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ABSTRACT

1. ABSTRACT

Antibodies (abs) against the intracellular cytoplasmic protein glutamic acid
decarboxylase 65 (GAD65) occur in different neurological disorders. Hereby,
patients with anti-GAD65 ab associated autoimmune neurological disorders
(GAD-AIND) exhibit high levels of anti-GAD65 abs in the serum as well as in the
cerebrospinal fluid (CSF). However, the sites of immunological dysregulation and
the triggers for the production of auto-abs against GAD65 are unclear.
Furthermore, investigations on the pathogenic relevance of anti-GAD65 abs and
their producing cells have yielded conflicting results. In consequence, the
treatment of patients with GAD-AIND remains challenging. Therefore,
investigating the functional properties of GAD-reactive B cells and anti-GADé65
abs could help to gain insights into the pathophysiology of GAD-AIND and assist

the development of new treatment strategies.

To this end, we analyzed GAD-reactive B cells in peripheral blood of
patients with GAD-AIND as well as bone marrow (bm) cells of one patient. As a
next step, we generated monoclonal patient-derived abs from peripheral blood
(PB) and CSF cells and characterized their reactivity to GAD in different assays.
Moreover, we analyzed the auto-abs for sequence specificities, e.g., subclass

distribution, and somatic hypermutations (SHMs).

In the first study, we could detect anti-GAD65 ab producing cells derived
from GAD-reactive B cells in the peripheral blood (PB) of fifteen patients with
GAD-AIND. Compared to our healthy control group consisting of nineteen donors,
cells producing anti-GAD65 abs were highly elevated. Furthermore, we could
identify bm plasma cells as an additional source of anti-GAD65 abs. The frequency
of GAD-reactive B cells was comparable to B cells reactive for common recall
antigens (ags) e.g. tetanus toxoid. In a second study, we included six patients with
GAD-AIND and were able to generate 30 monoclonal abs (mabs) with 25 mabs
derived from CSF cells and 5 mabs derived from PB cells. Mabs could be
generated in patients with a short disease duration at the time of sampling.
Thereby, we identified 10 GAD65-reactive mabs (CSF: 6/25; PB: 4/5) with enzyme-

linked-immunosorbent-assay (ELISA). Furthermore, we could demonstrate that
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the intrathecal anti-GAD65 response is polyclonal and that the mabs had
undergone affinity maturation when being compared to non-GADé65-reactive
mabs. By reverting the SHMs of three GAD-reactive mabs to their germline
sequences, we could show that affinity maturation is essential for the reactivity
towards GAD65.

Taken together, our data characterize the B cell response in the CSF of
patients with GAD-AIND, showing that the anti-GAD65 response is polyclonal and
affinity maturation is necessary for the recognition of GAD65. Additionally, we
could for the first time proof that anti-GADé65-ab-producing cells are present in
the central nervous system. In addition, our data support the clinical observation
that a B-cell depleting therapy might not be suitable for the treatment of long-
standing GAD-AIND.
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2. INTRODUCTION

2.1. Autoimmunity — B cells and autoantibodies

The immune system consists of innate and adaptive immune mechanisms and
constitutes the body's line of defense against pathogens and foreign substances
13, Thereby, the innate immune system assures a fast and unspecific immune
response against pathogens, whereas specific defenses are mediated via the
adaptive immune system '.34. Components of the innate immune system include
mechanical barriers such as the skin, the complement system and phagocytosis.
Important players of the innate immune system are highly conserved pattern
recognition receptors that are expressed by numerous immune cells and
recognize pathogen- and damage-associated molecular patterns. Toll-like
receptors (TLRs) are one class of pattern-recognition receptors that sense
bacterial proteins e.g. membrane components, viral double stranded RNA and
microbial DNA. The activation of these receptors initiates inflammatory responses
via the production of cytokines, chemokines and interferons, which in turn
activates adaptive immune responses. The adaptive immune response hereupon
facilitates specific immune cell responses through T and B lymphocytes. Thereby,
the interplay between innate and adaptive immunity is necessary for an adequate
immune response that is efficient enough to combat infections without harming
the host 135, Especially T and B lymphocytes are effector cells with a strong
immunoregulatory potential to discriminate between self and non-self to avoid
immune responses directed against host tissue'%’. To prevent the development
of autoimmunity, our immune system has evolved mechanisms to gain self-
tolerance. On the contrary, autoimmunity is caused by imbalanced or diminished

self-tolerance that can lead to a broad spectrum of autoimmune diseases .
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2.1.1. B lymphocytes and their role as antibody-producing cells

B lymphocytes are an essential part of the adaptive immune system and develop
in the bone marrow (bm). To assure that naive B cells are capable to discriminate
between self and non-self-derived patterns (antigens [agsl), they express a highly
specific B cell receptor (BCR) on their cell surface that enables them to recognize

their respective ags 1811,

Structurally, these immunoglobulin (Ig) BCRs with a size of ~150 kilodalton
(kDa) are composed of two identical heavy chains (HCs) encoded on chromosome
14 and two identical light chains (LCs) 8. LCs can be distinguished into k LCs
encoded by the k locus on chromosome 2 and A LCs encoded by the A locus on
chromosome 22 812, In this complex, each of the HCs has a molecular weight of
50kDa whereas each LC has a molecular weight of 25kDa. Every chain is
composed of a constant regions comprising the carboxyl terminal portions and a
variable region comprising the amino terminal portions. The latter are designated
as either Vy and Vk or Va and assure the uniqueness towards an ag since they are
involved in the formation of the ag-binding fragment (Fab) 134, Based on their
sequential and structural similarity, encoded variable regions of Igs can be
grouped into families. HCs consist of eight families, whereas k LCs consist of six

families and A LCs consisting of four such families 812,

Additionally, the variable domain of an Ig molecule is functionally divided
into the complementary determining regions (CDR) 1 to 3 that are flanked by
stable sequence regions, namely the framework regions (FR) 1 to 4 2. The
hypervariable ag-binding pocket is mainly formed by the two CDR3 segments of
each Vy and Vi or Vy, resulting in two identical ag binding sites for each Ig known
as paratops (FIGURE 1) 127576 |n contrast to the Fab domain the constant
fragment (Fc) domain of abs is formed by the constant regions of the heavy chains
and is preserved within each subclass 1214, The HC gene contains exons that

encode 9 different constant regions to synthesize different classes of Ilg molecules
]
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FIGURE 1: AB STRUCTURE AND V(D)J ENCODING.

The unarranged Ig HCs and LCs (k=K or A=L) germline loci are depicted on the top and left-hand
side of the figure. Both undergo stepwise rearrangements to generate highly diverse variable
V(D)J junctional regions. These regions in turn encode the ag-binding site that sets the ag
specificity. CH1-CH3 and CL are the constant region of HCs or LCs and are encoded by
downstream exons. The black line segments represent the disulfide bridges that connect the
single protein chains. Modified from Boyd, S.D. and Joshi, S.A 7. ASM authorizes an advanced
degree candidate to republish the requested material in his/her doctoral thesis or dissertation free
of charge, provided that proper credit is given to the original ASM publication:
journals@asmusa.org.

In order to respond to the high diversity of existing pathogen-derived ags,
a multiplicity of different BCRs have to be generated. One mechanism accounting
for the high variability of lymphocyte precursor BCRs, is the so-called V(D))
recombination (combinatorial diversity) in the bm. It describes a stepwise
recombination of variable (V), diversity (D) and joining (J) gene segments
encoding the variable regions of the Ig complex (FIGURE 1) 81118 Thereby
variable regions of LCs arise from joined recombined V and J gene segments and
the variable regions of HCs arise from V, D, and J recombined gene segments 812,
Since, the rearrangement of the HC locus includes D elements, HCs are
considered to be more diverse (6000 possible combinations) and show a much

higher combinatorial diversity when being compared to LC loci (320 possible
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combinations). Specifically, 40 Vy, 25 Dy and 6 Jy elements can be recombined
to generate the variable region of HCs whereas only 40 Vi, 5 Jx, and 30 Vi, 4 Jx
display the repertoire of the kC and AC loci, respectively. The rearrangement of
LC gene segments usually takes places after HC rearrangements 8. Another
mechanism accounting for the diversity of Ilg molecules is known as junctional
diversity. Junctional diversity describes a process where random nucleotides are
inserted between recombining genes in addition to an exonuclease trimming of
these genes 819, At the end, this rearrangement process of combinatorial and
junctional diversity results in a naive ab repertoire of at least 10" unique Ig

molecules 19:20,

Lymphoid precursors that produce a functional, non-auto-reactive BCR
differentiate into mature naive cluster of differentiation (CD)19*and CD27- B cells
and recirculate throughout the body and/or persist in lymphoid organs until
encountering their ag 2'-23, Until the first contact of B cells with their ag, most
BCRs express the germline sequence with relatively low affinity 24. After antigenic
stimulation, the mature naive B cell migrates to the follicles of secondary
lymphoid organs where it interacts with follicular T cells and follicular dendritic
cells, undergoing germinal center (gc) reactions ¢22.25 These reactions include
the clonal expansion of B cells as well as Ig heavy-chain class switch
recombination (CSR) and random somatic hypermutations (SHMs), resulting in
the formation of high affinity abs (FIGURE 2) 162627, Mature and naive B cells
express the low affinity |g receptor as membrane-bound IgM and IgD molecule
on their surface (FIGURE 2) ¢28, Once they are stimulated, during CSR, enzymes
like the RNA-editing enzyme, activation-induced cytidine deaminase (AlID), lead
to DNA rearrangements, i.e. the previously mentioned rearranged V(D)J gene
segments of the heavy chains are moved into other positions upstream 19, Due
to this recombination process, B cells can generate abs of different isotypes
without losing their specificity that is ensured by the variable domains. The
secretion of different interleukins (IL) by other immune cells such as T cells can
cause switching to other high affinity isotype classes like IgA and IgE or to other
IgG subclasses like IgG1, 1gG2, IgG3 or IgG4 1>, Among them, 1gG, or, and more
precisely, 1IgG1 is the most abundant isotype subclass and has the longest serum

half-life compared to the others 215, Especially the isotypes IgM and IgG are key
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activators of the complement system via the classical pathway. The activation of
the complement system induces factors of the innate immune system that involve
a proteolytic cascade leading to the opsonization and lysis of pathogens.
Furthermore, the activation of the complement system can induce adaptive
immune responses due to proinflammatory processes 2?39, To conclude, Ig
molecules fulfill two important tasks: they assure the recognition of ags,
triggering cell activation by signaling as membrane-bound receptors and they

assure the neutralization of ags as shedded soluble molecules 121531,

Finally, the introduction of SHMs results in random mutations in the
variable regions of HCs and LCs, resulting either in increased or decreased affinity
for the ag. The latter leads to cell death caused by reduced receptor-mediated
growth signals. In case of increased affinity, the antibody (ab)-producing B cells
proliferate 16, Importantly, CSR only occurs in the HC locus, whereas SHMs
affect the HC and LC loci '°.

T V(D)J
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FIGURE 2: DIFFERENTIATION OF AB PRODUCING B CELLS IN GC REACTIONS.

In the bone marrow, hematopoietic stem cells (HSC) differentiate into progenitor B cells and
further into immature B cells by V(D)J recombination. Mature naive B cells that leave the bone
marrow can be stimulated by antigens and migrate to germinal centers. With the help of T cells,
mature B cells undergo class switch recombination and somatic hypermutation reactions and
differentiate into activated GC B cells that can further differentiate into highly ag-specific ab-
producing cells or memory B cells. Memory B cells as well as plasmablasts can further
differentiate into long-lived plasma cells. Created in BioRender.com.
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After undergoing gc reactions, clonally expanded and activated B cells can
differentiate either into ab-secreting CD19'°“CD20-CD27highCD38MishCD 138+
plasmablasts or into long-lived CD19'°%CD20-CD27+CD38+*CD138"9" plasma cells
that persist in niches in the bm or to memory B cells that constitute another
important hallmark of our immune system 2132, Memory B cells are long-lived
CD19+CD20CD27+CD38”* cells that remain in an inactive state until they
reencounter their specific ag. After antigenic stimulation, they proliferate and
differentiate into plasma cells, thereby providing a fast, enhanced, and improved

immune reaction through the production of specific abs (FIGURE 2) 2332,

Taken together, the occurrence of SHMs in functional Ig genes together with
V(D)J recombination and rearrangement of constant regions leads to an enormous
diversity of the ab repertoire that provides protective immunity under
physiological conditions 9111324 |n contrast, the generation and production of B
cell clones expressing auto-abs can occur and mediate immune responses
directed against self-ags ?. Hereby self-reactive abs produced by auto-reactive B

cell subsets may attack host tissue and cause pathology ¢7.

2.1.2. Generation of auto-abs

It is widely accepted that B cells play a major role in the development of
autoimmunity and consequently autoimmune diseases like anti-N-methyl-D-
aspartate receptor (NMDAR) encephalitis and systemic lupus erythematosus 33:34,
These autoimmune diseases are associated with the occurrence of self-reactive

abs accompanied by tissue disruption and systemic inflammation 3.

To avoid the generation of auto-abs, our body has implemented
mechanisms to achieve self-tolerance: central and peripheral checkpoints. During
the development of the BCR, central tolerance mechanism preselect naive B in
the bm 211, One of the contributing mechanisms is the affinity-dependent
selection where - depending on the BCR binding to presented self-ags - the cells
become either apoptotic, anergic or ignorant 891136  The latter two induce

unresponsiveness towards ags and entail the release of naive B cells that cannot
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be activated upon ag-stimulation. In contrast, the BCR-induced apoptosis is
known as clonal deletion that is used to remove self-reactive immature B cells
before leaving the bm 37. Another mechanism to decrease self-reactivity is the
editing of BCRs (receptor editing) by secondary gene rearrangements, especially
of the Ig LCs. Receptor editing can rescue a significant proportion of auto-reactive
B cells from cell death 38. Following this affinity-dependent selection, presumably
around 20 - 50 % of all peripheral naive B cells have undergone receptor editing
239 However, studies using healthy patient-derived B cells could show that a high
number of auto-reactive naive B cells is still released after undergoing bm pre-
selection 49, Therefore, additional tolerance checkpoints in the periphery
(peripheral tolerance) help to decrease the number of mature auto-reactive ag-
activated B cells and plasma cells 31363941 Defects of peripheral tolerance can
result in the generation of auto-abs as non-auto-reactive precursors can
differentiate into auto-reactive affinity maturated B cells producing auto-abs.
Thereby, the produced abs are often class-switched and highly mutated 4. Several
studies showed that, the reversion of these SHMs to the germline sequence can
lead to a decreased affinity or loss of affinity towards the ag 4243, In many
autoimmune diseases, auto-reactive B cells emerge from gc reactions,

suggesting defects of peripheral tolerance 4144,

Furthermore, ectopic lymphoid structures (ELS) can provide a gc-like
environment in which CSRs and SHMs of BCRs can take place #°. ELS were
described in the organs that are affected by the autoimmune disease, such as the
meninges in multiple sclerosis or in the synovial tissue in rheumatoid arthritis,
and mostly develop in the chronic state of the disease 44/, ELS are characterized
by aggregates consisting of T and B cells and may help to maintain disease
processes by supporting the affinity maturation and differentiation of auto-

reactive B cells 414547,

Another hypothesis of how the generation of self-reactive B cells is
triggered is molecular mimicry between self-ags and viral, bacterial or tumor ags.
Thereby, in gc reactions, T cells recognizing the epitope of foreign ags interact
and activate B cells that are not only specific for this particular epitope but also

specific for another epitope of a self-ag 41484° Hence, it is possible that abs

10
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produced by activated B cells can simultaneously target against viral ags and self-

ags. Similarly, an antibody can be directed against multiple self-ags. 415051,

Auto-abs can be detected in many autoimmune diseases including
neurological disorders. In some cases the pathogenic potential of the auto-abs is
well demonstrated, whereas in other cases clear evidence for their pathogenicity
is still lacking 275, In the central nervous system (CNS), several auto-abs are
known to target membrane proteins that are located on the surface of cells such
as leucine-rich glioma inactivated 1 (LGI1) or NMDAR. On the other hand, there
are neuronal auto-abs targeting intracellular proteins or nuclear molecules, e.g.,
anti-neuronal nuclear auto-abs (ANNA) such as anti-Hu abs 415056, Whereas the
pathogenic role of abs against proteins on the neuronal surface was demonstrated
in elaborate studies 335775, it remains a matter of debate whether abs against
intracellular proteins can also mediate pathogenicity and how they could reach
their target ag 415255, One hypothesis of how auto-abs can access intracellular ags
is cell death, in particular, apoptosis. If a cell undergoes programmed cell death,
intracellular molecules are released into the extracellular space. To prevent an
immune reaction, phagocytes generally clear these released molecules. However,
due to genetic defects or an excessive release of molecules caused by

inflammation, these molecules might remain in the extracellular space 415455,

11






INTRODUCTION

2.2. Glutamic acid decarboxylase

2.2.1. Structure and localization

The enzyme glutamic acid decarboxylase (GAD) was first described in the 1950s.
Located at inhibitory synapses in the CNS, it is an intracellular cytoplasmic
protein existing in two isoforms, namely GAD65 and GADé67, which are 65kDa
and 67kDa, respectively 2>3.60-63 They not only differ in their molecular size but
also in their antigenicity, cellular location, enzymatic activity and amino acid (aa)
sequence, since separate genes encode them ¢1.63-65_ While GAD67 is encoded by
GAD1 on the chromosome 2q31.1, GAD65 is encoded by GADZ2 on the
chromosome 10p12 616467 Both are highly conserved among vertebrates and
found in synaptic vesicles 6266, GAD65 is postnatally expressed and mainly located
at axonal terminals ¢1.63.68 On the contrary, GAD67 is already expressed during
early embryogenesis and is more commonly found in the cell bodies and dendrites
61,6869 Also, the expression of GAD65 and GAD67 in the brain differs among
regions ¢'. GAD67 has been reported to be less abundant in the cortex than
GAD65, which accounts for 70 % of all GAD protein 8, however both are mainly
expressed in regions enriched with neuro-inhibitory cells such as the brainstem,
hippocampus and cerebellum 7972, Thus, the reactive synaptic staining pattern of
a GADG65 auto-ab in the cerebellum is more prominent in the granular layer

compared to the molecular layer 73,

Both isoforms consist of three functional domains according to their linear
sequences. First the amino (N)-terminal domain (GAD65: aa 1-188, GAD67: aa 1-
197) followed by the catalytic center domain, namely, PLP-binding domain
(GADG65: aa 189-464, GAD67: aa 198-473) and the carboxy (C)-terminal domain
(GAD65: aa 465-585, GAD67: aa 474-594) 727475 |n particular, the middle and last
domain share a high similarity between the two isoforms with around 74 %
overlap. The N-terminal domain, on the other hand, is less similar with only 25 %
identity (FIGURE 3) %7275 Qverall, the aa sequences of the two isoforms show a

similarity of around 65 % 62.67.74,

13
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Furthermore, GAD is not only expressed widely in the CNS but also in pancreatic
B-cells, and to a lesser extent in epithelial cells of the fallopian tube and the

spermatozoa of the testes 6276,

A
Domains: N-terminal PLP C-terminal
1 188 Lys396 464 585
GAD65
PLP
GAD67
1 197 Lys405 473 594
25% identity 74% identity
B PLP-domains

N-terminal domains

FIGURE 3: STRUCTURE AND DOMAINS OF THE GAD MONOMERS GAD65 AND GADé7.

(A) GAD can be divided into three domains: the N-terminal domain (orange), the catalytic PLP-
domain (red) including the PLP-binding sites represented by Lys396 and Lys405 and the C-
terminal domain (green). (B) depicted is the dimeric structure of GAD65 with one monomer in

lighter colors. License Number: 5076990051711 from Elsevier - Journal of Autoimmunity ’°.

2.2.2. Functions of GAD

GAD is the rate-limiting enzyme in the synthesis of the inhibitory neurotransmitter
y-aminobutyric acid (GABA) 617778 Together with its cofactor pyridoxal-5"-
phosphate (PLP), GAD converts L-glutamate to GABA and carbon dioxide by
irreversible alpha-decarboxylation 61.656870.76 The main function of GABA is the
reduction of neuronal excitability in the brain and through this, it also indirectly
regulates the muscle tone 7?. The 65kDa membrane-associated isoform of GAD

mainly regulates the production of GABA required for neurotransmission and

14
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ensures a fast synthesis if required 61.6566.68 |n contrast, the soluble, constantly-
active 67kDa isoform regulates almost 90 % of the basal levels of GABA (FIGURE
4). Further, GAD67 plays an important role in synaptogenesis and with that in the
development of neuronal tissues . Besides other neurotransmitter, Glutamate is
known to be the main excitatory neurotransmitter and makes up more than half
of the total amount of neurotransmitters in the brain, whilst 40 % are GABA
66,7480, As a result, a dysfunction or general synthesis problem of either GABA or
Glutamate leads to an imbalance of excitation and inhibition in the brain and may
cause disease %80, Underlining this, it could be shown that GAD65 knockout mice

are susceptible to seizures 80,

-
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FIGURE 4: GAD65 AND GAD67 ARE LOCATED AT THE PRESYNAPTIC NEURON.

GADG65 and its isoform GAD67 catalyze the synthesis of the inhibitory neurotransmitter GABA.
Neurological disorders with abs against the GABA synthetizing enzyme GAD65 are depicted in
squares on the left-hand side. VIAAT = vesicular inhibitory amino acid transporter. Slightly
modified from F. Graus et al. with the License Number: 5076990153818 from Springer Nature -
Nature Reviews Neurology 3.
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2.3. GAD-ab-associated neurological disorders

Several auto-abs targeting synaptic proteins such as GAD65, first described in
1988, have been associated with the occurrence of neurological disorders
50.56,64.82 The spectrum of GADé5-ab-associated neurological disorders (GAD-
AIND) includes stiff person syndrome (SPS), cerebellar ataxia (CA), limbic
encephalitis (LE) and autoimmune epilepsy (AE) (FIGURE 4) 7778, Around 94 % of
patients suffering from GAD-AIND exhibit high serum levels of anti-GAD abs
above a threshold of 10,000 1U/mL as measured by ELISA 9.

2.3.1. Stiff person syndrome

SPS, which was first described in 1956, is an extremely rare neurological disorder
with a prevalence of one in a million. It is characterized by constant muscle
contractures leading to stiffness and rigidity ¢7.8384 Thereby, an increased
stimulus-sensitivity leads to painful spasms especially in paraspinal, abdominal
and lower extremity muscles 36678586 The symptoms range from troubles in
turning and bending to progressive muscle rigidity mainly in the leg muscles,
resulting in a “freezing”-like appearance, especially during the chronic phase of
the disease ¢9.8487.88  These contractures can be triggered by movement,
emotional and sensory stimuli or even appear spontaneously 678386 At |ater
stages, patients struggle with simple tasks in daily life and require support to
manage their household 87. The consequence of an untreated SPS can be total
disability 8°. Often, SPS is misdiagnosed or underrecognized as, e.g., Parkinson’s
disease, multiple sclerosis, encephalomyelitis or other spasm-related diseases
86,88 More women than men (70 %) are affected with an average age of onset of
30-35 years 997387 Qne-third of patients with SPS suffer from additional
autoimmune diseases. The most common is type-1 diabetes mellitus (TTDM) ¢’.
Generally, patients suffering from SPS have normal brain and spinal magnetic
resonance imaging (MRI)s 3667, Patients with SPS show a disrupted GABAergic
neurotransmission 8%, with a continuous activity of motor units leading to the co-

contractions of agonist and antagonist muscles 8>, The reduced GABA titers cause
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a continuous discharge of gamma motor neurons resulting in a decrease of
inhibitory signals, leading to a state of constant rigidity ¢%.84858% Therefore,
symptoms improve when treating with GABA agonists, e.g., benzodiazepines like
diazepam and during sleep due to the lack of sensory stimuli >684 One of the
characteristics of SPS are high anti-GAD ab titers 8>90, However, the occurrence
is not mandatory for the disease determination as only around 60 % of SPS
patients exhibit abs against GAD 8391, Auto-abs against other inhibitory synaptic

proteins can occur, e.g., anti-amphiphysin, anti-gephyrin 2.

2.3.2. Cerebellar ataxia

Immune-mediated CA as the second-most frequent GAD-AIND, is characterized
by cerebellar dysfunction leading to an inability to coordinate balance, gait and
eye movements 719394 The cerebellar damage does not only impair motor
coordination but also cognitive abilities?>. Furthermore, patients suffer from
nystagmus, dysphagia and severe dysarthria 71,949 The characteristic cerebellar
atrophy, analogous to other immune-mediated CA, develops over time with
increasing frequency 4. CA mostly affects women in their 60s and the diagnosis
of an anti-GAD65 ab-associated CA is confirmed by intrathecal anti-GAD ab
production 7', Moreover, when analyzing the brain tissue of patients with CA
postmortem, a selective loss of Purkinje cells can be detected. Hereby, it was
suggested that this could be caused by an overload of glutamate through
excitotoxicity 71?4, In addition, oligoclonal bands (OCBs) in the CSF exist 6771,
Generally, the subacute type without cerebellar atrophy shows a better prognosis

than the chronic type of CA 71.97,
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2.3.3. Limbic encephalitis and autoimmune epilepsy

First described in 1960, LE was considered to be of paraneoplastic origin ¢, whilst
nowadays it is known that LE can also occur as a non-paraneoplastic disease %8.
Anti-GAD ab mediated autoimmune LE (GAD-LE) is a rare disease with a
prevalence of 1.9/100,000, affecting more women than men. Furthermore, LE
patients exhibit MRl and CSF findings consistent with inflammation of the
temporal lobe ¢0. Moreover, some of the patients have OCBs in the CSF and an
intrathecal synthesis of anti-GAD abs is a diagnostic criteria for GAD-LE 9°. The
symptoms of patients with LE consist of a disrupted short-term memory (59 %),
seizures (97 %) or psychiatric features including depression and hallucinations
100,101 GAD-ab associated AE was firstly associated with refractory temporal lobe
epilepsy (TLE) in 1988 50.69_ Since then, the spectrum of anti-GADé65 ab associated
autoimmune LE has expanded 192, 10 % of adults with longstanding epilepsy have
high anti-GAD ab levels 193, As for most GAD-AINDs, young female patients are
predominantly affected and the disease often presents as a chronic pharmaco-

resistant epilepsy 6569102,
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2.4. Anti-GAD abs

2.4.1. Pathogenic potential

Depending on the ag-localization, three groups of auto-ab associated AE can be
distinguished: encephalitis associated with abs targeting cell-surface ags,
intracellular synaptic ags and intracellular cytoplasmic/nuclear ags. Anti-GAD
abs, anti-amphiphysin abs, and anti-synapsin 1 abs belong to the group with abs
against intracellular synaptic ags '%4. In contrast to abs directed against cell-
surface ags, the pathogenic role of B cells and auto-abs is not as clearly
established in GAD-ab-associated disorders and an interplay between B and T-
cells is assumed 9105 Immunotherapy is effective in patients with auto-abs
against extracellular ags (like NMDAR), whereas patients with auto-abs
associated to intracellular ags (such as anti-Hu abs) show an insufficient response
to immunotherapy 6194, Patients with GAD-abs show an intermediate response
to immunotherapies like plasma exchange or intravenous immunoglobulins,

indicating that B cells and auto-abs could be involved in pathogenesis (FIGURE 5)

90,106

As a consequence, the pathophysiology of auto-abs against intracellular
synaptic ags, such as amphiphysin and synapsin 1, has been investigated
intensively 56.107-109 |t could be shown that auto-abs against amphiphysin and
synapsin 1 are internalized, whereby they gain access to the ags. Anti-
amphiphysin abs are internalized via an epitope-specific mechanism, whereas
anti-synapsin 1 abs are internalized via clathrin-dependent endocytosis >6109,
Hereupon, the internalization of auto-abs at the inhibitory synapse leads to a

disrupted synaptic transmission 107.109,

The role of anti-GAD65 abs in several neurological disorders and their

pathogenic potential have been controversially discussed >2.69.81.110,
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Cell-surface antigens

Intracellular synaptic antigens

Intracellular cytoplasmic/
nuclear antigens

pathogenic antigens are
accessible in vivo

typically plan important roles

in synaptic transmission,
plasticity, or excitability

NMDAR, DPPX, LGI1

internalization of abs

controversial role in
pathogenesis antigen may be
transiently accessible during
synaptic vesicle fusion and
uptake

GAD, amphiphysin,

Markers of paraneoplastic
syndrome

antigens inaccessible in vivo

Hu, Ri, Ma2

synapsin

Antibody-mediated
T cell-mediated

Treatment response
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FIGURE 5: COMPARISON OF THE THREE GROUPS OF NEURONAL ABS.

Pathogenicity, accessibility, treatment response and tumor association of cell-surface ags,
intracellular synaptic ags and intracellular cytoplasmic/nuclear ags. DPPX = dipeptidyl peptidase
like protein 6; LGI1 = leucine rich glioma inactivated protein 1. Adapted from B. Balint et al.
BRAIN, and under the terms of the Creative Commons CC BY license, Copyright © 2017, Oxford
University Press, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-

templates %4,

The detection of anti-GAD65 abs in SPS and an intrathecal production of
anti-GAD65 abs in CA and LE (TLE) were proposed as diagnostic criteria for GAD-
AIND 8", In addition, ~ 40 % of patients with GAD-AIND have OCBs in the CSF
1-113indicating a clonal B cell activation in the CNS 77114, Several studies
suggest an inhibition of glutamate to GABA conversion caused by anti-GAD abs
50,60.95 As a consequence, patients with anti-GAD abs would have reduced levels
of GABA followed by an enhanced neuronal excitability and a decreased seizure
threshold >0.60.98  |nterestingly, CSF analysis of patients with anti-GAD ab
associated SPS revealed reduced levels of GABA and the sera from patients could
inhibit the enzyme activity of GAD65 in vitro 8>8.115 Moreover, the passive
transfer of purified Ig obtained from anti-GAD ab positive sera (SPS, CA) in in vivo

studies leads to a partially reproduced disease manifestation in rats and mice.
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This disease manifestation was characterized by persistent motor activity leading
to abnormally increased reflexes 78116, When anti-GAD65 abs were absorbed by
recombinant GAD65, the induced synaptic impairment was abolished 7. In line
with this observation, studies in which mice were immunized with GAD65 could

induce the generation of anti-GAD abs and revealed a loss of GABAergic neurons
118

However, other studies could not demonstrate a pathogenic potential of
GAD-abs and the internalization of anti-GAD65 abs could not be detected in
experiments using cultured rat hippocampal neurons %110, Moreover, there is no
real evidence that GAD is expressed on the cell surface. Not only that, high serum
titers are not invariably associated with a more severe outcome of the disease
74110 Nevertheless, it has recently been shown that GAD65 can associate with the
plasma membrane and in this way might be transiently expressed on the cell
surface ¢ and an auto-reactivity directed against GAD65 is more common than to
GAD67 50.62,78,119

To conclude, GAD65 is an intracellular protein and the influence and
pathogenic potential of its related abs remain to be elucidated 5053110,
Experimental data regarding the effect of anti-GAD abs from patients on mice and
rat brains in vivo as well in vitro showed controversial results. The question
whether anti-GAD abs are just markers of an aberrant immune response remains

unanswered 52.69.74,93,99

2.4.2. Autoimmunity

Interestingly, around 70 % of patients with GAD-AIND have one or more
coexisting autoimmune diseases such as T1DM (30% of GAD-AIND patients have
coexisting T1DM). Pernicious anemia and thyroid disease are also frequently
observed (FIGURE 6) %73, This raises the question whether a general
predisposition to develop autoimmune disorders exists in patients with GAD-
AIND. A genetic contribution or environmental risk factors could contribute to
such a predisposition leading to a loss of self-tolerance and resulting in the co-

occurrence of several autoimmune diseases 336719 |n line with this theory, a
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small explorative study including patients with GAD-AIND and other autoimmune
diseases detected several variations in genes linked to autoimmunity or
representing check-point proteins. This suggests that patients with GAD-AIND

carry genetic risk factors 9.

Still, anti-GAD abs do not only occur in the context of neurological disorders
and anti-GAD65 abs can be observed in healthy controls 73. Along with this, a high
percentage of people with T1DM harbor low titers of anti-GAD abs (5-2000 |U/mL
as measured by ELISA) as GAD is expressed in pancreatic B-cells (FIGURE 6) ¢°.
Thereby, anti-GAD65 abs are thought to be markers of pancreatic cell destruction
since GAD is not expressed on the cell surface ¢. Besides this, only patients with
typical GAD-AIND reveal very high anti-GAD ab titers that stay high over time
(FIGURE 6) ¢4¢. Additionally, supporting the argument of a neurologically induced
pathogenicity, only GAD-AIND patients and not patients with TTDM patients have
detectable anti-GAD abs in the CSF 6499,

In conclusion, the relevance of the presence of anti-GAD65 abs in patients

(with TTDM and other autoimmune disorders and/or GAD-AIND) has to be

evaluated in the overall clinical context ¢1.73,
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2.5. Detection methods of anti-GAD abs

Different assays are used to detect anti-GAD abs. Here, it can be distinguished
between quantitative assays such as radioimmunoassay (RIA) and enzyme-linked-
immunosorbent-assay (ELISA) and qualitative assays including tissue based
assays with detection via immunohistochemistry or indirect immunofluorescence,
cell-based assays (CBAs) and western blots (WBs)/line blots (FIGURE 6) 69110111,
ELISAs and RIAs have been implemented to detect low titers of anti-GAD abs as
seen, for instance, in T1DM patients and to distinguish between anti-GADé67 and
anti-GAD65 abs (FIGURE 6) 69110111120 The RIA assay uses human recombinant
lodine-linked GAD65 to detect anti-GAD65 abs. Thereby, the patient sample is
precipitated with this radio-labelled GAD65 and analyzed with the gamma
counter. ¢4120. However, the necessity of a radioisotope can sometimes be
inconvenient 120, A study that compared RIA and ELISA sensitivities observed that
RIAs have a higher sensitivity when measuring low levels of anti-GAD abs 21, On
the contrary, qualitative assays can detect conformational epitopes recognized by
anti-GAD abs and can distinguish unspecific bindings, thereby decreasing the
number of false positive results %110, Hereby, in tissue-based assays a typical
GADG65 staining in the cerebellum is characterized by an irregular staining of the

granular layer 4,

FIGURE 6: DETECTION — T
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Thus, the use of different detection assays in clinical practice with varying
sensitivities and detection limits can lead to difficulties when comparing patient
frequencies and the occurrence of GAD-AIND between different centers 271,73,
As a consequence, depending on the definition of threshold values, different
percentages concerning GAD-AIND in different studies are published. For
example, an examination of neurological patients with the RIA showed that a large
number of patients had high anti-GAD ab titers, which were above the threshold
of 41,000 U/mL 52. In contrast, another study defined patients as being positive
for a GAD-AIND, inter alia, once anti-GAD ab titers were above 2,000 U/mL in RIA
110 In order to define clinically relevant values of anti-GAD65 abs, cut-off values
such >2000 U/mL in RIA and >1000 IU/mL or >20 nmol/L measured by ELISA, or
a strong positive labeling at low dilutions in immunohistochemistry were

proposed 64,
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2.6. Treatment of anti-GAD-ab positive patients — immunotherapy

Unfortunately, most of the published data regarding immunotherapy in GAD-
AIND discuss and investigate the effect of different combined drugs only in small
studies or case reports. This is due to the rarity of GAD-AIND 67.96,99.100,122,123
Furthermore, treatments often start years after disease onset, which does not
allow appropriate conclusions on their effectiveness. A more structured study
with a higher number of patients and better follow-up assessments would be
necessary to compare outcomes of immunotherapy in different GAD-AIND 32,
Nevertheless, one can say that if the immunotherapy is effective, an improvement
of symptoms is seen quite early. In conclusion, if the patient does not show an

improvement after a short period of time, the therapy should be re-evaluated 94100,

2.6.1. First-line therapy

As a first step, immunotherapy with first-line therapies such as intravenous
immunoglobulins, corticosteroids and plasma exchange is applied ¢°. Different
treatment responses depending on the subtype of GAD-AIND were described 124,
Intravenous immunoglobulins were reported to improve symptoms in ~80 % of
SPS patients 8. In contrast, plasma exchange and corticosteroids were not
associated with a clear therapy response 24, Moreover, the therapeutic success
of immunotherapy in patients with different types of chronic subtypes of CA and
AE has not been proven yet 71100 |n some studies, patients with a subacute
presentation of CA responded rather well to immunotherapy 7'.94. Overall, patients
with an anti-GAD ab-associated epilepsy do not respond well to seizure
medication 25, Besides immunotherapy, treatments targeting the disrupted
GABAergic transmission, like benzodiazepines in SPS, are important measures to

alleviate symptoms 123,
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2.6.2. Second-line therapy

Second-line therapies are immunosuppressants, like methotrexate, azathioprine,
cyclophosphamide, and mycophenolate mofetilé?.190.126_ Fyrthermore, mabs such
as rituximab that transiently depletes CD20 expressing B cells is commonly used
to treat GAD-AIND, especially SPS and LE 6987124127 For all of the GAD-AINDs, a
fast initiation of therapy seems to prognosticate a better clinical outcome
100,102,127129 Sypporting this, it was shown that treatment with rituximab was not

effective in patients with long-standing GAD-AIND treatment 24,
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3. AIMS OF THE THESIS

High titers of anti-GAD abs occur in a number of neurological diseases. This raises
the question if anti-GAD65 abs mediate the associated syndromes or if the abs
themselves are bystanders of disease. Furthermore, it is unclear why anti-GAD65
abs are associated with a diverse spectrum of neurological disorders, as well as
how and where the immunological dysregulation in those patients is caused.
Moreover, the pathogenic role of abs against GAD65 is highly controversial and
the published findings are inconclusive. Additionally, the cells producing anti-
GAD abs are largely unexplored and triggers for anti-GAD ab production remain

elusive.

Compared to patients with auto-abs against neuronal surface ags, the treatment
of patients with GAD-AIND remains challenging. Therefore, investigating the
immune responses in GAD-AIND patients could help to gain pathophysiological
insights and with that help to develop new treatment strategies. In addition, it
could help to understand the underlying mechanisms of auto-abs targeting

intracellular proteins in other autoimmune diseases.

Therefore, the aim of my thesis is to characterize the B cell response against GAD
in different B cell compartments and to gain more insights into the complexity of

GAD-AIND, and with that into the underlying pathomechanisms.

To achieve this, we analyzed the peripheral blood (PB)-compartment, the CSF-
compartment, as well as bm cells from GAD-AIND patients. We generated
monoclonal patient-derived anti-GAD65 abs from CSF and PB. Furthermore, we
characterized sequence specificities of the mabs. We analyzed the anti-GAD65-
reactivity of the mabs in different qualitative and quantitative assays, as well as
the reactivity to a panel of viral antigens. Lastly, we generated and produced the
germline-derived unmutated common ancestors (UCAs) through reversion of
introduced SHMs in variable regions of selected mabs in order to evaluate their
specificity towards GAD65.
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3.1. Aim of the study |

The aim of the study was the characterization of anti-GAD ab producing B
cells in the PB and bm cells of patients with GAD-AIND.

Abundant Glutamic Acid Decarboxylase (GAD)-Reactive B
Cells in GAD-Antibody- Associated Neurological Disorders

Franziska S. Thaler, Anna L. Thaller, Michelle Biljecki, Elisabeth Schuh,
Stephan Winkimeier, Christoph F. Mahler, Ramona Gerhards, Stefanie
Volk, Frauke Schnorfeil, Marion Subklewe, Reinhard Hohlfeld, Tania

Kampfel, and Edgar Meinl

ANN NEUROL 2019;9999:1-7

https://doi.org/10.1002/ana.25414

For this paper, | performed half of all experiments and helped to analyze
the experimental data together with Dr. med. Franziska Thaler. More
specifically, | performed the experiments used for Fig. 1 (A, B, F, G, H, J)
and Fig. 2 (A, B, C). | also contributed to drafting the text and preparing
the figures, together with Dr. med. Franziska Thaler. The contribution of

other authors is specified in the paper.
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High levels of antibodies against glutamic acid decarbosxylase
(GAD) are observed in patients with different neurclogical
disorders, but cells producing these autoantibodies are
largely unexplored. We detect drculating GAD-reactive B
cells in peripheral blood that readily differentiate into
antibody-producing cells. These cells are highly elevatedin
mast patients with GAD-antibody-assodated disorders
(m = 15) compared to controls (n = 19). They mainky pro-
duce GAD&S antibodies of the IgG1 and IgG4 subclasses
and are as abundant z B cells reactive for common recall
antigens. Bone marmow cells represent an additional source
of GAD antibodies. The identification of GAD-antibody—
producing cells has implications for the selection of cell-
specific biolegics.

ANN MEUROL 2019 9999:1-7

cytoplsmic protein gliamic acid decarbonylase

(GADY) is rhe rarelimiring enzyme in the synrhesis of
the muajor inhibitory neurorransmirer y-aminoburyric acid.!
High serum levels of antibodies (Abs) against GAD have
been associared with neurological syndromes like siff per-
son syndrome, cerebellar ameda, limbic encephalids, epi-
lepsy, o oculomeror dysfuncrion™ A marked intrathecal
Ab response againsr GAD ar cerebrospinal fluid aligoclonal
bands suppors an asociarion of GAD Abs with nenrologi-
cal syndromes” and indicates clonal B-cell acrivarion in the
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central nervous S}E[ﬂ!n.a Hismlogically, neuronal loss and
infileraring T cells are seen in patiens with GAD-Ab—
associared neurological disorders.” This supports the idea
that immune reactions are relevant in these patients, bur
precise mechanisms have nor been identified GAD exiors
in wo isoforms: GADGS and GADGT. In patients with
neurological disorders, auroantibodies are mainly direcred
against GADGS and less frequendy against GADG7.'™"!

Compared o parients with neuronal surface Abs,
effective trearment in GAD-Ab—paositive parients remains
challenging.'™'* Therefore, determining the immune
responses in these patients can help o gain pathophysio-
logical insighrs facilicaring therapeuric decisions. Thus, we
analyzed GAD-Ab—producing B cells in peripheral blooad
cells and bone marmow (BM) cells of parients wirth GAD-
Ab—associared neurological syndromes.

Subjects and Methods

Patients

Fifteen patients with neurclogical symproms and GAD Abs
detected in clinical routine akeng with 19 healthy controls were
:.ml}"mﬂ (Tahle). |"‘u'.il:||1m=.| blood mononuclear cells (PEMCs)
were isolated by density gradient separasion. Bone mamow mone-
nuclear eells Ml—s] were obtamed |:rr ibac crest ::_Pl.lim.rl
BMMCs from controls included: hairny cell leukemia (0= 1),
Mixed Emag\e leukemia Ehﬂ.'.}rmm.rgﬂl Scube ]}11'1)\]mbh:ti|:
leukemia {n = 1), and rehpsing=remisting multiple scherosis and
pancytopenia after alemtuwrumaby treasment (o= 1) All patient
and control samples were collected following wristen informed
consent, and the stxdy was approved by the inssitutional review
haard of Lwhrg\-}l.'lmmﬂm Un.i'vzrsirr, Munich, f-en'n:.n:.'.

Cell Culture and Cell Stimulation

PEMCs were somubated with the toll-like recepror (TLR) 7/8
ligand RE4E (Sigma Aldrsch, 5t Lowis, MOy 2.5 ppfml) and 10-2
(R&D, Wieshaden, Germany: 1000 IWml} at a concentration
of GO0,000 cellsiml in 24-well plates for 11 :la:.::sdun-i.l:ed_“
Becell l:'n:qu:n:} was  determined by flover Cytmery  usng
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antimCD19-PerCP-Cy5.5  (cBioscience, Frankfurt, Germany;
SJ2C1). To determine frequencies of antigen-reactive cells, PBMCs
were seeded in limiting dilutions at 107 10, 10.* § x 10.* and
10° cells per 200 pl and stimukited as described bove. Frequency
Poisson distribution as the sceded PBMC numbser ar which 37% of
dnadmmn:pﬁw.ﬂMMCsmmkuudeXlO’mﬂs
per 200 pl for § days without addition of stimuli.

Enzyme-Linked Immunosorbent Assays

IgG, IgM, and IgA concentrations were determined using the
Human IgG, IgM, and IgA enzyme-linked immunosorbent asay
(ELISA) development kit (Mabeech, Nacka Strand, Sweden). GAD
mun, Libedk, Germany). Meades virus (MV) Abs were detecred
Germany). Tetanus toxoid (TT)-specific Abs were determined by
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coating TT (Mesck Milkpore, Billrica, MA; 1 pg/ml) or bovine
serum albumin and detection with antishuman Ig-HRP (Jackson
ImmunoReseanch, West Grove, PA; 10FE036-003). GAD Igh,
Ighd, Igh. 1gG1, IgG2, TpG3, and IgG4 were determined by coat-
ing GAD protein (Dhamyd Medical, Stockholm, Sweden: 2 jigiml)
and detecring with antichuman IgG-HEP (Jackson ImmunoRe-
search, 109-035-098). anti-human IgA-HRP (Thermo Scentific,
Waltham, MA; PAL-74395), anti-human IghAM-HRP (Zymed Lab-
omtories, South  San Francisco, CA; 05499200, anti-human
IgG1-HRP (Zymed Laborarories, 05-3320), anti-homan IgGl-
HRF [(Zymed Laborasories, 0%40520), anti-human [gls-HEP
(Zymed Labomatories, 05-3620). and anti-human [gG4-HRP
(Zymed Labomasories, 05-3820).

Cell-Based Assay

Hek293T cells transfecsed with GADGS in pdDNAZL, GADGT
in pCMVYG (Ongene Technologies, Rockville, M), or enhanced
green fheorescence protein in pMSCV were fied and permeabi-
lzed and stzined with sera dilused I:ﬁﬂuﬂ:dlnﬂhutm
tants diluted 1:10. For detection, anti-human Igi-hiotin (Jackson
ImmunoResearch, 1 09ME098) and Alexa Fluor Gﬂ—mliugptﬂl
strepravidin (Jackson [mmuno Research, (01 6-000-084) were applied.
AnteGADGS  (Abcam, f.a.n:hr.idgz.. MA: AB2G113) and aniw
GADGT {Abcam, Ab261 16) were used as positive controks,

Results

Peripheral B Cells Can Be Stimulated to Produce
GAD Abs

To determine the presence of GAD-Ab—producing B cells
in peripheral blood, we solared PEMCs from Parients #1
to #14 and from 19 healthy donors (see Table), and dif-
ferentiared the cells in virro inme lg-producing plasma-
blasts.'* After cultivation, GAD Ab production was
restricred 1o GAD-Ab—positive parients (Fig. 14, B). Cul-
mre supermatanes from healthy donors connined similar

Thaler et al.: GAD-Reactive B Cells

levels of IgG, Ighd, and IgA (Fig. 1C-E) bur no GAD Abs
(Fig. 1A, B). Nexr, we compared the GAD Ab levels
released by blood-derived B cells after in vitro differentia-
tion in each patient with their respecrive GAD Ab level in
serum  (Fig. 1F). All padens with ani-GAD levels
=10% IUfm] had GAD-reactive B cells in their blood, bur
there was no significant overall correlation suggesting dif-
ferent sources of GAD Abs (see also below). GAD Abs in
cell culrure supernarants of simulared FEMCs and serum
were mainly directed against GADGS: in only 1 parient.
anti-GADGT reactivity was observed (Fig. 1G. H). They
were mainly Ig(s, and only o a small extent [gA (Fig. 10).
Furthermaore, they were mostly composed of the subclasses
IgG1 and IgG4 (Fig. 1]). This parrern was also observed
in the serum of the corresponding parients (Fig. 11, J).

GAD-Reactive B Cells in Peripheral Blood Show
Comparable Frequencies as MV- and TT-
Reactive B Cells

The stimulation experiments suggested high frequencies of
GAD-reactive B cells ready o differentiate into GAD-Ab—
producing plasma cells. We further analyzed 13 partients
by limiring dilution assay and derermined the frequencies
of GAD-reactive B cells in comparison o B cells reactive
for the commen recall anrigens MY and TT. After srimu-
lation of PBMCs, supernatants were analyzed by ELISA
for the presence of GAD Abs, MV Abs, and TT Abs (rep-
resenmarive dara for Patient #12 is shown in Fig 2A)
Using the Poisson disrriburion, we determined the fre-
quency of GAD-reacrive cells, MV-reacrive cells, and TT-
reactive cells (represenrarive dara for Parient #12 is shown
in Fig 2B). The frequencies of anrigen-reactive PEMCa
and antigen-reactive B cells were calculared for all analyzed

FIGURE 1: Glutamic acid decarboxylase (GAD)-reactive B cells in the blood of patients with GAD antibodies (Abs) in the serem.

(A, B} Peripheral blood mononuclear cells (PEMCs) from GAD-Abs—positive patients (n = 14] and healthy contrals (HC; n = 19)
were cultured with R848 and IL-2 for 11 days, and GAD Ab (1gG) levels were determined by enzyme-linked immunosorbent assay
(ELISA) in cell culture supematant (cc SN). Results of the stimulation of the PBEMCs: from Patient #15, who was under treatment
with rituximab and exhibited B-cell depletion in peripheral blood, are not depicted in Figure 1 but are presented in
Figure 20. (A) Each dircle represents 1 stimulated well. The numbers of analyzed wells are as follows. Patients: #1, 11; #2, 11; #3,
10; w4, 13; @5, 12; #6, 11; #7, 23; #8. 12; #9. 5; #10, 8; #11, 13; 112, 12; #13, 10; #14, B; HC: #1. 10; #2, 24; #3, 10; #4, 15; #5,
12; #6, 10; #7, 7: #8, 14; #9, 9; #10, 16; #11, 8; 812, 11; #13, 9; #14, 8; #15, B; #16, B; #17, 8; #18, 8; #M19, 8. (B=E) Each circle
represents the mean of all stimulated wells in 1 patient. Horizontal lines indicate the mean of all patients. (B) GAD-Ab production
was significantly higher in patients than in HC (Mann-Whitney test). [C, D, E) Total IgG, lgM, and Igi levels in cc SN were
determined by ELISA. IgG, IgM, and Ig& production was not significantly different between the 2 groups (Mann-Whitney test for
IgG and Igh, unpaired ¢ test for igh). (F] The mean anti-GAD reactivity of the stimulated PEMCs did not correlate with GAD Ab
serum levels in the respective patients (Spearman correlation). (G, H) Anti-GADSS and anti-GADST reactivity of cc SN of
stimulated PEMCs (for each patient, the SN with the highest GAD Ab levels in ELISA was selected) and sera were compared by
flow eytometry using Hek293T cells transfected with plasmids coding for GADSS, GADSAT, and enhanced green flusrescence
protein (eGFP) as a control. (G) Results of ce SM analysis for 2 representative patients (Patients #11 and #12) and of the contral
Abs are depicted. (H) The percentage of cells staining for anti-GADGS and anti-GADET is shown for oc SN [left panel) and serum
(right panell. Horizontal lines indicate the mean. Anti-GADGS reactivity was significantly higher than anti-GADST reactivity
(Mann—\Whitney test for cc SN, unpaired ¢ test for serum) (I, J] Anti-GAD IgG, IgM, Igh, and lgG1—4 in the cc 5M and in serum
were determined by ELISA. Each circle repressnts 1 stimulated well (positive values shown in black). Serum values are depicted
with squares. The cutoff values for each isotypefsubclass were calculated as the mean optical density (OD) of the healthy
controls' supernatants +2 standard deviations. |IE = international units; ns = not significant, APC = Allophycocyanin; *=* (p = 0.01),
*5% [ = 0LOD1), **** [p < 0L0D01).
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TABLE. Characterization of Patients and Healthy Controls
Amti
Age ar PEMC Dizease IST at PEMC GADSerum, B-C:l] Frequency, %

#1 F .3 9 SPs sclg v am 1,198,242 15.5

#2 F 754 4 CA MMEF 1,160 19.5

#3 F T2 12 CA Mone 9641 7.5

4 F G [ LE Mone 244 5.5

45 F 0l9 025 CA GCs 547072 245

B M 503 .83 CA Mone 1,035,731 40.8

7 M 3E 0.33 LE FLEX, iv Ig’ 4 0.1

=4 F 186 167 LE MNone, GO 1,134,949 11.1

9 F o 1.58 LE, am 141,340 11.2

APECED

#10 F [ 4 CA Mone 69,976 11.7

#11 F 53.6 (¥ srs Mone 1931662 5.3

#12 F 285 017 LE Mone 668,244 10.8

#13 M T5.6 067 SPs Mone 91,090 10.4

#14 F $3.0 11.25 CA Mone 6,829,116 9.2

#15 F 489 [ LE RTX + am® 145,909 Becell depletion

FiM Mean = 5Dy Mean + SI¥ Mean + SI¥ Mean + SD»

Parients 143 406 £ 18.8 43 £ 39 920,352 £ 1,678,500 14.5 £ 9.0

HC 136 437 £ 89
“Theee weeks prior 1o PEMC sampling,
*Two months prior to PEMC sampling.

“Analysiz of bone marmw mononudear celle.
APECED = susnimmune polyendocri t didissis—ecrodermal dyserophy; axs = szathioprine: CA = cerebellar ataxiz F o= female; GADY = glu-
ul:j::dl&u.ﬂnthl}c ‘i.mmni:um'niiHC hﬁt.fmnnnhlsr hﬂ;mm.n:rzﬁuu‘mh-hﬂmﬁhhﬁ:
deviatian: 55 = ﬂiﬁ person qﬂ'nmt.

paticnts and revealed frequencies of GAD-reacrive B cells
in peripheral blood comparable o MV-reactive or TT-
reactive cells (see Fig 2C).

GAD Abs Are Produced by Plasma Cells in

the BM

As our comparson of GAD Ab levels in serum with the
levels of GAD Abs produced by stimulaed B cells in
peripheral blood indicared different sources of GAD Abs
(see Fig 1F). we aimed o analyze the BM as a posible
addivional source of GAD Ab production. Parient #15
(see Table) developed relapses with seizures and cognirive
impairment and showed high GAD Abs in the serum
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despite rrearment with riruxinab and azathioprine. The
azathioprine dosage was therefore increased, which led o
severe anemia and leukopenia. Trearment with azarhio-
prine was sopped, granulocyte colony-stimulating factor
was administered once, and a BM aspiraton was per-
formed. Here, intacr hematopoiesis and an absence of
CD20-positive cells were observed. After stimulation of
the PBMCs with RE48 and [L-2, we detected very low
IgG levels and no GAD Ab production, in line with
depletion of B cells in the peripheral blood under trear-
ment with finedmab (see Fig 20). BMMCs culoured for
3 days withour addivional stimuli spontaneously secrered
GAD Abs, which was not observed in BMMCs from the
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FIGURE 2: Glutamic acid decarboxylase (GAD) antibody (Ab}-producing B cells in the peripheral blood show frequencies comparable to
those of measles virus MV} and tetames toxoid (TTlreactive B cells. GAD Abs are produced by bone marrow [BM) cells. (4=C) Limiting
dilution analysis with peripheral blood mononudear cells (PEMCs) fram 13 patients was performed (for 1 patient, no further PEMC
sarmples were svailable). PEMCs were seeded at concentrations of 10,7 10, 10, 5 = 10,* and 10° cellsfwell with 17 different wells for
each cell concentration and cultured for 11 days inthe presence of IL-2 and REAE. GAD Ab, MV Ab, and TT Ab production was determined
by enzyme-linked immuncsorbent assay (ELISA). (&) GAD Abs, MV Abs, and TT Abs in cell culture supematant {oc 5M] from indididual wells
in 1 repressntative patient [Patient #12). Cutoff was set as 4 x standard deviation (30) for GAD, 1 » negative contral +1/2 5D for MV,
and at an optical density (00) of 0.2 for TT: each circle represents 1 stimulated well (B) Depiction of the calculation of the frequencies of
antigen [aglreactive cells in 1 representative patient according to the Poiston distribution. (C) The frequencies of ag-reactive PEMCs
[upper panel) and B czlls lower panel) in all patients are depicted. Caleulation of ag-reactive B cells is based on total B-cell frequencies in
each patient [(see Table); horizontal lines indicate the mean. No significant difference between GAD-reactive, MV reactive, and TT-
reactive PEMCs and B cells was detected (Kruskal-\W allis test followed by Dunn multiple comparisons test). Calculation of ag-reactive cells
wias not possible inn = 3 (GAD), n = 3 [MV), and n = 2(TT) a3 no positive wells were present. () PEMCs from Patient #15, who was under
treatrment with rituximab and exhibited B-cell depletion in peripheral blood at the time of analysis, were stimulated with R848 and IL-2 for
11 days. No GAD Ab production and only very low g0 Ab production (ng/ml as compared to pafml in patients who did not receive
rituximaby; see Fig 1) were determined by ELISA (E) Bone marmow mononuchear cells (BMMCs) of Patient #15 as well as BMMCs from
3 control ictl) patients were cultured for 5 days, and GAD Ab and IgG production was determined by ELISA_ Each crde represents one
cultured well; horizantal lines indicate the mean. BMMCs from Patient #15 produced GAD Abs, whersas BM cells from control patients
did not; the difference was not statistically significant with a detectable trend (Mann-Whitney test; E, left panal). IgG production did not
differ betwesn Patient #15 and contral patients (Mann-Whitney test; E, right panel). BSA = bovine serum albumin; ns = not significant.
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3 control patients (see Fig 2E, left panel). In contrast, toral
IgG production by the patienc’s BMMCs was comparable
to the control patients’ BMMC:s (see Fig 2E, right panel).

Discussion

Three theories concerning long-lasting Ab production and
plasma cell generation exist.'” First, persisting antigen
stimulation might continuously generate short-lived
plasma cells from memory B cells.'® Second, acrivation via
cytokines and TLR ligands might give rise to plasma cells
from memory cells.'”"® Third, plasma cells might persist
in survival niches, for example, in the BM." We provide
evidence thar aligns with the second notion; GAD-Ab—
producing cells can be generated from memory B cells by
cytokine receptor and TLR stimulation. GAD Ab produc-
tion could be achieved under minimalized culture condi-
tions of unfractionated PBMCs stimulated with only
R848 as a TLR ligand and IL-2. This protocol was identi-
fied 1o efficiently and selectively activate memory B cells
by directly stimulating TLR7 on memory B cells and
TLR8 on myeloid cells that produce additional cytokines
supporting B-cell proliferation and differentiation." Simi-
lar conditions could also be encountered during infections
in patients. The presence of the specific antigen GAD was
not required for induction of GAD-Ab—producing cells.
GAD Ab production by stimulated peripheral blood cells
did not correlate with GAD Ab serum levels, suggesting
an addirtional source of GAD Abs. In line with the third
theory presented above, plasma cells in the BM are shown
here to be a further source of GAD Ab production.

These findings have several important clinical impli-
cations. GAD-reactive memory B cells in peripheral blood
can be targeted by antiproliferative medications and
CD20-directed therapies. Consequently, these treatments
decrease the pool of GAD-Ab—producing cells without
completely abolishing GAD-Ab—producing cells, as GAD-
Ab—producing long-lived plasma cells would not be rtar-
geted. This is in line with the observation that rituximab
only moderately decreases GAD Ab levels in serum.'®??
Currently, the therapeutic response in many GAD-Ab—
positive patients is not s;ll:isF},ring.'lL3 Therefore, targeting
both memory B cells (eg, with rituximab) and plasma cells
(eg, with bortezomib) might be a potential treatment
option, with the awareness that such treatment regimens
come with strong potential side effects.

Together, our study shows a strikingly high fre-
quency of GAD-reactive B cells in blood of most patients
and demeonstrates rituximab-resistant BM plasma cells as
an additional source of GAD Abs. The identification of
the GAD-Ab—producing cells is relevant to developing
strategies of cell-specific therapies in patients with GAD-
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Ab-associated neurological disorders. The abundance of
GAD-reactive B cells extends our understanding of the
dysregulated self-tolerance in these patients.
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3.2. Aim of the study Il

The aim of the study was the analysis of the spectrum of monoclonal
patient-derived anti-GAD65-abs in the PB and CSF of GAD-AIND patients.
| determined the affinity to GAD using different detection assays and

characterized molecular and functional properties of patient-derived mabs.
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Abstract

Antibodies (abs) against the cytoplasmic protein glutamic acid decarboxylase 65 (GADG65) are detectable in patients with a range of
neurological syndromes together referred to as GAD65-ab-associated neurological disorders. The response of some of these patients to
plasmapheresis indicates that GAD65-abs could be important contributors to disease pathogenesis at least at some stages of disease.
While we have previously shown that GAD65-reactive B cells are abundant in peripheral blood (PB). it is currently unclear whether
GADG5-ab-producing cells are also present in the central nervous system (CNS) and if and how anti-GADG65 immune responses differ
between peripheral and central compartments.

To address this question we studied six patients with high levels of GAD65-abs detectable in serum and cerebrospinal fluid (CSF) and
generated monoclonal abs (mAbs) derived from single cells in CSF and PB. The sequence characteristics, the reactivity to GAD6S and
to a panel of viral antigens, as well as the role of somatic hypermutations (SHMs) of the mAbs were analysed. In total, 30 mAbs could
be generated (n=25 derived from CSF and originating from three different patients; n=5 derived from PB and originating from one
patient). In 2/6 patients GAD65-ab-producing cells could be identified in the CSF with 75% of the mAbs being GAD-reactive (6/8
mAbs). MAbs derived from CSF-cells could only be generated in patients with a short disease duration at the time of sampling. The
intrathecal anti-GADG65 response was polyclonal. No cross-reactivity of GADG65-reactive mAbs to a panel of viral antigens was
observed. GADG65-abs were mostly of the IgG1 subtype and had undergone affinity maturation with higher numbers of SHMs of

GADG65-reactive mAbs (mean: IGHV: 20.0, IGK/LV: 9.4) compared to non-GAD65-reactive mAbs (mean: IGHV: 12.3, IGK/LV: 5.6).
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Reversion of three GADG65-reactive mAbs to their corresponding germline-encoded unmutated common ancestors abolished GAD65-
reactivity.

Our data show that GAD65-specific B cells are present in the CNS and represent a sizable fraction of CSF B cells in particular early in
the disease course. The anti-GADG65-response in the CSF is polyclonal and shows evidence of antigen-driven affinity maturation that is
required for GADG65-recognition. Our data support the hypothesis that the accumulation of GADG65-specific B cells and plasma cells in
the CSF is an important feature of early disease stages. These findings are in line with the clinical observation that B-cell depleting
therapies are not effective in long-standing GAD65-ab-associated neurological disorders and have obvious implications for the timing

of B-cell directed therapies in these patients.

Introduction

The cytoplasmic protein glutamic acid decarboxylase (GAD) is the rate-limiting enzyme in the synthesis of the major inhibitory
neurotransmitter y-aminobutyric acid (GABA) !. High serum levels of antibodies (abs) against the isoform GADG65 have been associated
with neurological syndromes like stiff person syndrome (SPS). cerebellar ataxia (CA). limbic encephalitis (LE), and temporal lobe
epilepsy (TLE) 6. Low levels of GADG65-abs are detectable in around 1-8% of patients with diverse neurological disorders and healthy
controls ™. This finding complicates the evaluation of serum GADG65-abs in patients presenting with neurological symptoms and

questions the relevance of these peripheral GAD65-abs in disease pathogenesis. Currently, the detection of GADG65-abs in cerebrospinal
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fluid (CSF) in SPS and an intrathecal production of GAD65-abs in CA and TLE are therefore proposed as diagnostic criteria for GAD65-
ab-associated neurological disorders '° highlighting the relevance of an intrathecal anti-GADG65 response in these disorders. Still, the
intrathecal B-cell repertoire and the abundance of GAD65-specific B cells in the central nervous system (CNS) are largely unknown. A
more refined understanding of the immune response in these patients would however be of dire need, as an effective treatment in patients
with GAD65-ab-associated neurological disorders remains challenging. We previously found that immune therapy including B-cell
depletion with rituximab did not result in an improvement of outcome in patients with long-standing disease ''. In contrast, prompt
initiation of treatment was associated with good outcome in a cohort of patients with GAD65-ab-associated cerebellar ataxia '2.
Therefore, early initiation of immune therapy seems to be critical and understanding the involved immune reactions is crucial to facilitate
therapeutic decisions. We now sought to analyse autoimmunity to GAD65 in the CNS by generating a panel of monoclonal antibodies
(mAbs) derived from B cells in the CSF of six patients with GAD65-ab-associated neurological disorders. We could detect a sizeable
fraction of GADG65-reactive B cells in the CNS at early stages of disease and provide evidence that GAD65-reactive B cells experienced

antigen-driven affinity maturation. Overall, these findings support a role of CNS B-cell responses against GADGS in early disease

pathogenesis.
Material and Methods
Study approval
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The study was performed according to the declaration of Helsinki after approval by the institutional review board of the Ludwig-
Maximilians-Universitit. Munich and the University of Ulm. All patients or their legal representatives gave written informed consent
prior to study enrolment.

Patients

We included six patients with GAD-ab associated neurological disorders, all of which exhibited high GAD-ab-titers both in serum and
CSF and evidence of intrathecal GAD-ab-production. Intrathecal GAD-antibody synthesis was determined by calculating the antibody
index (AI) using the following formula: (CSF GAD-specific IgG) x (serum total IgG)/ [(CSF total IgG) x (serum GAD-specific IgG)]
with an Al above 1.4 indicating intrathecal synthesis . Clinical information as well as CSF characteristics are provided in Table 1.
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient separation. Fresh CSF was centrifuged at 300g for 15
minutes at 4°C. Cell pellets were either immediately used for single cell sorting or directly frozen in 500 ul freezing medium (90% FCS
and 10% DMSO), stored at -80°C for 3 days at -196°C afterwards. and used later for single cell sorting.

CSF single cell isolation

For fluorescence-activated cell sorting (FACS) CSF B cells were pre-enriched by negative selection using the following kits: human
CD3 positive selection kit I (Stem Cell Technologies, #17851), human CD14 positive selection kit IT (Stem Cell Technologies. #17858).
human CD356 positive selection kit IT (Stem Cell Technologies. #17855). Enriched B cells were stained on ice using the following abs:

CDI14-FITC (Biolegend, clone: 63D3, 1:40), CD36-FITC (Biolegend, clone: HCD56, 1:40), CD19-APC Fire (Biolegend. clone: HIB19,
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1:40), CD27-BV605 (Biolegend., clone: 0323, 1:40), CD20-PerCP (Biolegend, clone: 2H7, 1:40), CD24-APC (Biolegend, clone: MLS,
1:50). CD138-PE (Stem Cell Technologies, clone: MI15, 1:40), CD38-ef450 (Invitrogen, clone: HB7, 1:40), CD3-AF700 (Invitrogen,
clone: OKT3, 1:40), Fe receptor blocking (Miltenyi Biotee, 1:50). Cells were sorted into 96-well plates using the FACS BD FACSAria
Fusion Cell Sorter with wells containing 5 pl of RNA lysis buffer (0.4 Unit RNaseOUT™ Recombinant Ribonuclease Inhibitor
(Invitrogen), 0.038% Triton-X-100, 1 uM Oligo dT primer, 1 mM dNTP mix (Invitrogen)).

Immunoglobulin sequence analysis

Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed by adding 5 ul RT master mix to the lysed cells containing
50 Units SuperSeript™ II Reverse Transcriptase (Invitrogen), 1x superscript II first strand buffer (5x) (Invitrogen), 5 mM DTT
(Invitrogen), 0.92 M Betaine, 6 mM MgCl,, 10 Units RNase OUT (Invitrogen), and 1 uM TSO no. 1 (Suppl. Table 1). The following
PCR conditions were used: 42°C for 90 minutes/ 10 cycles: 50°C for 2 minutes and 42°C for 2 minutes/ 70°C for 15 minutes. cDNA
amplification was performed by adding 15 pl containing 0.2 uM TSO no. 2 (Suppl. Table 1), 1x KAPA Hifi Mix (2x) (Roche Applied
Science). The following PCR conditions were used: 98°C for 3 minutes/ 25 cycles: 98°C for 20 seconds. 67°C for 15 seconds, 72°C for
6 minutes/ 72°C for 5 minutes. For the gene amplification of the variable immunoglobulin heavy chain (IGH) and the possible lambda
(IGL) and kappa (IGK) light chains a nested PCR-strategy was applied as described previously . In brief, PCRs were performed in 25
ul containing 0.4 uM gene specific primers: TSO no. 3, HG_Out, Kappa_ Out, and Lambda_Out with all PCR primers together in one
master mix for the outer PCR, and TSO_no. 3, HG_IN, Kappa_IN, and Lambda-IN in separate reactions for heavy chain (HC), kappa

chain (KC). and lambda chain (LC) for the inner PCR. 1x Phusion buffer (5x) (Roche Applied Science), 0.2 uM dNTPs (Invitrogen), 1

7
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support {434) 964 4100

Page 9 of 52 Brain

Biljecki et al. GADG65-specific B cells in the CNS

ul DNA template. 0.5 ul Phusion® HF DNA Polymerase (2000 U/mL) (New England biolabs) were added to the respective primers.
The following PCR conditions were used: 98°C for 30 seconds/ 30 cycles: 98°C for 20 seconds, 60°C for 20 seconds, 72°C for 50
seconds/ 72°C for 10 minutes. All products from the second PCRs were applied to agarose gel electrophoresis and bands at the correct
height with matching heavy and light chains were isolated by gel purification (Qiagen Minelute kit). Purified PCR-products were
sequenced with inner primers for IGH. IGK, and IGL. All primers used in the single-cell analysis are listed in Supplementary Table 1.
Sequences were compared with variable (diversity) joining (V(D)J) segments in the IMGT database. The number of somatic
hypermutations (SHMs) in the complementary determining regions (CDR) as well as in the framework regions (FR) were analysed and
the length of the CDR3 was determined. Furthermore, IgG subclasses were determined as described previously '*.

Generation of mAbs

Immunoglobulin cloning was performed by introducing restriction sites into heavy and light chains (Sall-HF and SaclI for IGH, BssHII
and KasI for IGK and IGL) using individual immunoglobulin gene-specific primers (Supplementary Table 1). PCR conditions were as
described above for the nested PCR approach. Digested and purified PCR-products were cloned into the pTTS5 expression vector which
adds a C-terminal HIS6-tag to the abs and contains the IgGl constant domain. Ig vector pairs were transiently transfected into
HEKEBNA cells cultured in Freestyle Medium 293 supplemented with 1% Pluronic F68 (Gibco) and 25 ug/ml Geneticin (Gibeo) using
Polyethylenimine (Polysciences). Supernatants were harvested after 4 days of culture. Antibody purification was performed by

immobilized metal affinity chromatography as described previously 6.
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Stimulation of memory B cells to antibody-producing cells

PBMCs were stimulated with the toll-like receptor (TLR)-7/8-ligand R848 (Sigma Aldrich, 2.5 pg/ml) and IL-2 (R&D, 1,000 IU/ml) at
a concentration of 600,000 cells/mlin 24-well plates for 11 days as described 7.

Screening for GAD65-reactivity

ELISA

GADG5-abs were detected and quantified by human anti-GAD65 ELISA (IgG) (Euroimmun). Indirect Immunofluorescence test
(IIFT)

In a tissue-based assay primate cerebellar tissue (Euroimmun, FB 1111-1010-17) was used. Patient-derived mAbs (50 pg/ml). sera
(1:100) and CSF supernatant (1:1) were analysed for brain reactivity following the manufacturer’s instructions. For detection the goat
anti-human IgG Alexa Fluor 488 antibody (Southern Biotech 2049-30: 5 ug/ml) was applied. Additionally, mAbs tested positive in the
assays described above were tested by IIFT in a cell-based assay on GADG5-transfected HEK293 cells as well as control transfected
cells (Euroimmun, FA 1022-1005-50). MAbs were used at a concentration of 50 pg/ml and in a first step diluted 1:10 followed by
dilutions of 1:100/1:400/1:1600/1:6400/1:25600 if positive and applied undiluted if negative.

Generation of mAbs from PBMCs

Patient-derived memory B cells were isolated using the human B cell enrichment kit (Stemcell Technologies) and the IgG* memory B

cell isolation kit (Miltenyi Biotec). B cells were cultured on feeder cells. For this, 1x10° PBMCs/well previously irradiated with 12 Gy
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and B cells in concentrations ranging from 1-500 cells/well were cultured in a 96 well plate in RPMI complete media containing 10%
fetal bovine serum, 1% Penicillin/Streptomycin, 1% L-Glutamin, 1% non-essential amino acids and supplemented with 2.5 ug/ml CpG
ODN 2006 (Invivogen). Epstein-Barr virus (EBV) producing B95-8 monkey cells were starved for 7 days and the EBV containing
supernatant was collected and 100 ul were added to feeder cells and B cells. The EBV immortalized B cells were cultured for 2 to 3
weeks until colonies became visible. Supernatants were heat inactivated and tested for GAD65 reactivity in ELISA (Euroimmun) as
described above.

To stain GAD65-ab producing cells a GAD65-tetramer was applied. To this end, GAD65 protein (Diamyd, 45-08029-01) was
biotinylated with the EZ-Link NHS-PEQ4-Biotinylation Kit (Thermo Fisher Scientific, #21455). GAD65-tetramer was produced as
previously described 3. B cells were stained with 1pg/ml of GADG65-tetramer. Tetramer-positive cells were single cell sorted using the
FACS Aria Fusion Cell Sorter into RNA cell lysis buffer followed by single cell RT-PCR, PCR amplification and cloning as described
above.

Generation of germ-line abs

To identify SHMs that arose throughout affinity maturation we aligned the sequences of the HCs and L.Cs of our GAD65-reactive mAbs
against the 2021-10-11 germline reference set with IMGT/HighV-Quest v.3.5.27. We selected three mabs (5D1, 7A2, 4A10) and
reverted the sequences in FR1, FR2, FR3, CDRI1, CDR2, and flanking regions of CDR3 to the germ-line sequence by nucleotide

synthesis (GeneArt, Thermo Fisher Scientific) and performed cloning into the pTT5 expression system as described above.
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Viral antigen recognition

Binding to viral antigens was determined using the following assays: Herpes simplex virus (HSV)-IgG (ELISA, Virion\Serion and
Immunblot, Mikrogen), Varicella zoster virus (VZV)-IgG (ELISA. Virion\Serion), EBV-viral capsid antigen (VCA)-IgG
(chemiluminescent microparticle immunoassay (CMIA), Abbott), anti-EBV-Nuclear-Antigen (EBNA) (CMIA, Abbott).
cytomegalovirus (CMV)-IgG (CMIA, Abbott), human herpes virus (HHV)-6-IgG (IIFT, Scimedx Corporation), HHV-7-1gG (IIFT,
BIOCELL Diagnostics), HHV-8-IgG (IIFT, in house assay. Institute of Clinical and Molecular Virology, Erlangen). hepatitis A virus

(HAV)-abs (chemiluminescence i oassay (CLIA, DiaSorin), anti-Hepatitis B surface antigen (HBs) (CMIA, Abbott), anti-Hepatitis

B core antigen (HBc) (CMIA, Abbott), anti-Hepatitis B ¢ antigen (HBe) (CLIA, DiaSorin), Hepatitis C Virus (HCV)-abs (CMIA,
Abbott), Hepatitis E Virus (HEV)-IgG (Immunblot, Mikrogen), human immunodeficiency virus (HIV)-1/2-abs (CMIA, Abbott), human
T-lymphotropic virus (HTLV)-1/2-abs (CMIA, Abbott), measles-IgG (ELISA. Virion\Serion), mumps-IgG (ELISA, Virion\Serion),
rubella-IgG (CMIA, Abbott). parvovirus B19-IgG (Immunblot, Mikrogen), adenovirus-IgG (ELISA, Virion\Serion), enterovirus-IgG
(ELISA, Virion\Serion), hantavirus-IgG (Immunblot, Mikrogen). Tick-borne encephalitis (TBE)-Virus-IgG (ELISA. Virion\Serion),
west nile virus (WNV)-IgG (ELISA, Virion\Serion), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-S1/82-I1gG

(CLIA, DiaSorin: neutralizing antibody assay (NAB). Shenzhen YHLO Biotech).

Statistics
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Statistical significance was assessed with Prism Software (GraphPad) by unpaired or paired. non-parametric or parametric t-test analysis,

as appropriate. P-values of *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered significant and designated accordingly.

Data availability

The data that support the findings of this study are available from the corresponding author, upon reasonable request. No de-identified

patient data will be shared.

Results

Patient cohort characteristics and GAD65-reactivity

We aimed to generate mAbs derived from CSF and PB from patients with GAD65-ab-associated neurological disorders. We included

six patients with GADG65-abs and an associated neurological disorder, four with LE, one patient with CA, and one patient with recurrent

neuritis nervi optici (NNO). One patient received azathioprine at the time of sampling, the other patients were untreated. As described

19 autoimmune comorbidities were common. CSF-specific OCBs were present in 3/6 patients (Table 1). As a first step, we set out to

characterize the anti-GADG6S response in our patient cohort in detail using different detection assays and different biomaterials. All

patients exhibited GAD65-abs in ELISA with higher absolute values in serum than in CSF (Fig. 1A) and an intrathecal GAD-ab

production (Table 1). Additionally, all serum and CSF samples were tested by tissue-based assay using primate cerebellar slices and

four patients showed a GAD65-specific staining pattern which is characterized by a leopard-like granular layer staining (Fig. 1B). In
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two patients (patients #1 and #4) we observed an anti-nuclear-antibody (ANA) staining interfering with the clear evaluation of a GAD65-
specific staining pattern (Fig. 1B, Suppl. Fig. 1). Next, we determined the presence of GADG65-ab-producing B cells in PB and therefore
differentiated patient-derived PBMCs in vitro into Ig-producing plasma blasts as previously described 17 20, To this aim, for each patient
PBMCs were divided into 11 wells, PBMCs were stimulated, and GAD65-ab production was measured. Positive wells as surrogates for
GADG5-reactive B cells were identified in all patients. Patients #3 and #5 showed the highest number of circulating GADG65-reactive B
cells (Fig. 1C).

GADG65-ab producing B cells are present in the CSF at early stages of the disease

Next, we aimed to analyse GADG5-reactivity on a single-cell level. We performed single-cell sorting of CSF of all six patients and
produced patient-derived mAbs (Fig. 2A). We were able to generate 25 mAbs derived from CSF B cells from three different patients
(17 mAbs from patient #1, 3 mAbs from patient #3, and 5 mAbs from patient #5) (Table 2). In order to compare CSF-derived mAbs to
mAbs derived from PB, we applied EBV-immortalization of memory B cells (MBCs) from PB and staining of MBCs with a GAD65-
specific tetramer followed by single cell sorting of tetramer-positive cells. Hereby, we generated five mAbs derived from B cells
circulating in PB from one patient (patient #3) (Table 2). All generated mAbs were screened for their binding capacity to GADG63 using
ELISA. Hereby, we identified five mAbs with low affinity to GADG65 in ELISA (one derived from blood and four derived from CSF)
and five mAbs with high affinity to GAD65 in ELISA (three derived from blood and two derived from CSF) (Fig. 2B) (Table 2). We
tested our mAbs in dilution series in order to determine their affinity and detected Kd-values ranging from 152pM to 20.4uM (Fig. 2C,

D). A GAD63-specific staining pattern in tissue-based assay using primate cerebellar slices was observed for six mAbs (two derived
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from blood and four derived from CSF) (Suppl. Fig 2A. Table 2). These six mAbs also tested positive in a cell-based assay using
GADG5-transfected HEK293 cells (Fig. 2E, Table 2). Four mAbs revealed an ANA-staining (Suppl. Fig. 2B). Together, about 24%
(6/25) of all mAbs derived from B cells in the CSF early in the disease were specific for GAD6S and in the two patients with detection
of GADG635-reactive B cells in the CSF they even represented 75% (6/8) of all mAbs. In contrast. at later stages GADG65-specific B cells
could no longer be found in the CSF as in patients #2, #4, and #6 with disease durations of 81, 122, and 172 months we could not
generate mAbs derived from CSF B cells.

Detailed characterization of mAbs reveals an increased rate of SHMs in GAD65-reactive mAbs

We analysed sequence characteristics of all generated mAbs. Hereby, we found a higher proportion of lambda light chains (LCs) in
GADG5-reactive mAbs (64%) compared to non-GADG65-reactive mAbs (41%), however the difference was not statistically significant.
IgG subclass analysis revealed that all mAbs, except 7E8, belonged to the IgG1 subclass (Table 2). VH-family 3 was predominant in
our mAbs (17/30) (Table 2). No clonal relationships were identified among the mAb sequences. indicating a polyclonal anti-GAD635
response (Table 2). The number of SHMs was determined in the V region of all ab-chains and was significantly higher in both the heavy
chains and LCs of GAD65-reactive mAbs compared to non-GADG65-reactive mAbs (Fig 3A, left panel). When only CSF-derived abs
were analysed, GADGS-reactive abs still revealed higher numbers of SHMs, however the difference was not statistically significant,
presumably due to the lower number of abs (Fig. 3A, right panel). No difference between numbers of SHMs of GAD65-reactive mAbs
derived from CSF and PB was detected (Suppl. Fig. 3). Within GAD65-specific mAbs, ratios of replacing to silent mutations in CDRs

were higher than in FRs, which is characteristic of antigen-driven maturation (Fig. 3B).
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Monoclonal GADG65-reactive abs show no cross-reactivity to viral antigens

As viral infections are discussed as potential triggers for autoimmune reactions, we analysed cross-reactivity of a fraction of our mAbs
(HK3 as a control, 1C10, 4C5. 4A10, 4D1. 5D3, 5D1. 7H1, 7A2) to a panel of viral antigens. We detected no reactivity of our abs to
HSV, VZV, EBV, CMV, HHV-6, HHV-7, HHV-8, HAV, HBV, HCV, HEV, HIV-1/2, HTLV-1/2, measles virus, mumps virus, rubella
virus, parvovirus B19, adenovirus, enterovirus, hantavirus, TBE-Virus, and west nile virus. Mab 4C35 showed borderline reactivity to
SARS-CoV-2-S1/82 in CLIA, however this could not be confirmed by neutralizing antibody assay (Suppl. Table 2).

Affinity maturation is required for GAD65-recognition

In order to determine the role of affinity maturation we identified SHMs and reverted three monoclonal GAD65-reactive Abs (5D1.
7TA2: derived from CSF-cells; 4A10: derived from PB-cells) to their corresponding unmutated common ancestors (UCAs) (Fig. 4A).
Next, affinities to GADG65 of the patient-derived sequences (PDS) and their UCA counterparts were compared by dilution series in
GADG65-ELISA. Here, we found that reactivity to GADG65 was completely abolished in the UCAs (Fig. 4B). In cell-based assay using
GADG65-transfected HEK293 cells, GADG65-reactivity was also abolished in the UCAs (Fig. 4C). Moreover, binding to primate brain
tissue as well as pancreas islet cells was abolished in the UCAs (Suppl. Fig. 4A, B). As observed for the PDS, no clear reactivity of the
UCAs to viral antigens was observed; only the UCA of mAb 4A10 showed weak positivity in the WNV-IgG ELISA which we interpreted

as unspecific binding (Suppl. Table 2).
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Discussion

Our study provides insights into the CSF GADG65-specific B-cell receptor repertoire in patients with GAD65-ab-associated neurological
disorders. An intrathecal production of GADG65-antibodies is currently considered an essential diagnostic criterion in GADG65-ab
neurological disorders at least in LE/TLE and CA '°. However, direct proof of an intrathecal production of GADG65-specific abs by CSF
B cells was lacking so far. We were able to demonstrate for the first time that GAD65-ab producing cells are present in the CSF of
patients with GADG635-ab-associated disorders. We hereby provide direct evidence that GADG65-abs in the CSF are not merely a result of
transfer of serum abs into the CSF compartment but of a polyclonal anti-GADG6S5 response by B cells in the CNS.

The facts that the amount of SHMs did not differ between GADG65-specific mAbs derived from CSF and from PB and that the anti-
GADGS5 response in the CNS is polyclonal indicate that GAD65-reactive B cells probably originate from the periphery before migrating
to the CNS. In line with this hypothesis, we previously found a strong dysregulation of the peripheral anti-GADG65-response with both
memory B cells as well as plasma cells in the bone marrow as sources of GAD65-ab production 2°. The present study suggests that
autoreactive GADG65-ab producing B cells can cross the blood-brain barrier. Our CSF-derived GADG65-specific mAbs showed
comparable features to mAbs derived from patients with LGIl-encephalitis 2! and GABA s-receptor encephalitis 22, Here, high
proportions of antibody-secreting cells expressing LGI1-abs or GABA sR-abs and a high numbers of SHMs were observed. In contrast,

in patients with NMDAR-encephalitis, CSF-derived NMDAR-reactive mAbs often lacked any mutation as compared to the germ-line
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sequence and only a small fraction of antibody-secreting cells exhibited abs against the NMDAR 2324, Intriguingly, in patients with
NMDAR-encephalitis teratoma-based germinal center-like structures with ongoing germinal center reactions were observed °.

During B cell development two tolerance checkpoints with elimination of autoreactive B cells from the maturing B cell repertoire exist.
The central tolerance checkpoint affects immature B cells in the bone marrow, whereas the peripheral tolerance checkpoint relates to B
cells at the transition from new immigrant to mature naive cells in the periphery 26, Defects in B cell tolerance checkpoints have been
identified as essential characteristics in the development of autoimmunity 2’2, We sought to determine the relevance of early defects in
B cell tolerance in the development of GAD65-antibodies. To this aim. we reverted the sequence of three of our GAD65-reactive mAbs
(two derived from CSF and one derived from PB) to their UCAs thereby generating mAbs corresponding to the B-cell receptors
expressed by naive B cell precursors of these GAD65-ab-producing cells. Hereby, GAD65-reactivity was abolished. SHMs therefore
play an important role in the generation of GAD65-reactivity. Similary, an essential role of SHMs in introducing autoantigen-specific
reactivity has been described in other autoimmune disorders like for antibodies against aquaporin-4 in patients with neuromyelitis optica
spectrum disorders 3, for antibodies against desmoglein-3 in pemphigus vulgaris *, and for antibodies against double-stranded DNA or
extractable nuclear antigen in systemic lupus erythematosus 3336, The importance of affinity maturation in the development of GAD65-
reactivity is further illustrated by the fact that in our study mAbs reactive to GAD65 showed higher numbers of SHMs compared to non-
GADG65-reactive mAbs.

Regarding the initiation of autoimmune processes, viral infections are discussed as probable triggers. As examples for this concept EBV

infection has been linked to multiple sclerosis epidemiologically 37 and molecular mimicry between the EBV transcription factor EBNA1
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and the CNS protein GlialCAM was observed . In autoimmune encephalitis. it was shown that HSV-1 infection of the CNS can trigger
anti-NMDAR-encephalitis 3 4041, Recently, brain-reactive abs were identified in patients with severe COVID-19 42 and it was shown
that SARS-CoV-2 reactive mabs react with brain tissue **. Therefore, molecular mimicry between viral and brain antigens could be a
relevant feature in the pathogenesis of autoimmune encephalitis. To test this hypothesis. we analysed reactivity of our mAbs to a panel
of viral antigens. Hereby. no cross-reactivity to viral antigens was detected. Of note, these results cannot exclude a role of molecular
mimicry in the pathogenesis of GAD65-ab-associated disorders as we could only test a limited panel of putative viral candidates. Testing
with an unbiased approach also including bacterial antigens could be of future interest.

In our patient cohort, we were only able to generate mAbs from patients with a short disease duration (7. 2. and 3 months versus 81.
122, and 172 months). Most mAbs were isolated from plasmablasts and plasma cells. Although our patient cohort is small, this might
indicate that plasmablasts and plasma cells have escaped into survival niches in the CNS at later stages of the disease and, once there,
are not accessible to treatment any longer. Alternatively, plasma blasts and plasma cells might get degraded or leave the CNS
compartment as the disease progresses. Fitting to these observations, it was shown that an early initiation of immune therapy and a
subacute onset in GAD65-ab-associated CA was associated with therapy response '2. At later stages of disease, activated CD8+ T-cells
in CSF and PB have been found to be elevated in patients with GADG65-ab-associated LE and numbers of activated CD8+ T-cells
negatively correlate with hippocampal volume and memory function. Therefore. a role of CD8+ T-cells in mediating neurodegenerative
effects at later disease stages was postulated *. On the contrary, numbers of B-cells and plasma cells were not altered in CSF and PB of

patients with long-standing GADG65-ab-associated LE . In line with these findings., we previously found no clinical response to
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rituximab-treatment in long-lasting GADG65-associated neurological disorders when the modified Rankin Scale is used as outcome
measure 1.

Limitations of our study are the small patient number which is attributed to the rareness of GAD65-associated neurological disorder, the
requirement of direct processing of the CSF. and the elaborate procedure to generate the mAbs. Furthermore, no patients with SPS were
included in our study. Therefore, our results cannot readily be translated to this patient-subgroup. In patient #1. although a high number
of CSF-derived mAbs was generated, no GAD65-ab-producing cells could be detected in the CSF. Patient #1 showed a quite severe
clinical phenotype with requirement of intensive care treatment which is not commonly observed in patients with GAD65-ab-associated
neurological disorders. Therefore, in this patient a co-existing autoimmune process must be postulated. Our data underline the
inhomogeneity of patients with GAD65-ab-associated neurological disorders and emphasize the necessity to always take the clinical
picture, the results from CSF analysis, and, whenever possible, the results from two different GAD65-ab-detection assays into account
when diagnosing patients with GADG65-ab-associated neurological disorders.

Together, our study indicates that GAD65-specific B cells are generated during a normal immune reaction from B cells that are not
specific for GAD6S. Our data underline the importance of SHMs in introducing autoantigen-specific reactivity during an ongoing
immune response. Early, but not late in the disease course, GADG65-specific B cells are abundant in the CSF. The time point of treatment
initiation seems to be decisive in GAD65-ab-associated neurological disorders and B-cell depleting therapy should - if used - be applied

early in the disease course. Furthermore, B-cell depletion within the CNS compartment might be a therapeutic option.
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Figure legends:

Figure 1: Characterization of GAD65-ab profile of the patient cohort. (A) GADG65-abs in serum and cerebrospinal fluid (CSF) of
patients #1-6 were determined by ELISA. (B) Tissue-based assay with indirect immunofluorescence on primate cerebellar slices was
performed to detect anti-GADGS specific staining patterns in serum (1:100) and CSF (1:1) of patients #1-6 as well as a healthy control
(ctrl). A condition with only secondary antibody was used as an additional negative ctrl. * indicates patients with overlaying anti-nuclear
antibody-staining (see also Suppl. Fig. 1). (C) Peripheral blood mononuclear cells (PBMCs) from patients #1-3, and patients #5, 6 were
divided into 11 wells for each patient and each well was cultured with resiquimod (R848) and Interleukin-2 for 11 days and GADG65-ab
levels were determined by ELISA in cell culture supernatant (ccSN): each dot represents one stimulated well: data are presented with a

median violin plot: the horizontal dotted line indicates 4x OD of the negative control. For patient #4 no PBMCs were available.
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Figure 2: Evaluation of GAD65-reactivity of generated mAbs. (A) Overview of the technical workflow to generate CSF-derived
mAbs (created with BioRender) (B, C, D) Patient-derived mAbs were tested for GAD65-reactivity in ELISA. Horizontal dotted line
indicates 4x OD of the negative control; the horizontal dashed line divides abs with high affinity and low affinity to GAD6S. Data is
shown as the mean of at least three independent experiments; error bars indicate the SEM. Kd-values were calculated using nonlinear
regression analysis. (B) MAbs were tested at a concentration of 40ug/ml and undiluted (concentrations ranging from 0.03-3.08mg/ml).
* MAbs 1A8 and 2E6 were tested in concentrations of 20ug/ml. (C, D) MAbs positive in the screening-ELISA were tested in different
dilutions with high affinity GAD65-reactive abs presented in (C) and low affinity GADG65-reactive abs in (D). (E) Cell-based assay
using HEK293 cells transfected with GAD65 was performed. MAbs were used at a concentration of 50 pug/ml and in a first step diluted
1:10 followed by dilutions of 1:100/1:400/1:1600/1:6400/1:25600 if positive and applied undiluted if negative. The highest dilutions

that revealed a positive staining are depicted. Abbreviations: Kd, dissociation constant: na, non applicable; OD, optical density.

Figure 3. Comparison of GAD65-reactive and non-GAD65-reactive mAbs. (A) The number of somatic hypermutations (SHMs) of
the heavy chain (HC) V segment and the light chain (LC) V segment was compared for GAD65+ and GAD-mAbs and is depicted for
all mAbs (left panel) and all cerebrospinal fluid (CSF) mAbs (right panel). GAD65-reactivity was defined by GADG65-reactivity in
ELISA (unpaired T-test, * = p<0.05). (B) The mean ratios of replacing to silent mutations (R/S ratio) was calculated for framework

region (FR)1, complementarity determining region (CDR)1, FR2, CDR2, and FR3 and is depicted for all mAbs (left panel) and all CSF
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mAbs (right panel). Abbreviations: IGHV, immunoglobulin heavy chain V gene segment; IGK/LV. immunoglobulin kappa or lambda

light chain V gene segment.

Figure 4. Unmutated common ancestors (UCAs) of three GAD65-reactive mAbs. (A) The differences of the amino acid (AA)
sequences of heavy and light chains between the patient derived sequences (PDS) and their corresponding UCAs are illustrated. The
differing AA are depicted in white letters and the AA positions in black numbers. (B) GAD65-reactivity of PDS and their corresponding
UCAs was compared by GAD65-ELISA. MAb 5D1 is not included due to weak reactivity in ELISA with positivity only at high
concentrations (>350pug/ml); however, the corresponding UCA was not producible at such high concentration. All data points of mAb
4A10 UCA were negative and are hidden behind the data points of mAb 7A2. Horizontal dotted line indicates 4x OD of the negative
control; data is shown as the mean of at least 3 independent experiments; error bars indicate the SEM. (C) Cell-based assay using
HEK293 cells transfected with GAD6S was performed. MAbs representing PDS or UCAs were used at a concentration of 50 pug/ml and
in a first step diluted 1:10 followed by dilutions of 1:100/1:400/1:1600/1:6400/1:25600 if positive and applied undiluted if negative.
The highest dilutions that revealed a positive staining are depicted. Abbreviations: CDR, complementarity determining region; FR,

framework region; HC. heavy chain; xC. kappa light chain; C, lambda light chain.

Thumbnail. Study overview. After encountering their antigen. naive B cells undergo affinity maturation in germinal centers (GC)

giving rise to polyclonal GAD65-specific B cells. Circulating GADG65-specific memory B cells (MBCs) differentiate into Ig-secreting
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plasma cells (PCs) and plasmablasts (PBs). GAD65-specific PBs and PCs migrate to the central nervous system (CNS) in the early
phase of disease course and produce brain-reactive mAbs. GADG63-specific long-lived PCs escape into survival niches in the bone

marrow contributing to the serum GADG5-ab pool 2° (created with BioRender).
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Figure 1: Characterization of GAD65-ab profile of the patient cohort. (A) GAD6E5-abs in serum and
cerebrospinal fluid (CSF) of patients #1-6 were determined by ELISA. (B) Tissue-based assay with indirect
immunofluorescence on primate cerebellar slices was performed to detect anti-GADGS specific staining
patterns in serum (1:100) and CSF (1:1) of patients #1-6 as well as a healthy control (ctrl). & condition
with only secondary antibody was used as an additional negative ctrl. * indicates patients with overlaying
anti-nuclear antibody-staining (see also Suppl. Fig. 1). (C) Peripheral blood mononuclear cells (PBMCs) from
patients #1-3, and patients #5, 6 were divided into 11 wells for each patient and each well was cultured
with resiquirmod (R848) and Interleukin-2 for 11 days and GAD65-ab levels were determined by ELISA in cell
culture supernatant (ccSN); each dot represents one stimulated well; data are presented with a median
violin plot; the horizontal dotted line indicates 4x OD of the negative control. For patient #4 no PBMCs were
available.
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Figure 2: Evaluation of GAD65-reactivity of generated mAbs. (A) Overview of the technical workflow to
generate CSF-derived mAbs (created with BioRender) (B, C, D) Patient-derived mAbs were tested for
GAD65-reactivity in ELISA. Horizontal dotted line indicates 4x OD of the negative control; the horizontal
dashed line divides abs with high affinity and low affinity to GAD65. Data is shown as the mean of at least
three independent experiments; error bars indicate the SEM. Kd-values were calculated using nonlinear
regression analysis. (B) MAbs were tested at a concentration of 40ug/ml and undiluted (concentrations
ranging from 0.03-3.08mg/ml). * MAbs 1A8 and 2E6 were tested in concentrations of 20pug/ml. (C, D) MAbs
positive in the screening- ELISA were tested in different dilutions with high affinity GAD6 5-reactive abs
presented in (C) and low affinity GAD65-reactive abs in (D). (E) Cell-based assay using HEK293 cells
transfected with GAD65 was performed. MAbs were used at a concentration of 50 pg/ml and in a first step
diluted 1:10 followed by dilutions of 1:100/1:400/1:1600/1:6400/1:25600 if positive and applied undiluted
if negative. The highest dilutions that revealed a positive staining are depicted. Abbreviations: Kd,
dissociation constant; na, non applicable; OD, optical density.
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Figure 3. Comparison of GAD65-reactive and non-GAD65-reactive mabs. (&) The number of somatic
hypermutations (SHMs) of the heavy chain (HC) ¥ segment and the light chain (LC) V segment was
compared for GAD65+ and GAD-maAbs and is depicted for all mabs (left panel) and all cerebrospinal fluid
(CSF) mabs (right panel). GAD65-reactivity was defined by GAD65-reactivity in ELISA (unpaired T-test, * =
p<0.05). (B) The mean ratios of replacing to silent mutations (R/S ratio) was calculated for framework
region (FR)1, complementarity determining region (CDR)1, FR2, CDR2, and FR3 and is depicted for all mabs
(left panel) and all CSF mabs (right panel). Abbreviations: IGHY, immunoglobulin heavy chain ¥ gene
segment; IGK/LY, immunoglobulin kappa or lambda light chain ¥ gene segment.
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Figure 4. Unmutated common ancestors (UCAs) of three GAD65-reactive mabs. (4) The differences of the
amino acid (A4) sequences of heavy and light chains between the patient derived sequences (PDS) and their
corresponding UCAs are illustrated. The differing &4 are depicted in white letters and the A4 positions in
black numbers. (B) GAD65-reactivity of PDS and their corresponding UCAs was compared by GAD65S-ELISA,
Mab 5D1 is not included due to weak reactivity in ELISA with positivity only at high concentrations
(>350pg/ml); however, the corresponding UCA was not producible at such high concentration. &ll data
points of mab 4410 UCA were negative and are hidden behind the data points of mab 742, Horizontal
dotted line indicates 4x OD of the negative control; data is shown as the mean of at least 3 independent
experiments; error bars indicate the SEM. (C) Cell-based assay using HEK293 cells transfected with GAD6S
was performed. MAbs representing PDS or UCAs were used at a concentration of 50 pg/ml and in a first step
diluted 1:10 followed by dilutions of 1:100/1:400/1:1600/1:6400/1:25600 if positive and applied undiluted
if negative. The highest dilutions that revealed a positive staining are depicted. Abbreviations: CDR,
complementarity determining region; FR, framework region; HC, heavy chain; kC, kappa light chain; AC,
lambda light chain.
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Table 1: Clinical characterization of the patient cohort
Pt.  Clinical Age at Disease  Sex Symptom 11 Rel Treatment Previous CSF GAD65 mAbs  GAD65
No. presentation disease duration comorbidities at treatments -AT * mAbs
onset (y) (mo) sampling -
# LE 58 2 Cognitive impairment, Struma - IVGC,IVIG 10cellsiul, 7.1 -
generalized seizures, agitation, multinodosa, OCBs
sensory symptoms, depression,  ANAs: 1:12800
tetraparesis, decreased
consciousness, respiratory
impairment; ICU requirement
#2 LE 57 81 Tocal seizures autoimmune - IVGC with <1 cell/ul, 3.8 - -
thyreoditis, LADA, oral no OCBs
vitiligo, type-A- tappering
gastritis
#3 LE 28 2 Generalized and focal scizures, - - - 3 cells/pl, 41 + +
cognitive impairment OCBs
# LE 56 122 m Recurrent status epilepticus, Type 1 diabetes, - IVIG 1 cell/ul, 31 - -
cognitive impairment, organic hashimoto no OCBs
affective disorder thyroiditis, type-A-
gastritis
#  CA 59 3 Limb ataxia, gait ataxia, CLL, hashimoto - IVGC, IVIG <1 cellfpl, 56 + %+
dysarthria thyreoiditis no OCBs
#  NNO 43 172 Recurrent NNO - AZA AZA <1cell/pl, 3.4 - -
150mg/die OCBs

* Patients in whom mAbs could be generated from CSF-cells; ** Patients in whom GAD65-reactive mAbs could be generated from CSF
cells. Abbreviations: Al antibody index: AZA, azathioprine: CA, cerebellar ataxia; CLL, chronic lymphocytic leukemia; CSF, cerebrospinal

fluid; f. female; ICU, intensive care unit; [IVGC, intravenous glucocorticosteroids; IVIG, intravenous immunoglobulins; LADA., latent

autoimmune diabetes in adults: LE, limbic encephalitis; NNO, neuritis nervi optici; OCBs, specific oligoclonal bands in CSF; PLEX, plasma
exchange; Pt, patient; SPS, stiff person syndrome.
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Table 2: Characterization of monoclonal antibodies
mAb Patient Biomat Cell type HC AA junction LC AA junction LCtype CDR3 CDR3 VH 126G GAD6S TBA/ CBA/
No erial length length Tamily subdass  ELISA pligg UFT
HC LC

1A8 1 CSF PC CARGGITFVRGAVPRDYFYYYGLDVW  CMQTLQTSEYTF Kappa 24 10 3 13G1 neg neg .
109 1 CSF PC CARVRLGLDVW CQQYYSPPLTF Kappa 9 9 3 18G1 neg neg -
1E7 1 CSF PC CATDEYGDYLW CQSADSSGTYAVF Lambda 9 n 3 1gG1 neg neg -
1FS 1 CSF PB CAKDLRMGGQFVPGAFDYW CQQYGTSPITF appa 17 1 3 1861 nesg neg. -
1G10 1 CSF PC CARERQSDNGGYYPYWYFDLW CHQSSGLPRTF Kappa 19 9 4 18G1 neg neg -
1D10 1 CSF PC CARNSFYYDSSAYHGLYYYYGMDVW  CMQALQTPTF Kappa 23 8 1 18G1 neg neg -
1AL2 1 CSF PB CAKDWSPFVVVIAATFDYW CSSYTSSNTLGVF Lambda 17 1 3 1gG1 neg neg -
1D8 1 CSF PC CVKSFCGYDCYNDYW CQNYKRAPLTF Kappa 13 9 3 1gG1 neg neg .
1G5 1 CSF PC CARSGKDIVVVIDGMDVW CQQANTFPWTF Kappa 16 9 1 1861 neg neg -
1F9 1 CSF PC CARASGDTGWYLNHYFDSW CHQXSSLPXXF Kappa 17 9 a 1gG1 neg neg -
1cs 1 CSF PC CARSDIAVVVAARGFDPW CQSYDSSLSGFWVF Lambda 16 12 1 1gG1 neg neg .
1C10 1 CSF PC CARDPDAYYVDFRGLGRYAMDVW CQQYNSYSRTF Kappa 21 9 3 1gG1 neg neg .
e 1 CSF PB CARDFSRW CMQGTHWPPWTF Kappa. 6 10 3 IgG1 neg neg .
1Ds 1 CSF PC CONSRSYSTYDNAWXVGIEDW CLQHND YPLTF Kappa 19 9 4 1861 neg neg .
167 1 CSF PC CAKDRLTMIVVVISSFDYW CSSYTNSNTLGVF Lambda 17 1n 3 IgG1 neg neg -
2A7 1 CSF PC CARGRYGSGFFDYW CQSADSLAVVF Lambda 12 9 1 IgG1 neg neg -
2E6 1 CSF PC CARALYCTGGSCYSLHYW CMQALQTPPYTF Kappa 16 10 3 IgG1 neg neg .
4D1 3 PBMCs  EBVMBC CAK YYGMDVW cQ ¥ Lambda 18 1 3 18G1 +++ neg. neg
4E9 3 PBMCs EBV MBC CARGHYSDRSGHWIDSW CQSYDNSSQVF Lambda 15 9 3 1gG1 * neg neg
4E12 3 PBMCs EBVMBC  CAREIVNILTGYMGFFDYW CQVWDSSTGVF Lambda 17 9 3 1gG1 neg neg -
4A10 3 PBMCs EBV MBC CARAPYSNRYYYGMDVW CQVWDSSSDHWVF Lambda 15 11 1 1gG1 =+ pos pos
4cs 3 PBMCs EBV MBC CVREGCGSNCRNRHWYFDLW CSSYTSSSTLIF Lambda 18 10 & IgG1 ++ pos pos
sB1 3 CSF PB CARRDDFSRSFKYW CMQ. Kappa 12 9 4 1861 neg neg B
D1 3 CSF PB CARPRSDLWSGYNQNWFAPW CQQASSFPGLTF Kappa 18 10 7 - + pos pos
D3 3 CSF ambiguous  CASCSSTTCLTWFDPW CQVWDSTSDHQVF Lambda 14 11 1 1861 + pos pos
TA2 s CSF MBC CARRRGYSGYDPYFDYW CGTWDSSLSSWVF Lambda 15 11 El 1gG1 S pos pos
TES 5 CSF PB CARDNSKWSWDSW CQHLHGLPPAF Kappa 1 9 3 1gG2 + neg neg
G2 5 CSF PC CTRGRVPPLGGFYNQFDYW CLLSYGGARVAF Lambda 17 10 3 1gG1 neg neg neg
THL 5 CSF MBC CARHQNTIYSYYGMDVW CMQALETSITF Kappa 15 9 s 18G1 et pos pos
THS ] CSF MBC CARASWFGDLTVDNW CLQHSNWGFTF Kappa 13 9 3 1gG1 = neg neg

Abbreviations: CBA, cell based assay; CDR3, complementarity determining region 3; CSF, cerebrospinal fluid: EBV, Epstein-Barr
Virus; HC, heavy chain: IIFT, indirect immunofluorescence test; L.C, light chain: mAb, monoclonal antibody: MBC, memory B cell:
No. Number; PBMCs, peripheral blood mononuclear cells; PB, plasma blast; PC, plasma cell; TBA, tissue based assay. The IgG subclass

of mab 5D1 could not be determined.
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Supplementary Figure 1. Anti-nuclear antibody (ANA)-staining of CSF and serum.
Tissue-based assay with indirect immunofluorescence on primate cerebellar slices was
performed using CSF or serum. Furthermore, slices were stained with 4’,6-Diamidin-2-
phenylindol (DAPI) to visualize cell nuclei and the merge of the stainings is depicted. Results
from patient #1 and patient #4 are shown to illustrate the ANA-staining in these two patients.
Slices were stained with serum (1:100) and cerebrospinal fluid (CSF) (1:1) for patient #4 and

with serum (1:100) and CSF (1:100) for patient #1.

Supplementary Figure 2. Tissue-based assay using patient-derived mAbs. (A) Tissue-based
assay with indirect immunofluorescence on primate cerebellar slices was performed to detect
anti-GADG3 specific staining patterns using the patient-derived mAbs (50pg/ml) and mAb 1A8
at a concentration of 30pug/ml. The mAb HK3 ! was used as a negative control (ctrl). A condition
with only secondary antibody was used as an additional negative ctrl. # marks mabs that show
a GADG35-specific staining pattern characterized by a leopard-like granular layer staining; *
marks mAbs with an anti-nuclear antibody (ANA)-staining (see also B); the dotted line confines
the cerebellar granular layer. (B) DAPI staining of cerebellar slices that were additionally
stained with the mAbs 1G7, 4E9, 2A7, and 1G10 is depicted to illustrate the ANA-staining of

those mAbs.

Supplementary Figure 3. Comparison of somatic hypermutations (SHMs) in GAD65-
reactive mAbs (GADG65+) from cerebrospinal fluid (CSF) and peripheral blood (PB). The
number of SHMSs of the heavy chain (HC) V segment and the light chain (LC) V segment was
compared for GAD+ mAbs in CSF and PB. GAD65-reactivity was defined by GAD65-

reactivity in ELISA (unpaired T-test).
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Supplementary Figure 4. Comparison of binding to primate cerebellar and pancreas
tissue of patient-derived sequences (PDS) and unmutated common ancestors (UCAs). (A,
B) For the mAbs 5D1, 7A2, and 4A10 binding of the PDS and UCAs to primate cerebellar
tissue and pancreas tissue was compared by indirect immunofluorescence with concentrations
of 50 png/ml of the mAbs. (A) Binding to primate cerebellar tissue is illustrated. The dashed
white lines confine the leopard-like staining pattern of the granular layer that is specific for
GADG65 abs. GADG65-specific staining pattern is marked with # (B) Binding to primate
pancreas islets is illustrated. Pancreas islet cells are marked with a white circle. GAD65-specific

staining pattern is marked with #. ctrl = control, pos = positive, neg = negative.

1. Brandle SM, Cerina M, Weber S, et al. Cross-reactivity of a pathogenic autoantibody
to a tumor antigen in GABAA receptor encephalitis. Proc Nat! Acad Sci U S A. Mar 2
2021;118(9)d0i:10.1073/pnas.1916337118
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Supplementary methods.

Tissue-based assay using patient-derived mAbs

In a tissue-based assay, primate cerebellar tissue (Euroimmun, FB 1111-1010-17) was used to
evaluate binding of patient-derived mAbs by indirect immunofluorescence. Additionally,
primate cerebellar brain tissue as well as pancreas tissue were used to compare binding of
patient-derived sequences and unmutated common ancestrors (Euroimmun, FA 1020-3). MAbs
were used at a concentration of 50 j1g/ml.

Anti-nuclear antibody staining

To control for nuclear staining 4',6-Diamidin-2-phenylindol (DAPI) (Thermo Scientific 815-

968-0747; 0.04 pg/ml) was applied.
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Supplementary Table 1. Primers used for single-cell analysis.

Description Name Sequence
RTTSO TSOno. 1 AAGCAGTGGTATCAACGCAGAGTGAATrGrG
+G -

genome amplification TSO TSO no. 2 AAGCAGTGGTATCAACGCAGAGT

inner and outer PCR

template switch oligo for smart scribe TSO no. 3 AAG CAG TGG TAT CAA CGC AG

human IgG heavy chain HG_OUT AGT TCCACG ACACCGTCAC

kappa chain Ig Kappa_OUT CAC ACA ACAGAG GCAGTT CC

lambda chain Ig Lambda_OUT CAC CAG TGT GGC CTT GTT GG

human IgG heavy chain HG_IN AGA GGT GCTCTT GGAGGA G

kappa chain Ig Kappa_IN GAA GAT GAA GAC AGA TGG TGC

lambda chain Ig Lambda_IN GCT TGG AGC TCC TCA GAG G

cloning mAbs in pTT5 IgG

mon Ab always the same for Heavy chain Heavy chain GTGCCCCCAGAGGTcgaCTTGG

reverse for cloning into pTTS reverse primer

mon Ab always the same for kappa chain kappa rev AGACAGATGGCcGCcGCCACAG

reverse for cloning into pTT5 primer
4D1 silent GGGAGCCGACCCACGGATACGCTTTTA
mutation
4D1 heavy GTTTCCGCGGTGGGTCCTGTCCGAGGTGCA
chain fwd GCTGGTGGAGTCTGGGGG
4D1 Lamda fwd | AACGGGCGCGCGATGTTCCTATGTGCTGACT
primer CAGCC
4D1 Lamda rev AGATGGCGCcGCCACAGTTCGTAGGACGGTC
primer AGCTTGG
4A10 heavy fwd | GTTTCCGCGGTGGGTCCTGTCCCAGGTCCAG
primer CITGTGCAGTCTGGGGC
1C8 heavy fwd GTTTCCGCGGTGGGTCCTGTCCCAGGTTCAA
primer CTIGGTGCAGTCTGG
1C8 lambda fwd | AACGGGCGCGCGATGTCAGTCTGTGCTGAC
primer GCAGCCGCCC
1C8lambdarev | AGATGGcGCcGCCACAGTTCGTAGGACGGTC
primer AGTTTGGTCCC
1C9 heavy fwd GTTTCCGCGGTGGGTCCTGTCCGAGGTGCAG
primer CTGGTGGAGTCTGGGG

1C9 kappa fwd
primer

AACGGGCGCGCGATGTGACATCGTGATGAC
CCAG

1G10 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
CTGCAGGAGTCGGGCCC

1G10 kappa fwd
primer

AACGGGCGCGCGATGTGAAATTGTTCTGAC
TCAGTCTCC

4E9 heavy fwd GTTTCCGCGGTGGGTCCTGTCCGAGGTGGA
primer GCTGGTGGAGTCTGGGGG

4E9 lambda fwd | AACGGGCGCGCGATGTAATTTTATGATGACT
primer CAGCCCC

4E9 lambdarev | AGATGGCGCcGCCACAGTTCGTAGGACGGTC
primer AGCTTGG

1A8 heavy fwd GTTTCCGCGGTGGGTCCTGTCCGAGGTGCAG
primer CTGGTGCAGTCTGGGGG

1A8 kappa fwd
primer

AACGGGCGCGCGATGTGATATTIGTGATGA
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1C10 heavy fwd | GTTTCCGCGGTGGGTCCTGTCCGAGGTGCAG
primer GTGGTGGAG
1C10 kappa fwd | AACGGGCGCGCGATGTGACATCCAGATGAC
primer CcC
1D5 silent GAGCTCTGTGACCGCCACGGACACGGC
mutation in
heavy

1DS heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
CTACAGCTGTGGGGCG

1D5 kappa fwd
primer

AACGGGCGCGCGATGTGACATCCAGATGAC
CcC

1D12 heavy fwd
primer

EI'TTCCGCGGTGGGTCCTGTCCGAGGTG CAG
CIGGTGGAGTCTGGGGG

1D12 kappa fwd
primer

AACGGGCGCGCGATGTGATGTTGTGATGAC
JCAGTCTCC

1F5 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCGAAGTGCAG
CTGGTGGAGTCTGGGGG

1F5 kappa fwd
primer

AACGGGCGCGCGATGTGAAATTGTGTTGAC
GCAGTCTCC

1F9 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
CTGCAGGAGTCGGGCCC

1F9 kappa fwd
primer

AACGGGCGCGCGATGTGAAGTTGTACTGAC
TCAGTCTCC

1G5 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTTCAG
CTGGTGCAGTCTGGAGC

1G5 kappa fwd AACGGGCGCGCGATGTGACATCCAGATGAC
primer CCAG

2E6 heavy fwd GTTTCCGCGGTGGGTCCTGTCCgaggtgcagetg
primer gtggagtctgggega

2E6 kappa fwd AACGGGCGCGCGATGTGATATTGTGATGAC
primer TCAGTCTCC

1D10 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTTCAG
CTGGTGCAGTC

1D10 kappa fwd
primer

AACGGGCGCGCGATGTGATATTGTGATGAC
TCAGTCTCC

1D8 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTACAG
CTGGTAGAGTCTGGGGG

1D8 kappa fwd
primer

AACGGGCGCGCGATGTGACGTCCAGCTGAC
CCAGTCTCC

1A12 heavy fwd | GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAA
primer CTGGTGGAGTCTGGGGG

1A12 lambda AACGGGCGCGCGATGTCAGTCTGCCCTGACT
fwd primer CAGCCTGCCTCCG

1A12 lambda AGATGGcGCcGCCACAGTTCGTAGGACGG
rev primer

1E7 heavy fwd GTTTCCGCGGTGGGTCCTGTCCGAAGTGCAG
primer CTGGTGGAG

1E7 lambda fwd | AACGGGCGCGCGATGTICCTATGAGCTGAC
primer ACAGCCACCCTCGG

1E7 lambdarev | AGATGGcGCcGCCACAGTTCGTAGGACGGTC
primer A

1G7 heavy fwd GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAT
primer CTGGTGGAGTCTGGGGG

1G7 lambda fwd | AACGGGCGCGCGATGTCAGTCTGCCCTGACT
primer CAGCCTGCC

1G7 lambda rev
primer

AGATGGCcGCcGCCACAGTTCGCAGGACGGTC
AGCTTGG
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4E12 heavy fwd

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG

primer CTIGGTGGAGTCTGGGGG

4E12 lambda AACGGGCGCGCGATGTTCCTATGAGCTGACT
fwd primer CAGCC

4E12 lambda AGATGGCGCcGCCACAGTTCGTAGGACGGTC
rev primer AGCTTGGTCCC

2A7 heavy fwd GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
primer CTGGTGCAGTCTGGGGC

2A7 lambda fwd | AACGGGCGCGCGATGTTCCTTTGAGCTGACA
primer CAGCCACCC

2A7 lambda rev | AGATGGcGCcGCCACAGTTCGTAGGACGGTC
primer AGCTTGG

5D1 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
CTGGTGCAATCTGGG

5D1 kappa fwd
primer

AACGGGCGCGCGATGTGACATCCAGATGAC
CCAGTCTCC

5B1 heavy fwd

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG

primer CTACAGCAGTGGGGC

5B1 silent CCCTGAAATTGAGGTCTGTGACTGCCACGGA
mutation in cG

heavy fwd

5B1 kappa fwd
primer

AACGGGCGCGCGATGTGATATTGTGATGAC
TCAGTCTCC

5D3 heavy fwd

GTTTCCGCGGTGGGTCCTGTCCCAGGTTCAG

primer CTGGTGCAGTCTGG

5D3 lambda fwd | AACGGGCGCGCGATGTTCCTATGTGCTGACT
primer CAGCCACCC

5D3 lambda rev | AGATGGcGCcGCCACAGTTCGTAGGACGGTC
primer AGCTTGGTCCC

7H8 heavy fwd GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
primer CTGGTGGAGTCTGGGGG

7H8 kappa fwd
primer

AACGGGCGCGCGATGTGAAGTTGTGTTGAC
ACAGTCTCC

7H1 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGGTGCAG
CTGGTGCAATCTGGG

7H1 kappa fwd
primer

AACGGGCGCGCGATGTAATATTGTGATGAC
TCAGTTTCC

7G2 heavy fwd GTTTCCGCGGTGGGTCCTGTCCGAGGTGCA
primer GCTGTTGGAGTCTGGGGG

7G2 lambda fwd | AACGGGCGCGCGATGTCAGGCTGTGGTGAC
primer TCAGGAGCCC

7G2lambdarev | AGATGGcGCcGCCACAGTTCGTAGGACGGTC
primer AACTTGGTCCC

7E8 heavy fwd GTTTCCGCGGTGGGTCCTGTCCGAGGCGCA
primer GCTGGTGG

7E8 kappa fwd
primer

AACGGGCGCGCGATGTGACATCCACTTGAC
CCAGTCTCC

7A2 heavy fwd
primer

GTTTCCGCGGTGGGTCCTGTCCCAGCTGCAG
CTGCAGGAGTCGGGCCC

7A2 lambda fwd
primer

AACGGGCGCGCGATGTCAGTCTGTGTTGAC
GCAGCCGCCC

7A2 lambda rev
primer

AGATGGCGCcGCCACAGTTCGTAGGACGGTC
AGCTTGGTCCC

1gG subclass determination

VH1L for
IGHVH1/7

CCATGGACTGGACCTGGA
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VH1F for CCATGGACTGGACCTGGA
IGHVH1/7

VH3L for CCATGGACTGGACCTGGA
IGHVH3

VH3F for CCATGGACTGGACCTGGA
IGHVH3

VHA4L for CCATGGACTGGACCTGGA
IGHVH4

VHA4F for CCATGGACTGGACCTGGA
IGHVH4

VHSL for CCATGGACTGGACCTGGA
IGHVHS5

VHSF for CCATGGACTGGACCTGGA
IGHVHS

VH6L for CCATGGACTGGACCTGGA
IGHVHG

VH6F for CCATGGACTGGACCTGGA
IGHVH6

IGREV : CCATGGACTGGACCTGGA
universal

reverse primer

for VH family

Abbrevations: fwd = forward, rev = reverse.
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Supplementary Table 2. Analysis of reactivity of mAbs to viral antigens.

YHLO Biotech

analyt method manufacturer | result
HSV-1gG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
HSV-1gG Immunblot Mikrogen neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
VZV-IgG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
EBV-VCA-lgG CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
anti-EBNA CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
CMV-lgG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
HHV-6-1gG IIFT Scimedx neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Corporation
HHV-7-1gG IFT BIOCELL neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Diagnastics
HHV-8-1gG 1IFT in-house neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
HAV-ab CLIA DiaSorin neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
anti-HBs CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
anti-HBc CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3}
anti-HBe CLIA DiaSorin neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
HCV-ab CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3}
HEV-IgG Immunblot Mikrogen neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
HIV-1/2-ab CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
HTLV-1/2-ab CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3}
Measles-1gG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Mumps-lgG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Rubella-lgG CMIA Abbott neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Parvovirus B19-IgG Immunblot Mikrogen neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Adenovirus-1gG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Enterovirus-lgG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
Hantavirus-1gG Immunblot Mikrogen neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3}
TBE-Virus-1gG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
WNV-IgG ELISA Virion\Serion neg (1C10, 4C5, 4A10, 4D1, 5D3, HK3)
SARS-CoV-2-S1/S2-1gG CLIA DiaSorin 4C5 borderline pos (14,2 rep. 13,5 AU/ml}
neg (1C10, 4A10, 4D1, 5D3, HK3)
SARS-CoV-2-S1/S2-18G NAB Shenzhen neg (4C5)

Abbrevations: CLIA = chemiluminescence

VZV = Varicella-Zoster Virus.

immunoassay, CMIA = chemiluminescent microparticle
immunoassay, CMV = Cytomegalovirus, EBNA = -EBV-Nuclear-Antigen, EBV = Epstein-Barr virus, HAV =
Hepatitis A Virus, HBc = -Hepatitis B core antigen, HBe = -Hepatitis B e antigen, HBs = Hepatitis B surface
antigen, HCV = Hepatitis C Virus, HEV = Hepatitis E Virus, HHV = Human Herpes Virus, HIV = human
immunodeficiency virus, HSV = Herpes Simplex Virus, HTLV = Human T-lymphotropic Virus, |IFT =
Indirect Immunofluorescence test, mabs = monoclonal antibodies, NAB = neutralizing antibody assay,
neg = negative, pos = positive, rep = repetition, SARS-CoV-2 = Severe acute respiratory syndrome
coronavirus 2, TBE = Tick-borne encephalitis, WNV = West Nile Virus, VCA = EBV-viral capsid antigen,
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Study overview. After encountering their antigen, naive B cells undergo affinity maturation in germinal
centers (GC) giving rise to polyclonal GAD65-specific B cells. Circulating GAD6E5-specific memory B cells
(MBCs) differentiate into Ig-secreting plasma cells (PCs) and plasmablasts (PBs). GAD6E5-specific PBs and
PCs migrate to the central nervous systermn (CNS) in the early phase of disease course and produce brain-
reactive mabs., GAD65-specific long-lived PCs escape into survival niches in the bone marrow contributing to
the serum GAD65-ab pool 20 (created with BioRender).
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STROBE statement: Reporting guidelines checklist for cohort, case-control and cross-sectional studies

SECTICN ITEM CHECKLIST ITEM REPCRTED ON
NUMBER PAGE NUMBER:
la Indicate the study’s design with a commonly used term in the title or the abstract 34
1b Provide in the abstract an informative and balanced summary of what was done and what | 3-4
was found
Background and objectives 2 Explain the scientific background and rationale for the investigation being reported 45
3 State specific objectives, including any pre-specified hypotheses 45
METHODS . _
Study design 4 Present key elements of study design early in the paper 5
Setting 5 Describe the setting, |ocations, and relevant dates, including periods of recruitment, 6
exposure, follow-up, and data collection
Participants 6a Cohort study— Give the eligibility criteria, and the sources and methods of selection of 6
participants. Describe methods of foll ow-up
Case-control study— Give the eligibility criteria, and the sources and methods of case
ascertainment and control selection. Give the rationale for the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and methods of
selection of participants
6b Cohort study— For matched studies, give matching criteria and number of exposed and na
unexposed
Case-control study— For matched studies, give matching criteria and the number of
controls per case
Variables
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 6-11
modifiers. Give diagnostic criteria, if applicable
RSl ScholarOne, 375 Greenbrier Drive, C e \(A, 22901 Support (434) 964 4100
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SECTICN ITEM CHECKLIST ITEM REPCRTED CN
NUMBER PAGE NUMBER:
Data 8* For each variable of interest, give sources of data and details of methods of assessment 6-11
sources/measurements {measurement}. Describe comparability of assessment methods if there is more than one
group.
Bias 9 Describe any efforts to address potential sources of bias. 6-11
Study size 10 Explain how the study size was arrived at 6
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. if applicable, describe na
which groupings were chosen and why .
Statistical methods 12a Describe all statistical methods, including those used to control for confounding 12
12b Describe any methods used to examine subgroups and interactions na
12c Explain how missing data were addressed na
12d Cohort study—If applicable, explain how loss to follow-up was addressed na
Case-control study—If applicable, explain how matching of cases and controls was
addressed
Cross-sectional study—If applicable, describe analytical methods taking account of
sampling strategy
12e Describe any sensitivity analyses na
RESULTS
Participants 13a Report numbers of individuals at each stage of study—eg numbers potentially eligible, 12
examined for eligibility, confirmed eligible, included in the study, completing follow-up, and
analysed
13b Give reasons for non-participation at each stage na
13c Consider use of a flow diagram na
Descriptive Data 143 Give characteristics of study participants {eg demographic, clinical, social} and information | Table1
on exposures and potential confounders
14b Indicate number of participants with missing data for each variable of interest Figure legend 1
14c Cohort study—Summarise follow-up time {eg, average and total amount} na
Outcome Data 15* Cohort study—Report numbers of outcome events or summary measures over time 12
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SECTICN ITEM CHECKLIST ITEM REPCRTED CN
NUMBER PAGE NUMBER:
Case-control study— Report numbers in each exposure category, or summary measures of
exposure
Cross-sectional study—Report numbers of outcome events or summary measures
Main Results 16a Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 12-15
precision (e.g. 95% confidence interval}. Make clear which confounders were adjusted for
and why they were included
16b Report category boundaries when continuous variables were categorized na
16c If relevant, consider translating estimates of relative risk into absolute risk for a meaningful | na
time period
16d Report results of any adjustments for multiple comparisons na
Other Analyses 17a Report other analyses done—e.g. analyses of subgroups and interactions, and sensitivity na
analyses
17b If numerous genetic exposures (genetic variants} were examined, summarize results from na
all analyses undertaken
17c If detailed results are available elsewhere, state how they can be accessed na
DISCUSSION
Key Results 13 Summarise key results with reference to study objectives 16
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or 19
imprecision. Discuss both direction and magnitude of any potential bias
Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, 19
multiplicity of analyses, results from similar studies, and other relevant evidence
Generalisability 21 Discuss the generalisability (external validity} of the study results 19
Other information
FUNDING
22 Give the source of funding and the role of the funders for the present study and, if 20
applicable, for the original study on which the present article s based
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4. DISCUSSION

4.1. Long-lasting ab production and intrathecal synthesis

Patients with GAD-AIND typically reveal very high anti-GAD ab titers that stay
high over time ¢4%9, In other words, anti-GAD ab titers do not necessarily decline
with therapy 77. All together, this raises the question, how a persistent ab
production is facilitated? Three theories exist regarding plasma cell generation
and a subsequent long-lasting ab production 30, The first argues with a
continuous ag stimulation of memory B cells that might lead to the generation of
short-lived plasma cells 131, The second theory confers to a stimulation of memory
cells, which gives rise to plasma cells, due to the activation via cytokines and TLR
ligands 132133 | astly, plasma cells persisting in the bm that functions as a survival

niche can be the source of long-lasting ab-production 134,

In Thaler et al., we provided evidence for circulating GADé65-reactive
memory B cells that can be stimulated through cytokines and TLR ligands. We
were able to differentiate anti-GAD ab harboring memory B cells into anti-GAD
ab producing plasmablasts derived from peripheral blood mononuclear cells
(FIGURE 7). To this aim, we cultured patient-derived peripheral blood mononuclear
cells and stimulated them with Resiquimod as a TLR ligand and IL-2 77. Pinna et
al. showed that this protocol is able to efficiently and selectively activate memory
B cells and induce differentiation into plasmablasts 26. Remarkably, no additional
antigenic stimulus, e.g., GAD protein, was required. Surprisingly, the anti-GAD

ab production did not correlate with anti-GAD ab levels in the serum of patients.

With this, our findings did point toward an additional source of anti-GAD
abs. To investigate the third theory, whether long-lived plasma cells in the bm
produce anti-GAD abs, we cultured bm mononuclear cells from a rituximab-
treated patient without any further stimulation. After 5 days, we could detect a
spontaneous anti-GAD ab secretion, which was not detectable in bone marrow
cells from control patients. Furthermore, in order to exclude any other sources of

anti-GAD abs (B cells derived from the periphery), we cultured and stimulated the
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peripheral blood mononuclear cells of this patient as described above. No anti-
GAD ab production could be detected since the patient was treated with rituximab
that transiently depletes CD20 expressing B cells. To summarize, in Thaler et al.,
we could confirm that both circulating memory B cells as well as bm-derived

plasma cells are sources of anti-GAD abs (FIGURE 7) 77.

O periphery CNS - early stage of the disease
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FIGURE 7: IG-SECRETING PLASMA CELLS AND PLASMABLASTS ARE PRESENT IN THE
CNS OF GAD-AIND PATIENTS.

After encountering their ag, naive B cells undergo affinity maturation in gc reactions, giving rise
to circulating polyclonal GAD65-specific memory B cells. Memory B cells further differentiate to
Ig-secreting plasma cells and plasmablasts. Long-lived plasma cells escape into survival niches,
e.g., the bm, whereas another proportion of plasma cells and plasmablasts migrate to the CNS in
the early phase of disease course, producing brain-reactive mabs. We were able to generate mabs
derived from Ig-secreting B cells of peripheral blood cells and CSF cells of patients suffering from
GAD-AIND. MBC =memory B cells, PCs = plasma cells, PBs = plasmablasts. Adapted from Biljecki
et al., by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.

The intrathecal synthesis of anti-GAD abs is very important for the
diagnosis of GAD-AIND. In line with this, Graus et al. even suggested to consider
an intrathecal anti-GAD ab production as an essential diagnostic criterion in

LE/TLE and CA 8", However, a direct proof of CSF B cells producing anti-GAD abs
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was missing, even though there is a strong evidence for an intrathecal anti-GAD
ab production in patients with GAD-AIND ¢°.

In Biljecki at al., we studied 6 patients with GAD-AIND and were able to
generate GAD65-reactive mabs derived from the CSF in 2 patients. Herewith, we
could provide direct evidence that anti-GAD65 ab producing cells are present in
the CSF. Moreover, we could show that the anti-GAD response of B cells in the

CNS is polyclonal (FIGURE 7).

With this, we could confirm the suggestion of Gresa-Arribas et al. who
implied that the presence of anti-GAD65 abs in the CSF is not merely a result of a
passive ab transfer of serum into the CSF compartment but even more, part of an
active immune response. They showed that 74 % of analyzed patient-derived CSF
samples were able to recognize all domains of GAD65, pointing towards a broader
CSF immune response against GAD65 when being compared with the peripheral

immune response (22 % of sera samples) in those patients 110,

Nevertheless, it remains to be investigated whether GAD-specific B cells
are re-stimulated in the CNS, triggering anti-GAD ab production, and whether
affinity maturation and differentiation of plasmablasts and plasma cells mostly

take place in the periphery.
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4.2. Triggers of autoimmunity and affinity maturation

In Thaler et al., we found a strikingly high frequency of GAD-reactive B cells in
the PB of almost all patients. The abundance of GAD65-reactive B cells was even
comparable to the frequency of B cells reactive for common recall ags (tetanus
toxoid and measles virus), suggesting a dysregulation of self-tolerance in these

patients 77.

The multiple-hit theory of autoimmunity addresses, inter alia, the initiation
of autoimmune processes due to an initial breakdown of tolerance. Strengthening
this, it is known that most auto-abs are present years before disease onset and
herewith not only as a consequence of inflammation. The initial breakdown of
tolerance (first hit) that favors the production of auto-abs is triggered by genetic
and environmental factors. Next, the so called second hit enables the auto-abs to
expend pathogenic effects and with that to preserve the autoimmune response.
Here, an example is myositis, where auto-abs target regenerating myocytes which
preserves the cycle of injury and regeneration 4'. A model describing the
pathogenicity of anti-GAD65 abs in CA could be that auto-abs generated in the
first hit are able to reduce the release of GABA (due to a diminished GAD65
enzyme activity), leading to a hyperexcitability of cells followed by an increase of
neuronal loss ¢%. This in turn would lead to a higher proportion of GAD65 protein
that is released from neurons and thereby accessible in the extracellular space,

providing further antigenic stimuli.

Still, considering anti-GAD abs, it is unknown when the production starts.
Supporting the multiple-hit theory and particularly the initial breakdown of
tolerance, Akman et al. previously mentioned, that it is unclear whether the
production of anti-GAD abs is related to neuronal injuries, a disruption of the
blood-brain barrier after trauma, or viral or bacterial infections that are related to
a predisposing underlying immune deficiency 3>, Intriguingly, it is known that
some bacteria of the human gut microbiota have the capability to produce or
consume GABA. Hereby, some of the GABA producers use GAD to facilitate their
synthesis 13¢, Interestingly, a recently published in silico analysis gave evidence

of similarities between bacterial GAD and human GAD&65, implying the possibility
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of bacterial-derived GAD as ag stimuli for auto-reactivity towards human GAD65
137

Moreover, microbial triggers as infectious agents are already well-
established in some autoimmune encephalitis cases °'. As an example an
untreated infection with Group A Streptococcus (S. pyogenes) is known to cause
autoimmune sequela in target tissues and manifest as either a rheumatic fever
(target tissue: heart) or Sydenham’s chorea (target tissue: CNS) >'. Other
examples of the initial breakdown of tolerance are viral infections that trigger the
production of auto-abs 1387140 |t is known that an infection with the Herpes
Simplex Virus Typ 1 can be followed by relapsing symptoms in the form of an
encephalitis. It was observed that the encephalitis is not a true viral relapse but
rather another immune-mediated disorder, namely NMDAR-encephalitis. Hereby,
it was shown that infections with the Herpes Simplex Virus Typ 1 can induce the
synthesis of anti-NDMAR abs 39, Moreover, it is known that abs generated as a
first line of defense in an acute infection carry a low number of SHMs (near
germline abs - UCA). This bears the risk of abs being simultaneously self-reactive,
as it was shown for human-derived severe acute respiratory syndrome

coronavirus type 2 reactive mabs that were able to bind to murine brain tissue 141,

Taken together, molecular mimicry between bacterial or viral ags and brain
ags could be a relevant component in the pathogenesis of autoimmune
encephalitis. As a consequence, in Biljecki at al., we investigated the hypothesis
of viral ags being triggers for anti-GAD autoimmunity. In order to do so, we tested
the reactivity of several GAD-reactive mabs to a panel of viral ags. Hereby, we
could not observe any cross-reactivity to the viral ags being tested. Nonetheless,
we cannot exclude that molecular mimicry contribute to the pathogenesis of GAD-

AINDs since only few viral ags and mabs could be tested in our study.

As indicated earlier, genetic changes might play an important role in the
pathogenesis of auto-ab-associated neurological disorders. Considering that, itis
common that patients or their relatives suffer from other systemic autoimmune
diseases, arguing for a shared predisposition that can cause a loss of self-
tolerance °3.¢7. Patients with GAD-AIND often have co-occurring autoimmune

diseases >311%, Moreover, it was suggested that they carry genetic risk factors 1.
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Generally, but not necessarily, this suggests deficiencies of central tolerance
checkpoints in patients with autoimmune diseases. In line with this, the treatment
of a patient, suffering from recurring melanoma, with nivolumab (immune-
checkpoint inhibitor) subsequently lead to the occurrence of GAD-AIND. The
patient presented with epilepsy, LE, CA and SPS together with anti-GAD65 abs in
the serum and CSF, indicating that an impaired central tolerance (due to impaired
immune-checkpoints) can lead to the development of anti-GAD autoimmunity 42,
Tolerance checkpoints in gc compartments could have an important role
concerning the induction of auto-reactivity. In gc compartements, mature naive B
cells that experienced an antigenic stimulus, clonally expand. Here, they undergo
affinity maturation (SHMs) and class switching before differentiating into memory
B cells or plasma cells. In particular, SHMs can give rise to auto-reactive abs or
even enhance the affinity of existing auto-reactive B cells. Moreover, most auto-
abs are present years before disease onset. For instance, it was reported that
affinity maturation and isotype switching of mabs occur before clinical symptoms
start for anti-citrullinated protein abs occuring in patients with rheumatoid
arthritis. Thereby, every change can be associated with an increased pathogenic

potential of the anti-citrullinated protein abs in rheumatoid arthritis 4.

Hence, in Biljecki at al., we aimed to analyze the importance of affinity
maturation, and in particular, SHMs for the reactivity of our mabs towards GAD65.
To do so, we reverted SHMs occurring in the variable domains (FR1-FR3 and
CDR1-CDR3) of three CSF-derived mabs to their UCAs. Hereby, we could show
that affinity maturation is required for the GAD-reactivity, as the UCAs had a
strongly reduced ability to bind to GAD65. Beyond that, in our study anti-GAD65
abs carried higher numbers of SHMs compared to non-GAD-reactive mabs.
Furthermore, we compared our CSF-derived anti-GAD65 abs with other published
CSF-derived auto-abs. Here, we could show that our anti-GADé65 abs exhibit
features that can be compared with abs derived from patients with LGI1-
encephalitis 7 and GABAA-receptor encephalitis >?. More precisely, in our study
we could observe a high proportion of ab-secreting cells expressing anti-GAD65
abs that carry a high number of SHMs. CSF-derived LGI1 abs or GABAA-receptor
abs show similar features. On the contrary, CSF-derived anti-NMDAR abs from

patients with NMDAR-encephalitis do not show this features. Here, only a small
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fraction of ab-secreting cells harbors abs against the NMDAR. Besides, anti-
NMDAR abs often lack any mutation as compared to the germline sequence 338,
In another step, we compared the amount of SHMs occurring in anti-GAD65 abs
derived from the CSF and from the PB. Intriguingly, we could not detect a
significant difference, which could indicates that affinity maturation of GAD-
reactive B cells takes place in the periphery before the cells migrate to the CNS.
This highlights the relevance of negative selection by peripheral tolerance
checkpoints and indicates that GAD-reactive B cells might have escaped at this

point 143,

Summarizing our findings from Biljecki et al., we were able to provide
insights into the GAD-specific B cell receptor repertoire in GAD-AIND,
demonstrating that the anti-GAD65 response is polyclonal and affinity maturation
is required for the specificity towards GAD65. Moreover, we did not find any

cross-reactivity of GAD65-reactive mabs to a panel of viral ags.
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4.3. Detection of anti-GAD abs

Currently, different detection assays for anti-GAD abs are being used in different
centers. In our study Biljecki et al., we determined the reactivity of patient-derived
mabs applying different detection assays. Here, we analyzed ten GAD-reactive
mabs with ELISA. However, only six mabs were GAD-reactive in quantitative

assays, including immunohistochemistry and CBA.

As reviewed by Tsiortou et al., high anti-GAD ab titer (>10,000 IU/ml) are
associated with an autoimmune neurological disease in 94 % of patients
exhibiting anti-GAD abs. Therefore, the detection of high anti-GAD ab titers is a
useful diagnostic tool to distinguish between GAD-AIND and atypical or non-
specific neurological disorders. Hereby, high titers in the serum confer to
measurable anti-GAD abs in the CSF ¢°.

Further, we were able to generate a high proportion of GAD-reactive CSF-
derived mabs in two patients. Paradoxically, we could not generate GAD-reactive
mabs from patient #1 although a high number of CSF-derived mabs could be
generated, even though all of our patients exhibited high anti-GAD ab titers
measured by ELISA with being >77,500 IU/ml in the serum and >1,900 IU/ml in
the CSF. Intriguingly, patient #1 harbored high titers of anti-nuclear abs (ANAs),
pointing toward a possible false-positive result of the ELISA due to the interfering
ANAs or to a co-existing autoimmune disorder with a B cell response in the CNS

targeting another ag.

With my contributions in Biljecki et al., we strengthen the concept by
applying two different detection systems to screen for anti-GAD abs. Hereby, it
could be of benefit to use one quantitative (displaying linear epitopes of GAD) and
one qualitative (displaying conformational epitopes of GAD) assay in order to
avoid false-positive results. Further, the occurrence of ANAs should be taken into

consideration when interpreting positive anti-GAD ab results.
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4.4, Implications for treatment

Currently, the response of patients with GAD-AIND to immunotherapy is not
satisfying 94144, although patients with GAD-AIND associated-SPS showed a
systematic improvement due to intravenous immunoglobulins 8>, Moreover, one-
third of AE patients and 52 % of anti-GAD65 ab associated CA patients responded
well to immunotherapy 73, indicating that GAD-AIND are at least partially
responsive to immunotherapy. Furthermore, the improvement of disease
correlated with a decrease in the ab titers in some patients 71135, Still, anti-GAD
ab titers rarely decline due to therapy ¢4+%? and, unfortunately, a long-lasting and
aggressive immunotherapy to treat patients with GAD-AIND carries a high risk
for severe side effects. Thus, a faster diagnosis and more suitable therapies are
desperately needed %4, Hence, it could help to investigate the pathogenic
potential of anti-GAD abs to adjust the diagnosis and treatment of GAD-AIND at
an early stage of the disease. Therefore, the knowledge that anti-GAD abs
facilitate pathogenicity could justify an early and intensively usage of a B-cell

depleting therapy.

Currently, rituximab is commonly prescribed as immunotherapy for
patients with GAD-AIND and effectively abolishes CD20 expressing memory B
cells in the periphery without having effects on plasma cells and plasmablasts.
However, we could demonstrate in Thaler et al. and Biljecki et al., that GAD65-
reactive long-lived plasma cells producing anti-GAD abs are present in the bm
and, likewise plasma cells and plasmablasts in the CSF. This implicates that only
the pool of GAD-reactive memory B cells in the PB is decreased and with that only
a partial effect using rituximab can be achieved. Taken together, our findings
support the observation that rituximab barely decreases anti-GAD ab level in the
serum %0144 Furthermore, it could be shown that patients with long-lasting GAD-
AIND do not show a response to rituximab-treatment 24, Hence, a potential
treatment option might be a dual immunotherapy targeting memory B cells with
rituximab and plasma cells with e.g. bortezomib. However, the side effects of such

a combinatorial treatment should be taken into account.
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Furthermore, we could indirectly provide evidence that auto-reactive anti-
GAD ab producing B cells might cross the blood-brain barrier in Biljecki et al. In
other words, we did not detect any difference when analyzing the amount of
SHMs in GAD-reactive mabs derived from the CSF and PB. Therefore, it could be
of benefit to block the transmigration of GAD-reactive lymphocytes into the CNS.

Interestingly, Arino et al. found that an early initiation of immunotherapy
and a subacute onset in GAD-ab associated CA was associated with therapy
response 4. A possible explanation would be, that the anti-GAD abs might be
pathogenic solely at disease onset or shortly after. In contrast, they would become
indolent serological markers at later stage of the disease 74. In line with this, Dik
et al. found activated CD8* T cells to be elevated in the CSF and PB at later stages
of the disease when analyzing patients with GAD-LE. Moreover, the numbers of
these cells negatively correlated with the hippocampal volume together with
memory function. This implicates a putative role of CD8" T cells in

neurodegeneration at later stages of the disease 4.

Supporting the assumption of different stages being characterized by
different cell-mediated processes (B cells/T cells) in the disease course of GAD-
AIND, we were solely able to generate mabs from patients with a short disease
duration in Biljecki et al. Here, most mabs originated from plasma cells and
plasmablasts, indicating that at later stages of the disease, these cells might have
escaped into survival niches in the CNS, left the CNS compartment, or got
degraded as the disease progressed. However, our patient cohort was small; thus,

it would require a bigger study cohort to confirm this assumption.

Taken together, our observations support the idea that B-cell depleting
therapy may not be a convenient treatment-option in long-standing GAD-AIND,
whilst a plasma cell-directed therapy with, e.g., bortezomib or daratumumab at
disease onset might be advantageous. Nonetheless, only small studies and case
reports addressing the treatment of GAD-AIND are available and randomized

prospective studies are urgently needed.

94



DISCUSSION

4.5. Closing remarks

To this day, anti-GAD ab producing cells are largely unexplored and the link
between antigenicity and pathogenicity of anti-GAD65 abs is heavily discussed.
Although, we could already give insights into GAD-reactive B cells and their
receptor repertoire in the periphery and CNS, more studies investigating these
cells and their abs in detail are needed. Thus, it would be important to perform
larger binding studies with mabs derived from patients with GAD-AIND and
elaborate panels of bacterial and viral ags. Beyond that, it could help to analyze
additional CSF- and PB-derived mabs from a bigger patient cohort to confirm
and/or extend our findings concerning the B cell receptor repertoire. Regarding
the mabs, an extensive study of SHMs could help to give an insight on which
mutation/mutations facilitate the affinity towards GAD65. Here, one possible
approach would be to revert single or combinations of SHMs to the germ-line
sequence followed by binding studies and affinity determination. In addition,
more functional in vitro and in vivo studies using mabs are needed to investigate
the pathogenic potential of anti-GAD abs, which would help to provide insights

for future drug development.
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