836.
https://doi.org/10.1177/17562864211012835.

Dale RC, Gorman MP, Lim M. Autoimmune encephalitis in
children: clinical phenomenology, therapeutics, and emerging
challenges. Curr Opin Neurol. 2017;30:334—44. https://doi.org/
10.1097/WC0.0000000000000443.

Huang Q, Wu Y, Qin R, Wei X, Ma M. Clinical characteristics
and outcomes between children and adults with anti-N-methyl-
d-aspartate receptor encephalitis. J Neurol. 2016;263:2446-55.
https://doi.org/10.1007/s00415-016-8282-1.

Dale RC, Brilot F, Duffy LV, Twilt M, Waldman AT, Narula
S, Muscal E, Deiva K, Andersen E, Eyre MR, et al. Utility and
safety of rituximab in pediatric autoimmune and inflammatory
CNS disease. Neurology. 2014;83:142-50. https://doi.org/10.
1212/WNL.0000000000000570.

Nosadini M, Alper G, Riney CJ, Benson LA, Mohammad SS,
Ramanathan S, Nolan M, Appleton R, Leventer RJ, Deiva K,
et al. Rituximab monitoring and redosing in pediatric neuromyeli-
tis optica spectrum disorder. Neurol Neuroimmunol NeuroInflam-
mation. 2016;3. https://doi.org/10.1212/NXI1.0000000000000188.
Sell J, Haselmann H, Hallermann S, Hust M, Geis C. Autoim-
mune encephalitis: novel therapeutic targets at the preclinical
level. Expert Opin Ther Targets. 2021;25:37-47. https://doi.org/
10.1080/14728222.2021.1856370.

Topping J, Dobson R, Lapin S, Maslyanskiy A, Kropshofer H,
Leppert D, Giovannoni G, Evdoshenko E. The effects of intrathe-
cal rituximab on biomarkers in multiple sclerosis. Mult Scler Relat
Disord. 2016;6:49-53. https://doi.org/10.1016/j.msard.2016.01.
001.

Svenningsson A, Bergman J, Dring A, Vagberg M, Birgander R,
Lindqvist T, Gilthorpe J, Bergenheim T. Rapid depletion of B
lymphocytes by ultra-low-dose rituximab delivered intrathecally.
Neurol Neuroimmunol NeuroInflammation. 2015;2: €79. https://
doi.org/10.1212/NXI1.0000000000000079.

Bergman J, Burman J, Gilthorpe JD, Zetterberg H, Jiltsova
E, Bergenheim T, Svenningsson A. Intrathecal treatment trial
of rituximab in progressive ms an open-label phase 1b study.
Neurology. 2018;91:E1893-901. https://doi.org/10.1212/WNL.
0000000000006500.

Bhargava P, Wicken C, Smith MD, Strowd RE, Cortese I, Reich
DS, Calabresi PA, Mowry EM. Trial of intrathecal rituximab
in progressive multiple sclerosis patients with evidence of lep-
tomeningeal contrast enhancement. Mult Scler Relat Disord.
2019;30:136-40. https://doi.org/10.1016/j.msard.2019.02.013.
Sellebjerg F, Blinkenberg M, Sorensen PS. Anti-CD20 mono-
clonal antibodies for relapsing and progressive multiple scle-
rosis. CNS Drugs. 2020;34:269-80. https://doi.org/10.1007/
$40263-020-00704-w.

Casares M, Skinner HJ, Gireesh ED, Wombles C, Schweitzer J,
Gwyn PG, Newton HB, Makar SM, Lee K, Westerveld M. Suc-
cessful intrathecal rituximab administration in refractory nontera-
toma anti- N -methyl-D-aspartate receptor encephalitis: a case
report. J Neurosci Nurs. 2019;51:194-7. https://doi.org/10.1097/
JNN.0000000000000450.

@ Springer

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

. De Bruijn MAAM, Van Sonderen A, Van Coevorden-Hameete MH,

Bastiaansen AEM, Schreurs MWJ, Rouhl RPW, Van Donselaar CA,
Majoie MHJM, Neuteboom RF, Sillevis Smitt PAE, et al. Evalu-
ation of seizure treatment in anti-LGI1, anti-NMDAR, and anti-
GABABR encephalitis. Neurology. 2019;92:E2185-96. https://doi.
org/10.1212/WNL.0000000000007475.

Klein C, Lammens A, Schifer W, Georges G, Schwaiger M, Mossner
E, Hopfner KP, Umaiia P, Niederfellner G. Epitope interactions of
monoclonal antibodies targeting CD20 and their relationship to func-
tional properties. MAbs. 2013;5:22-33. https://doi.org/10.4161/mabs.
22771.

EMA. Summary of product characteristics ocrelizumab. Available
at: https://www.ema.europa.eu/en/documents/product-information/
ocrevus-epar-product-information_en.pdf [Accessed 7 July 2021].
Levy M, Fujihara K, Palace J. New therapies for neuromyelitis
optica spectrum disorder. Lancet Neurol. 2021;20:60-7. https://
doi.org/10.1016/S1474-4422(20)30392-6.

Cree BAC, Bennett JL, Kim HJ, Weinshenker BG, Pittock SJ,
Wingerchuk DM, Fujihara K, Paul F, Cutter GR, Marignier R,
et al. Inebilizumab for the treatment of neuromyelitis optica
spectrum disorder (N-MOmentum): a double-blind, randomised
placebo-controlled phase 2/3 trial. Lancet. 2019;394:1352-63.
https://doi.org/10.1016/S0140-6736(19)31817-3.

Ayzenberg I, Faissner S, Tomaske L, Richter D, Behrendt V, Gold
R. General principles and escalation options of immunotherapy in
autoantibody-associated disorders of the CNS. Neurol Res Pract.
2019;1:1-10. https://doi.org/10.1186/s42466-019-0037-x.

Kang S, Tanaka T, Kishimoto T. Therapeutic uses of anti-interleukin-6
receptor antibody. Int Immunol. 2015;27:21-9. https://doi.org/10.
1093/intimm/dxu081.

Zhang C, Zhang M, Qiu W, Ma H, Zhang X, Zhu Z, Yang CS, Jia
D, Zhang TX, Yuan M, et al. Safety and efficacy of tocilizumab
versus azathioprine in highly relapsing neuromyelitis optica spec-
trum disorder (TANGO): an open-label, multicentre, randomised,
phase 2 trial. Lancet Neurol. 2020;19:391-401. https://doi.org/10.
1016/S1474-4422(20)30070-3.

Ringelstein M, Ayzenberg I, Harmel J, Lauenstein AS, Lensch E,
Stogbauer F, Hellwig K, Ellrichmann G, Stettner M, Chan A, et al.
Long-term therapy with interleukin 6 receptor blockade in highly
active neuromyelitis optica spectrum disorder. JAMA Neurol.
2015;72:756-63. https://doi.org/10.1001/jamaneurol.2015.0533.
Rossi JF, Lu ZY, Jourdan M, Klein B. Interleukin-6 as a therapeu-
tic target. Clin Cancer Res. 2015;21:1248-57. https://doi.org/10.
1158/1078-0432.CCR-14-2291.

Yamamura T, Kleiter I, Fujihara K, Palace J, Greenberg B, Zakrzewska-
Pniewska B, Patti F, Tsai C-P, Saiz A, Yamazaki H, et al. Trial of
satralizumab in neuromyelitis optica spectrum disorder. N Engl ] Med.
2019;381:2114-24. https://doi.org/10.1056/nejmoal 901747.
Traboulsee A, Greenberg BM, Bennett JL, Szczechowski L, Fox
E, Shkrobot S, Yamamura T, Terada Y, Kawata Y, Wright P, et al.
Safety and efficacy of satralizumab monotherapy in neuromyelitis
optica spectrum disorder: a randomised, double-blind, multicen-
tre, placebo-controlled phase 3 trial. Lancet Neurol. 2020;19:402—
12. https://doi.org/10.1016/S1474-4422(20)30078-8.

Howard JF, Bril V, Burns TM, Mantegazza R, Bilinska M, Szczudlik
A, Beydoun S, Garrido FJRDR, Piehl F, Rottoli M, et al. Rand-
omized phase 2 study of FcRn antagonist efgartigimod in general-
ized myasthenia gravis. Neurology 2019;92:¢2661-e2673. https:/
doi.org/10.1212/WNL.0000000000007600.

Howard JF, Bril V, Vu T, Karam C, Peric S, Margania T, Murai
H, Bilinska M, Shakarishvili R, Smilowski M, et al. Safety, effi-
cacy, and tolerability of efgartigimod in patients with generalised
myasthenia gravis (ADAPT): a multicentre, randomised, placebo-
controlled, phase 3 trial. Lancet Neurol. 2021;20:526-36. https://
doi.org/10.1016/S1474-4422(21)00159-9.


https://doi.org/10.1212/WNL.0000000000002635
https://doi.org/10.1136/annrheumdis-2021-220781
https://doi.org/10.1136/annrheumdis-2021-220781
https://doi.org/10.1177/17562864211012835
https://doi.org/10.1097/WCO.0000000000000443
https://doi.org/10.1097/WCO.0000000000000443
https://doi.org/10.1007/s00415-016-8282-1
https://doi.org/10.1212/WNL.0000000000000570
https://doi.org/10.1212/WNL.0000000000000570
https://doi.org/10.1212/NXI.0000000000000188
https://doi.org/10.1080/14728222.2021.1856370
https://doi.org/10.1080/14728222.2021.1856370
https://doi.org/10.1016/j.msard.2016.01.001
https://doi.org/10.1016/j.msard.2016.01.001
https://doi.org/10.1212/NXI.0000000000000079
https://doi.org/10.1212/NXI.0000000000000079
https://doi.org/10.1212/WNL.0000000000006500
https://doi.org/10.1212/WNL.0000000000006500
https://doi.org/10.1016/j.msard.2019.02.013
https://doi.org/10.1007/s40263-020-00704-w
https://doi.org/10.1007/s40263-020-00704-w
https://doi.org/10.1097/JNN.0000000000000450
https://doi.org/10.1097/JNN.0000000000000450
https://doi.org/10.1212/WNL.0000000000007475
https://doi.org/10.1212/WNL.0000000000007475
https://doi.org/10.4161/mabs.22771
https://doi.org/10.4161/mabs.22771
https://www.ema.europa.eu/en/documents/product-information/ocrevus-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/ocrevus-epar-product-information_en.pdf
https://doi.org/10.1016/S1474-4422(20)30392-6
https://doi.org/10.1016/S1474-4422(20)30392-6
https://doi.org/10.1016/S0140-6736(19)31817-3
https://doi.org/10.1186/s42466-019-0037-x
https://doi.org/10.1093/intimm/dxu081
https://doi.org/10.1093/intimm/dxu081
https://doi.org/10.1016/S1474-4422(20)30070-3
https://doi.org/10.1016/S1474-4422(20)30070-3
https://doi.org/10.1001/jamaneurol.2015.0533
https://doi.org/10.1158/1078-0432.CCR-14-2291
https://doi.org/10.1158/1078-0432.CCR-14-2291
https://doi.org/10.1056/nejmoa1901747
https://doi.org/10.1016/S1474-4422(20)30078-8
https://doi.org/10.1212/WNL.0000000000007600
https://doi.org/10.1212/WNL.0000000000007600
https://doi.org/10.1016/S1474-4422(21)00159-9
https://doi.org/10.1016/S1474-4422(21)00159-9

Antibody Therapies in Autoimmune Encephalitis

831

67.

68.

69.

70.

Smith B, Kiessling A, Lledo-Garcia R, Dixon KL, Christodoulou
L, Catley MC, Atherfold P, D’Hooghe LE, Finney H, Greenslade
K, et al. Generation and characterization of a high affinity anti-
human FcRn antibody, rozanolixizumab, and the effects of differ-
ent molecular formats on the reduction of plasma IgG concentra-
tion. MADbs. 2018;10:1111-30. https://doi.org/10.1080/19420862.
2018.1505464.

Bril V, Benatar M, Andersen H, Vissing J, Brock M, Greve B,
Kiessling P, Woltering F, Griffin L, Van den Bergh P. Efficacy
and safety of rozanolixizumab in moderate to severe general-
ized myasthenia gravis: a phase 2 randomized control trial.
Neurology. 2021;96:e853-65. https://doi.org/10.1212/WNL.
0000000000011108.

Howard JF, Utsugisawa K, Benatar M, Murai H, Barohn RJ, Illa I,
Jacob S, Vissing J, Burns TM, Kissel JT, et al. Safety and efficacy
of eculizumab in anti-acetylcholine receptor antibody-positive
refractory generalised myasthenia gravis (REGAIN): a phase 3,
randomised, double-blind, placebo-controlled, multicentre study.
Lancet Neurol. 2017;16:976-86. https://doi.org/10.1016/S1474-
4422(17)30369-1.

Muppidi S, Utsugisawa K, Benatar M, Murai H, Barohn RJ, Illa I,
Jacob S, Vissing J, Burns TM, Kissel JT, et al. Long-term safety

71.

72.

73.

and efficacy of eculizumab in generalized myasthenia gravis. Mus-
cle Nerve. 2019;60:14-24. https://doi.org/10.1002/mus.26447.
Pittock SJ, Berthele A, Fujihara K, Kim HJ, Levy M, Palace J,
Nakashima I, Terzi M, Totolyan N, Viswanathan S, et al. Ecu-
lizumab in aquaporin-4—positive neuromyelitis optica spectrum
disorder. N Engl J Med. 2019;381:614-25. https://doi.org/10.
1056/nejmoal900866.

Bien CG, Vincent A, Barnett MH, Becker AJ, Bliimcke I, Graus
F, Jellinger KA, Reuss DE, Ribalta T, Schlegel J, et al. Immu-
nopathology of autoantibody-associated encephalitides: clues for
pathogenesis. Brain. 2012;135:1622-38. https://doi.org/10.1093/
brain/aws082.

Zrzavy T, Endmayr V, Bauer J, Macher S, Mossaheb N, Schwaiger
C, Ricken G, Winklehner M, Glatter S, Breu M, et al. Neuropatho-
logical variability within a spectrum of NMDAR-encephalitis.
Ann Neurol. 2021;90:725-37. https://doi.org/10.1002/ana.26223.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1080/19420862.2018.1505464
https://doi.org/10.1080/19420862.2018.1505464
https://doi.org/10.1212/WNL.0000000000011108
https://doi.org/10.1212/WNL.0000000000011108
https://doi.org/10.1016/S1474-4422(17)30369-1
https://doi.org/10.1016/S1474-4422(17)30369-1
https://doi.org/10.1002/mus.26447
https://doi.org/10.1056/nejmoa1900866
https://doi.org/10.1056/nejmoa1900866
https://doi.org/10.1093/brain/aws082
https://doi.org/10.1093/brain/aws082
https://doi.org/10.1002/ana.26223

	Antibody Therapies in Autoimmune Encephalitis
	Abstract
	Introduction
	Monoclonal Antibodies Targeting at B cells
	Rituximab in Anti-NMDAR Encephalitis
	Mode of Action in Anti-NMDAR Encephalitis
	Timing
	Effectiveness
	Duration of Treatment
	Side Effects
	Treatment in in Patients Younger than 18 Years
	Intrathecal Administration

	Rituximab in other Autoimmune Encephalitis
	Ocrelizumab in Autoimmune Encephalitis
	Inebilizumab in Autoimmune Encephalitis
	Daratumumab in Autoimmune Encephalitis

	Monoclonal Antibodies Targeting IL-6
	Tocilizumab in Autoimmune Encephalitis
	Satralizumab in Autoimmune Encephalitis

	Monoclonal Antibodies Targeting the Neonatal Fc Receptor
	Monoclonal Antibodies Targeting the Complement Cascade
	Conclusion and Future Directions
	Required Author Forms 
	References


