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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-GAD65 

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-GAD65-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-GAD65-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 

⁠

1–3. Thereby, the innate immune system assures a fast and unspecific immune 

response against pathogens, whereas specific defenses are mediated via the 

adaptive immune system ⁠

1,3,4. 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 ⁠

1,3–5. 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 ⁠

1,6,7. 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 ⁠

1.   
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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 naïve B cells are capable to discriminate 

between self and non-self-derived patterns (antigens [ags]), they express a highly 

specific B cell receptor (BCR) on their cell surface that enables them to recognize 

their respective ags ⁠

1,8–11.  

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) ⁠

1,8. LCs can be distinguished into κ LCs 

encoded by the κ locus on chromosome 2 and λ LCs encoded by the λ locus on 

chromosome 22 ⁠

8,12. 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 VH and Vκ or Vλ and assure the uniqueness towards an ag since they are 

involved in the formation of the ag-binding fragment (Fab) ⁠

1,13,14. Based on their 

sequential and structural similarity, encoded variable regions of Igs can be 

grouped into families. HCs consist of eight families, whereas κ LCs consist of six 

families and λ LCs consisting of four such families ⁠

8,12. 

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 12. The 

hypervariable ag-binding pocket is mainly formed by the two CDR3 segments of 

each VH and Vκ or Vλ, resulting in two identical ag binding sites for each Ig known 

as paratops (FIGURE 1) ⁠

1,12,15,16. In 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 ⁠

1,12,14. The HC gene contains exons that 

encode 9 different constant regions to synthesize different classes of Ig molecules 

⁠

1.  
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FIGURE 1: AB STRUCTURE AND V(D)J ENCODING.  

The unarranged Ig HCs and LCs (κ=K or λ=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 17. 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)J 

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) ⁠

1,8–11,18. 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 ⁠

8,12. 

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 VH, 25 DH and 6 JH elements can be recombined 

to generate the variable region of HCs whereas only 40 Vκ, 5 Jκ, and 30 Vλ, 4 Jλ 

display the repertoire of the κC and λC loci, respectively. The rearrangement of 

LC gene segments usually takes places after HC rearrangements 18. Another 

mechanism accounting for the diversity of Ig 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 18,19. At the end, this rearrangement process of combinatorial and 

junctional diversity results in a naïve ab repertoire of at least 1012 unique Ig 

molecules 19,20.  

Lymphoid precursors that produce a functional, non-auto-reactive BCR 

differentiate into mature naïve cluster of differentiation (CD)19+ and CD27- B cells 

and recirculate throughout the body and/or persist in lymphoid organs until 

encountering their ag 21–23. 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 naïve 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 ⁠

6,22,25. 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) 16,26,27. Mature and naïve B cells 

express the low affinity Ig receptor as membrane-bound IgM and IgD molecule 

on their surface (FIGURE 2) ⁠

6,28. Once they are stimulated, during CSR, enzymes 

like the RNA-editing enzyme, activation-induced cytidine deaminase (AID), 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 ⁠

1,10. 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, IgG2, IgG3 or IgG4 ⁠

1,15.  Among them,  IgG, or, and more 

precisely, IgG1 is the most abundant isotype subclass and has the longest serum 

half-life compared to the others 12,15. 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 29,30. 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 12,15,31.  

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 ⁠

1,16. Importantly, CSR only occurs in the HC locus, whereas SHMs 

affect the HC and LC loci 16. 

 

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 naïve 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 CD19lowCD20-CD27highCD38highCD138-/+ 

plasmablasts or into long-lived CD19lowCD20-CD27+CD38+CD138high plasma cells 

that persist in niches in the bm or to memory B cells that constitute another 

important hallmark of our immune system 21,32. Memory B cells are long-lived 

CD19+CD20-CD27+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) 23,32. 

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 ⁠

9,11,13,24. In contrast, the generation and production of B 

cell clones expressing auto-abs can occur and mediate immune responses 

directed against self-ags ⁠

9. Hereby self-reactive abs produced by auto-reactive B 

cell subsets may attack host tissue and cause pathology ⁠

6,7.   

 

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 35.   

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 naïve B in 

the bm ⁠

9,11. 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 ⁠

8,9,11,36. The latter two induce 

unresponsiveness towards ags and entail the release of naïve 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 naïve B cells have undergone receptor editing 

⁠

9,39. However, studies using healthy patient-derived B cells could show that a high 

number of auto-reactive naïve B cells is still released after undergoing bm pre-

selection 40. 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 31,36,39–41. 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 41. 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 42,43. In many 

autoimmune diseases, auto-reactive B cells emerge from gc  reactions, 

suggesting defects of peripheral tolerance 41,44.  

Furthermore, ectopic lymphoid structures (ELS) can provide a gc-like 

environment in which CSRs and SHMs of BCRs can take place 45. 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 45–47. 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 41,45–47.  

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 41,48,49. Hence, it is possible that abs 
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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.  41,50,51.  

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 52–55. 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 41,50,56. Whereas the 

pathogenic role of abs against proteins on the neuronal surface was demonstrated 

in elaborate studies 33,57–59, it remains a matter of debate whether abs against 

intracellular proteins can also mediate pathogenicity and how they could reach 

their target ag 41,52,55. 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 41,54,55.   
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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 GAD67, which are 65kDa 

and 67kDa, respectively 52,53,60–63. 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 61,63–65. While GAD67 is encoded by 

GAD1 on the chromosome 2q31.1, GAD65 is encoded by GAD2 on the 

chromosome 10p12 61,64–67. Both are highly conserved among vertebrates and 

found in synaptic vesicles 62,66. GAD65 is postnatally expressed and mainly located 

at axonal terminals 61,63,68. On the contrary, GAD67 is already expressed during 

early embryogenesis and is more commonly found in the cell bodies and dendrites 

61,68,69. Also, the expression of GAD65 and GAD67 in the brain differs among 

regions 61. GAD67 has been reported to be less abundant in the cortex than 

GAD65, which accounts for 70 % of all GAD protein 68, however both are mainly 

expressed in regions enriched with neuro-inhibitory cells such as the brainstem, 

hippocampus and cerebellum 70–72. Thus, the reactive synaptic staining pattern of 

a GAD65 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 

(GAD65: aa 189-464, GAD67: aa 198-473) and the carboxy (C)-terminal domain 

(GAD65: aa 465-585, GAD67: aa 474-594) 72,74,75. In 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) 69,72,75. Overall, the aa sequences of the two isoforms show a 

similarity of around 65 % 62,67,74. 



INTRODUCTION 

 

14 

Furthermore, GAD is not only expressed widely in the CNS but also in pancreatic 

β-cells, and to a lesser extent in epithelial cells of the fallopian tube and the 

spermatozoa of the testes 62,76.  

 

 

FIGURE 3: STRUCTURE AND DOMAINS OF THE GAD MONOMERS GAD65 AND GAD67.  

(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  75.  

 

2.2.2. Functions of GAD 

 

GAD is the rate-limiting enzyme in the synthesis of the inhibitory neurotransmitter 

γ-aminobutyric acid (GABA) 61,77,78. Together with its cofactor pyridoxal-5´-

phosphate (PLP), GAD converts L-glutamate to GABA and carbon dioxide by 

irreversible alpha-decarboxylation 61,65,68,70,76. The main function of GABA is the 

reduction of neuronal excitability in the brain and through this, it also indirectly 

regulates the muscle tone 79. The 65kDa membrane-associated isoform of GAD 

mainly regulates the production of GABA required for neurotransmission and 
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ensures a fast synthesis if required 61,65,66,68. In 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  80. 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 

66,74,80. 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 66,80. Underlining this, it could be shown that GAD65 knockout mice 

are susceptible to seizures 80. 

 

 

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

GAD65 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 81.
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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 GAD65-ab-associated neurological disorders (GAD-

AIND) includes stiff person syndrome (SPS), cerebellar ataxia (CA), limbic 

encephalitis (LE) and autoimmune epilepsy (AE) (FIGURE 4) 77,78. Around 94 % of 

patients suffering from GAD-AIND exhibit high serum levels of anti-GAD abs 

above a threshold of 10,000 IU/mL as measured by ELISA 69.  

 

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 67,83,84. Thereby, an increased 

stimulus-sensitivity leads to painful spasms especially in paraspinal, abdominal 

and lower extremity muscles 56,67,85,86. 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 69,84,87,88. These contractures can be triggered by movement, 

emotional and sensory stimuli or even appear spontaneously 67,83,86. At later 

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 85. 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 69,73,87. One-third of patients with SPS suffer from additional 

autoimmune diseases.  The most common is type-1 diabetes mellitus (T1DM) 67. 

Generally, patients suffering from SPS have normal brain and spinal magnetic 

resonance imaging (MRI)s 56,67. Patients with SPS show a disrupted GABAergic 

neurotransmission 89, with a continuous activity of motor units leading to the co-

contractions of agonist and antagonist muscles 85. The reduced GABA titers cause 



INTRODUCTION 

 

18 

a continuous discharge of gamma motor neurons resulting in a decrease of 

inhibitory signals, leading to a state of constant rigidity 69,84,85,89. Therefore, 

symptoms improve when treating with GABA agonists, e.g., benzodiazepines like 

diazepam and during sleep due to the lack of sensory stimuli 56,84. One of the 

characteristics of SPS are high anti-GAD ab titers 85,90. However, the occurrence 

is not mandatory for the disease determination as only around 60 % of SPS 

patients exhibit abs against GAD 83,91. Auto-abs against other inhibitory synaptic 

proteins can occur, e.g., anti-amphiphysin, anti-gephyrin 92.  

 

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 71,93,94. The cerebellar damage does not only impair motor 

coordination but also cognitive abilities95. Furthermore, patients suffer from 

nystagmus, dysphagia and severe dysarthria 71,94,96. The characteristic cerebellar 

atrophy, analogous to other immune-mediated CA, develops over time with 

increasing frequency 64. 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 71. 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 71,94. In addition, oligoclonal bands (OCBs) in the CSF exist 69,71.  

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 60, whilst 

nowadays it is known that LE can also occur as a non-paraneoplastic disease 98. 

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 MRI and CSF findings consistent with inflammation of the 

temporal lobe 60. 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  99. 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-GAD65 ab associated 

autoimmune LE has expanded 102. 10 % of adults with longstanding epilepsy have 

high anti-GAD ab levels 103. As for most GAD-AINDs, young female patients are 

predominantly affected and the disease often presents as a chronic pharmaco-

resistant epilepsy 65,69,102. 
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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 104. 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 95,105. 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 56,104. 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. It 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 56,109. 

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 52,69,81,110.  
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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 104.   

 

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 81.  In addition, ~ 40 % of patients with GAD-AIND have OCBs in the CSF 

111–113, indicating a clonal B cell activation in the CNS 77,114. 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 50,60,98. Interestingly, 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 85,89,115. 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. 

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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This disease manifestation was characterized by persistent motor activity leading 

to abnormally increased reflexes 78,116. When anti-GAD65 abs were absorbed by 

recombinant GAD65, the induced synaptic impairment was abolished 117. 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 69,110. 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 

74,110. 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 64 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 50,53,110. 

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) 69,73. 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 53,67,119. In 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 119.  

 

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 IU/mL 

as measured by ELISA) as GAD is expressed in pancreatic ß-cells (FIGURE 6) 69. 

Thereby, anti-GAD65 abs are thought to be markers of pancreatic cell destruction 

since GAD is not expressed on the cell surface 65. Besides this, only patients with 

typical GAD-AIND reveal very high anti-GAD ab titers that stay high over time 

(FIGURE 6) 64,69. Additionally, supporting the argument of a neurologically induced 

pathogenicity, only GAD-AIND patients and not patients with T1DM patients have 

detectable anti-GAD abs in the CSF 64,99.  

 

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

(with T1DM and other autoimmune disorders and/or GAD-AIND) has to be 

evaluated in the overall clinical context 61,73.  
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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) 69,110,111. 

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-GAD67 and 

anti-GAD65 abs (FIGURE 6) 69,110,111,120. The RIA assay uses human recombinant 

Iodine-linked GAD65 to detect anti-GAD65 abs. Thereby, the patient sample is 

precipitated with this radio-labelled GAD65 and analyzed with the gamma 

counter. 64,120. 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 121. 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 69,110. Hereby, in tissue-based assays a typical 

GAD65 staining in the cerebellum is characterized by an irregular staining of the 

granular layer 64.  

 

FIGURE 6: DETECTION 
OF ANTI-GAD65 ABS IN 
GAD-AIND AND OTHER 
ACCOMPANIED 
AUTOIMMUNE 
DISORDERS.  

High anti-GAD65 ab titers 
are associated with GAD-
AIND are also detectable in 
type 1 diabetes mellitus. In 
patients with type 1 
diabetes mellitus low anti-
GAD65 ab titers are 
detected, whereas in GAD-
AIND high levels of anti-
GAD65 abs that are 
detectable using different 
assays are found. License 

Number: 5076990153818 from Springer Nature -  Nature Reviews Neurology 81.  
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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 52,71,73. 

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 52. 

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 94,100.  

 

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 69. 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 85. In contrast, plasma exchange and corticosteroids were not 

associated with a clear therapy response 124. Moreover, the therapeutic success 

of immunotherapy in patients with different types of chronic subtypes of CA and 

AE has not been proven yet 71,100. In some studies, patients with a subacute 

presentation of CA responded rather well to immunotherapy 71,94. Overall, patients 

with an anti-GAD ab-associated epilepsy do not respond well to seizure 

medication 125. 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 mofetil69,100,126. Furthermore, mabs such 

as rituximab that transiently depletes CD20 expressing B cells is commonly used 

to treat GAD-AIND, especially SPS and LE 69,87,124,127. For all of the GAD-AINDs, a 

fast initiation of therapy seems to prognosticate a better clinical outcome 

100,102,127–129. Supporting this, it was shown that treatment with rituximab was not 

effective in patients with long-standing GAD-AIND treatment 124.  
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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 I 

 

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 Winklmeier, Christoph F. Mahler, Ramona Gerhards, Stefanie 

Völk, Frauke Schnorfeil, Marion Subklewe, Reinhard Hohlfeld, Tania 

Kümpfel, and Edgar Meinl 

 

ANN NEUROL 2019;9999:1–7 

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

 

For this paper, I performed half of all experiments and helped to analyze 

the experimental data together with Dr. med. Franziska Thaler. More 

specifically, I performed the experiments used for Fig. 1 (A, B, F, G, H, J) 

and Fig. 2 (A, B, C). I 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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3.2. Aim of the study II 

 

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. 

I determined the affinity to GAD using different detection assays and 

characterized molecular and functional properties of patient-derived mabs.  

 

Reconstructing the GAD65-specific B-cell repertoire reveals 

a critical contribution of CSF B cells during early stages of 

GAD65-antibody-associated neurological disorders 

 

Michelle Biljecki, Katharina Eisenhut, Eduardo Beltrán, Stephan 

Winklmeier, Simone Mader, Anna Thaller, Peter Eichhorn, Philipp 

Steininger, Andrea Flierl-Hecht, Jan Lewerenz, Tania Kümpfel, Martin 

Kerschensteiner, Edgar Meinl, Franziska S. Thaler 

 

 Manuscript under peer review in BRAIN, 31.03.2022 

 

For this manuscript, I contributed to the conception and design of the 

study. I performed the majority of experiments and analyzed most of the 

results. More specifically, the experiments used for Fig. 1, Fig. 2A-2D, Fig. 

3, Fig. 4A-4B, Suppl. Fig. 1, Suppl. Fig. 2, Suppl. Fig. 3 and Suppl. Fig. 4 

were done by me. I generated and produced the mabs used for the 

experiments in Fig. 2E, Fig. 4C and Suppl. Tab. 2. Further I designed the 

primers used for cloning the mabs in the IgG vector shown in Suppl. Tab. 

1 and created Tab. 2, including all data besides the cell-based assay 

experiments. I also contributed to drafting the text and mainly prepared 

the figures, together with Dr. med. Franziska Thaler. The contribution of 

other authors is specified in the manuscript. 
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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 64,69. 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 130. 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 132,133. Lastly, 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 GAD65-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.    

 

 

FIGURE 7: IG-SECRETING PLASMA CELLS AND PLASMABLASTS ARE PRESENT IN THE 
CNS OF GAD-AIND PATIENTS. 

 
After encountering their ag, naïve 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 81. However, a direct proof of CSF B cells producing anti-GAD abs 

https://app.biorender.com/biorender-templates
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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 69.  

 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 41. 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 69. 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 135. 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 136. Interestingly, a recently published in silico analysis gave evidence 

of similarities between bacterial GAD and human GAD65, 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 51. 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) 51. Other 

examples of the initial breakdown of tolerance are viral infections that trigger the 

production of auto-abs 138–140. It 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 139. 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, it is 

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 53,67. Patients with GAD-AIND often have co-occurring autoimmune 

diseases 53,119. Moreover, it was suggested that they carry genetic risk factors 119. 
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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 142. 

Tolerance checkpoints in gc compartments could have an important role 

concerning the induction of auto-reactivity. In gc compartements, mature naïve 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 41. 

 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-GAD65 abs exhibit 

features that can be compared with abs derived from patients with LGI1-

encephalitis 57 and GABAA-receptor encephalitis 59. 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 33,58. 

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 69.  

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 94,144, although patients with GAD-AIND associated-SPS showed a 

systematic improvement due to intravenous immunoglobulins 85. 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 71,135.  Still, anti-GAD 

ab titers rarely decline due to therapy 64,69 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 104. 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 90,144. Furthermore, it could be shown that patients with long-lasting GAD-

AIND do not show a response to rituximab-treatment 124. 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 94. 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 145.  

 

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.   
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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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