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Abstract

tor encephalitis patients.

Background Anti-N-methyl p-aspartate (NMDA) receptor encephalitis is an autoimmune encephalitis character-

ized by neuronal surface antibodies targeting NMDA receptor in the spinal fluid and serum. After acute disseminated
encephalomyelitis, anti-NMDA receptor encephalitis is the most frequent cause of autoimmune encephalitis. Despite
its clinical significance, the exact prevalence and optimal treatment strategies for this condition remain poorly
understood. This comprehensive review aims to evaluate the therapeutic potential of bortezomib as a novel therapy
for anti-NMDA receptor encephalitis in hopes of mitigating symptoms and improving outcomes for anti-NMDA recep-

Results The disease is primarily triggered by immunoreactivity against the NMDA receptor 1 (NR1). Recurrence
rates are of significant concern in the treatment of anti-NMDA receptor encephalitis, given that a substantial por-
tion of patients are unresponsive to immunosuppressive and immunomodulatory therapies. Thus, the exploration
of alternative therapies is necessary. In recent years, bortezomib, a proteasome inhibitor, has emerged as a potential
therapeutic candidate by inhibiting autoantibody production against NMDA receptor. Bortezomib exerts immuno-
suppressive and immunomodulatory effects by inhibiting the production of autoantibodies against NMDA receptor.
Studies suggest that bortezomib, by inhibiting proteasome activity and altering antigen presentation, can suppress
autoantibody production and immune cell activation, contributing to clinical improvement. However, literature
reviews on the utilization of bortezomib in the context of anti-NMDA receptor encephalitis are still highly limited.

Conclusions Bortezomib presents a promising avenue for intervention. While initial studies suggest its potential
to modify the immune response and alleviate symptoms, further comprehensive investigations are imperative
to establish optimal dosing, usage guidelines, and long-term safety profiles.
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Introduction

Anti-N-methyl p-aspartate (NMDA) receptor encepha-
litis is one of the most common autoimmune encepha-
litis, prompted by immunoreactivity against the NMDA
receptor 1 (NR1) subunit of the NMDA receptor. It is
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defined by the presence of neuronal surface antibodies
designed to attack the NMDA receptor in the spinal fluid
and serum, as well as sudden onset of disease with mul-
tilevel advancement in neuro-psychiatric problems [1, 2].
It was first described in 2007 by Dalmau and colleagues,
who discovered psychiatric and neurologic symptoms in
women with ovarian teratomas [3]. According to epide-
miological research, anti-NMDA receptor encephalitis is
the second most prevalent cause of autoimmune enceph-
alitis following acute disseminated encephalomyelitis
[4]. There are still no estimates of prevalence rates at this
time, but more than 500 cases have been documented [5].
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Although existing statistics indicate that the condition is
more common in adult women and the non-Caucasian
demographic, the disorder has been recorded in both
sexes, numerous races, and across the lifetime [6-8]. In
one study of 100 people with a median age of 23 years,
the projected fatality for anti-NMDA receptor encephali-
tis was 4% [9]. In a recent study conducted by Zhong and
colleagues, it was found that the mortality rates for anti-
NMDA receptor encephalitis stood at 10%, with older
age at onset being a significant risk factor [10]. A study
in China quantified the economic burden of autoimmune
encephalitis, revealing a mean cost per patient of $14,219,
highlighting the substantial impact on healthcare
resources and the economy [11]. Moreover, recurrence
is a major concern in the course of the illness. Relapses
have been documented in 9-23% of patients according to
primary literature cohorts after an initial episode of anti-
NMDA receptor encephalitis [12]. Patients with NMDA
receptor antibody encephalitis have a reduced tolerance
for neuroleptic malignant syndrome, and some psycho-
tropic medicines might exacerbate symptoms [13].

Anti-NMDA receptor encephalitis is a complex dis-
order involving a multiaxial diagnosis. The condition
is often asymptomatic and its initial symptoms are not
specific. The presence of a tumor or viral infection is
the primary cause of anti-NMDA receptor encephalitis.
However, patients usually exhibit behavioral and psy-
chiatric symptoms first before other symptoms. Thus,
a multidisciplinary approach is necessary to accurately
diagnose patients with anti-NMDA receptor encepha-
litis [14]. Different from other psychiatric disorders, the
onset of its psychiatric symptoms is abrupt and there are
both negative and positive symptoms, which are more
prominent in adults. In children, the disorder most fre-
quently is characterized by the presence of seizures or
other movement disorders [15]. It is defined by the pres-
ence of neuronal surface antibodies designed to attack
the NMDA receptor in the spinal fluid and serum, as well
as sudden onset of disease with multilevel advancement
in psychiatric or behavioral shifts, dystonia, epilepsy, ver-
bal disorder, awareness and surveillance interruptions
and sleep—wake cycle disturbance [1, 2].

As one of several ligand-gated non-selective ionotropic
glutamate receptors (iGluRs), NMDA receptors are
essential for the fast control of synaptic plasticity involv-
ing long-term potentiation and depressive moods which
are significant physiological indicators for learning and
memory function [16]. Overactive NMDA receptors have
been related to neurodegenerative diseases such as Alz-
heimer’s, while underactive NMDA receptors may play a
role in the development of schizophrenia. The receptors
have also been linked to a variety of disorders, including
depression and epilepsy [17, 18]. Approximately 20—40%
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of individuals with anti-NMDA receptor encephalitis
may have accompanying malignancies, most often tera-
tomas [19, 20]. As a result, not only has immunotherapy
been utilized to treat anti-NMDA receptor encepha-
litis, but also tumor identification and excision [21].
High-dose corticosteroids, intravenous gamma globu-
lin (IVIg), and serum exchange are among the first-line
immunotherapies. Second-line immunotherapies such as
rituximab and cyclophosphamide have been frequently
utilized [19]. Since individuals without tumors are more
likely to relapse, it is advised to maintain immunosup-
pression until at least a year with medications, such as
mycophenolate mofetil or azathioprine [22, 23]. Delays
in differentiating this condition from a main mental syn-
drome may have catastrophic repercussions with patients
receiving restricted or delayed immunotherapy having
a death rate of up to 25% [24]. Inadequate anti-NMDA
receptor antibody titer reduction has been linked to
therapy resistance. Typically, long-lived plasma cells are
resistant to rituximab and other immunosuppressive and
B-cell-depleting treatments [25, 26]. Individuals with an
aggressive form of the illness may not react to first-line
immunotherapy and thus may need other forms of treat-
ment to complement the therapy [27]. However, there
are no specific therapy recommendations for patients
for whom first- and second-line therapies are unsuccess-
ful [28]. Furthermore, individuals with NMDA receptor
antibody encephalitis could be especially susceptible to
the extrapyramidal adverse effects of antipsychotic drugs,
which might lead to a progression of catatonia or poten-
tially the emergence of neuroleptic malignant syndrome
[29]. Prolonged use of corticosteroids can result in a
number of undesirable side effects, including osteoporo-
sis, infections, and developmental deficits [30].

The current standard of care for anti-NMDA receptor
encephalitis involves immunosuppressive and immu-
nomodulatory therapies, but some patients do not
respond to these treatments [31]. It has been observed
that a considerable proportion of patients do not exhibit
any improvement after receiving the primary mode of
treatment [24]. This emphasizes the necessity for thera-
pies that are tailored to different stages of the disease, as
well as for new controlled and randomized clinical trials.
Bortezomib, a proteasome inhibitor, has emerged as a
potential therapy for anti-NMDA receptor encephalitis,
targeting plasma cells that produce antibodies against
NMDA receptors [32—34]. It works by inhibiting the pro-
teasomal degradation of proteins, leading to the accumu-
lation of abnormal proteins and ultimately, apoptosis of
targeted cells [35]. In the context of anti-NMDA receptor
encephalitis, bortezomib targets plasma cells that pro-
duce autoantibodies against NMDA receptors. By inhib-
iting the production of these autoantibodies, bortezomib
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may prevent or mitigate the symptoms of anti-NMDA
receptor encephalitis [36].

Bortezomib has not been extensively studied in the
context of anti-NMDA receptor encephalitis, and the
current evidence is limited to case reports and small case
series. Therefore, this study represents an important step
toward establishing the efficacy and safety of bortezomib
in this context. This study offers a promising alternative
therapeutic option for these patients, highlighting the
importance of personalized medicine in the management
of anti-NMDA receptor encephalitis. This study thus
sheds light on the pathogenesis of the disease and offers
potential therapeutic targets for future research. In light
of the recent breakthroughs, the authors are inclined to
conduct further investigations into this modality with the
objective of improving the prospects of managing anti-
NMDA receptor encephalitis more efficaciously.

Methods

The methodology employed in this review was a system-
atic literature review. The sources for this review were
obtained through extensive searches of PubMed and Sci-
enceDirect databases, utilizing relevant keywords, such
as “bortezomib’, “Anti-NMDA Receptor Encephalitis’,
and “Neurological Management” The inclusion criteria
for this review were studies that were related to the use
of bortezomib in the management of anti-NMDA recep-
tor encephalitis and were published at least 10 years
prior without language constraints to the completion
of this review. In total, 438 articles were initially identi-
fied through the database searches and after rigorous
screening and evaluation for credibility and reliability,
96 articles were deemed appropriate for inclusion in this
literature review (Fig. 1). The data collected from these
articles was analyzed and synthesized to present a com-
prehensive overview of the current state of knowledge
regarding the use of bortezomib in the management of
anti-NMDA receptor encephalitis.

Pathophysiology of anti-NMDA receptor encephalitis

Two of the most common triggers of anti-NMDA
receptor encephalitis are tumor and post-viral infection
[21]. Tumor tissues are arbitrarily arranged to recapitu-
late or resemble numerous somatic derivations, since
they were generated from human embryonic stem cells
[37]. Therefore, it was thought that tumor components
may include neuroglial cells and neuro-elements, such
as NMDA receptors [38]. The NMDA receptor antigen,
that is expressed on malignancies or that is released by
virally induced neuronal disruption, is either directly
transferred in dissolved form to the nearby lymph
nodes or is ingested by antigen-presenting cells (APCs),
which leads to the production of memory B cells. Naive
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B cells subjected to NMDA receptor is stimulated and
may pass across the blood-brain barrier through the
choroid plexus with the assistance of CD4+ T cells
[39]. Therefore, the anti-tumor reaction linked to auto-
immune encephalitis may be triggered or sustained
by neuroglial tissues [40]. Furthermore, it was discov-
ered that tumors associated with anti-NMDA receptor
encephalitis had an increased number of dysmorphic
nerve cells with irregular cell morphology and large
nuclei compared to those without encephalitis, rais-
ing the possibility that these dysplastic nerve cells
might serve as a source of autoantigens that would
lead to anti-NMDA receptor encephalitis [41]. Follow-
ing their entry into the central nervous system, these
activated B cells proceed through additional activa-
tion, antigen-driven development, and clonal prolifera-
tion before transforming into plasma cells that produce
anti-NMDA receptor antibodies [39, 42]. Anti-NMDA
receptor antibodies attach to both synaptic and extra-
synaptic NMDA receptors. Due to the disruption of the
NMDA receptor and ephrin type B2 (EphB2) receptor
connection, this causes reduced NMDA receptor and
hypoactivity in neurons. However, antibodies may pro-
mote synaptic channel permeability prior to internali-
zation, which may account for the seizures [43, 44].

The tumors and viral pathogens express NMDA recep-
tors on their surface (Fig. 2) [45, 46]. NMDA receptors
antigens are taken up by APCs after apoptosis. Stimu-
lation, maturation, and multiplication of T cells are
induced by the mature dendritic cells’ capture of neural
antigens of NMDA receptors and presentation of anti-
genic components to CD4+ T cells through the major
histocompatibility complex (MHC) class II complex [47,
48]. The subsequent differentiation of B cells into plasma
cells by activated CD4+ T cells led to the production of
immunoglobulin G (IgG) autoantibodies [49]. Autoan-
tibodies subsequently flow in the circulation and pass
across the blood-brain barrier into the cerebrospinal
fluid. The autoantibodies predominantly damage neurons
in the brain’s prefrontal cortex and hippocampus through
antibody-mediated damage [50]. These autoantibodies
attach to the NMDA receptors and cause cross-linking,
which changes the surface dynamics of the receptors and
impairs their ability to communicate with synaptic pro-
teins [51]. The NR1 subunits of synaptic and extrasynap-
tic NMDA receptors are bound by anti-NMDA receptor
antibodies. NMDA receptor and neuronal excitability are
reduced as a result of the disruption of the connection
between the NMDA receptor and the EphB2 receptor
[52]. NMDA receptor density in synapses decreased as a
result of internalization and destruction of NMDA recep-
tors brought on by these antibody-mediated processes
[53].
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Fig. 1 Literature search

Current treatments in anti-NMDA receptor encephalitis

in humans

A vast number of observational studies and case series
reports, including multi-center research, were ana-
lyzed to review the treatments of anti-NMDA receptor
encephalitis [21]. Several immunotherapies used in anti-
NMDA receptor encephalitis are shown in Table 1. Cur-
rently, experts recommend phased immunotherapeutic
treatments for anti-NMDA receptor encephalitis, with
first-line immunotherapy followed by second-line immu-
notherapy if the first therapy’s response is inadequate

[54]. Nevertheless first-line and second-line treatments
are still ineffective for 19-33% of autoimmune encephali-
tis patients, and they continue to experience neurological
and psychiatric issues [24, 33]. Hence, for patients with
refractory autoimmune encephalitis, novel immunother-
apy medicines, also referred to as “third-line therapy,” are
progressively being developed [33].

The first-line immunotherapy for anti-NMDA recep-
tor encephalitis includes high-dose corticosteroids,
IVIg, or plasma exchange (PLEX), either separately or in
combination [55, 56]. Corticosteroids are a type of drug
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Fig. 2 Speculative etiology of anti-NMDA receptor encephalitis associated with tumors or viral infections. Tumors and viruses express NMDA
receptors, leading to antigen uptake by antigen-presenting cells after cell death. Mature dendritic cells activate T cells, which induce B-cell
differentiation into plasma cells, producing IgG autoantibodies. These autoantibodies damage neurons, mainly in the prefrontal cortex

and hippocampus, affecting NMDA receptors. Autoantibodies alter receptor dynamics, impairing synaptic communication. This leads to reduced

NMDA receptor density in synapses and decreased neuronal excitability

Table 1 Immunotherapy used in anti-NMDA receptor encephalitis

Drugs Doses Route Outputs Citation
High-dose corticoster- 30 mg/kg (max 1000 mg, divided into 1-2 doses) % Reduce inflammation and promote anti-inflamma-  [34, 57, 58]
oids (methylpredniso-  for 3-5 days tory effects
lone)
Vig 2 g/kg over 3-5 days (400 mg/kg/day) v produce anti-inflammatory and immunomodula-  [34, 61, 89]
tory effects through multidirectional pathways,
such as autoantibody neutralization, decreasing
seizure frequency in glioma-inactivated 1 (LGI1),
and contactin-associated protein-like 2 (CASPR2)
encephalitis
PLEX 5-7 cycles of 1 session every other day v eliminates autoantibodies and other patho- [34,61]
genic chemicals from plasma, as well as altering
the immune system by changing lymphocyte
numbers and distribution, T-suppressor cell activ-
ity, and T-helper cell phenotypes
Rituximab 375 mg/m? (max 1000 mg) for 4 weeks v eliminates antibody-producing plasma cells, reduc-  [34, 90]
ing circulating anti-NMDA receptor antibody levels
Cyclophosphamide Monthly pulses of 500-1000 mg/m? (max [\ has a high bioavailability in the central nervous [34,61]
1500 mg) for 3-6 months system (CNS) and can cause local immunomodula-
tion and immunosuppression
Tocilizumab 12 mg/kg (if <30 kg) or 8 mg/kg (if>30kg), (max IV Suppressing the effects of pro-inflammatory [21,34,61]

800 mg) given monthly for at least 6 months
or more

cytokine (IL-6) and antibodies by long-lived
plasma cells, inducing better therapeutic effects
in patients

CASPR2 contactin-associated protein-like 2, CNS central nervous system, IL-6 interleukin-6, IV intravenous, /VIG intravenous immunoglobulin, LG/ leucine-rich glioma

inactivated 1, PLEX plasma exchange

with anti-inflammatory properties that act on intracel-
lular glucocorticoid receptors, obstructing the tran-
scription of numerous pro-inflammatory genes that are
activated in chronic inflammatory disorders and also
that encode cytokines, adhesion molecules, chemokines,
inflammatory enzymes, proteins, and receptors [57].
High doses of corticosteroids can stimulate the produc-
tion of anti-inflammatory proteins and cause post-tran-
scriptional or postgenomic effects [57, 58]. High-dose
corticosteroid treatment is classified as 1000 mg/day

of methylprednisolone via intravenous injection for
3-5 days [59]. Large-scale trials confirmed the efficacy
of high-dose corticosteroids; nevertheless, the increased
rate of secondary infection problems after high-dose cor-
ticosteroids were usually overlooked [60]. A recent study
has associated the use of high-dose corticosteroids with
pneumonia, which results in a longer length of hospital
stay (LOS), lower functional outcomes, higher healthcare
expenses, and even mortality [59]. Corticosteroids also
may potentially cause or worsen psychiatric symptoms



de Liyis et al. Egypt J Neurol Psychiatry Neurosurg (2023) 59:169

of anti-NMDA receptor encephalitis, such as insomnia,
depression, agitation, and psychosis, also can be quite
challenging to administered in patients with uncontrolled
hypertension or diabetes [34].

IVIg is a blood product derived from a pool of plasma
collected from over a thousand donors. IVIg produces
antibodies against a wide variety of pathogens and is used
to give passive protection in patients with immunodefi-
ciency [61]. IVIg is frequently the first line of treatment
for patients with medical conditions that exclude the use
of corticosteroids, such as uncontrolled hypertension or
diabetes, also when there is a worry for active infection
[34]. It has anti-inflammatory and immunomodulatory
effects by multidirectional pathways, including autoan-
tibody neutralization, blockage of activating Fc-gamma
receptors (FcyRs) and induction of inhibitory Fc-gamma
receptor IIB (FcyRIIB), suppression of cytokines, comple-
ments, and leukocyte migration [62, 63]. IVIg also has
fewer side effects than corticosteroids, and is frequently
more accessible than PLEX, but in patients with specific
immunoglobulin A (IgA) deficiency is associated with the
risk of experiencing anaphylaxis, but it is quite rare [34].
Finally, PLEX is a non-selective extracorporeal blood
purification process that involves the removal of patient
plasma followed by replacement with another solution
[34]. PLEX is frequently used in conjunction with or after
steroids, rather than as first-line therapy [64]. PLEX can
eliminate autoantibodies and other pathogenic chemicals
from plasma and also affect the immune system by modi-
fying lymphocyte numbers and distribution, T-helper
cell phenotypes, and T-suppressor cell function [65]. The
most common complications from PLEX includes pruri-
tus, urticaria, hypertension, and hypotension. However,
there are some serious complications that can occur, such
as toxic epidermal necrolysis and infection outbreaks, so
the use of PLEX should be considered [66].

The second-line immunotherapy for anti-NMDA
receptor encephalitis include rituximab and cyclophos-
phamide if the first-line immunotherapy’s response is
inadequate [54]. Rituximab is a partially humanized
monoclonal antibody that targets CD20-positive acti-
vated and memory B cells, thus inhibiting the germinal
centre reaction in anti-NMDA receptor encephalitis [34,
63, 67]. Nevertheless, rituximab is unable to target CD20-
negative activated plasma cells, which may prolong the
disease course even when first-line and second-line
immunotherapies are used [63, 68]. Patients receiving
rituximab are more likely to develop infusion reactions
and increase risk of infections, such as upper respiratory
tract infections and urinary tract infections, especially
those with low IgG levels. In addition, it is critical to
screen for chronic/latent infections, including hepatitis
B and tuberculosis prior to starting rituximab, to avoid
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disease reactivation. Cyclophosphamide is an alkylating
substance that inhibits T- and B-cell growth directly [69].
Unlike rituximab, which cannot penetrate the blood—
brain barrier, cyclophosphamide has high bioavailabil-
ity in the central nervous system and may cause local
immunomodulation and immunosuppression. However,
because of the possibility for major adverse effects, such
as myelosuppression, hemorrhagic cystitis, infertility, and
an increased risk of malignancy, it is usually less favored
as second-line immunotherapy in anti-NMDA receptor
encephalitis than rituximab [34].

The third-line immunotherapy for patients with
refractory anti-NMDA receptor encephalitis includes
tocilizumab [33]. Tocilizumab is a humanized anti-inter-
leukin-6 (IL-6) receptor antibody created by grafting
the complementarily determining sections of a mouse
antihuman IL-6 receptor antibody into a human IgG1k
to form a human antibody with a human IL-6 receptor
binding site, as a result, numerous IL-6-mediated bio-
logical functions are inhibited [33]. Tocilizumab also
may give additional benefit by targeting antibodies pro-
duced by long-lived plasma cells that are not immediately
affected by rituximab or cyclophosphamide. However,
tocilizumab can elevate the risk of infection and make
it more difficult to detect an infection by lowering fever
levels and C-reactive protein levels. Therefore, clinicians
must be wary of systemic infection in treated patients,
particularly those receiving numerous immunomodula-
tory drugs [34].

Pharmacokinetics and pharmacodynamics of bortezomib
Pharmacokinetics

Bortezomib is a proteasome inhibitor with a high degree
of selectivity which is derived from dipeptide boronic
acid. Originally, bortezomib was developed for inflam-
mation and cachexia (wasting syndrome) until May 2003
when it became the first anti-cancer proteasome inhibi-
tor that was approved by the Food and Drug Adminis-
tration (FDA) under the trade name Velcade [70]. The
chemical name of bortezomib is [(1R)-3-methyl-1-[[(2S)-
1-oxo-3-phenyl-2-[(pyrazinylcarbonyl)amino]propyl]
amino]butyl] boronic acid and is available for subcutane-
ous and injection usage.

In general, administration dose of bortezomib through
IV or subcutaneous injection is twice weekly for 2 weeks
about 1.0-1.3 mg/m?* with mean maximum concentra-
tion (Cmax) ranging from 57 ng/mL up to 112 ng/mL.
As a potential second-line therapy, early administra-
tion of bortezomib may result in a better outcome as it
allows bortezomib to target the plasma cell before cross-
ing the blood-brain barrier as bortezomib capability to
penetrate into the central nervous system is poor [32].
In case of anti-NMDA receptor encephalitis, where the
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patient’s body no longer expresses the cell surface CD20
antigen, the patient’s body can absorb bortezomib better
by targeting the long-lived plasma cell which mediates
the antibody response itself [32]. Bortezomib distrib-
utes into nearly all tissues, except for the adipose and
brain tissue. Metabolized by hepatic cytochrome P450
(CYP) enzymes, bortezomib’s main metabolic pathway is
through the hepatic oxidative boronation which involves
the removal of boronic acid from the main compound
[71]. Systemic exposure to bortezomib increased by
approximately 60% in patients with moderate or severe
liver impairment, but not increased in normal and mild
symptoms. Thus, it is recommended to reduce the start-
ing dose of bortezomib for patients with moderate or
severe liver impairment about 0.7 mg/m?® during the
first cycle with escalation dose up to 1.0 mg/m? and dose
reduction to 0.5 mg/m? adjusting to patient’s drug toler-
ance [72].

Elimination of bortezomib is mainly done by hepatic
route but can also be done by renal route with a mean
elimination half-life range from 40 to 193 h following a
multiple dosing regimen at a 1.0 mg/m?. While the half-
life for multiple dosing of 1.3 mg/m? bortezomib ranged
from 76 to 108 h. Mean total body clearance of the first
dose of 1.0 mg/m* and 1.3 mg/m?> bortezomib were
102 L/h and 112 L/h. While clearances for the next dose
are 15 L/h and 32 L/h [71].

Pharmacodynamics

The pharmacodynamics of bortezomib is shown in Fig. 3.
Bortezomib primarily inhibits the ubiquitin—proteasome
system and nuclear factor-kappa B pathway (NF-kB),
leading to plasma cell and activated T-cell apoptosis and
the depletion of plasma blast precursors in the bone mar-
row (30%) [73, 74]. Plasma cell-mediated and antibody-
mediated mechanisms are considered to be the cause
of anti-NMDA receptor encephalitis in which NMDA
receptor antibodies cause disease by internalizing NMDA
receptor into neurons [42, 75]. However, postmortem
studies revealed that NMDA receptor antibodies are not
only produced in the periphery, but resident plasma cells
in the perivascular, interstitial, and Virchow—Robin zones
in the brain also produce NMDA receptor antibodies [75,
76].

Based on the pharmacodynamics, bortezomib works by
blocking the activity of the 26S proteasome in the ubiqui-
tin—proteasome system, which is responsible for the deg-
radation of proteins within cells [73, 77, 78]. Inhibition
of the proteasome leads to an accumulation of misfolded
or damaged proteins within the cells, which can cause
apoptosis in cells and affecting the NF-kB, a transcrip-
tion factor that regulates the expression of genes related
to immune function and inflammation. It influence
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immunological response by encouraging the apoptosis
of autoreactive B cells and decreasing the activation and
proliferation of T cells. Hence, reducing the release of
pro-inflammatory cytokines results in anti-inflammatory
effects [73, 79]. Recent studies have suggested that bort-
ezomib may alter the immune response by decreasing
the production of pro-inflammatory cytokines, such as
IL-6 and tumor necrosis factor-alpha (TNF-«), as well as
boosting the production of anti-inflammatory cytokines,
such as interleukin-10 (IL-10), as a result of the suppres-
sion of the NF-kB pathway [80, 81]. Bortezomib also
increases regulatory T-cell activity, which is essential
for preserving immunological tolerance and preventing
autoimmune disorders. As a result, it will lead to the sup-
pression of the autoimmune response [81].

Efficacy of bortezomib in anti-NMDA receptor encephalitis
Several in vivo studies of bortezomib in anti-NMDA
receptor encephalitis are shown in Table 2. As anti-
NMDA receptor encephalitis is mediated by humoral
immunity, treatment targeting B cells and plasma cells
are the best option treatment. Usage of rituximab as
second-line therapy is suggested before administering
bortezomib to counter the CD20 surface antigen which
is expressed on B cells. Protracted clinical course of anti-
NMDA receptor encephalitis is due to antibody pro-
duction by long-lived plasma cells. Bortezomib acts as
a blocker in the activation of anti-apoptotic NF-kB and
activates the terminal unfolded protein response leading
to apoptosis which is associated with significant deple-
tion of long-lived plasma cells in peripheral blood and
bone marrow [82]. A combination of rituximab and bort-
ezomib shows good results in reducing the production of
pathogenic antibodies by reducing the proliferation and
differentiation of B cells and plasma cells [82, 83].

For refractory cases of anti-NMDA receptor encepha-
litis, bortezomib is suggested as it has the ability to tar-
get the long-lived plasma cells which cannot be targeted
by rituximab and is resistant to antiproliferative agents,
such as cyclophosphamide. According to research, a
review of bortezomib’s efficacy in anti-NMDA recep-
tor encephalitis patients shows 16 patients (55.2%) of 29
patients had good outcomes. Several side effects were
reported in 37.9% of the patients, including hematologi-
cal problems, infectious, gastrointestinal, neuropathy,
and elevated liver enzymes [84]. Bortezomib has been
proven to reduce serum anti-NMDA receptor antibodies
titer by about 85.7% which shows that bortezomib has a
role in reducing the production of peripheral antibodies
[84]. Another study also shows bortezomib treatment on
anti-NMDA receptor encephalitis patients shows clinical
improvement accompanied by reduction of anti-NMDA
receptor antibodies titer in 4 of 5 patients [75].
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Fig. 3 Pharmacodynamics of bortezomib in anti-NMDA receptor encephalitis. Bortezomib primarily inhibits the ubiquitin—proteasome system

and the NF-kB pathway, promoting apoptosis in plasma cells and activated T cells. By blocking the 26S proteasome activity, it prevents protein
degradation, leading to apoptosis and affecting NF-kB. This influences the immune response by reducing autoreactive B cells and suppressing
T-cell activation and proliferation, decreasing pro-inflammatory cytokines such as IL-6 and TNF-a while increasing anti-inflammatory cytokines such
as IL-10. In addition, Bortezomib enhances regulatory T-cell activity, preserving immunological tolerance and suppressing autoimmune responses

In a case report of a patient with anti-NMDA receptor
encephalitis, despite receiving PLEX, rituximab, cyclo-
phosphamide, and high-dose corticosteroids, no clinical
improvement was observed. However, the administration
of bortezomib was well-tolerated and led to a marked
remission in the patient’s condition [85]. In Walden-
strom’s Macroglobulinemia patients, the addition of bort-
ezomib to the standard optimal treatment resulted in an

increase in progression-free survival to 80.6% and an ele-
vated response rate [86]. Furthermore, in a study involv-
ing multiple myeloma patients that compared carfilzomib
and bortezomib, the bortezomib group exhibited lower
mortality rates related to adverse events, anemia, and
hypertension [87]. The intervention involving Bort-
ezomib led to improved progression-free survival and
event-free survival, with a trend toward improved overall
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Table 2 In vivo studies of bortezomib

Dose Administration method Duration Findings Citation

13 mg/m? Subcutaneous injection  Ondays 1,4,8,and 11 Deficits of clinical features (including ataxia [85]
and dysarthria) and decreased serum anti-NMDA
receptor antibody titers, with no adverse effect

13 mg/m2 Subcutaneous injection  Ondays 1,4, 14, 25 Fast improvement on neurological deficits [91]
and decreased serum anti-NMDA receptor
antibody titers

13 mg/m? Subcutaneous injection 4 doses repeated weekly from day 147 Remarkable improvement on neurological [83]
deficits, regained sufficient respiratory function,
and spontaneous eye opening

1.3 mg/m? Intravenous injection Two cycles 4 doses every 3 days Progressive improvement in consciousness, [92]
clinical improvement with resolution of the sta-
tus epilepticus, and persistent negative serum
anti-NMDA receptor antibody titers

13 mg/m? Subcutaneous injection  On days 40, 43,47, and 50 Remarkable recovery with no drug tolerability [32]
issues and decreased serum anti-NMDA receptor
antibody titers

13 mg/m? Subcutaneous injection  Ondays 1,4, 8,and 11 followed with 10 day rest  Significant improvement in cognitive function; [93]

before the second cycle disappearance of symptoms, including seizures,

hallucinations, and involuntary movement;
and declined serum anti-NMDA receptor anti-
body titers with no side effects found

13 mg/m? Subcutaneous injection  Ondays 1,4,8,and 11 of a 21 day cycle for three  Significant neurological recovery and repeated [94]

cycles negative results of serum anti-NMDA receptor

antibody titers

13 mg/m? Subcutaneous injection  Five doses Clinical improvement, including improvement [94]
in daily activities and reduced level of serum anti-
NMDA receptor antibody titers

13 mg/m? Intravenous injection Ondays 1,4, 8,and 11 for four cycles Significant decreased of serum anti-NMDA [95]
receptor antibody titers, moderate dysarthria,
and progressive consciousness

1.3 mg/m? Intravenous injection Ondays 1,4,8,and 11 of a 21 day cycle for five Improvement in daily activities and reduced level [96]

and subcutaneous cycles IVand SC on the sixth cycle of serum anti-NMDA receptor antibody titers
injection
13 mg/m? Subcutaneous injection  Six cycles in 4 months Gradual improvement in autonomic function [82]

and oro-lingual-facial dyskinesias and improve-
ment in daily activities

NMDA N-methyl-p-aspartate

survival compared to interventions that did not include
bortezomib. These associations were primarily driven by
improved outcomes for high-risk patients [88].

Conclusions

This comprehensive review underscores bortezomib’s
therapeutic potential for anti-NMDA receptor encepha-
litis, showing notable benefits, such as reduced antibody
titers, improved neurology, and enhanced autonomic
function. Early administration is vital due to its blood—
brain barrier limitations. However, limited long-term
studies warrant further diverse research for a deeper
understanding and validation of bortezomib’s role in
managing this condition.
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