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Abstract

Stiff person syndrome spectrum disorders (SPSD) are a group of rare neuroimmunological
disorders that often include painful spasms and rigidity. However, patients have highly
heterogeneous signs and symptoms which may reflect different mechanistic disease processes.
Understanding subsets of patients based on clinical phenotype may be important for prognosis

and guiding treatment. The goal of this review is to provide updates on SPSD and its expanding
clinical spectrum, prognostic markers, and treatment considerations. Further, we describe the
current understanding in immunopathogenesis and highlight gaps in our knowledge appropriate for
future research directions. Examples of revised diagnostic criteria for SPSD based on phenotype
are also presented.
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1. Introduction

Stiff person syndrome (SPS) is a rare neuroimmunological disorder that is associated with
multiple symptoms and varying levels of disability. SPS is highly heterogeneous and a
broad spectrum of signs and symptoms are captured under the umbrella of SPS spectrum
disorders (SPSD). Indeed, multiple phenotypes of SPSD exist, which may have different
immune underpinnings. Importantly, a general lack of awareness and familiarity with the
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various clinical phenotypes results in people with SPS being misdiagnosed early on in their
disease course. Moreover, increasing the diagnostic challenge is that many patients may not
exhibit objective findings on examination early in their disease course, which may result

in incomplete work ups and delayed diagnoses. This is important, as delayed diagnoses

can negatively impact an individual’s quality of life and may impact the development of
future disability. This review article will describe important updates in SPSD including

the expanding clinical spectrum of SPSD with considerations around updating diagnostic
criteria by SPS phenotype, prognostic markers, suspected immunopathogenesis, treatment
considerations, and proposes future research directions.

2. Expanding clinical spectrum of SPSD

The original descriptions of SPS date back to 1956 and are attributed to Moersch and
Woltman. They identified 14 cases who were seen at the Mayo Clinic over a 30-year
time span. The clinical features of these patients included painful spasms, rigidity, and
hyperlordosis. The body regions involved in these patients fit best under the classic
phenotype of SPS 1. Since the original description, additional phenotypes have been
identified including partial SPS, in which symptoms are limited to extremities and often
only one limb (stiff limb syndrome) or to the torso, SPS-plus, in which classic SPS
symptoms exist in combination with cerebellar and/or brainstem findings, pure cerebellar
ataxia (CA), in which musculoskeletal symptoms and signs are lacking, and progressive
encephalomyelitis with rigidity and myoclonus (PERM) 2-4. Currently, there are varying
opinions on how some phenotypes should be described or designated. For example, some
experts do not consider PERM as a separate phenotype and include it under the SPS-plus
phenotype. Also, some physicians do not include the pure cerebellar phenotype under
SPSD and instead consider it as a separate autoantibody associated condition. Moreover,
there are some patients who do not fit perfectly into the individual phenotypes and are
considered to have an overlapping syndrome, for example patients with classic SPS with
epilepsy or limbic encephalitis °. Regardless of the nuances between the varying conditions
and phenotypes, they are often associated with similar autoantigens (e.g., antibodies to
the glutamic acid decarboxylase 65-kilodalton isoform (GAD65)- see Immune Specificities
in SPS section below) and are treated with a combination of non-pharmacological and
pharmacological interventions.

In clinical practice, the classic phenotype is the most commonly encountered, and accounts
for approximately 70% of patients, followed by SPS-plus, which accounts for between 12—
30% of patients 28, The majority (~95%) of patients with SPSD have non-paraneoplastic
disease etiology. However, a variety of malignancies have been associated with SPSD
including breast cancer, small cell lung cancer, lymphoma, and thymoma 6.7. It is therefore
important to consider a paraneoplastic process in individuals that present within five years
from symptom onset and who are of older age 8.

Overall, the majority of people affected with SPSD are middle-aged Caucasian women.
However, similar to other immune related conditions, SPSD does occur in patients with
diverse backgrounds and can occur across the age spectrum 257912 Multiple studies,
including those conducted by The National Organization for Rare Diseases and a large case
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series, report that due to the rarity of this disease and its varied presentations most patients
wait several years for a diagnosis. Moreover, the delay in diagnosis occurs for both pediatric
and adult onset SPSD 69, Obtaining a definitive diagnosis of SPSD remains challenging and
relies on multiple factors since there is no gold standard test or sole clinical marker. This is
especially true when we consider the various phenotypes within SPSD and conditions that
may mimic SPSD 3413, As highlighted above, there are a significant portion of people with
SPSD who present with symptoms or signs on exam outside of the musculoskeletal system
that localize to the cerebellum, brainstem, spinal cord, or cortices. Indeed, the symptoms
experienced by the patient depend on the clinical phenotype which might provide prognostic
markers for future disability (see Prognostic Markers section below). Additionally, most
patients will co-present with or develop a systemic co-morbidity such as thyroid disorders,
diabetes mellitus, and pernicious anemia. Further, patients often have co-existing psychiatric
conditions. For example, anxiety appears intrinsic to SPSD 2:6.7:12 Hence, it is important
for clinicians to be aware of these associations in order to periodically monitor for the
development of these medical co-morbidities and to treat mood related conditions that are
impacting quality of life.

A few recent studies underscore the expanding spectrum of SPSD. A case series of

eight, primarily older male patients, demonstrate that early prominent vestibular and

ocular motor (VOM) dysfunction can occur in SPSD. The patients in this study initially
presented to multiple non-neurology subspecialists with dizziness and diplopia. All patients
were ultimately deemed to have an SPS-plus or CA phenotype, which was diagnosed
approximately six years after the onset of their initial symptom(s). The majority of the
cohort had extremely high serum anti-GADGB5 antibody titers and almost two-thirds had

the presence of anti-GADG5 antibodies within their cerebrospinal fluid (CSF). Interestingly,
common clinical exam features suggestive of early cerebellar or brainstem involvement
included spontaneous down beat nystagmus, with or without fixation, and saccadic smooth
pursuit. The patients experienced both symptomatic and functional improvement after
starting a combination of immune and symptomatic therapies 14. In a different study, it

was shown that the anterior visual system could be affected by SPSD. The authors were
interested in assessing this region of the body since the retina is an area that is highly
enriched with -y-aminobutyric acid (GABA)-ergic (GABAergic) neurons and clinically
some SPSD patients report severe photosensitivity, which is thought to be a symptom

that localizes to the retina. In this study, optical coherence tomography (OCT) was used

to assess for differences in retinal layer thicknesses between healthy controls (HCs) and
patients with SPSD. Further, in a subgroup of these participants, visual acuity measures
were obtained to assess functional visual outcomes. Interestingly, SPSD patients did have
thinning of their retinal layers along with impaired visual acuity when compared to

HCs. Moreover, ganglion cell-inner plexiform layer thickness correlated with number of
body regions involved. A marked decrease of 1.25 um (95% confidence interval, -2.2 to
-0.3 um; p = 0.008) per additional body region affected was detected in patients with
SPSD even when adjusting for age, sex, diabetes history, disease duration, and history of
immunomodulatory therapy 1°. Another study in a large cohort (>200) of patients with
SPSD demonstrated that approximately a quarter of patients experience gastrointestinal (Gl)
dysfunction, most commonly including dysphagia and constipation. However, greater than
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50% of patients who underwent motility testing demonstrated objective evidence of upper,
lower, or diffuse GI dysmotility 16. Additionally, in a recent study, Chan and colleagues
described detailed cognitive and mood profiles in a subgroup of people with SPSD. Sixty-
six out 205 patients with SPSD reported cognitive symptoms (32%) in their cohort, of

which 20 underwent detailed cognitive testing 17. The most common cognitive domains
affected in these individuals included verbal fluency/recall, processing speed, and attention.
The cognitive dysfunction was felt to be multifactorial since many of these patients had
co-existing mood disorders and/or were on medications that could impact cognitive function.
However, despite these confounding factors, the authors suggested that cognitive deficits and
mood changes could be intrinsic to SPSD since reduced GABA levels have been associated
with cognitive dysfunction, anxiety, and depression in other diseases.

The diffuse regions of involvement with SPSD is not entirely unexpected when one
considers the ubiquitous presence of GABAergic neurons throughout the nervous system.
However, the complexity of this syndrome has resulted in challenges in recognizing the full
spectrum of symptoms and signs on exam, especially when physicians are less familiar or
unaware of SPSD. The different presentations and phenotypes could be further delineated
within diagnostic criteria which may simplify diagnosis. This approach has been successful
with other diseases such as multiple sclerosis, neuromyelitis optica spectrum disorder,

and myelin oligodendrocyte glycoprotein antibody disorders. Delineating these phenotypes
quickly is important for patients since there is emerging evidence showing that disease
burden, treatment response, and future prognosis may differ between SPSD phenotypes
12,18 Examples of revised diagnostic criteria based on SPS phenotype are represented in
Table 1. Prior criteria focused on the classic SPS phenotype and now need updating since
there are multiple phenotypes within SPSD that have unique features and possibly different
long-term outcomes. The clinical and paraclinical markers (e.g., high-titer anti-GAD65
antibody) within the individual criteria are being used in clinical practice for diagnosis.
However, it is unclear what marker(s) are the most sensitive and/or specific for helping

aid in the diagnosis of each phenotype. Moreover, these data would help experts develop
consensus guidelines around diagnostic criteria and are currently not available and beyond
the scope of this review.

3. Prognostic markers in SPS

There is a lack of established clinical or paraclinical markers for SPSD that correlate

with disease burden or long-term prognosis. Traditionally, the presence of a high-titer
autoantibodies targeting GADG65 or amphiphysin, has helped aid in the diagnosis of SPS.
However, previous studies demonstrated that there was no correlation between antibody
titers and disease severity 1°. Further, due to the rarity of SPSD and its heterogeneous
clinical presentations, it remains unclear if specific phenotypes, the presence of certain
symptoms or signs, or the presence of particular immune markers are associated with greater
disability or have any predictive value.

A few recent studies that have included larger cohorts of patients with SPSD are providing
important insights into which factors may account for a greater disease burden and worse
outcomes. In a cohort of 212 patients with high-titer anti-GADG65 associated disorders,
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Budrahm and colleagues showed that the presence of either cerebellar ataxia, an initial

visit disease burden with an modified Rankin Scale (mRS) score over two, or serum
GADG5 antibody titers >500 nmol/L were independent predictors of a poorer outcome over
time 12, Similarly, Mukaresh and colleagues reported in approximately 200 patients with
SPSD that brainstem and/or cerebellar symptoms and those with SPS-plus/pure cerebellar
phenotypes have greater disability at presentation compared to those with classic or stiff
limb phenotypes. The authors further concluded that the early involvement of these regions
and that these specific disease phenotypes are clinical markers of higher disease burden and
may warrant starting an immune therapy earlier in the disease course 18. In addition to the
insights into disease phenotype, immune specificities may also be prognostic. In a study of
121 patients with SPSD Martinez-Hernandez and colleagues found that that patients with

GADG5 antibodies had worse outcomes compared to those with glycine receptor antibodies
2

4. Update on treatment considerations in SPSD

A detailed review of all symptomatic and immune therapies is beyond the scope of

this review; hence, this section will mainly focus on general therapeutic considerations

and recent studies of interest. The treatment of SPSD is multifaceted and usually

requires a combination of pharmacological (symptomatic and immune therapies) and non-
pharmacological interventions. The number and type of therapies depends on the individual,
however, most patients will require GABA-ergic agonist symptomatic treatments and many
will need immune based treatments.

Benzodiazepines have been the cornerstone of symptomatic therapies in SPSD given

their main mechanism of action, enhancing GABAergic pathways, and observed positive
treatment response. The first report of diazepam being used in SPSD dates back to

1963 and it continues to be one of the more common GABA-ergic agonists prescribed
20.21 In clinical practice, patients with SPSD often require at least 20 to 30 mgs of
diazepam monotherapy or in combination with other symptomatic therapies (clonazepam,
baclofen, tizanidine, botulinum toxin, etc.) 22, Non-pharmacological interventions are also
key to the multipronged approach to treating SPS and could include selective physical
therapy (stretching, ultrasound, gait, and balance training), heat therapy, aqua therapy, deep
tissue massage/myofascial techniques, osteopathic/chiropractic manipulation, acupuncture,
acupressure, etc 2. Similar to pharmacotherapies, these therapies vary based on patient
needs, SPS phenotype, treatment response and tolerability to the intervention(s).

There are certain classes of symptomatic medications that are not recommended for patients
with SPSD including opioids and any medication that has norepinephrine reuptake inhibitors
(NRIs) within their mechanism of action (MOA). The combination of opioids and any
centrally-acting muscle relaxer (e.g., benzodiazepines, baclofen, tizanidine, methocarbamol,
etc.) may result in severe respiratory depression. Tricyclic antidepressants and duloxetine,
both of which have NRI as part of their MOA, were observed to have temporal worsening

in SPS symptoms when starting the therapy and/or upon medication dosage increase 2324,
Baclofen pumps have been used in patients with SPSD with refractory spasticity, although,
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malfunctioning pumps have been associated with severe drug withdrawal and death 25.
Therefore, it is recommended to avoid baclofen pumps.

If a patient is experiencing increased symptoms and burden of disease despite symptomatic
interventions, then immune therapies should be considered (Table 2). There is limited data
on which subgroups of patients would benefit from immune modulatory therapies earlier

in diseases course and the optimal timing to initiate these therapies also remains unclear.
These data are urgently needed in order to help identify the most appropriate candidate(s)
for immune based therapies. A recent study attempted to address this issue by assessing

if the burden of disease increased early in disease course in patients with SPSD, primarily
including those with the classic phenotype 26, In this study, 32 patients that were immune
treatment naive were examined every six months over a two-year time period. As compared
to their baseline, patients were found to have an increased number of body regions that
become stiff (4.15 vs. 3.25; p < 0.0001), along with increased fall frequency, and impaired
ability to ambulate. In addition, the majority of patients experienced limitations with their
ability to work by the end of the study time period. The authors suggests that SPS could be a
progressive disease and that starting immune therapies as early as possible may be beneficial
to patients 26, Further studies are needed to confirm that early immune interventions may
alter disease progression.

Once it is determined that a patient requires an immune therapy, intravenous
immunoglobulin (1VIG) is often the initial treatment. IVIG was shown in a randomized,
placebo controlled cross over study to be effective in treating SPS 27. A total of 16 patients
with SPS were enrolled in this eight-month study and during the months of receiving

high dose IVIG treatment (2 grams/kilogram over two consecutive days), participants were
noted to have improvements in their stiffness, spasms, and sensitivity to stimuli (e.g.,
noise-induced spasms, stress-induced spasms, etc.). Moreover, participants had increased
mobility and decreased falls while on IVIG and importantly, improved ability to perform
activities of daily living. The durability of the IVIG treatment effect varied from several
weeks to up to a year 27. In clinical practice, there are different I\VIG treatment protocols
used, which are based on medication tolerability, treatment response, and perceived loss of
effect. In line with the SPS IVIG treatment trial, we have observed that high dose IVIG
appears to provide a more robust treatment response than lower dose treatment protocols.
Hence, patients may benefit by being maintained on high dose IVIG (total collective dose of
2 grams/kilogram) throughout the duration of their IVIG treatment. However, IVIG dosing
and frequency of administration should be tailored over time based on patient response and
safety related concerns (e.g., infusion reactions, risk of thrombosis, renal dysfunction, and
aseptic meningitis).

Subcutaneous immunoglobulin (SCIG) is another potential treatment option for SPSD.

A recent case series demonstrated that patients with SPS who did not tolerate 1VIG,
successfully transitioned to SCIG 28, Importantly, patients’ symptoms remained stable
during medication transition and beyond. Most patients in this case series tolerated SCIG
well, but one patient discontinued SCIG due to worsening respiratory distress with ongoing
treatment 28, However, this patient had a long-standing history of reactive airway disease
and a suspected bronchospasm episode with 1VIG, therefore this response may not be

J Neuroimmunol. Author manuscript; available in PMC 2023 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Newsome and Johnson Page 7

specific to SCIG. Other limiting factors for SCIG could include injection site reactions and
difficulty with achieving the equivalent IVIG dose.

Therapeutic plasma exchange (TPE) has been used to treat a multitude of
neuroimmunological disorders including SPS. While there are no randomized studies with
TPE, it has shown to be effective for some patients with SPSD 2930, TPE is often

reserved for treating patients in acute crises and when patients are having subtherapeutic
treatment responses to first-line therapies (e.g., symptomatic and IVIG). TPE catheter
associated complications, along with hemodynamic effects and logistical issues, have
limited enthusiasm for more regular TPE treatments. However, a small proportion of patients
will use TPE as a maintenance treatment in parallel with other therapies. This could become
more common with the successful implementation of outpatient administration of TPE.

If patients do not respond favorably to the above interventions, it is appropriate to consider
escalating to a stronger immunotherapy. Rituximab has been used in this setting since
B-cells are thought to play some role in the pathogenesis and/or propagation of SPS 31,
Dalakas and colleagues recently published the results of a randomized, double-blinded,
placebo-controlled trial assessing rituximab in SPS 32. Twenty-four patients with SPS
enrolled in this six-month trial and were randomized to placebo or rituximab ina 1:1
fashion. The rituximab treated group received one treatment course at baseline with no
further drug administered throughout the study. This study did not meet its primary
endpoint of improvements in stiffness index score, nor did it demonstrate statistically
significant differences in other outcome measures assessed between groups 32. However,
there were a subset of patients with a more severe burden of disease that appeared

to have meaningful clinical improvements due to rituximab. This suggests that patients

who have experienced a subtherapeutic response to other treatments (e.g., IVIG and
GABAergic agonists) could potentially benefit from rituximab 32. This preliminary study
had important limitations including a small sample size, a strong placebo effect, and the
noted heterogeneous response to treatment. Moreover, the duration of the study was only six
months and study participants received only one treatment course of rituximab. Most chronic
neuroimmunological conditions require longer treatment durations to see the maximum
benefit of immune therapies. An independent study confirms that some patients with

SPSD will benefit from rituximab 33. In this study, patients were given at least two years

of consecutive treatment) and wereconsidered to have improvement if they experienced
subjective or objective improvement in any of the cardinal signs or symptoms of SPS (e.g.,
spasms, rigidity, gait function) or improvement in walking speed (>20% change in the timed
25-foot walk test). Again, the clinical outcomes were heterogeneous and some patients
continued to worsen clinically despite receiving rituximab. The patients who had the most
robust response to rituximab were younger in age, had shorter disease duration, and were
able to walk independently at baseline 33. However, conclusions are limited as this study
was not a randomized, placebo-controlled trial. Collectively, these studies suggest that some
patients do respond to rituximab, although predicting which patients will is not currently
possible. Further, it remains unclear if non-responders to rituximab may benefit from a
broader B-cell depletion or therapies directed towards different parts of the immune system,
such as T-cells.
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Autologous hematopoietic stem cell transplantation (auto-HSCT) has also been attempted in
SPS. Auto-HSCT has been used in other autoimmune conditions such as multiple sclerosis,
neuromyelitis optica, myasthenia gravis, and systemic sclerosis with varying successes 34.
Hence, it has been postulated that auto-HSCT might help patients with SPS. Individual

case reports and case series have documented that auto-HSCT can be well-tolerated and
helpful for some patients with refractory SPS 3536, A recently published open-label study
including 23 participants with SPS demonstrated that a subgroup of patients with mostly
intermittent symptoms responded to auto-HSCT. A major inclusion criteria for this study
was being dependent or intolerant of benzodiazepines and 1VVIG. The patients who had
intermittent spasms, absence of limb rigidity, lack of hyperreflexia, presence of GAD65
antibodies in the CSF, and unremarkable EMGs seemed to respond to auto-HSCT. Less
than half of these responders reportedly stayed in remission for more than a few years and
those participants who were deemed responders continued to have symptoms (e.g., stiffness)
and some continued to require GABAergic agonist therapies. As the aim of this treatment

is to restore immunologic tolerance through intense lymphodepleting conditioning, patients
pre-HSCT transplant regimens included immunosuppressant therapies that are used to treat
people with SPS. Therefore, it is difficult to attribute the clinical improvement to the auto-
HSCT and not to the immune suppressive therapies themselves. One patient in these reports
died a year after their transplant although the death was reported to be secondary to SPS
disease related progression 37. Nonetheless, caution is urged with this treatment intervention
for patients with SPSD because of the lack of persistent and definitive clinical benefit and
the risk of development of serious adverse immunological events 38-40,

While immunomodulatory therapies are beneficial to patients with SPSD, the optimal
timing of initiation of these therapies remains unclear. Studies are needed to determine

if a proactive treatment approach, initiated shortly after initial symptom onset, results in
better outcomes as compared to a reactive treatment approach, in which immune therapies
are initiated only after a worsening of symptoms and disease burden despite attempted
symptomatic interventions. In other neuroimmunological conditions, for example MS,
starting immune therapies as early as possible appears to help prevent future disability 4.

A preliminary study by Reyes-Mantilla and colleagues, suggest that there may be subgroups
of patients with SPSD that benefit from commencing immunotherapy earlier in their disease
course. In this study, 159 patients with SPSD received some type of immunotherapy of
which 99 patients were followed for more than 18 months, with a median follow-up of 44
months 42. Over 95% of patients in this cohort received 1VIG as their first-line immune
therapy. The patients who started an immune therapy later than 60 months after symptom
onset appeared to have a higher disease burden as compared to those who initiated therapy
earlier in disease course 42, However, this study was not able to elucidate if early immune
intervention would benefit all patients with SPSD or if early intervention should be tailored
to certain subgroups of patients, such as those with SPS-plus or a pure cerebellar phenotype.
What is clear is that many people with SPSD will require an immune therapy at some point
and more studies are needed to better understand the optimal treatment approaches in SPSD.
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Immune specificities associated with SPSD

Several autoantigens are associated with SPSD (Table 3). The majority of patients have
antibodies to GADG65, but other autoantigens have also been described in subsets of patients.
Some of these immune specificities associate with a distinctive phenotype or other disease
process. For example, antibodies to the glycine receptor are often found in patients with

the PERM phenotype 4344 whereas antibodies to GADS65 are typically associated with

the classic SPS phenotype. Some autoantibodies present in patients with SPS are strongly
associated with cancers, such as antibodies to amphiphysin 4246, 47, The different immune
specificities may indicate distinct underlying disease mechanisms and underpinnings which
could account for some of the variations in clinical phenotype. Conceptually, it is thought
that immune responses in SPSD target inhibitory interneurons and their pathways, albeit
through different mechanisms (Figure 1).

The main inhibitory signals in the CNS are y-aminobutyric acid (GABA) and glycine
(recently reviewed in 48). These neurotransmitters are released by inhibitory interneurons,
which are a diverse group of neurons that collectively represent approximately 10-20% of
neurons in the CNS (recently reviewed in 4°). These nerve cells are important in shaping
and modulating neural circuits and alterations in inhibitory interneuron functions have been
implicated in epilepsy °0, Alzheimer’s disease ®1, and in developmental disorders such as
autism 52, Glycine and GABA activate their respective ion channels, the glycine receptor
and GABA receptors, which allows for an influx of chloride ions into the cell thereby
inducing hyperpolarization of the postsynaptic neurons and raising the threshold for firing
of an action potential 48:53, This inhibition is critical for appropriate CNS development and
overall function 4954,

The immune specificities defined in SPSD demonstrate that these immune responses are
targeting inhibitory interneurons (Figure 1). GAD65, which is the most common immune
specificity associated with SPSD 24.647.55 s the rate limiting enzyme in the synthesis

of GABA. GADG5 is expressed in the CNS as well as in the p-cells of the pancreas

and GADSS5 is also an autoantigen in patients with type 1 diabetes mellitus 6, which

often co-occurs with SPSD. Although patients have antibodies to GAD65, these antibodies
do not appear to be directly pathogenic. Antibodies to GADGE5 are not internalized by
neurons, and therefore do not engage with the intracellular antigen 7. Further, antibody
titers to GADG65 have traditionally not correlated with clinical disease 26, although recent
data may suggest some association with burden of disease 1215, However, GAD65 specific
antibodies do recognize linear epitopes 7 and therefore suggest a robust T cell response to
GADG5 (Figure 1A). Memory T cells recognizing GADG65 peptides could therefore enter the
CNS and mount effector responses against GAD65 expressing neurons 8. Supporting this,
GADG5 specific T cells have been isolated from the CSF of patients with SPS 5. Further,
post-mortem studies in patients with SPS and GAD65 immune specificities have revealed
decreases in GABA expressing interneurons in the cerebellum 9 as well as infiltrating
CD8+ T cells 9. It is important to note that GAD65 autoimmune responses can occur with
other immune specificities °° and that multiple mechanisms of immune-mediated damage,
driven by multiple immune specificities, can exist within the same patient.
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Pathogenic autoantibodies do exist in association with other immune specificities found

in patients with SPSD. These antibodies result in disruption of inhibitory interneuron
functioning through diverse mechanisms including internalization of proteins from the
membrane, inducing alterations in receptor functioning, and modulating synaptic vesicle
trafficking (Figure 1). For example, antibodies against the glycine receptor from patients
with SPS disrupt receptor trafficking and functioning. Binding of these antibodies results
in the internalization of the glycine receptor in vitro 81:62 and in vivo %3, although
continued expression of the glycine receptor on the membrane surface was detected despite
internalization of the antibody-associated receptor. Additional /n vivo studies utilizing
zebra fish revealed altered glycine receptor functioning in the presence of glycine receptor
antibodies from patients despite membrane expression of the receptor 4.

GABA receptors are also an immunologic target in SPS ©° and antibodies to GABA4 share
a similar pathogenic mechanism as glycine receptor antibodies. Autoantibodies to subunits
of GABA receptors from patients with encephalitis cause decrease membrane expression
of GABA, receptor 56 which in turn decreases inhibitory neuronal signaling resulting in
increased neuronal excitation. Other proteins associated with GABA receptors are also
targets of immune responses in SPS. These immune specificities include GABA receptor-
associated protein (GABARAP) 87 which helps to guide the intracellular trafficking of
GABA receptors %8, and gephyrin which interacts with both GABA receptors and
glycine receptors 9. Although the pathogenic mechanism of gephyrin antibodies has not
been elucidated, antibodies against GABARAP from patients with SPS decrease membrane
expression of GABA receptors 7 vitro 7.

Autoantibodies against dipeptidyl-peptidase-like protein-6 (DPPX) also result in decreased
expression of DPPX and the Kv4.2 potassium channel, of which DPPX is a cell surface
auxiliary subunit of 79, on neuronal membranes 1. The Kv4.2 potassium channel is an A-
type channel 72, and the decrease of the Kv4.2 potassium channel results in hyperexcitability
of neurons 7173 which may lead to neurotoxicity and loss of neurons in patients (Figure
1C). Although associated with SPS in the literature the clinical syndrome has differences as
compared to SPSD. A case report of a patient with DPPX-antibody associated encephalitis
revealed infiltrating T cells and neuronal loss in the CA4 and CA3 regions of the
hippocampus 7. However, in patients with DPPX antibodies, immune modulatory therapies
do improve outcomes and membrane expression of DPPX and Kv4.2 reestablish after
removal of DPPX antibodies 776, More data are required to determine if this immune
response is associated with SPSD.

Amphiphysin, a member of the Bin/Amphiphysin/Rvs (BAR)-domain containing proteins, is
an important regulator of clathrin-coated synaptic vesicles /7 and is also an immune target in
patients with SPS 78. Loss of amphiphysin in murine models results in reductions in synaptic
vesicle recycling 7 and antibodies to amphiphysin from patients with SPS cause SPS like
symptoms in a rat model 8%. Amphiphysin antibodies are internalized in an antigen specific
manner and cause a decrease in the release of GABA 80, Further investigations into the
mechanism behind this loss of GABA secretion revealed that antibodies to amphiphysin
caused alterations in the composition of synaptic vesicles 81. Amphiphysin antibodies
caused an increase in synaptobrevin-2, found on readily releasable vesicles, and a decrease
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in synaptobrevin-7, found on resting pool vesicles 81. Collectively these data indicate an
impairment in vesicle trafficking induced by amphiphysin antibodies which may lead to
dysfunctional synapses resulting in the clinical observed in SPSD (Figure 1D).

Zic4 is a neuronal autoantigen that is primarily associated with paraneoplastic disease.
Autoantibodies to Zic4 are enriched in patients with small-cell lung cancer 43, however
with the advent of checkpoint inhibitor therapy Zic4 antibodies are emerging in
association with other cancers 82, The majority of patients with Zic4 autoantibodies have
cerebellar degeneration 8384, but recently these antibodies were identified in a patient
with seronegative SPS without obvious cerebellar involvement 85. The co-occurrence of
cerebellar ataxia and SPS is uncommon and may be an epiphenomenon 8688 however
cerebellar involvement in SPSD does occur and can be considered a distinct clinical
phenotype (e.g., SPS-plus, see Table 1).

A subgroup of patients with SPSD test negative for antibodies to known autoantigens 2.
Defining additional immune specificities associated with SPSD is a critical area of research
and represents an unmet need. Studies suggest that responses to immune therapy may be
more likely beneficial to patients with certain immune specificities, such as patients with
glycine receptor autoantibodies readily responding to immune modulation 6162 whereas
patients with GAD65 show mixed responses to immune modulation 7 which may be
dependent upon antibody titer 89. Additionally, some autoantibodies may confer protection
rather than be directly pathogenic %0 by participating in sequestering or clearing over
abundant or altered proteins. Further characterizing immune specificities in SPSD may

be beneficial for understanding disease mechanism as well as for prognosis, diagnosis,

and guiding therapeutic interventions. Importantly, potentially new immune specificities are
being described &5 and likely more are yet to be discovered.

Immunopathogenesis of SPS

Although several mechanisms of immune-mediated loss of neuronal inhibitory pathways
have been elucidated, work is still needed to understand the factors that contribute to the loss
of tolerance and the subsequent development of autoimmunity in patients with SPSD.

Autoimmune diseases have been described as occurring in four phases: susceptibility,
initiation, propagation, and regulation 91. The first phase is susceptibility, which describes
the time before disease onset but where conditions exist for future disease initiation.

These conditions include factors such as altered signaling thresholds, impairment of central
tolerance, or inhibition in apoptosis or clearance pathways (reviewed in 1) which can all
result in the loss of immune tolerance. The second phase is initiation, which is before
disease symptoms appear, but during which there is presentation of epitopes to T cells that
result in an activating immune response. It is during this time that loss of immune tolerance
unfolds, and disease processes start. Although the susceptibility conditions and initiation
events of SPSD remain undefined, emerging data, described below, suggest that both genetic
and acquired risk factors may exist that contribute to the development and propagation of
SPSD.
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6.1 Lymphocyte signaling thresholds

Evidence of altered susceptibility factors defined in other autoimmune diseases appear to
also occur in patients with SPSD, however robust data are lacking. For example, immune
signaling thresholds are important for determining if lymphocyte signaling ultimately results
in T cell activation or inhibition. One important negative regulator of T cell activation

is cytotoxic T lymphocyte antigen-4 (CTLA-4) and mutations in this gene are known to
confer susceptibility in autoimmunity 92. Four patients with SPS were included in a recent
study investigating potential genetic variants that may be linked to GAD65 autoimmune
associated neurologic disease 93. All four patients with SPS had a known CTLA-4 variant
that is associated with type 1 diabetes mellitus 94, suggesting alterations in T cell signaling
thresholds, mediated by CTLA-4, may contribute to the development of SPS. However,
future studies will need to confirm these findings in larger cohorts of patients and assess if
only subgroups of SPSD have these alterations.

6.2 Cryptic antigens

As in other autoimmune diseases, associations with human leukocyte antigen (HLA)
haplotypes and SPS are recognized. Certain HLA-DR and DQ alleles are associated with
SPS, including DQB1*0201 % and DRB1*0301 2647, These have been identified in cohort
studies which found these HLA alleles highly enriched in patients with SPS as compared to
the general population. Recent work in type | diabetes mellitus indicates that certain HLA
haplotypes increase risk of autoimmune diseases because the HLA forms autoantigen-HLA
complexes with low stability %, thereby these autoantigen epitopes may not be stably
expressed in the thymus during T cell development. T cell receptors that are specific for
these epitopes may therefore not encounter these epitopes resulting in a lack of negative
selection during central tolerance selection processes. These epitopes, known as cryptic
epitopes 97, when expressed in the periphery, are capable of activating these autoreactive T
cells. However, the factors that would allow for increased stability of antigen presentation
by these specific HLA molecules in the periphery are not yet identified. Some evidence
suggests that high affinity binding of GADG65 by autoantibodies increases GADG65 antigen
presentation %8, similar to what has been described for other autoantigens 9°.

Another important loss of tolerance can occur when neoantigens are produced from somatic
mutations. These neoantigens are recognized by T cells as foreign and allow for immune
responses to neoplasms 100, However, antibody responses against the wild-type version of
the mutated protein can be generated via linked recognition, resulting in the development of
autoimmune disease as has been demonstrated in scleroderma 191, This process may explain
how patients with SPSD lose tolerance to certain antigens known to be altered in associated
cancers and develop autoantibodies to wild-type proteins.

Aside from lack of thymic expression or mutations, other factors, including epitope
degradation of CNS antigens by proteases expressed in the thymus 102.103 post-translational
modifications 104, cleavage of autoantigens during inflammatory processes 195, inhibition

of apoptosis and clearance 91, and netosis 196 contribute to the loss of tolerance to
autoantigens in other autoimmune diseases. These mechanisms may be relevant to SPSD
pathogenesis. Infections and inflammation due to major life stressors may also initiate
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autoimmune diseases and both these mechanisms are suggested to occur in SPSD.

Additional investigations into forces driving loss of peripheral tolerance in SPSD are greatly
needed. Examining antigen presentation and autoantigen modifications, determined directly
from antigen presenting cells from patients 197 with SPSD, may be particularly informative.

Outlook

There are several great unmet needs in SPSD, which span across the clinical and basic
science arenas. Clinically, more refined diagnostic criteria are needed especially if this

will help clinicians make earlier and accurate diagnoses. It often takes several years from
symptom onset to diagnosis for people with SPSD, which in part is due to lack of awareness
of these conditions and outdated diagnostic criteria. In addition, further studies are needed to
determine if specific (or all) SPSD phenotypes require immune based therapies shortly after
symptom onset versus starting with only symptomatic interventions and adding immune
therapies if and when people experience increasing disease burden. There is a precedent

set with other autoimmune disorders (e.g., MS, NMOSD, MG, etc.) for starting immune
therapies early on in order to help prevent future disability and has become the standard of
care treatment approach. The uncertainty with what may be the best treatment approach in
SPSD stems from a lack of clinical and paraclinical biomarkers that correlate with future
disability and treatment response. Hence, identifying such biomarkers would help push the
field forward and help improve long-term outcomes for our patients.

Basic science studies and further investigations into the immunopathogenesis of SPSD are
also required. In particular, studies that further our understanding of T cell responses in
SPSD, and in particular identifying pathogenic T cell clones, is a critical area of research.
Not only will this help inform disease mechanisms but may also provide a unique target

for therapeutics. Recent advances have demonstrated that elimination of pathogenic T cell
clones via bi-specific single chain variable fragment antibodies without globally impairing T
cell function is possible 101, However, the application of this novel therapeutic approach

to autoimmune disease requires the identification of pathogenic T cell clones. Future
investigations into SPSD pathogenesis should focus on identification and confirmation of

T cell clones that could be drivers of disease.
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Highlights
. Stiff person syndrome spectrum disorders (SPSD) are immune mediated and
impact different regions of the nervous system.
. SPSD have heterogenous presentations and are under-recognized.
. A combination of pharmacological and non-pharmacological interventions

can help mitigate the burden of disease in SPSD.

. Advances in understanding of pathogenic mechanisms are important for
guiding therapy development.
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Immune pathology for Stiff Person Syndrome
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Figure 1. Potential mechanisms of immunopathology in Stiff Person Syndrome Spectrum

Disorders.

(A) T cell mediated cytotoxicity. GADB5 expressing neurons synthesize the neurotransmitter
GABA from glutamate. GADG65 epitopes are processed and presented in MHC molecules
which are recognized by autoreactive T cells. T cells that recognized GAD65 epitopes can
initiate cytotoxic immune responses including the release of perforin and granzyme B. (B)
Receptors are impaired by antibody binding. 1) The normal function of glycine receptors.
Upon binding by glycine, glycine receptors open and allow for chloride ions to flow through
into the cell. 2) Antibody mediated inhibition of receptor functioning. Antibodies to the
glycine receptor may cause the channel to remain closed despite the presence of glycine.

3) Antibody mediated internalization of receptors. Upon antibody binding, glycine receptors
are internalized by the cell thereby limiting the number of active and available receptors

for glycine binding and ion flux. (C) Antibodies to accessory proteins can also result

in channel internalization. DPPX and Kv4.2 are both expressed on neuronal membranes.
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Antibodies specific to DPPX initiate internalization of both DPPX and KV4.2 (top),
resulting in hyperexcitability, and potentially death, of the neuron (bottom left). Both DPPX
and Kv4.2 can re-establish on the membrane surface upon antibody removal (bottom right).
(D) Antibodies can interfere with vesicle recycling and neuronal signaling. Amphiphysin is
an important regulator of clathrin-coated synaptic vesicles. In a healthy neuron (left) there
is continuous recycling of vesicles. Antibodies to amphiphysin are internalized and interfere
with vesicle recycling (right). This results in an accumulation of readily releasable vesicles
(yellow) and a decrease in resting vesicles (blue), resulting in impairments of neuronal
signaling.
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