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SUMMARY




SUMMARY

The autoimmune encephalitis (AIE) syndromes are a recently identified group of conditions
associated with autoantibodies specific for neuronal cell-surface or synaptic proteins.
Previous studies of cerebrospinal fluid (CSF) and serum of patients with AIE have described
the presence of antineuronal autoantibodies specific for the NMDA receptor, AMPA
receptor, leucine-rich glioma inactivated protein 1 (LGI1), contactin-associated protein-like
2 (CASPR2), glutamic acid decarboxylase (GADgs) and others. To investigate the origin and
function of intrathecal autoantibodies in AIE patients, we aimed to examine the CD138"
plasma cell repertoire and to reconstruct some of the antineuronal autoantibodies in the form
of recombinant human monoclonal antibodies (rhuMAD).

After FACS sorting, we analysed 584 individual CSF plasma cells from five AIE patients by
single cell RT-PCR, yielding 508 immunoglobulin heavy chain sequences. By analysis of
the CDR3-sequence we detected clonally expanded plasma cells (cePc) in every examined
CSF sample and identified a total of 57 independent plasma cell clones. We also analysed
the relative representation of immunoglobulin germline families: A patient prediagnosed
with anti-LGI1 autoantibodies (GKD) had a clear overrepresentation of the V4 family. The
Vil family was underrepresented in a patient with anti-NMDA receptor autoantibodies
(SSM). Two patients with anti-CASPR2 autoantibodies (KKM & BRM) had similar patterns
of germline gene family representation in order of Vy3>Vy1>Vy4>Vy5. One of the patients
with anti-CASPR2 autoantibodies also represented V7 family. The Vil family was mostly
represented in a patient prediagnosed with anti-GADgs (JMB) autoantibodies.

To elucidate whether cePc are the actual source of the intrathecal autantibody response, we
successfully cloned and expressed paired immunoglobulin heavy and light chain genes from
16 cePc and one nonexpanded plasma cell from three of the five patients. Seven rhuMADb
(SSM1-7) were reconstructed from a patient diagnosed with anti-NMDA receptor
encephalitis; another seven antibodies (GKD1-7) were reproduced from a patient diagnosed
with anti-LGI1 encephalitis; and three thuMAb (JMB1-3) were made from a patient
diagnosed with anti-GADgs encephalitis. Six of the rhuMADb reconstructed from cePc,
namely GKD3, GKD4, GKDS5, SSM5, JMB2 and JMB3, showed a clear reactivity to their
presumed cognate target antigens in vitro.

Our findings provide evidence that clonally expanded intrathecal plasma cells/blasts
contribute to the production of antineuronal autoantibodies in AIE patients. By
reconstructing functional autoantibodies from CSF cePc in the form of rhuMAb, we
demonstrate the presence of a CNS-specific antigen driven humoral immune response in the
CSF compartment of AIE patients. Having patient derived antineuronal autoantibodies in
recombinant monoclonal form may be an appropriate tool to analyse their precise epitope
specificity and functional properties, which may help to understand the exact mechanisms of
their role in disease pathogenesis. Some of the patient derived antineuronal rhuMAb could
also be used to study their therapeutic usefulness in other neurological diseases, in which it
may be beneficial e.g. to block NMDA receptor mediated excitotoxicity.
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ZUSAMMENFASSUNG

Als ,,Autoimmun-Enzephalitis* (AIE) wird eine Gruppe von Syndromen genannt, die durch
Autoantikorper gegen synaptische oder neuronale Zelloberflichen-Proteine gekennzeichnet
sind. Frithere Studien, die mithilfe von Serum und Liquor (engl. cerebrospinal fluid, CSF)
von AIE Patienten durchgefithrt wurden, beschrieben antineuronale Autoantikorper, die
spezifisch gegen den AMPA-Rezeptor, NMDA-Rezeptor, leucine-rich glioma inactivated
protein 1 (LGIl), contactin-associated protein-like 2 (CASPR2) oder Glutamat
Decarboxylase (GADgs) gerichtet sind. Um Ursprung und Funktion der intrathekalen
Autoantikorper bei AIE Patienten ndher zu charakterisieren, war es Ziel dieser Arbeit, das
Immunrepertoire intrathekaler CD138" Plasmazellen zu untersuchen und einige der
antineuronalen Autoantikérper in Form von rekombinanten humanen monoklonalen
Antikorpern (rhuMAb) nachzubilden.

Zu diesem Zweck analysierten wir 584 einzelne, FACS sortierte Plasmazellen aus dem
Liquor von fiinf AIE Patienten mit Hilfe der Einzelzell-RT-PCR und konnten von 508
Zellen die Immunglobulin Schwerkettensequenz ermitteln. Durch Analyse der CDR3-
Sequenzen wiesen wir in allen untersuchten Liquor-Zellproben klonal expandierte
Plasmazellen (cePc) nach und identifizierten insgesamt 57 unabhéngige Plasmazell-Klone.
Zudem untersuchten wir die relative Héufigkeit der Immunglobulin-Gen-Familien: Ein
Patient mit gesicherter anti-LGI1-Autoimmun-Enzephalitis (Patient GKD) zeigte eine klare
Uberreprisentation der Vy4 Familie. Die Vyl Familie war dahingegen bei einem Patienten
mit anti-NMDA-Rezeptor Enzephalitis (Patient SSM) unterreprisentiert. Zwei Patienten mit
CASPR1 Autoantikérpern (Patienten KKM & BRM) hatten &hnliche Verteilungsmuster der
VH-Genfamilien in folgender Reihenfolge der Haufigkeiten: Vy3>Vy1>Vy4>VyS. Nur bei
einem Patienten mit anti-CASPR2 Autoantikdrpern konnten auch Amplikons der Vy7
Familie zugeordnet werden. Die Vi1 Sequenz-Familie war hauptséchlich in einem Patienten
mit GADgs (JMB) Autoantikorpern présent.

Um herauszufinden, ob cePc die tatsdchlichen Produzenten der intrathekalen Autoantikrper
Antwort sind, klonierten und exprimierten wir die zueinander gehdrenden Immunglobulin
Schwer- und Leichtkettengene von 16 expandierten Plasmazellklonen und von einer
nichtexpandierten Plasmazelle von drei der fiinf AIE Patienten und stellten dadurch exakte
Kopien der intrathekalen Autoantikorper her. Jeweils sieben thuMAb (SSM1-7 bzw. GKD1-
7) wurden von einem Patienten mit anti-NMDA-Rezeptor bzw. anti-LGI1-Enzephalitis
generiert. Drei weitere Antikorper (JMB1-3) wurden aus den cePc Klonen eines Patienten
mit anti-GADgs Enzephalitis hergestellt. Sechs der rekonstruierten 17 Antikorper (GKD3,
GKD4, GKDS5, SSM5, JMB2 und JMB3) zeigten eine klare Reaktivitit gegen die
vermuteten Ziel-Antigene in vitro.

Unsere Untersuchungen zeigen, dass klonal expandierte intrathekale Plasmazellen zur
Produktion von antineuronalen Autoantikorpern beitragen. Durch die Rekonstruktion von
funktionalen, humanen, monoklonalen Autoantikérpern aus den CSF cePc in Form von
rthuMAb wiesen wir zudem eine ZNS-spezifische humorale Immunantwort im
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ZUSAMMENFASSUNG

Liquorkompartiment von AIE Patienten nach. Antineuronale Autoantikdrper, die ausgehend
vom Patientenmaterial in rekombinanter, monoklonaler Form rekonstituiert werden, stellen
sehr gute Werkzeuge fiir die funktionelle Charakterisierung, Epitopentschliisselung und
detaillierte Untersuchung der Antikdrper-Beteiligung an der AIE Pathogenese in vitro und in
vivo dar. Einige dieser Antikorper konnten zudem von therapeutischem Nutzen sein bei
neurologischen Erkrankungen, die z.B. von einer Blockade NMDA-Rezeptor mediierter
Exzitotoxizitdt profitieren.
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INTRODUCTION

The immune system defends the body against invading foreign objects or internal invaders
such as tumors, by complex interactions and activities of a large number of diverse immune
cells. The innate immune response is the first line of defense and occurs soon after pathogen
exposure. It is carried out by phagocytes such as neutrophils, macrophages, cytotoxic natural
killer cells, and granulocytes. The subsequent adaptive immune response includes antigen-
specific defense mechanisms and may take days to weeks to build up. Antigen-dependent
activation of various cell types of adaptive immune system such as T cells, B cells,
macrophages, dendritic cells and other antigen-presenting cells (APCs) play critical roles in
host defense mechanism. The B cells having been exposed to antigen become plasma cells
and produce large amounts of antibodies. Other functions of B cells are antigen-presentation,

and to develop into memory B cells after activation by antigen interaction.'

Immunoglobulins (Ig) are glycoproteins found in body fluids such as blood, CSF, tissue
fluids, as well as in many secretions such as tears, saliva, etc. The main function of an
antibody is to identify and neutralize foreign objects like bacteria, viruses and others, via
binding to a very specific and unique antigen target. Antibodies binding to their specific
antigens cause agglutination and precipitation of antibody-antigen products, making them
easier targets for phagocytosis by macrophages and other cells, block viral receptors, and

stimulate other immune responses, such as complement system.

The structure of an antibody molecule is roughly Y-shaped, the molecular weight is around
150 kDa; it consists of two identical heavy chains, each approximately 50 kDa, and two
identical light chains, each approximately 25 kDa, connected by disulfide bonds (Fig. 1,
Pg.5). Each light and heavy chain of an antibody contains two major regions, a variable and
a constant region. The variable region of each heavy and light chain ends at the N-terminus,
highly diverse in amino acid sequences, and determine the unique antigen specificity of the
antibody. There are three loops in the variable regions of each chain, known as
hypervariable regions or complementarity-determining regions (CDRs), which fold and
come together to form the antigen-binding sites at the amino-terminal end of the antibody.
About 85% of the variable regions are intervening sequences between the CDRs known as
framework residues (FR), which define the positioning of the CDRs and have restricted

variability and show little difference in amino acid sequence between chains. When the
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INTRODUCTION

variable regions of light and heavy chains come together, the CDRs of the both chains form
a cleft that serves as the antigen-binding site of an antibody.” The antigen-binding sites or
complementarity-determining regions are also called idiotypes, which makes any antibody

unique from others of the same type.

Light Chain

\‘\ Antigen
)\ binding
site

Antigen

binding site

¥ CDR2

c

Figure: 1. Schematic representation of IgG structures shown in drawing form (A), and in
ribbon form (B). The heavy chains are shown in red and pink, light chains in blue and light blue.
The inter- and intra-chain disulfide bonds are in orange, the complementarity determining regions
(CDRs) in cyan. The structure of the variable region has a -sheet framework with three loops called
the complementarity determining regions (CDR1, CDR2 and CDR3) in each heavy and light chain
(C). These CDRs are highly variable and mainly involved in binding their respective antigen through
van der Waals force, hydrogen and ionic bonds. Especially the CDR3, which is the loop with the
highest variable amino acid composition and length, is primarily involved in the binding to the
antigen. Figure adapted with modifications.’
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INTRODUCTION

Constant regions of the light and heavy chains end at the C-terminus and do not vary in
amino acid sequences within a given class. The constant regions are also called isotype,
which determines the class and subclass of the antibodies. In human, there are five different
heavy chain isotype (constant region) classes, namely IgM, IgD, IgE, IgG and IgA; in
addition, there are four subclasses of IgG, namely IgGl, 1gG2, IgG3 and IgG4, and two
subclasses of IgA, namely IgAl and IgA2, giving a total of nine different classes and
subclasses for immunoglobulin heavy chain (Table 1, Pg.7&S8). There are two different light
chain isotype classes, namely kappa (Igk) and lambda (IgA); although Igk chain has no
subclass, there are four subclasses of Igh chain, namely Ighl, Igh2, Igh3 and IgA4. Either Igk
or Igh chain can be found associated with any class or subclass of heavy chains, but not
both, in any given antibody. In the light chains, constant regions are about the same size as
the variable regions, whereas in the heavy chains, constant regions are three to four times

larger than the variable regions depending on the heavy chain isotype (Table 1, Pg.7&8)

The humoral adaptive immune system is able to produce an enormous diversity of
antibodies to fight specific pathogens by V(D)J recombination mechanism. There are
scattered gene segments known as variable (V), diversity (D) and joining (J) on chromosome
14, which encodes the heavy chain variable regions of antibodies and also B and T cells
receptors. The random V(D)J gene segments recombination in the bone marrow for B cells
and in the thymus for T cells, generating a large number of variable regions to cope with
different kind of antigens. In case of B cells, two additional mechanisms, namely somatic
hypermutations (SHMs) and class switch recombination (CSR), triggered after antigen
recognition, further optimize the antibody response (Fig. 2, Pg.10). Accumulation of
somatic hypermutations within the V gene segment of antibody increases its affinity for
antigen. Class switch recombination (CSR) mechanism allows a previously rearranged
heavy chain variable domain to be expressed in association with a different constant region,
leading to the production of different isotypes such as IgG, IgA or IgE, which mediate
antigen elimination by different routes without changing antibody specificity. The kappa (k)
and lambda () light chains gene loci on chromosome 2 and 22 respectively, rearrange in a

very similar way, except the light chains lack a D segment.
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INTRODUCTION

Most abundant serum Ig (75%). Four subclasses, namely IgG1 (66%),
IgG2 (23%), 1gG3 (7%) and 1gG4 (4%), all could fix complement either
via classical or alternate pathway.

Around 150 kDa monomeric antibody, contains two gamma (y) heavy
chains, each having 3 constant domains (Cyl-Cy3), pairs with either
kappa or lambda light chain.

Produced late in immune responses and can be transferred across the
placenta into the fetal circulation.

Opsonizing activity via Fc receptors present on macrophages and
polymorphonuclear cell family (PMNs).

IgG titers and oligoclonal bands are used as diagnostic tools.

IgG antibodies are extracted from donated blood plasma and used as a
therapeutic known as intravenous immunoglobulin (IVIG). This is used
to treat immune deficiencies, autoimmune disorders and infections.

Most abundant secretory Ig (10-15%) in exocrine secretions such as
tears, saliva, bile, mucus of the gut, respiratory tract, ears, vagina, milk,
ete.

Around 385 kDa dimeric antibody, monomer contains two alpha (o)
heavy chains, each having 3 constant domains (Cal-Ca3), pairs with
either kappa or lambda light chain; found in two subclasses, namely
IgAl, IgA2, all can exist mostly in a dimeric form with some
monomeric and trimeric forms, linked by J-piece (for joining) and an S-
piece (secretory).

Provide protection against microbes that multiply in body secretions.
IgA is a poor activator of the complement system, and weak in inducing
opsonises.

Second most abundant serum Ig (5-10%).

First antibody to appear in blood and lymph fluid in response to initial
exposure to an infection and most efficient Ig at complement fixation.
Around 970 kDa pentameric antibody, monomer contains two mu ()
heavy chains, each having 4 constant domains (Cpl-Cp4), pairs with
either kappa or lambda light chain; exist mostly in a pentameric form
with some hexamer, linked together with disulfide bonds and a J-piece
(joining).

Monomeric forms serve as membrane receptors of B-cells.

IgM antibodies are mainly responsible for the clumping of red blood
cells if the recipient of a blood transfusion receives blood that is not
compatible with their blood type.

Table 1. Characteristics of different kinds of immunoglobulin molecules.
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INTRODUCTION

Found in low concentration about (1%) of total serum Ig.
Around 150 kDa monomeric antibody contains two delta ()
heavy chains, each having 3 constant domains (C31-Cd3), pairs
with either kappa or lambda light chain.

Mainly found on the B-cells as membrane receptor.

Signals the B cells to be activated in response to antigen
encounter.

Secreted form of IgD in the blood plasma binds to basophils,
mast cells and activates these cells to produce antimicrobial
factors to participate in respiratory immune defense.

Extremely low levels in serum (0.05%).
Around 190 kDa monomeric antibody, contains two epsilon ()
heavy chains, each having 4 constant domains (Cel-Ce4), pairs

with either kappa or lambda light chain.

Reaginic antibody, responsible for allergic reactions following
binding to surface of tissue mast cells.

Capable of triggering the most powerful inflammation reactions.
Mostly found in the lungs, skin, and mucous membranes.

Its main function is immunity against foreign substances such as
parasitic worm, protozoa, pollen, fungus spores, etc.

It is involved in allergic reactions to milk, some medicines, and
some poisons.

Table 1. continued.
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INTRODUCTION

Usually, any V(D)J recombinations in B cells producing self-reactive autoantibodies are
eliminated by the clonal deletion mechanism. However, due to some not yet well understood
reasons, autoantibodies have been detected targeting self-antigens in different kind of
autoimmune diseases, such as autoimmune limbic encephalitis,’ myasthenia gravis,’
neuromyotonia,’ stiff person syndrome,® Neuromyelitis optica,” and several more. These
autoantibodies attack the body's own healthy cells, tissues, and/or organs, causing
inflammation and damage.'® It should be noted that autoantibodies may also play a
nonpathological role; for instance they may help the body to destroy cancers and to
eliminate waste products. The role of autoantibodies in normal immune function is also a

subject of scientific research.

Autoantibodies in AIE

The autoimmune encephalitis (AIE) syndromes are a group of conditions that are associated
with autoantibodies against neuronal proteins, which are likely to be involved in disease
pathogenesis. A pathogenic role of these antibodies is supported by the response of clinical
symptoms to immunotherapy, immunoglobulin (Ig) deposits in patients’ CNS and transfer
experiments. In a part of the cases, the autoantibodies are associated with the presence of a
remote tumor (paraneoplastic), but more often these diseases are non-paraneoplastic and the
trigger is unclear. The autoimmune limbic encephalitis syndromes typically produces
subacute memory impairment, confusion and seizures. Other clinical and paraclinical

findings vary depending on the underlying cause.

Based on the targets of the autoantibodies, AIE can be classified into two types:

> Antibodies specific for intracellular antigens

> Antibodies specific for neuronal cell surface antigens

Generally, antibodies specific for intracellular antigens are associated with underlying
malignancies whereas those specific for membrane antigens are not necessarily associated
with the presence of a tumor. However, some membrane autoantibodies may be associated

with tumors as well (Fig. 3, Pg.12).
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Bone marrow

Cp Cd Cy3 Cyl WCe Cal Cy2 Cy4 Ce¢ Ca2

Excised O V(D)J recombination
intervening DNA
Cp CB Cy3 Cyf Wee Cal Cy2 Cy4 Ce Ca2
Excised l . . .
intervening DNA Primary antibody repertoire
VDJ Cu CB Cy3 Cyl WCe Cal Cy2 Cyd Ce Ca2

Germinal centre csy SHM

VDJ Cy3 Cyl WCe Cai Cy2 Cy4 Ce Ca2 VDJ Cp C5 Cy3 Cyl WCe Cai Cy2 Cy4 Ce Ca2
New isotypes (such as IgG and IgA) Mutated \ High affinity antibody
V gene
Variable region

FR1 CDR1 FR2 CDR2 FR3 CDR3J
Constant region Cp, €5, Cy3, etc.

P and N nucleotide addition

Figure: 2. Organization of the human immunoglobulin IgH locus and its somatic modifications.
In its germline configuration, the variable domain of IgH is composed of clusters of gene segments
encoding variable (V, blue boxes), diversity (D, purple boxes) and joining (J, orange boxes) exons.
The V(D)J recombination leads to the formation of a VDJ-rearranged productive gene unit that is
formed by the physical link between these three exons. The intervening DNA is excised as circles.
During class-switch recombination (CSR), a new rearrangement process leads to the association of
the VDJ unit to another constant (C) region exon. The intervening DNA is also excluded from the
chromosome as a circle. High-affinity antibodies are obtained through the accumulation of somatic
hypermutations (SHMs) in the V genes. Figure adapted with modifications.*
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INTRODUCTION

> Antibodies specific for intracellular antigens

These autoantibodies are directed against intracellular targets and often referred to as
'onconeural antibodies' as they are almost exclusively, associated with a paraneoplastic
limbic encephalitis. Common examples include those directed against Hu (ANNA-1), Ma2,
CV2/CRMPS, Amphiphysin and Glutamic Acid Decarboxylase (GAD). These are usually
associated with cytotoxic T cell mechanisms. Clinical syndromes are diverse, neuronal
damage seems to be irreversible and although some improvement may occur after
identification and removal of the primary tumor, the prognosis in general is poor.'" One
exception appears to exist in patients with anti-GAD autoantibodies: these patients may have
autoimmune limbic encephalitis, epilepsy or other neurological syndromes, while tumors are
uncommon. Recovery is possible although patients are often less responsive to

. .12
immunotherapies.

Anti-GAD encephalitis

Anti-GAD autoantibodies target an intracellular enzyme called glutamic acid decarboxylase
(GAD). In mammalians, GAD exists in two isoforms GADg; and GADgs with molecular
weights of 67 and 65 kDa encoded by two different genes GAD1 and GAD2 respectively.'
GAD1 and GAD?2 are expressed in the brain where GABA 1is used as a neurotransmitter;
GAD?2 is also expressed in the pancreas. The GADgs enzyme is usually found associated
with the membrane of synaptic vesicles at the nerve terminal and probably plays a specific

129 .
These enzymes are responsible for

role in the control of the synaptic release of GABA.
converting glutamic acid to GABA, a neurotransmitter found in high concentrations in the
cerebellum. It is believed that the lack of GABA results in cerebellar ataxia.'* The anti-GAD
autoantibodies have also been associated with a disease characterized by stiffness of the
muscles, called "stiff person syndrome",® diabetes mellitus type 1, thyroid disease and

rheumatoid arthritis."

Anti-GAD autoantibodies have also been recently associated with autoimmune limbic
encephalitis, although this is not usually paraneoplastic. It is mostly associated with
temporal lobe epilepsy, memory loss, behavioral abnormalities, and psychosis.'®!"'®
Corticosteroid therapy, plasma exchange and infusion of immunoglobulin intravenously

(IVIG) are the most common treatments for anti-GAD AIE."
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USUALLY
PARANEOPLASTIC
(Membrane Ag)

"

Figure: 3. Venn diagram depicting clinical findings that are shared among different types of
autoimmune encephalitis (AIE).

Autoantibodies targeting intracellular or membrane antigens (Ag) associated with non-paraneoplastic
and paraneoplastic syndromes. Although paraneoplastic syndromes usually associated with
intracellular antibodies such as Anti-Hu, Anti-Ma2 etc., it may also be associated with membrane
antibodies such as anti-AMPAR," anti-GABAR.*® The clinical features of anti-NMDAR
autoantibody overlap among different types of AIE. Therefore, even in the presence of membrane
antibodies, a search for an underlying malignancy should be considered. GlyR: Glycine receptor;
LGI1: Leucine-rich glioma inactivated 1 protein; GAD: glutamic acid decarboxylase.

Antibodies specific for neuronal cell surface antigens

These antibodies are usually directed against membrane antigens on pre- or post-synaptic
sites of the neurons and often associated with non-paraneoplastic limbic encephalitis and
have a better prognosis. The cognate targets of some of these antibodies have been

identified, e.g voltage-gated potassium channel (VGKC)-complex, NMDA receptor, AMPA
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receptor, Glycine receptor, GABA receptor and mGluRS5. The common symptoms are
memory deficits, headache, irritability, sleep disturbance, delusions, hallucinations,
agitation, seizures and psychosis.”’ Examination of cerebrospinal fluid (CSF) of the patients
shows elevated levels of lymphocytes, CSF protein, IgG index and oligoclonal bands.
Patients with antibodies to voltage-gated potassium channels (VGKC) may have a
completely normal CSF examination®****, Patients often respond to immunotherapies such
as intravenous immunoglobulins, plasma exchange, corticosteroids, cyclophosphamide
and/or rituximab. If an associated tumor is found, then recovery is not possible until the

tumor is removed.”!

Different kind of neuronal cell surface antigens associated AIE are summarized below.

Anti-VGKC encephalitis

The voltage-gated potassium channel (VGKC) is composed of alpha (o) and beta (j)
subunits of Kv1 channels and is tightly associated with other proteins including contactin-
associated protein-like 2 (CASPR2); contactin-2 (also known as TAG-1) and ADAM 22/23
in mammalian neuronal membranes.”>**’ Leucine-rich glioma inactivated 1 protein (LGII)
is a neuronally secreted protein that associates with the VGKC complex via binding to
ADAM22 and ADAM?23 (Fig. 4, Pg.14).*** ADAM22 also associates separately with
AMPA receptors. LGI1 can also concurrently associate with two ADAM?22 proteins bound
to a VGKC complex and AMPA receptor.’’""!

Anti-VGKC autoantibodies are reported in patients with peripheral nerve symptoms like
Neuromyotonia, characterized by cramps and fasciculations;*>’ Morvan's syndrome,
characterized by neuromyotonia with autonomic, cognitive and sleep disturbances;*”*
Faciobrachial Dystonic Seizure, characterized by brief but frequent dystonic epileptic events
in arm and the ipsilateral face;” and Limbic encephalitis, these patients usually present with
seizures, confusion and subacute memory loss.??° In all these conditions, the VGKC-
complex antibody levels fall in response to immunotherapy, which commonly involves

intravenous immunoglobulins or plasma exchange. This is usually accompanied by a clinical

improvement.
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Extracellular
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0

Cytoplasmic

CONTACTIN 2

ADAM 22/23

Figure: 4. Schematic representation of the voltage-gated potassium channel (VGKC) and
associated proteins.

The VGKC is composed of alpha (o) and beta () subunits of Kv1 channels and is complex with
other proteins including CASPR2, contactin-2 and ADAM 22/23 in mammalian brain membranes.
LGI1 is a neuronally secreted protein that associates with VGKC complex via binding to ADAM?22
and ADAM?23. Anti-LGI1 autoantibodies specifically inhibit the ligand-receptor interaction between
LGI1 and ADAM?22/23 by targeting the EPTP repeat domain of LGI1. VGKC complex proteins are
co-immunoprecipitated in radioimmunoprecipitation assays using '>I-o-dendrotoxin (‘*’I-DTX)
detergent. Autoantibodies against LGI1, CASPR2 and CONTACTIN 2 are found in AIE and other

autoimmune diseases. Figure adapted with modification.””’

It was recently reported that anti-VGKC complex associated autoantibodies detected by
using an '*’I-a-dendrotoxin-labelled radioimmunoprecipitation assay, generally do not bind
to VGKC channel proteins per se, but they bind instead to synaptic and axonal neuronal
proteins that co-precipitate with detergent-solubilized VGKCs.*** These 'VGKC-complex'

antigenic targets include:
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INTRODUCTION

. Leucine-rich glioma inactivated 1 protein (LGI1)
. Contactin-associated protein-like 2 (CASPR?2)

o Contactin-2

Anti-LGI1 autoantibodies specifically inhibit the ligand-receptor interaction between LGII
and ADAM22/23 by targeting the EPTP repeat domain of LGI1 (Fig. 4, Pg.14) and
reversibly reduce the synaptic AMPA receptor clusters in rat hippocampal neurons®'. They
are most commonly seen in patients with limbic encephalitis or epilepsy with
neuropsychiatric features, amnesia, confusion, serum hyponatremia, seizure, and usually

38,39

without tumors. In contrast, anti-CASPR2 autoantibodies are found in patients with

limbic encephalitis, Morvan’s syndrome or Neuromyotonia, often with tumor, including

40,41

thymoma. Anti-Contactin-2/Tag-1 autoantibodies are least commonly detected and are

often associated with Morvan's syndrome.***’

As LGI1 is almost exclusively expressed in central nervous system neurons and CASPR2 in
both the central and peripheral nervous systems, the autoantibodies are considered to be
mediators of the diseases. While careful correlations between antibody levels and clinical
outcomes in individual patients, in combination with passive transfer experiments in
animals, are required to formally assess VGKC-complex autoantibody pathogenicity, it has
been proven that LGIl-antibodies can generate seizure like activity in hippocampal slice
cultures.* Interestingly, further evidence for the disease relevance of these proteins comes
from known genetic variations. Human LGI1-mutations produce a lateral temporal lobe

epilepsy syndrome™ and mice lacking LGI1 show a variety of motor semiologies.*> Humans

with CASPR2 mutations present autism, seizures, and peripheral neuropathy.*

Anti-NMDA receptor encephalitis

The N-methyl-D-aspartate receptor (NMDA receptor) is an ionotropic glutamate receptor
regulating synaptic plasticity and memory function.” The NMDA receptors are
heterotetrameric proteins containing two obligatory NR1 (GluN1) subunits and two
regionally localized NR2 (GluN2) subunits with an extracellular N-terminus, intracellular C-

terminus and a reentrant transmembrane domain (Fig. 5, Pg.17).***’ The NR1 subunit is an
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essential component of all NMDA receptor complexes and has eight variants produced by
alternative splicing of GRINI namely NR1-1a, NR1-1b; NR1-2a, NR1-2b; NR1-3a, NR1-3b;
NR1-4a and NR1-4b.'*® NR1-1a is the most abundantly expressed form. There are four NR2
subunits (NR2A-D) that are products of separate genes. Multiple receptor isoforms with
distinct brain distributions and functional properties arise by selective splicing of the NR1
transcripts and differential expression of the NR2 subunits. Thus, NMDA receptors in
different parts of the brain, or at different stages in development, may not act in the same
way. A related gene family of NR3 A and B subunits has an inhibitory effect on receptor
activity. Calcium flux through NMDA receptor is critical in synaptic plasticity and an
important mechanism for learning and memory. The NMDA receptor is both ligand-gated
and voltage-dependent and requires co-activation by two ligands: glutamate and either
glycine or D-serine,’” and can be blocked by extracellular Mg”" & Zn*" ions.”' Hyperactivity
of NMDA receptors causing excitotoxicity is a proposed underlying mechanism for
epilepsy, dementia, and stroke, whereas low activity produces symptoms of

. . 52,53,54
schizophrenia.”***?

Autoantibodies against the extracellular N-terminus of NR1 subunit of NMDA receptor
were first reported by Josep Dalmau, in CSF and serum of patients, usually females, with
paraneoplastic limbic encephalitis presented with combinations of prominent psychiatric
symptoms, amnesia, seizures, frequent dyskinesias, autonomic dysfunction, and decreased
level of consciousness.””” Although primarily a paraneoplastic syndrome of young women
with ovarian teratomas, an increasing number of cases have been reported in both men and
women, in retrospective cohorts of adults or children ranging in age from 11 months to 76

. . 55,56,57,58,59
years, with and without tumors.”>>>>"%

It has been proposed that an immune-mediated mechanism underlies this syndrome;
antibodies formed against neoplastic cells cross-react with native NMDA-receptors leading
to rapid internalization of surface NMDAR clusters in both excitatory and inhibitory
hippocampal neurons (Fig. 5, Pg.17).*® In other studies, it is suggested that Herpes
simplex virus 1 infection can trigger anti-NMDAR receptor encephalitis, usually between 4

and 6 weeks after herpes simplex encephalitis.®’
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Figure: 5. Schematic representation of a basic NMDA receptor.

Receptor contain extracellular N-terminus regions which involved in ligand binding, transmembrane
motif TM1-4, and cytoplasmic C-terminus region which interact with intracellular molecules for
postsynaptic signalling. Binding of magnesium ion blocks the ion channel in a voltage-dependent
manner, whereas binding of glutamate and glycine removes this block and open the channel for
calcium to inter. Binding of autoantibodies to the extracellular N-terminus of NR1 subunit leads to
rapid internalization of surface NMDAR clusters in both excitatory and inhibitory hippocampal
neurons.’** Figure adapted with modifications.*"**%

NRI1 and NR2 heteromers predominate within the hippocampus, with less intense reactivity
described in the forebrain, basal ganglia, spinal cord and cerebellum.”®* Thus,
autoantibodies may preferentially affect areas responsible for memory, personality,
movement and autonomic control, accounting for the unique confluence of personality
changes, impairments in cognition, motor derangements and disturbances in respiratory

drive that define the syndrome. Antibody titers are higher in patients with confirmed
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malignancies and highest in those with the most severe symptoms. The autoantibodies
demonstrate in vitro evidence of pathogenicity and the patients respond well to
immunotherapies such as steroids, intravenous immunoglobulin, plasmapheresis, rituximab,

cyclophosphamide, and tumor removal.®’

Anti-AMPA receptor encephalitis

The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA receptor) is
an ionotropic transmembrane receptor for glutamate that mediates synaptic transmission in
the central nervous system (CNS). Its name is derived from the ability to be activated by the
artificial glutamate analog AMPA. The AMPA receptors are composed of 4 subunits GluR1-
4 also known as GluR- A-D, which are widely, but differentially, distributed throughout the
CNS.% The types of subunits forming these receptors determine their biophysical properties
and pharmacological sensitivity. The AMPA receptors containing the GluR2 subunit are
widely distributed throughout the CNS and play a key role in synaptic transmission and
plasticity, for example long term potentiation or LTP.®"*® Two alternative splice variants of
GluR1 to GluR4 subunits designated as ‘flip’ and ‘flop’ have been shown to differ in their
expression throughout the brain and during development and to impart different
pharmacological properties, (Fig. 6, Pg.19).7 AMPA receptors play a key role in the

. . . . 1
generation and spread of epileptic seizures.’

Anti-AMPA receptor autoantibodies directed against GluR1, GluR2 and peptide B of GluR3
(GluR3B) subunits of the AMPA receptors are reported in serum and CSF of limbic
encephalitis patients. Patients present with personality changes resembling psychosis,
followed by seizures; variation in consciousness and autonomic labiality, sometimes
associated with an underlying neoplasm usually breast, thymus, or lung that expresses
AMPA receptors.'”’>"® The most commonly affected brain areas are hippocampus, cerebral
cortex, basal ganglia, and cerebellum as they expresses high level of GluR1&2 suggesting
that the clinical presentation could also extend beyond the clinical profile of limbic

... 74.75,1
encephalitis.”*">"?
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Figure: 6. Schematic representation of a basic AMPA receptor subunit.

Showing extracellular N-terminus regions which involved in ligand binding, transmembrane motif
TM1-4, and cytoplasmic C-terminus region. The flip-flop module between TM3 and TM4 is
generated by alternative splicing. The Q/R site and R/G site indicate the positions where RNA
editing occurs.””® Autoantibody directed against amino acids 372—395 of GluR3B subunit (blue
line) leads to neurological and psychiatric abnormalities. Anti GluR1/2 autoantibodies can alter the
synaptic localization and number of AMPA receptors in neuronal culture.’® "

It has been shown that anti-AMPA receptor autoantibodies directed specifically against
amino acids 372—395 of GluR3B subunit, can by themselves activate GluR3-containing
glutamate/ AMPA receptors, evoke ion currents via the receptor’s ion channel, kill neurons
and damage the brain (Fig. 6).”’° The anti-GluR3B autoantibodies also associate with
neurological, psychiatric and behavioral abnormalities in epilepsy patients”” and also induce

" Application of anti-GluR1/2 subunit autoantibodies to

abnormal behavior in mice.
neuronal cultures significantly alter the synaptic localization and number of AMPA

receptors.'’
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Anti-Glycine receptor encephalitis

The glycine receptors (GlyRs) are widely distributed inhibitory receptors in the central
nervous system (CNS), mainly in the spinal cord, brainstem and caudal brain, and control a
variety of motor and sensory functions, including vision and audition.”””® The structure of
GlyRs is pentameric, transmembrane, consists of five homomeric and/or heteromeric
subunits arranged around a central pore to form chloride ion channels, which mediates most
of the fast inhibitory synaptic transmission in the brain (Fig. 7, Pg.21). Four a-subunit
isoforms (o;.4) and a single B-subunit isoform of GlyRs have been identified in the

1
vertebrate.”” 88

The B-subunit determines the ligand binding properties of synaptic glycine
receptors. The adult form of the GlyR is the heteromeric a3 receptor, which seems to have a
stoichiometry of 20,:3f.* * The o-subunits are also able to form functional homo-
pentameric receptors and are essential for studies on channel pharmacokinetics and
pharmacodynamics.* Binding of glycine leads to the opening of the GlyR’s integral anion
channel, and the resulting influx of CI” ions hyperpolarizes the postsynaptic cell, thereby
inhibiting neuronal firing. Disruption of GlyRs surface expression, or reduced ability of
expressed GlyRs to conduct chloride ions, results in a rare neurological disorder,
hyperekplexia. This disorder is characterized by an exaggerated response to unexpected
stimuli which is followed by a temporary but complete muscular rigidity often resulting in

an unprotected fall.*

Anti-Glycine receptor autoantibodies (anti-GlyR-ab) were first described in patients with
spinal and brainstem disorders. The majority of the patients with anti-GlyR-ab have
progressive encephalomyelitis with rigidity and myoclonus (PERM).* The anti-GlyR-abs
activate complement proteins by binding to the al subunits of GlyR (GLRA1) expressed on
the surface of transfected HEK-293 cells at room temperature, and cause internalization and
lysosomal degradation of the glycine receptors at 37°C and also immunoprecipitated
GlyRal.* ¥ Since then, further patients with anti-GlyR-ab have been described with
combinations of stiffness, rigidity, excessive stimulus-evoked startle, brainstem and

sl 88, 89, 90
autonomic signs. 7’
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Figure: 7. Schematic representation of homomeric a1 and heteromeric alp-glycine receptors
(GlyRs) in ribbon forms, using glutamate-gated channel (GluCl) as a template.

The structure of GlyRs are pentameric, transmembrane, consists of either five homomeric ols
subunits (left) or heteromeric a1,8; subunits (right) arranged around a central pore to form chloride
ion channels, which mediates most of the fast inhibitory synaptic transmission in the brain. Figure
adapted with permission.*

The symptoms of PERM are similar to stiff person syndrome (usually an anti-GAD-ab
syndrome), with rigidity, stimulus-sensitive spasms, myoclonus, hyperekplexia and
autonomic disturbance, but with additional brainstem or other neurological defects. Anti-
GlyR-ab has also been found in retrospective cohorts of adults or children, with or without
GAD autoantibodies.”” ** * Serum autoantibodies to both glycine receptors and NMDA
receptors have also been detected in postmortem brain examination of a PERM patient.”*
The anti-GlyR-ab demonstrate in vitro evidence of pathogenicity and the patients respond
well to immunotherapies such as corticosteroids, IVIg, plasma exchange, and

cyclophosphamide.®”**
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Anti-GABA receptor encephalitis

The GABA receptors are a class of receptors that respond to the neurotransmitter gamma-
aminobutyric acid (GABA), the chief inhibitory neurotransmitter in the vertebrate central
nervous system. There are two classes of GABA receptors: GABAA and GABAg. GABAA
receptors are ligand-gated ion channels (also known as ionotropic receptors), whereas
GABAg receptors are G protein-coupled receptors (also known as metabotropic receptors).
Recently autoantibodies have been identified against both GABA, receptors’® and GABAg

97,18,20

receptors in serum and cerebrospinal fluid of paraneoplastic and non-paraneoplastic

limbic encephalitis.

The ionotropic GABA4 receptors are pentameric transmembrane receptors that consist of
five subunits arranged around a central pore to form chloride ion channels, which mediate
most of the inhibitory synaptic transmission in the brain. A plethora of isoforms exist for the
GABA, receptors, which includes six alpha subunits (a;_ ), three beta subunits (f;.3), three
gamma subunits (y;-3), as well as a o, €, 0, m, and also three rho subunits (p;_3), which
determine the receptor's agonist affinity, chance of opening, conductance, and other
properties.”*”'%” Each subunit comprises four transmembrane domains with both the N- and
C-terminus located extracellularly, usually on the postsynaptic neurons. The majority of
GABA receptors contain two o subunits, two 3 subunits, and one y or d subunit.

The GABA receptor plays a central role in the regulation of brain excitability. Mutations in
GABA, receptor subunits including al, B3, y2, and 8, cause genetic epilepsy syndromes,'”!
whereas genetic loss of the B3 subunit in mice causes seizures as well as learning and

.. 102
memory deficits,'”

therefore the GABA, receptor can be a strong candidate affected in
autoimmune CNS disorders. Autoantibodies against f3-subunit of GABA4 receptors have
recently been reported in two limbic encephalitis patients exhibited with cognitive
impairment and multifocal brain MRI abnormalities. Both patients had similar levels of
GABA, receptor antibodies; in addition, one patient also had a low level of anti-LGI1
autoantibodies, and the other also had anti-CASPR2 autoantibodies.”® Application of the
patients’ serum to rat hippocampal neuronal cultures specifically decreases both synaptic

and surface GABA, receptors and also selectively reduces miniature inhibitory postsynaptic

current (IPSC) amplitude and frequency, without affecting miniature excitatory postsynaptic
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currents (EPSCs). These results strongly suggest that the patients’ GABAA receptor
autoantibodies play a central role in the patients’ symptoms.

The GABAg receptors are heterodiameric metabotropic receptors of two related seven-

103, 104 They inhibit neuronal activity

transmembrane proteins, GABAgp, and GABAg:.
through G-protein-coupled second-messenger systems, which regulate the release of
neurotransmitters, the activity of ion channels and adenylyl cyclase. Activation of
presynaptic GABAg receptors inhibit neurotransmitter release by down-regulating high-
voltage activated Ca*" channels, whereas postsynaptic GABAg receptors decrease neuronal
excitability by activating a prominent inwardly rectifying K (Kir) conductance that
underlies the late inhibitory postsynaptic potentials.'”>'% Autoantibodies against extra-
cellular epitope of GABAg,; receptors have been reported in several limbic encephalitis
patients, often associated with small-cell lung cancer (SCLC) or with concurrent glutamic
acid decarboxylase (GAD) autoantibodies, presented with seizures, memory loss and
confusion. Some patients also presented with cerebellar ataxia, opsoclonus-myoclonus

syndrome (OMS), status epilepticus and anaplastic carcinoid of the thymus.**'®7

Anti-mGluRS encephalitis

The L-glutamate is a major excitatory neurotransmitter in the CNS and activates both
ionotropic and metabotropic glutamate receptors (mGluR). NMDA, AMPA, and Kainate
receptors belong to the group of ionotropic glutamate receptors, whereas mGluR1-8 belong
to the group of metabotropic glutamate receptors. lonotropic receptors form an ion channel

pore, whereas the metabotropic receptors are G-protein-coupled receptors.

Anti-mGIluRS5 autoantibodies have recently been reported in two patients with Hodgkin
lymphoma (HL) and limbic encephalitis.'”” Antibodies from the patients’ serum react with
the cell surface and neuropil of hippocampal neurons and also bind the mGIuRS expressed
on the surface of transfected HEK-293 cells. Immunoprecipitation and mass spectrometry
confirmed binding to the mGluRS5, a receptor involved in processes of learning and memory.
The reactivity of patients’ sera was abolished in brain of mGluR5-null mice, further
confirming the antibody specificity to the mGIuRS. The anti-mGIuRS5 autoantibodies
associated limbic encephalitis can affect young individuals and respond to immunotherapy

and tumor removal.

23 |Page



AIM OF THE STUDY




AIM OF THE STUDY

Intrathecal autoantibodies and oligoclonal immunoglobulins are reported to be the products
of clonally expanded plasma cells in the cerebrospinal fluid (CSF) of patients with
autoimmune inflammatory disorders, such as multiple sclerosis.'® '” Similarly, analysis of
IgG-VH repertoire of CSF plasma cells and B cells has revealed over-represented Vy4, Vil
and Vg5 families and clonally related 1gG sequences in several auto-immune inflammatory

. 110, 111
disorders.

Studies on self-reactive antibodies isolated from CSF and serum of patients with
autoimmune encephalitis (AIE) have described the presence of anti-neuronal autoantibodies,
such as anti-NMDA receptor, anti-LGI1, anti-AMPA receptor, anti-GADgs and others.''?
However, the temporal course of CSF CDI138" plasma cells/plasmablasts repertoire and
source of origin of intrathecal autoantibodies in patients with AIE have not yet been
investigated. We presumed that the autoantibodies in the CSF of patients with AIE are also
the products of CSF clonally expanded plasma cells/plasmablasts (cePc).

The present study was aimed to examine CD138" plasma cell repertoire and to re-construct
some of the anti-neuronal autoantibodies in the form of recombinant human monoclonal
antibodies (rhuMADb) from CSF-derived cePc of patients with AIE. We have established a
recombinant antibody platform, which allows us to reconstruct the antigen specificity of
single human B cells or plasma cells in the form of recombinant monoclonal antibodies, by
FACS sorting of individual CSF plasma cells followed by single cell RT-PCR, cloning and
recombinant expression of their paired immunoglobulin heavy and light chain genes. Here,
we want to apply this reverse genetic approach to generate a variety of recombinant

antibodies specific for targets relevant in AIEs.

Ultimately, we intend to analyze a battery of recombinant monoclonal antibodies derived
from various patients with autoimmune encephalitis in vitro and in vivo to understand the
mechanism of their role in disease pathogenesis. The presence of autoantibodies targeting
two or more self-antigens in patients with AIE has been reported previously.”** We

presume a diversity of potential target antigens for our CSF cePc derived rhuMAD.
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MATERIALS & METHODS

Patient’s samples

Cerebrospinal fluid (CSF), serum and EDTA-blood samples were collected from
autoimmune encephalitis (AIE) patients diagnosed with different kind of anti-neuronal
autoantibodies such as anti-NMDA receptor, anti-LGI1, anti-GADgs etc. Samples were
collected after signed informed consent in accordance with the institutional protocol from
different university hospitals in Germany (i.e. Bonn, Diisseldorf, Miinster, etc.). CSF cells
were isolated by centrifugation at 300g for 5 min. Supernatants were divided into 1 ml
aliquots and cell pellets were resuspended in cell freezing medium (10% DMSO in FBS).
Peripheral blood mononucleated cells (PBMC) were prepared from EDTA-blood samples by
Biocoll gradient centrifugation according to the manufacturer’s instructions (Merck

Millipore). All the samples were cryopreserved until use (Fig. 9A-C, Pg.36).

Single cell sorting of CSF plasma cells/plasmablasts

For single cell sorting, frozen CSF cells were suspended in RPMI 1640 cell culture medium
(Gibco) and centrifuged at 300g for 5 min. Cell pellets were resuspended in 200 pl of FACS
buffer (2% FBS in PBS) and incubated with anti-human PerCP-Cy5.5-CD19 (BD
Biosciences) and APC-CD138 (Miltenyi biotec) antibodies (each 10 ul) along with 200 nM
of DAPI for 30 min on ice. Cells were washed twice by centrifugation at 300g for 5 min to
remove the unbound antibodies and resuspended in 200 pl of FACS buffer. Single cell
sorting was performed on a MoFlo XDP High Speed Cell Sorter (Beckman-Coulter) at the
‘Core Flow Cytometry Facility’ at the University Clinic Diisseldorf. Single plasma cells
(CD138") and plasmablasts (CD19"/CD138") were sorted, excluding cell duplets, into 96-
well PCR plates (Eppendorf) containing 10 pl/well ice-cold cell sorting buffer (0.02% of
NP40 and 8 Units of RNaseOut in 10 pl of H,O; all from Invitrogen). Plates were sealed
with AlumaSeal CS Films (Sigma-Aldrich) and immediately frozen on dry ice before
storage at —80°C (Fig. 9D-F, Pg.36).

Single cell RT-PCR

Immunoglobulin (Ig) heavy and light chain variable region genes were amplified by RT-
PCR from single cell cDNA generated by amplification of [g-mRNA transcripts with gene
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specific constant region primers. The single cell RT-PCR of paired IgG-heavy chain variable
(VH) and light chain variable (VL) genes were carried out in microtiter plates using Qiagen
OneStep RT-PCR kit. In brief; three different master mixes were prepared from the RT-PCR
kit with respective primer sets for IgG-VH, Ig-Vk and Ig-V chains. One third of each single
cell lysate was distributed to the respective master mix in a total volume of 20 pl per well. A
negative control (without template RNA) was included in every experiment. Reverse
transcription was performed for one hour at 50°C followed by 45 cycles of PCR at 94°C for
30s, 52°C (IgH/Igk/ Ig)) for 30s, 72°C for 1 min. After amplification of 1* round PCR (Fig.
9G, Pg.36), samples were stored overnight at 2—8°C, or at —80°C for long-term storage. All
PCR products were purified from 1% agarose gel using the QIAquick PCR Purification Kit
and subsequently sequenced with the respective constant region primers at GATC Biotech.
Clonally expanded paired Ig-variable region gene sequences were identified and selected for
recombinant antibody production; either by synthesizing the sequences and sub-cloning (by
Life technology, Germany), or by 2™ round PCR with primers containing restriction sites
and directly cloning into respective mammalian expression vectors (Fig. 11, Pg.39). The

sequences of the first and second round PCR primers are presented in table 2 (Pg.33&34).

Ig-sequence analysis

All the Ig-VH, Ig-Vk and Ig-VA sequences were analyzed by IgBLAST in comparison with
GenBank (http://www.ncbi.nlm.nih.gov/igblast/) to identify germline V(D)J gene segments
with highest identity. The Ig-VH and Ig-VL complementarity determining region 3 (CDR3)
length were determined as indicated in IgBlast by counting the amino acid residues
following framework region 3 (FR3) up to the conserved tryptophan-glycine (WG) motif in
all JH segments or up to the conserved phenylalanin-glycine (FG) motif in JL
segments.'>"'* All sequences were trimmed before FR1 and after J- regions, aligned in
separate Ig-VH, Ig-Vx and Ig-VA groups and analyzed using an online multiple alignment
program for amino acid and nucleotide sequences called ‘MAFFT version 7’
(http://mafft.cbrc.jp/alignment/server/), for Ig-gene repertoire analysis, phylogenetic tree

construction and identification of cePc sequences.
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To construct phylogenetic trees of Ig-sequences, ‘Newick file format’ were generated for Ig-
VH, Ig-Vk and Ig-VA sequence groups by using default Neighbor-Joining (NJ) phylogeny
method'”” on MAFFT version 7 software. FigTree v1.4.2 software was used to construct
unrooted phylogenetic trees. Trees are useful in outlining the phylogenetic relationship
among the sequences and Ig-gene repertoire analysis. The branch length and distance
between sequences correspond to sequence similarity/dissimilarity, shorter and closer

branches relate to a greater sequence similarity.

The external node of a branch represents a ‘sequence’ or a ‘leaf’. Clonally expanded
sequences, if identical, aggregate as overlapping ‘leaves’ on the same node. The bootstrap
support values for each branch were calculated based on 100 resamplings of the original data
set. High values of the bootstrap (more than 70) represent a better statistical support for the
topology in the tree.''® Functional Ig-gene family repertoire of the CSF plasma
cells/plasmablasts isolated from five patients with AIE was calculated from the total number
of sequences obtained by single cell RT-PCR. Sequences sharing more than 95% nucleotide
identity, having similar or identical CDR3 regions and belonging to same V(D)J germline
gene family were considered clonally expanded. Sequences, which appeared to be clonally
expanded, were manually cross-checked to confirm the identity among them and
accordingly process for cloning and production of recombinant human monoclonal

antibodies (rhuMADb).

Cloning

Cloning of the 2" round PCR products was carried out by restriction enzyme digestion and
ligation into the mammalian expression vectors containing respective human Ig-constant
regions. The expression vectors contain an IL2 signal peptide sequence, a multiple cloning
site upstream of the human Igyl, Igk or IgA2 constant regions and a hEF1-HTLV promotor
(Fig. 8, Pg.28). Restriction digestion of PCR products and vectors were carried out with
respective restriction enzymes, namely EcoRI, Nhel and Avrll (all from New England
Biolabs), followed by 5’dephosphorylation of the digested vectors using Shrimp Alkaline
Phosphatase (New England BioLabs). All the digested products were purified from 1%
agarose gel. The ligation reactions between restriction enzymes digested PCR products and

corresponding vectors were performed using LigaFast™ Rapid DNA Ligation System
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(Promega), overnight at 4°C. One Shot® TOP10 chemically competent E.coli cells were
transformed with the ligated products at 42°C following the instruction protocol of the
supplier (Invitrogen). The transformed Ig-heavy chain colonies were selected on Zeocin
(Invitrogen) agar plates, whereas Ig-light chains colonies (Igk or Igh) were selected on
Blasticidine (Invitrogen) agar plates. Min-prep plasmid preparations (Qiagen miniprep kit),
and subsequent sequencing were carried out on the selected bacterial colonies to confirm the
presence of Ig-variable regions inserts. Colonies with confirmed insert sequences were used

for maxiprep and an aliquot of the same was frozen as glycerol stock at -80°C for future use.
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Figure: 8. Schematic map of the mammalian expression vector pFUSEss-CHIg-hG1 containing
human Igyl constant region (adapted from InVivoGen). The maps of the mammalian expression
vectors pFUSE2ss-CLIg containing the constant regions of human Igk or IgA2 light chains could be
found on InvivoGen website (http://www.invivogen.com/antibody-generation).'*
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Ig-expression vector transfection

FreeStyle™ 293-F cells (Invitrogen) were cultured in TC-175 cm” flask (Greiner Bio-one)
under standard conditions in Gibco® RPMI 1640 medium supplemented with 10% heat-
inactivated fetal calf serum (FCS), 100 pg/ml streptomycin, 100 U/ml penicillin (all from
Invitrogen). Co-transfections of Ig-heavy chain and matching Ig-light chain expression
vectors (20 pg each/flask) were performed using linear polyethylenimine (PEI) as a

transfection reagent (Polysciences, Inc.).'**

In brief; 1:3 concentration ratio of plasmids:PEI
were mixed in 500 pl Opti-MEM reduced serum media (Invitrogen) 30 min at RT, and
subsequently incubated on 90% confluent cells in a total volume of 20 ml medium/flask for
24 hrs. The transfection medium was replaced with antibody harvesting medium containing
RPMI 1640 supplemented with 1X Nutridoma-SP (Roche), 100 pg/ml streptomycin, 100
U/ml penicillin. The antibody harvesting medium was collected after one week of
incubation, and cells were either re-incubated with fresh harvesting medium or stored in cell
freezing medium (10% DMSO in FBS) at -80°C for future use. Stable transfected cells were

obtained for at least three subcultures in the presence of 500 pg/ml Zeocin and 10 pg/ml

Blasticidin antibiotics (all from Invitrogen).

Antibody purification

The human recombinant IgG1 antibodies were purified from harvested supernatants either
by using HiTrap Protein G HP columns (GE Healthcare) on FPLC system (AKTA Prime),
or by using the Magne™ Protein G Beads (Promega). In brief: harvested supernatants were
centrifuged at 8000g for 10 min, filtered using 0.2um vacuum filter (Sarstedt) and adjusted
to pH 7.4 using a 1M-Tris-HCI buffer (pH 8.8). The supernatants were either circulated on
protein G HP columns (columns pre-equilibrated with 20mM-Tris-HCl; pH 7.4), or
incubated with Magne protein G beads overnight at 4°C. The protein G HP column bound
antibodies were eluted using a 0.1M-Glycine-HCI buffer (pH 2.7) on FPLC system, whereas
Magne protein G beads bound antibodies were first separated from supernatants on a
magnetic stand, washed with PBS, and then eluted with 0.1M-Glycine-HCI buffer (pH 2.7).
Eluted antibodies were adjusted to pH 7.4 with 1M-Tris-HCI buffer (pH 8.8). Buffer
exchange was performed with PBS either by dialysis using 10K MWCO Slide-A-Lyzer
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Dialysis Cassettes (Thermo scientific), or by using 30K Amicon Ultra-15 centrifugal Filter
Units (Merck Millipore). The protein concentrations of purified antibodies were determined

by BC assay kit (Uptima).

The purity of the eluted recombinant monoclonal antibodies was determined by SDS-PAGE.
Semi denatured samples were prepared by mixing 5 pg of eluted antibodies with 1X-
NuPAGE sample reducing agent (Invitrogen), heated 10 min at 60°C, and loaded on 4-16 %
Precise’™ Protein gel (Thermo scientific), along with Novex Sharp pre-stained protein
standard (Invitrogen). The samples were run in NuPage-MOPS SDS running buffer
(Invitrogen) 30 min at 120 V and subsequently stained with Gel code™ Blue stain reagent
(Thermo Scientific) to visualize the complete antibody bands along with Ig-heavy and light
chain bands. Purified recombinant antibodies were aliquoted with and without 0.05%

sodium azide and stored at -80°C.

Antigen expression vectors

The ORF Gateway™ entry clone vectors (pENTR(tm)221), containing the gene of choice,
such as human LGI1 (NM_005097.2), and human GAD2 (NM_000818.2) sequences were
bought from Invitrogen, along with a mammalian expression vector kit ‘Vivid Colors™
pcDNA™6.2/EmGFPG.Bsd/V5-DEST’ all supplied in E. coli host cells. Plasmids were
purified from the respective clones as instructed by the supplier.

Mammalian expression vectors expressing desired gene were generated by LR
recombination reactions between Gateway entry vectors containing the gene of choice and
the mammalian expression vector. The recombination reactions were performed by using
LR Clonase II enzyme mix kit (Invitrogen) and subsequently transformed in TOP10 E.coli
cells following the instruction protocol of the supplier. Sequencing of the recombinant
expression vectors was carried out with T7 promoter primer to confirm the presence of gene

of choice.

Mammalian expression vectors containing rat NR1/la (NM_017010.2) and rat NR2B
(NM_012574.1) subunit sequences were obtained as a gift from professor Nikolaj Kloecker,
Institute of Neuro- and Sensory Physiology, Heinrich Heine University, Diisseldorf.
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Immunocytochemistry (ICC)

HEK-293 cells grown on 0.05 % Poly-D-lysine (Sigma-Aldrich) coated coverslips in six
well plates (Greiner Bio-one) were transfected with mammalian expression vectors
containing gene of choice, such as LGI1, GADgs etc., using lipofectamine 2000 (Invitrogen)
as transfection reagent. Co-transfections were carried out with expression vectors containing
rat-NR1/1a and NR2B subunits in equimolar ratios, to generate functional NMDA receptor.
The functional NMDA receptor expressing cells were grown in the presence of 500uM
ketamine (an inhibitor of NMDA receptor; Sigma-Aldrich) to prevent cell death.” A control
expression vector containing eGFP was included in each transfection. The HEK-293 cells
expressing LGI1 were incubated with 100 ng/ml Brefeldin-A (Sigma-Aldrich) to inhibit

protein secretion for 1hr before fixation.*®

Immunocytochemistry was performed to determine the reactivity of recombinant
monoclonal antibodies to the target antigens expressed by the transgenic cells. In brief: cells
were fixed in 4% ice-cold paraformaldehyde (PFA) and blocked with 5% donkey serum.
When tested for intracellular antigens such as GADgs and LGI1 (Brefeldin-A treated), cells
were permeabilized with 0.2% Triton X-100 (Sigma-Aldrich), otherwise directly incubated
with respective recombinant monoclonal antibodies (10 pg/ml) overnight at 4°C. Cells were
washed with 0.2% Tween 20 (T20-PBS) and incubated with 1:1000 diluted Cy3-affiniPure
F(ab'), donkey anti-human secondary antibodies (Jackson ImmunoResearch), for 2 hrs at
RT. Stained cells were washed with T20-PBS containing 300 nM DAPI, before mounting on
the glass slides using Immu-Mount (Thermo Scientific). Commercially available antibodies
such as anti-GADgs (abcam), anti-LGI1 (abcam), anti-NR1/1a (Merck Millipore) and anti-
NR2B (abcam) were used as positive controls for the respective immunostaining. A
chimeric human antibody 818C5 (purified in similar conditions as thuMADb) specific for a
known irrelevant antigen (myelin oligodendrocyte glycoprotein, MOG) was used as a
negative control. Pictures of immunostained cells were acquired with 60 x oil-immersion

objective of the Olympus-BX51 fluorescence microscope.
Immunoprecipitations (IP)
Female Wistar rats were anesthetized with Isoflurane (Actavis), decapitated and the whole

brain was instantly snap-frozen in liquid nitrogen. A frozen marmoset brain was received
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from animal house, Heinrich Heine University, Diisseldorf. Frozen human brain tissue
samples were obtained from different institutional brain banks. Homogenization of the
frozen brains was performed using a buffer containing 320 mM sucrose, 20 mM Tris-HCI
pH 74, 1 mM IAA (2-lodoacetamide)) 1 mM EDTA, 1 mM PMSF
(phenylmethanesulfonylfluoride), complete Roche proteinase inhibitor cocktail tablets
(without EDTA) and a glass pestle. Cell debris was removed by a brief centrifugation at
1000g for 10 min at 4°C before total membrane fractions were prepared by
ultracentrifugation at 275000g for 20 min at 4°C. Protein concentrations were determined by

BC assay kit (Uptima).

Solubilization of membrane proteins was carried out at 4°C for 30 min using 1%
dodecanoylsucrose (DDS) and 150 mM NaCl (for NMDAR fraction: 1 % DDS, 1 %
deoxycholate and 200 mM NaCl) in 20 mM Tris-HCI pH 7.4, 1 mM [AA, 1 mM EDTA, 1
mM PMSF, complete Roche proteinase inhibitor cocktail tablets without EDTA. Non-
solubilized matter was pelleted at 125000g for 15 min at 4°C and the supernatant was
prepared for the immunoprecipitations (IPs) by pre-clearing for 2 hr at 4°C with non-

coupled Dynabeads.

IPs were performed using recombinant human monoclonal antibodies overnight at 4°C
under constant agitation with 5 pg of antibodies covalently coupled with Dynabeads via
DMP, washed 4x 10 min before elution with 1x lithium dodecyl sulfate (LDS) sample
buffer.

Western blot

The LDS (lithium dodecyl sulfate) eluted IP samples were supplemented with 100 mM DTT
and reduced at 37°C for 15 min. Samples were run on 4-20% reducing SDS-PAGE gels,
blotted to PVDF membrane and blocked with 5% BSA. Primary antibodies (abcam rabbit
anti-LGI1; abcam rabbit anti-GADgs; Millipore rabbit anti-NR 1) were incubated overnight at
4°C followed by subsequent PBS-T washes for 1 hr. A Santa Cruz goat-anti-rabbit IgG HRP
(sc-2004) antibody was used as secondary antibody. Detection was carried out using a GE

Healthcare ECL substrate.
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First round PCR primers

1gG-heavy chain

forward primers

1gG-heavy chain

reverse primer

lg-kappa chain

forward primers

Ig-kappa chain

reverse primer

Ig-lambda chain

forward primers

Ig-lambda chain

reverse primer

Vy17-F
Vu2-F
Vu35-F
Vy3a-F
Vua-F
Vuda-F
V,6-F

Cuy1

Vk1-F
Vk36-F
Vk2346-F
VK5-F

Ck1

VA1-F
VA3a-F
VA38-F
VA1459-F
VA78-F
VA15910-F
VA3B-F
VA2-F
VAG6-F

CA1

MATERIALS & METHODS

CAG GTG CAG CTG GTG CA(AG) TCT GG
CAG ATC ACC TTG AAG GAG TCT GG
GAG GTG CAG CTG GTG (GC)AG TCT GG
GAG GTG CAG CTG (GT)TG GAG TCT GG
CAG GTG CAG CTG CAG GAG TCG GG
CAG GTG CAG CTA CAG CAG TGG GG
CAG GTA CAG CTG CAG CAG TCA GG

GTT GTC CAC CTT GGT GTT GCT GG

GAC ATC CRG DTG ACC CAG TCT CC
GAA ATT GTR WTG ACR CAG TCT CC
GAT ATT GTG MTG ACB CAG WCT CC
GAA ACG ACA CTC ACG CAG TCT CC

ACACTCTCCCCTGTTGAAGCTCTT

GAG TCT GTS BTG ACG CAG CCG CC
TCC TAT GWG CTG ACW CAG CCA C
TCC TAT GAG CTG AYR CAG CYA CC
CAG CCT GTG CTG ACT CAR YC

CAG DCT GTG GTG ACY CAG GAG CC
CAG CCW GKG CTG ACT CAG CCM CC
TCC TCT GAG CTG AST CAG GAS CC
CAG TCT GCC CTG AYT CAG CCT
AAT TTT ATG CTG ACT CAG CCC

TGAACATTCTGTAGGGGCCAC

+ The variable region primers are from Phage display chaper 9.8126
« Constantregion primers Cyy1, Ck1 and CA1 are adapted from Owens et al.127

Table 2. Primer sequences
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Second round PCR primers with restriction sites

1gG-heavy chain

forward primers

1gG-heavy chain

reverse primer

lg-kappa chain

forward primers

lg-kappa chain

reverse primer

Ig-lambda chain

forward primers

Ig-lambda chain

reverse primer

5’EcoRI-V,1
5’EcoRI-V,1/5
5’EcoRI-V,3
5’EcoRI-V, 4
5’EcoRI-V,3-23
5’EcoRI-V,4-34

3’Nhel-J,1/2
3’Nhel-J,3
3’Nhel-J,4/5
3’Nhel-J,;6

5’EcoRI-Vk1-5
5’EcoRI-Vk 1-9
5’EcoRI-Vk1D-43
5’EcoRI-Vk2-24
5’EcoRI-Vk2-28
5’EcoRI-Vk3-11
5’EcoRI-VK3-15
5’EcoRI-VK3-20
5’EcoRI-Vk4-1

3’BsiWI-Jk1/2/4
3'BsiWI-Jk2
3'BsiWI-Jk3
3'BsiWI-Jk5

5’EcoRI-VA1
5’EcoRI-VA2
5’EcoRI-VA3
5’EcoRI-VA4/5
5’EcoRI-VA6
5’EcoRI-VA7/8

3’ Avrll-JA1/6
3’ Avrll-JAd
3’ Avrll-JA7

Restriction sites are underlined.

GTC ACG AAT TCG CAG GTG CAG CTG GTG CAG
GTC ACG AAT TCG GAG GTG CAG CTG GTG CAG
GTC ACG AAT TCG GAG GTG CAG CTG GTG GAG
GTC ACG AAT TCG CAG GTG CAG CTG CAG GAG
GTC ACG AAT TCG GAG GTG CAG CTG TTG GAG
GTC ACG AAT TCG CAG GTG CAG CTA CAG CAG

CTT GGT GCT AGC GAG GAG ACG GTG ACC AG
CTT GGT GCT AGC GAA GAG ACG GTG ACC ATT
CTT GGT GCT AGC TGA GGA GAC GGT GAC CAG
CTT GGT GCT AGC TGA GGA GAC GGT GAC CGT G

TC ACG AAT TCA GAC ATC CAG ATG ACC CAG TC
TC ACG AAT TCA GAC ATC CAG TTG ACC CAG TCT
TC ACG AAT TCA GCC ATC CGG ATG ACC CAG TC
TC ACG AAT TCA GAT ATT GTG ATG ACC CAG AC
TC ACG AAT TCA GAT ATT GTG ATG ACT CAG TC
TC ACG AAT TCA GAAATT C

TC ACG AAT TCA GAA ATA GTG ATG ACG CAG TC
TC ACG AAT TCA GAA ATT GTG TTG ACG CAG TCT
TC ACG AAT TCA GAC ATC GTG ATG ACC CAG TC

AGC CAC CGT ACG TTT GAT YTC CAC CTT GGT C
AGC CAC CGT ACG TTT GAT CTC CAG CTT GGT C
AGC CAC CGT ACG TTT GAT ATC CACTTT GGT C
AGC CAC CGT ACG TTT AAT CTC CAG TCG TGT C

GTC ACG AAT TCG CAG TCT GTG CTG ACK CAG
GTC ACG AAT TCG CAG TCT GCC CTG ACT CAG
GTC ACG AAT TCG TCC TAT GAG CTG ACW CAG
GTC ACG AAT TCG CAG CYT GTG CTG ACT CA
GTC ACG AAT TCG AAT TTT ATG CTG ACT CAG
GTC ACG AAT TCG CAG RCT GTG GTG ACY CAG

GC TGA CCT AGG TAG GAC GGT SAC
GC TGA CCT AGG TAA AAT GAT CAG
GC TGA CCT AGG GAG GYC GGT CAG

Table 2. Primer sequences continued.
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Strategy to generate recombinant human monoclonal antibodies

To reconstruct intrathecal autoantibodies from patients with autoimmune encephalitis (AIE),
we have established a method, which allows Ig-gene repertoire analysis and production of
human recombinant monoclonal antibodies of the same specificity in vitro from single cells.
Using FACS sorting of individual CSF plasma cells followed by single cell RT-PCR,
cloning and recombinant expression of paired immunoglobulin heavy and light chain genes,

we successfully rebuilt intrathecal antibody responses of patients with AIE (Fig. 9, Pg.36).

Single cell sorting

For the analysis of Ig-gene repertoire and clonally expanded plasma cells (cePc), we FACS
sorted a total of 584 individual CSF plasma cells (CD138") and plasmablasts
(CD19°CD138") from five patients with AIE into 96 well plates. The patients were
prediagnosed with different kind of anti-neuronal autoantibodies, such as anti-NMDA
receptor (SSM), anti-LGI1 (GKD), anti-GADgs (JMB), and two with anti-CASPR2 (KKM
& BRM). As a negative control, no cell was sorted into five wells (Fig. 10, Pg.37).

Single cell RT-PCR

Expressed IgG-heavy chain variable (VH) and Igk or Igh light chain variable (VL) genes
were amplified separately by RT-PCR from single cell cDNA generated by priming of Ig-
mRNA transcripts with gene specific constant region primers. The 1* round PCR was
performed with forward mixed-primers specific for the FRI-region of different Ig-V
families, and a reverse primer specific for the respective IgH, Igk or Igh constant regions.
All RT-PCR amplicons were purified from 1% agarose gel and subsequently sequenced
(Fig. 9, Pg.36 & Fig. 11, Pg.39). Out of 584 individual CD138" plasma cells/plasmablasts
sorted, sequencing of PCR products produced 508 clearly readable [gG-heavy chain variable
region sequences, resulting in an efficiency of 86.98%. Sequencing of light chain PCR

products produced 305 Ig-Vk and 114 Ig-VA sequences.
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Figure: 9. Schematic presentation of human cerebrospinal fluid (CSF) cells processes.

The cells isolated from the CSF samples of patients with AIE were stained with PerCPg.CD19 and
APC-CD138 fluorescent labeled antibodies (A-D). Single plasma cells (CD138") and plasmablast
(CD138/CD19") were collected in microtitre plates by FACS (E-F). The subsequent single cell RT-
PCR were performed for Ig-VH, Ig-Vk and Ig-VA genes (G), to identify clonally expanded paired Ig-
heavy and light chain variable regions for the production of recombinant human monoclonal
antibodies (rhuMAD).

Repertoire analysis of CSF plasma cells/plasmablasts

The CSF CD138" plasma cells/plasmablasts repertoires were examined from the samples of
five patients with AIE. All the Ig-VH, Ig-Vx and Ig-VA sequences were analyzed by
IgBLAST in comparison with the IMGT germline gene entry
(http://www.ncbi.nlm.nih.gov/igblast/) to identify closest germline V(D)J gene segments
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with highest identity. The Ig-VH and Ig-VL complementarity determining region 3 (CDR3)
length was determined as indicated in IgBlast by counting the amino acid residues following
framework region 3 (FR3) up to the conserved tryptophan-glycine (WG) motif in all JH
segments or up to the conserved phenylalanin-glycine (FG) motif in JL segments (Table
5a&b, Pg.44)."*!"* All the sequences were trimmed before FR1 and after J- regions,
aligned in individual Ig-VH, Ig-Vx and Ig-VA groups. Sequences were analyzed using an
online multiple alignment program for amino acid and nucleotide sequences called ‘MAFFT
version 7’  (http://mafft.cbrc.jp/alignment/server/) to analyze Ig-genes repertoires,
phylogenetic tree construction and to identify clonally expanded plasma cells/plasmablasts

(cePc) sequences.
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Figure: 10. Isolation of single plasma cell (CD138") and plasmablast (CD19"/CD138") by FACS.
In brief: CSF cells were incubated with a mixture of fluorescent labeled antibodies to human CD19
and CD138 antigens. Total living cells were selected by SSC vs FSC light scattering (A; R1); cell
duplicates or larger aggregates were excluded (B&C; R2&R3). The living cells were selected
excluding DAPI positive dead cells for the collection of single plasma cell and plasmablast (D; R4).
Single plasma cell (CD138") and plasmablast (CD19°/CD138") were collected in 96 well plates from
the CSF of five patients with AIE, e.g. SSM, GKD, JMB (E, F & G; R5) and two others (KKM &
BRM, not shown).
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Unrooted phylogenetic trees were constructed separately for Ig-VH, Ig-Vk and Ig-VA
sequence groups to identify the genetically similar or identical sequences and representation
of Ig-families in the CSF plasma cells/plasmablasts. The statistical topology of the
phylogenetic trees was supported by calculating the bootstrap values for each branch on the
tree, based on 100 resamplings of the original data set. High values of the bootstrap (more

than 70) represent a better statistical support for the topology in the tree.''®

IgG-VH family representation in individual patient

No. Patients Number of Matching
(pre-diagnosed 1gG-HC Vyl Vy3 Vyd Vy5 Vu7 )
autoantibody) sequences family family family family family  Figures

*
1 GKD 86 24 seq. 34 seq. 27 seq. 1 seq. nf Fig.12
(anti-LGI1) (27.9%) (39.5%) (31.3%) (1.16%) (p-41)
*
2 SSM 37 2 seq. 27 seq. 5 seq. 3 seq. nf Fig.13
(anti-NMDAR) (5.4%) (72.9%) (13.5%) (8.1%) (p-42)
*
3 JMB 42 29 seq. 7 seq. 3 seq. 3 seq. nf Fig.13
(anti-GADg5) (69.0%) (16.6%) (7.1%) (7.1%) (p-42)
4 KKM 161 37 seq. 91 seq. 21 seq. 8 seq. 4 seq. Fig.13
(anti-CASPR2 (22.9%) (56.5%) (13.0%) (4.9%) (2.4%) (p-42)
®
5 BRM 182 63 seq. 68 seq. 43 seq. 8 seq. nf Fig.13
(anti-CASPR2) (34.6%) (37.3%) (23.6%) (4.3%) (p-42)
155 seq. 227 seq. 99 seq. 23 seq. 4 seq.
Total 508 5 q g q 9
(30.5%) (44.6%) (19.4%) (4.5%) (0.7%)

Table 3a. Repertoire analysis of CSF plasma cells/plasmablasts IgG-VH sequences of five AIE
patients.

nf*(not found)

Total No. Matchi
of Seq. Cumulative Ig-families representation F?g:r;';g
Vi V3 Vpd Vy5 Vu7
Fig.19
19G-VH 508 155 seq. 227 seq. 99 seq. 23 seq. 4 seq. (;?57)
(30.5%) (a4.6%) (19:4%)  (4.5%) (0.7%)
Vi2 Vi3 V.4 V.5
cid 29 se 124 seq. 16 seq. 01 se Fig.20
19-Vk 305 135 seq. q- q. q. q. (p58)
(44.2%) (9.5%)  (40.6%) (5.2%) (0.3%)
V1 V2 V,3 V,6 v,7 V,8 V,9 )
1g-VA an 17 seq. 32 seq. 56 seq. 04 seq. 02seq. 02seq. 01 seq. Z"gsg;

(14.9%)  (28.0%) (49.1%) (3.5%) (1.7%) (1.7%) (0.8%)

Table 3b. Repertoire analysis of cumulative 1g-VH, 1g-VK and Ig-VA sequences from the CSF
plasma cells/plasmablasts of five AIE patients.

*nf (not found)

38| Page



Single cell sorting by FACS

Centrifuge and freeze the cells on dry ice
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Figure: 11. Strategy to generate recombinant human monoclonal antibodies (rhuMADb).
Ig-heavy and light chain genes were amplified by nested RT-PCR from single cell cDNA generated

by amplification with gene specific constant region primers. The cDNA generated from single cells

were used as template for 1% round PCR with forward mixed-primers specific for the FR1-region of

different Ig-V families, and a reverse primer specific for the respective IgH, Igk or Igh constant
regions. All the RT-PCR amplicons were purified and subsequently sequenced. Clonally expanded
Ig-variable region sequences were identified and selected for recombinant monoclonal antibody

production; either by synthesizing the sequences and sub-cloning, or by 2™ round PCR with primers
containing restriction sites and directly cloning into the respective mammalian expression vectors.
For recombinant antibody production, paired Ig-heavy and light chain plasmids were co-transfected

into free style 293-F cells and secreted antibodies were purified from the supernatants.
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RESULTS

Single cell RT-PCR of IgG-VH, Ig-Vk and Ig-VA genes revealed 89.5% Igk and 96% Ig\
light chains paired with IgG heavy chain in the CSF plasma cells/plasmablasts of the five
AIE subjects tested.

Sequence analysis of RT-PCR amplicons revealed a skewed usage of Ig-variable region
genes. The CSF plasma cells/plasmablasts of all five AIE patients represented Vy3, Vyl,
Vu4 and V5 Ig-heavy chain variable region gene families (Table 3a&b, Pg.38).

Patients GKD SSM JMB KKM BRM Total
(Anti-LGI1) (Anti-NMDAR) (Anti-GADy) (Anti-CASPR2) (Anti-CASPR2)
cePc
7 7 2 21 20 57

1gG-VH

clones

No. of cePc 31 seq. 17 seq. 7 seq. 57 seq. 68 seq. 180 seq.
sequences  (3g5.0%) (45.9%) (16.6%) (35.4%) (37.3%) (35.4%)

Table 4a. Repertoire analysis of CSF cePc of five AIE patients.

cePc cePc
Cumulative cePc Ig-family representation
clones sequences

= Vyi Vy3 Vyd Vy5 Vy7
1gG-VH 180 seq. 67 seq. 65 seq. 41 seq. 5 seq. 2 seq.
(35.4%) (13.1%) (12.7%) (8.0%) (0.9%) (0.3%)
o VK1 VK2 VK3 VK4 VK5
1gG-VK 118 seq. 59 seq. 6 seq. 47 seq. 6 seq. *nf
(38.6%) (19.3%) (1.9%) (15.4%) (1.9%)
- VA1 VA2 VA3 VA6 VA7 VA8 VA9
1gG-VA 65 seq. 05 seq. 19 seq. 37 seq. 02 seq. *nf 02 seq. *nf
(57.0%) (4.3%) (16.6%) (32.4%) (1.7%) (1.7%)

Table 4b. Repertoire analysis of cumulative cePc sequences from the CSF plasma

cells/plasmablasts of five AIE patients.

*nf (hot found)
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Figure: 12. Unrooted phylogenetic tree of IgG heavy chain variable region sequences derived
from the CSF plasma cells /plasmablasts of GKD.

The tree representing the IgG-VH gene family repertoire calculated from 86 sequences. The branch
length and distance between sequences correspond to sequence similarity/dissimilarity, shorter and
closer branches relate to a greater sequence similarity. Sequences belonging to one family share
similarities and group together. Thus, each colored branch of the tree represents a single VH family.
The external node of a branch represents a ‘leaf’ or a ‘sequence’. Clonally expanded sequences, if
identical, aggregate as overlapping ‘leaves’ on the same external node (inset). The bootstrap support
values for each branch on the tree were calculated based on 100 resampling of the original data set.
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Figure: 13. Unrooted phylogenetic trees of IgG heavy chain variable region sequences derived
from the CSF plasma cells /plasmablasts of patients with AIE.

The trees are representing IgG-VH gene family repertoire of SSM (A), IMB (B), KKM (C) and
BRM (D) patients. The branch length and distance between sequences correspond to sequence
similarity/dissimilarity, shorter and closer branches relate to a greater sequence similarity. Each
colored branch of the tree represents a single VH family. The external node of a branch represents a
‘leaf” or a ‘sequence’ (Fig. 12, Pg.41). For the clarity of the pictures ‘sequences’ or ‘leaves’ on the
external nodes are not shown. The bootstrap support values for each branch on the tree were
calculated based on 100 resampling of the original data set.
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RESULTS

Repertoire analysis of IgG-VH amplicons from the CSF plasma cells/plasmablasts of a
patient pre-diagnosed with anti-LGI1 autoantibody (GKD) revealed mostly IgG heavy chain
amplicons belonging to the Vy3 gene family (39.5%), followed by Vu4 (31.3%), Vul
(27.9%) and Vy5 (1.1%) families (Table 3a, Pg.38 and Fig. 12, Pg.41).

Two patients (KKM and BRM), pre-diagnosed with anti-CASPR2 autoantibodies also had a
high representation of Vi3 family in the CSF plasma cells/plasmablasts followed by Vyl,
V4, and ViS5 families. Similarly, Vi3 family (72.9%) was also mostly represented in the
CSF of a patient pre-diagnosed with anti-NMDA receptor antibody (SSM) followed by V4
(13.5%), Vu5 (8.1%); however, the V1 family (5.4%) was found under-represented (Table
3a, Pg.38 and Fig. 13, Pg.42). On the other hand, a patient pre-diagnosed with anti-GADgs
autoantibodies (JMB) had a high representation of the V1 family (69.0%) followed by Vi3
(16.6%). Whereas, the V4 and the Vi5 families were found equally represented. The V7
family was least represented and found only in one patient pre-diagnosed with anti-CASPR2
autoantibodies (Table 3a, Pg.38 and Fig. 13, Pg.42).

Cumulative sequence analysis of IgG-VH (508 seq.), Ig-Vk (305 seq.) and Ig-VA (114 seq.)
amplicons from the CSF plasma cells/plasmablasts of five patients revealed mostly IgG
heavy chain amplicons belonging to the Vu3 gene family (44.6%), followed by Vul
(30.5%), Vu4 (19.4%), VuS (4.5%) and Vy7 (0.7%) families (Table 3b, Pg.38 and Fig. 19,
Pg.57). Light chain amplicons were clearly dominated by Ig-Vk (72.7%) as compared to Ig-
VA gene segments (27.2%). Among those, Vk1 gene segments were most commonly used
(44.2%), followed by V«3 (40.6%), V2 (9.5%), Vx4 (5.2%) and V5 (0.3%) families
(Table 3b, Pg.38 and Fig. 20, Pg.58). The Ig-VA gene segments were diversified belonging
to seven families, dominated by VA3 (49.1%), followed by VA2 (28.0%), VA1 (14.9%), VA6
(3.5%), VA7 (1.7%), VA8 (1.7%) and VA9 (0.8%) families (Table 3b, Pg.38 and Fig. 21,
Pg.59).
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Name of the
rebuilt 19G-

VH clones

GKD1-HC
GKD2-HC
GKD3-HC*
GKD4-HC*
GKD5-HC*
GKD6-HC
GKD7-HC

SSM1-VH
SSM2-VH
SSM3-VH
SSM4-VH
SSM5-VH*

SSM6-VH
SSM7-VH

JMB1-VHT
JMB2-VH*
JMB3-VH*

Table 5a. CDR3 regions of clonally expanded 1gG-VH

Name of the

rebuilt light

chain clones

GKD1-kC
GKD2-kC
GKD3-kC*
GKD4-kC*
GKD5-kC*
GKD6-kC
GKD7-AC

SSM1-VA
SSM2-VA
SSM3-VA
SSM4-VA
SSM5-VA*
SSM6-Vk
SSM7-Vk

JMB1-Vkt

JMB2-VKk*
JMB3-Vk*

Corresponding
19G-VH family

VH3
VH3
VH1
VH4
VH4
VH4
VH1

VH3
VH4
VH1
VH5
VH3
VH3
VH5

VH1
VH1
VH3

Corresponding
1g-VL family

Vk1
Vk3
Vk1
Vk3
Vk2
Vk1
VA3

VA3
VA3
VA3
VA3
VA3
Vk2
Vk4

Vk4

Vk4
Vk4

1gG-VH
belonging

RESULTS

seq. Amino acids sequence of CDR3
to region of corresponding IgG-VH

respective clones clones

aOhOWwawo

2h WNNWN

GN =

Matching

seq. obtained

NN=2 NNAWANW GOANMOWOD

DPEIAAAGSHYYYYGMDVWG
VKAAVAGTVDYWG
SPTVGGTIRGNMDVWG
ENDLDGLDVWG
DRGNWNSRSSFDIWG
GDYDILTGYFFFDYWG
IMVRGVIEAMDVWG

CAKVLYYDSSGFGYYGNMDVWG
CARDTGYETRFDLWG
CARGTVVGRSGYYYGMDVWG
CARRAPPLSGWYYRALDCWG
CARDRSSSLSYSWYFDLWG
CTRGVNYEGFRLDDWG
CARTQWEVINPYYSDFWG

CARDRGGGDLYHWG
CARVQWLNALDFWG
CARYHDKLLGVIPYWG

reconstructed sequences

Amino acids sequence of CDR3
region of corresponding Ig-VL
clones

CQQSYSIPPTFG
CQQRANWPPITFG
CQESYSTLVTFG
CQHYGYSPVTFG
CMQRLEFPPTFG
CQQNYNTRTFG
CNSRDSSGNHWVFG

CQAWDSTTVVFG
CQVWDSSTVVFG
CQAWDSSTVLFG
CQSSDSSGTYGIFG
CQVWDTSSDHVVFG
CLQALQTPLTFG
CQQYYNTPHTFG

CQQYDNLPPYTFG
CLQYYTDPYTFG

CQQYRRLPQISFG

Table 5b. CDR3 regions of clonally expanded Ig-light chain reconstructed sequences

*Clonally expanded sequences

respective antigen targets in vitro.

reproduced

recombinant antibody form recognized

+ A single plasma cell/plasmablast sequence (not clonally expanded) reproduced in
recombinant form.
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RESULTS

Analysis of clonally expanded plasma cells/plasmablasts (cePc)

Sequences sharing more than 95% nucleotide identity, having similar or identical CDR3
regions and belonging to the same V(D)J germline family were considered clonally
expanded. Alignment of Ig-heavy chain variable region genes in groups of identical
sequences yielded information on a total of 57 independent cePc clones. Seven cePc clones
belonged to the CSF plasma cells/plasmablasts of GKD, another seven cePc to SSM, two
cePc clones to JMB, 21 cePc to KKM and 20 cePc clones to BRM (Table 4a, Pg.40). Out of
57 identified heavy chain cePc clones, 38 were expressed with matching Ig-Vk cePc
(66.6%) and 19 with Ig-VA cePc (33.3%) clones. Eight more cePc clones belonging to kappa
light chains and two more cePc clones belonging to the lambda light chains were identified.

However their matching IgG heavy chain sequences could not be discovered.

From a total of 508 CSF IgG-VH sequences obtained, 180 sequences (35.4%) belonged to
the 57 cePc clone populations and remaining 328 were unique single sequences. The number
of cePc sequences belonging to each cePc clones was highly variable. Repertoire analysis of
the IgG heavy chain cePc sequences from each patient revealed, 31 of 86 heavy chain
sequences (36.0%) from GKD, 17 of 37 (45.9%) from SSM, 7 of 42 (16.6%) from JMB, 57
of 161 (35.4%) from KKM, and 68 of 182 sequences (37.3%) from BRM were belonged to
cePc clone populations (Table 4a, Pg.40).

The cumulative cePc sequences from five patients revealed that most IgG-VH cePc
sequences represented Vil family (13.1%), followed by Vi3 (12.7%), Vu4 (8.0%), VuS
(0.9%) and Vy7 (0.3%) families (Table 4b, Pg.40). Out of 305 Ig-Vk sequences obtained,
118 sequences (38.6%) were identified in the cePc clone populations. Similarly, from 114
CSF Ig-VA sequences obtained, 65 sequences (57.0%) were identified in cePc clones

populations.

The 118 Igk cePc sequences belonged to a total of 46 cePc individual clones and mostly
represented the Vi1 family (19.3%), followed by V.3 (15.4%), V.2 (1.9%) and V4 (1.9%)
families. We did not find any Igk cePc sequence representing V.5 family. The 65 lambda
chain cePc sequences belonged to a total of 21 unique cePc clones and mostly represented
the V;3 family (32.4%), followed by V;2 (16.6%), Vi1 (4.3%), V16 (1.7%), and V,8 (1.7%)
families (Table 4b, Pg.40).
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RESULTS

Name of the Corresponding Number of amino acid mutations in corresponding 1gG-VH clones.
rebuilt 1gG-VH V(D)J germline
clones combination Total
FR1 CDR1 FR2 CDR2 FR3 CDR3 L utations
GKD1-VH VH3(D6)JH6 2 1 - 1 5 - 9
GKD2-VH VH3(D6)JH4 o 2 D 1 o o 3
GKD3-VH* VH1(D1)JH6 1 3 1 1 3 - 9
GKD4-VH* VH4(D3)JH6 1 1 2 2 - - 6
GKD5-VH* VH4(D1)JH3 2 2 - 3 - 7
GKD6-VH VH4(D3)JH4 2 1 - 1 6 - 10
GKD7-VH VH1(D3)JH6 1 4 2 3 - 13
SSM1-VH VH3(D3)JH6 1 1 1 1 4 - 8
SSM2-VH VH4(D5)JH2 o 1 1 1 4 D 7
SSM3-VH VH1(D6)JH6 - - - 4 4 - 8
SSM4-VH VH5(D6)JH5 3 3 1 2 4 - 13
SSM5-VH* VH3(D6)JH2 1 - - - - 1
SSM6-VH VH3(D3)JH4 1 1 2 1 9 1 15
SSM7-VH VH5(D1)JH4 - 3 2 1 - - 6
JMB1-VHt VH1(D2)JH4 - 4 5 3 5 - 17
JMB2-VH* VH1(D6)JH3 1 1 1 1 4 - 8
JMB3-VH* VH3(D2)JH5 3 1 3 3 10 1 21

Table 6a. Number of amino acid mutations in the reconstructed clonally expanded IgG- heavy
chain variable regions from corresponding V(D)J germline genes.

Name of the Corresponding Number of amino acid mutations in corresponding 1g-VL clones.
rebuilt 1g-VL V(D)J germline
clones combination Total
FR1 CDR1 FR2 CDR2 FR3 CDR3  utations
GKD1-kC Vk1(-)Jk4 2 3 - - 2 1 8
GKD2-kC Vk3(-)Jk5 o 1 D o D 1 2
GKD3-kC* Vk1(-)JK5 - 1 2 - 3 1 7
GKD4-kC* VK3(-)Jk4 - 3 3 - 1 2 9
GKD5-kC* Vk2(-)Jk4 1 - - 3 1 5
GKD6-kC Vk1(-)Jk1 - 2 2 1 1 2 8
GKD7-AC VA3(-)JA3 3 - 2 - 3 - 8
SSM1-VA VA3(-)JA2 - - - 1 - - 1
SSM2-VA VA3(-)JA2 - - - 1 - - 1
SSM3-VA VA3(-)JA2 - - 1 - - 1
SSM4-VA VA3(-)JA1 1 1 1 1 - 1 5
SSM5-VA* VA3(-)JA2 - - - - - 1 1
SSM6-Vk Vk2(-)Jk4 1 3 1 1 1 1 8
SSM7-Vk Vk4(-)Jk2 1 4 - - 1 1 7
JMB1-Vkt Vk1(-)Jk2 2 = = o = o 2
JMB2-Vk* Vk1(-)Jk2 2 1 4 1 2 3 13
JMB3-Vk* VK1(-)Jk3 5 2 4 - 9 2 22

Table 6b. Number of amino acid mutations in the reconstructed clonally expanded lg- light
chain variable regions from corresponding V(D)J germline genes.

*Clonally expanded sequences reproduced in recombinant antibody form recognized respective antigen targets in
vitro.
T A single plasma cell/plasmablast sequence (not clonally expanded) reproduced in recombinant form.
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RESULTS

Cloning of recombinant human monoclonal antibodies (rhuMADb)

Clonally expanded, paired Ig-heavy and light chain variable region sequences were selected
for recombinant monoclonal antibody production; either by synthesizing the sequences and
sub-cloning, or by 2™ round PCR with primers containing restriction sites and directly
cloning into the respective mammalian expression vectors (Fig. 11, Pg.39). The Ig-variable
regions were cloned in frame with the respective human Igyl, Igk or IgA2 constant region
genes encoded by the mammalian expression vectors (Fig. 8, Pg.28). All cloned expression
vectors were sequenced to confirm the presence of Ig-V region inserts with 100% identity to

the respective original PCR products.

We have so far successfully generated 17 functional recombinant human monoclonal
antibodies from CSF-derived cePc of three patients among five with AIE. Seven rhuMAb
(SSM1-7) were reconstructed from a patient pre-diagnosed with anti-NMDA receptor
encephalitis. Another seven antibodies (GKD1-7) were regenerated from a patient pre-
diagnosed with anti-LGI1 encephalitis and two rthuMAb (JMB 2 & 3) were rebuilt from
CSF-cePc clones of a patient pre-diagnosed with anti-GADgs encephalitis. A thuMADb,
named JMB1 was reproduced from a unique single plasma cell/plasmablast that was not

clonally expanded in the CSF of the patient with anti-GADgs autoantibody.

Amino acid sequence of the CDR3 region was used as a unique identifier of clonal
populations and the nucleic acid sequence of the Ig-V regions were used to identify the
closest germline family. Number of clonally expanded Ig-sequences belonging to each
reconstructed cePc, varies from 2 to 6 (Table Sa&b, Pg.44). Most of the cePc sequences
from CSF of each patient were strongly hypermutated containing silent and replacement
mutations indicating an ongoing antigen driven humoral immune response in the CSF

compartment (Table 6a&b, Pg.46).
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RESULTS

Production of rhuMADbD

Polyethylenimine (PEI) mediated co-transfections of Ig-HC and matching Ig-LC expression
vectors into FreeStyle 293-F cells were carried out to produce recombinant monoclonal
antibodies in vitro. Up to 95% transfection efficiency was observed using PEI for an eGFP
control plasmid. The secreted rhuMAb were purified from the supernatant of transfected
cells using either protein G HP columns or Magne protein G beads, as described in materials
and methods. Around 90% of individual transfections produced functional thuMAb at
concentrations from 30pg/ml to 140ug/ml with an average concentration of 80ug/ml from
200 ml of supernatant. Complete functional antibody productions were confirmed by SDS

gel electrophoresis (Fig. 14).
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Figure: 14. SDS-gel pictures of purified recombinant human monoclonal antibodies (rhuMADb).
Samples were mixed with NuPAGE reducing agent at 60°C for 10 min. Around 5 pg of each
rhuMAb was run on 4-16 % Precise Protein gel. The antibody bands were visualized with Gel-code
Blue stain reagent. The numbers on each lane represents an antibody name, for example; lane 3 of
GKD-rhuMAb gel represents GKD3 antibody. Novex sharp pre-stained protein standard, and a
control antibody purified in similar conditions as rhuMAb were also loaded.
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RESULTS

Characterization of rhuMADbD

All purified thuMAb were sent to EUROIMMUN AG, Luebeck-Germany for initial
characterization. The reactivities of all the ruhMAb against prediagnosed target antigens of
the respective patient were investigated. Some of the patient-derived recombinant antibodies
recognized their antigen specificity in vitro. Out of 17 rhuMAb reconstructed, six antibodies
GKD3, GKD4, GKD5, SSM5, IMB2 and JMB3 showed a clear reactivity to their respective
target antigens. Three GKD rhuMAb, namely GKD3, GKD4 and GKDS5 strongly reacted to
LGII protein. Among seven SSM rhuMAb, only SSM5 reacted to the NR1 subunit of
NMDA receptor. Two of the JMB rhuMADb, namely JMB2 and JMB3 showed high affinity
for GADgs auto-antigen, whereas all the remaining rhuMAb did not show any binding to the
EUROIMMUN neuronal antigen panel in vitro.

To reconfirm rhuMAb reactivity profile to the known antigens, we re-characterized all the
rhuMAD in our laboratory by immunocytochemistry (ICC) and immunoprecipitation (IP)

experiments.

Immunocytochemistry

All the thuMAb were tested in immunocytochemistry on HEK-293 cells transfected with
mammalian expression vectors expressing cDNA of respective antigen targets such as
human LGI1, human GADgs, rat NR1 subunit and rat NR1/NR2B heteromers. Our
immunostaining results for rhuMAb were in accordance with the findings of EUROIMMUN
AGNT

HEK-293 cells expressing human LGI1 secreted protein were pre-incubated with Brefeldin-
A (an inhibitor of protein secretion®®) before immunostaining with GKD1-7 rhuMAb. The
GKD3, GKD4 and GKD5 rhuMAb recognized the human LGI1 protein in the cytoplasm
without uniform distribution on the cell surface (Fig. 15, Pg.50). None of the GKDI-7
rhuMAb antibodies reacted when tested on the non-transfected HEK-293 cells.
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GKD3 GKD4 GKD5

818C5 LGI1

Figure: 15. Immunocytochemistry of HEK-293 cells expressing the human LGI1 protein.

The HEK-293 cells transfected with LGI1 (a neuronally secreted protein) were incubated with
100ng/ml Brefeldin-A (an inhibitor of protein secretion™) for one hour before fixed, permeabilized,
immunostained with GKD1-7 rhuMADb and detected with Cy3 labeled secondary antibodies. Nuclei
were stained with DAPI. The GKD3, GKD4 and GKDS5 strongly reacted to human LGI1 protein in
the cytoplasm of the transfected cells. A commercially available rabbit polyclonal anti-LGI1

antibody was used as positive control. Chimeric 818C5, an anti-MOG Ab, was included as a
negative control. Images were acquired with 60 x oil-immersion objective.

Among SSMI1-7 rhuMAb, SSM5 clearly reacted with the rat NR1 subunit of NMDA
receptor on HEK-293 cells transfected with NR1 subunit alone. The binding pattern of

SSMS5 to HEK-293 cells expressing NR1 subunit alone was similar to the commercial anti-

NRI1 antibody (Fig. 16A, Pg.51).
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Double transfected HEK-293 cells with rat NR1/NR2B heteromers were immunostained
with SSM5 and a commercial rabbit anti-NR2B subunit antibody. The reactivity of SSM5
and an anti-NR2B Ab were clearly co-localized on the cells expressing NR1/NR2B
heteromers, whereas cells expressing only NR1 subunits were stained with only SSM5
rhuMAb (Fig. 16B). The SSMS5 rhuMAb did not react when tested on the non-transfected
HEK-293 cells.

SSM5 NR1 818C5

SSM5 NR2B

NR1/NR2B

co-localized
NR1 subunit
only

Figure: 16. Immunocytochemistry of cells expressing NR1 subunit alone (A) and NR1/NR2B
heteromers (B) of the NMDA receptor. HEK-293 cells transfected with rat NR1/NR2B heteromers
(functional receptors) were cultured for three days in the presence of 500 uM ketamine (an inhibitor
of NMDA receptor), fixed, immunostained with SSM1-7 rhuMADb and detected with Cy3 labeled
secondary antibody. Commercially available rabbit anti-NR1 and anti-NR2B antibodies were used as
positive controls and detected with Alexa-488 labeled secondary antibody. Nuclei were stained with
DAPI. SSMS5 reacted with NR1 subunit alone in a similar pattern as control NR1 antibody (A).
Figure B shows co-localization of NR1&NR2B subunits stained with SSM5 and a control NR2B
antibody on transfected cells. Chimeric 818C5, an anti-MOG Ab, was included as a negative control.

Images were acquired with 60 x oil-immersion objective.
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Figure: 17. Imnmunocytochemistry of cells expressing the human GADgs protein.

HEK-293 cells transfected with a eukaryotic expression vector co-expressing human GADgs and
EmGFP (cytosolic) were fixed, permeabilized, immunostained with JIMB rhuMAb and detected with
Cy3-labeled secondary antibodies. JMB2 and JMB3 reacted to human GADgs protein and also co-
localized with GFP in the membrane terminal of the transfected cells (Arrow). A commercial anti-
GADg;s antibody was included as a positive control. Chimeric 818C5, an anti-MOG Ab, was included
as a negative control. Images were acquired with 60 x oil-immersion objective.
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The reactivity profile of JMB1-3 rhuMADb to GADgs enzyme was determined on HEK-293
cells transfected with a eukaryotic expression vector co-expressing human GADgs and
EmGFP. The IMB2 and JMB3 rhuMADb reacted with human GADgs and co-localized with
GFP in the membrane terminal of the transfected cells, confirming the human GADgs as a
target antigen (Fig. 17, Pg.52). The JMB rhuMAb did not react when tested on the non-
transfected HEK-293 cells.

JMBI rhuMAb reproduced from a non-clonal CSF plasma cell/plasmablast did not show
any reactivity to GADgs. An antibody specific to an irrelevant antigen was used as a

negative control in every ICC and IP experiment.

Immunoprecipitation

It was previously shown that synaptic autoantigens can be isolated by wuse of
immunoprecipitations (IPs) with antibodies obtained from sera or CSF of AIE patients.’®
Likewise, IPs using rhuMAb were performed to identify antigenic targets from rat,
marmoset and human brain tissues. Commercially available antibodies to the respective
target antigens were used as positive controls. Precipitated proteins were visualized on silver
stained gels and confirmed by western blot detection with commercial antibody specific for

the antigen tested, such as LGI1, NR1, and GADgs.

LGI1 was identified as the target antigen by IPs using GKD3 rhuMAD on silver stained gels
and also by Western blots. A distinct visible band of around 70 kDa corresponding to the
LGII1 protein was detected in the membrane fractions of rat, marmoset and human brains
(Fig. 18A-D, Pg.54). At high concentrations, GKD1 and GKD7 showed very weak binding
to LGII in IPs (data not shown). No reactivity to any other antigens was found using the

GKD rhuMAb.

Similarly, NR1 subunit of NMDA receptor was identified as the target antigen by IP using
SSMS5 rhuMAb. A band of around 120 kDa corresponding to NR1 subunit was detected by
Western blot from tissue membrane fractions of marmoset and human brains (Fig. 18E&F,
Pg.54). None of the other rhuMAb recognized any antigen tested in the membrane fractions

of rat, marmoset and human brains.
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Figure: 18. Immunoprecipitations using recombinant human monoclonal antibodies
(rhuMADb).

Precipitated proteins were visualized on a silver stained gel (A) and confirmed by Western blot
detection with commercial antibodies (B-F). A band of around 70 kDa corresponding to LGI1
protein was detected using GKD3, in the membrane fractions of rat (A&B), marmoset (C) and
human (D) brains. A band of around 120 kDa corresponding to the NR1 subunit of NMDA receptor
was identified using SSM5 in the membrane fractions of marmoset (E) and human (F) brains.
Commercially available antibodies to the respective target antigen were used as positive control in
IPs and in western blot detections. An antibody 12D7 specific for an irrelevant target NY-ESO-1,
was included as a negative control (NC) for IP experiments.
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DISCUSSION

The autoimmune encephalitis (AIE) syndromes associated with autoantibodies against
neuronal cell-surface or synaptic proteins belong to a new category of diseases that has
changed paradigms in the diagnosis and treatment of disorders that were previously
mischaracterized or unknown. The pathogenic properties of antineuronal antibodies have
been characterized in a small number of studies, which support their pathogenic role in the
underlying neurological disease. The cognate targets of some of these autoantibodies have
been identified, e.g. NMDA receptor, AMPA receptor, leucine-rich glioma inactivated
protein 1 (LGIl), contactin-associated protein-like 2 (CASPR2), glutamic acid
decarboxylase (GADgs) and others.

Affected patients often display a variety of “psychiatric” symptoms such as behavioural
changes, anxiety or psychosis followed by seizures, decline of consciousness, aphasia, and
abnormal movements. Studies of AIE have revealed that it can occur with or without an
underlying tumor, affects patients of all ages,''® and has exposed novel mechanisms of how
autoantibodies might alter memory, behavior, psychosis, seizures and abnormal
movements.''” Most commonly AIE is associated with ovarian teratoma or tumors in

thymus, lung or breast.

Studies have shown that the associated autoantibodies mediate neuronal dysfunction by
direct interaction with the target antigens. It has been postulated that although some of these
antigens are intracellular, they can be exposed on the cell surface during synaptic vesicle
recycling, and there is evidence that both B- and T-cell mechanisms underlie the neuronal
pathology.'?"” '** In cancer-associated disorders, the immune response is likely initiated
against neuronal antigens expressed by the tumor, but what is the immunological trigger in
non-tumor associated autoimmune encephalitis is not yet understood. The occurrence of a
viral-like prodrome in many patients suggests that infections with viruses such as herpes
simplex virus 1 potentially play a role in activating the autoimmune response against

neuronal proteins like the NMDA receptor.*’

The source of origin of autoantibodies in patients with AIE is not yet understood; it is not
clear whether the autoantibodies are generated intrathecally or produced in periphery system

and enter into the CNS via crossing the blood brain barrier or vice versa.
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Previous studies on autoantibodies isolated from cerebrospinal fluid (CSF) and serum of
patients with AIE have described the presence of several anti-neuronal autoantibodies.” **
Since the autoantibodies and oligoclonal bands (OCB) are products of clonally expanded
plasma cells/plasmablasts (cePc) in the CSF of patients with different kind of autoimmune

108, 109

disorders, such as multiple sclerosis, we presumed that the autoantibodies in the CSF

of patients with AIE are also the products of CSF-derived cePc.

The present study was intended to analyze the CSF CDI138" plasma cell/plasmablast
repertoire of patients with AIE and to re-construct some of the anti-neuronal autoantibodies
produced by them in the form of recombinant human monoclonal antibodies (rhuMADb), as

: . . 109,113
described elsewhere for multiple sclerosis. ™

Single CSF CD138" plasma cell and CD138"/CD19" plasmablast were isolated from five
AIE patients, by FACS. To identify CSF cePc and characterize the Ig-gene family usage in
the plasma cells/plasmablasts, we first performed single-cell RT-PCR of rearranged IgG-
VH, Ig-Vx and Ig-VA genes. Alignment of [gG-heavy chain variable region genes in groups
of identical sequences yielded information on 57 independent cePc clones from the CSF of
five AIE subjects. All the Ig-heavy and light chain variable region sequences of cePc
contained mutations, supporting ongoing antigen-driven maturation of immune responses in
the CSF of affected patients. A heterogeneous usage of IgG-VH, Ig-Vk and Ig-VA gene

families were identified in the CSF plasma cells/plasmablasts.

Investigation of Ig-gene repertoire could be useful to understand the selection of the
germline gene family in the maturation process of the CSF plasma cells/plasmablasts of
patients with AIE. In this study, we have analyzed five patients pre-diagnosed with different
kind of anti-neuronal autoantibodies. As characterized by an online database
(http://www.ncbi.nlm.nih.gov/igblast/), the Ig-gene repertoire of individual patients with
unique autoantibodies showed different patterns. A patient pre-diagnosed with anti-LGI1
autoantibodies (GKD) had a clear overrepresentation of Vy4 family. The Vyl family was
underrepresented in a patient with anti-NMDA receptor autoantibodies (SSM). Two patients
with anti-CASPR2 autoantibodies (KKM & BRM) had similar patterns of germline gene
families representation in order of Vy3>Vy1>Vp4>Vy5. However, one of the patients with

anti-CASPR2 autoantibodies also represented Vy7 family. The Vyl family was mostly
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represented in a patient pre-diagnosed with anti-GADgs (JMB) autoantibody (Table 3a,
Pg.38). Further studies on the CSF plasma cells/plasmablasts from a larger number of
samples/patients prediagnosed with similar anti-neuronal autoantibodies (e.g. anti-NMDA
receptor Ab) could give more detailed information about the representation of Ig-gene

families and source of origin for the self-reactive anti-neuronal antibodies.
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Figure: 19. Unrooted phylogenetic tree of cumulative IgG-VH sequences derived from the CSF
plasma cells/plasmablasts of five AIE patients.

The tree representing IgG-VH gene family repertoire calculated from 508 sequences. The branch
length and distance between sequences correspond to sequence similarity/dissimilarity, shorter and
closer branches relate to a greater sequence similarity. Sequences belonging to one family share
similarities and group together. Thus, each colored branch of the tree represents a single VH family.
The external node of a branch represents a ‘leaf” or a ‘sequence’. For the clarity of the picture,
‘sequences’ or ‘leaves’ on the external nodes are not shown. The bootstrap support values for each
branch on the tree were calculated based on 100 resamplings of the original data set.
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Even though all the five patients diagnosed with different kind of anti-neuronal
autoantibodies, they are usually presented with similar kind of symptoms, receive mostly
similar therapy and characterized under a same group of disease called ‘autoimmune
encephalitis’. Therefore, we also analyzed the cumulative Ig-gene repertoire of CSF plasma
cells/plasmablasts of all the five patients, to investigate a common pattern of Ig-gene

representations in AIE.
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Figure: 20. Unrooted phylogenetic tree of cumulative Ig-Vk sequences derived from the CSF
plasma cells/plasmablasts of five AIE patients.

The tree representing Ig-Vik gene family repertoire calculated from 305 sequences. Each colored
branch of the tree represents a single Vi family and each external node of a branch represents a
‘leaf” or a ‘sequence’. The bootstrap support values for each branch were calculated based on 100
resamplings of the original data set.
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DISCUSSION

Cumulative repertoire analysis revealed IgG-VH sequences were derived from five germline
segments in order of Vy3>Vu1>Vy4>Vy5>Vy7 (Fig. 19, Pg.57). The Ig-Vk sequences were
also derived from five germline segments in the order of V, 1>V, 3>V, 2>V, 4>V, 5 (Table
3b, Pg.38 and Fig. 20, Pg.58), whereas Ig-VA sequences were most heterogeneous as they
were  derived from  seven  germline gene  segments in  order  of
Vi3>Vy2>V, 1>V,6>V,7=V,8>V,9 (Table 3b, Pg38 and Fig. 21, Pg.59). Clonally
expanded sequences were found in all represented heavy chain families mentioned above.
However, no cePc sequences were found representing the light chain families V.5, V,7 and

V39.

VA3
VA1 (49.1%)
(14.9%)

VA2
(28.0%)

Figure: 21. Unrooted phylogenetic tree of cumulative Ig-VA sequences derived from the CSF
plasma cells/plasmablasts of five AIE patients.

The tree representing Ig-VA gene family repertoire calculated from 114 sequences. Each colored
branch of the tree represents a single VA family and each external node of a branch represents a ‘leaf’
or a ‘sequence’. The bootstrap support values for each branch were calculated based on 100
resamplings of the original data set.
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DISCUSSION

Investigation of CSF plasma cells/plasmablasts repertoire of AIE patients could also be
useful to understand the generation of cePc clone population and Ig-genes producing self-
reactive autoantibodies. In this study, we have so far successfully generated a set of 17
recombinant human monoclonal antibodies (thuMAb) from CSF-cePc from three of five
patients with AIE. From these 17, seven antibodies were regenerated from a patient
prediagnosed with anti-NMDA receptor encephalitis (SSM1-7). Another seven thuMAb
antibodies were reconstructed from a patient pre-diagnosed with anti-LGI1 encephalitis
(GKD1-7), and three rhuMAb were rebuilt from a patient pre-diagnosed with anti-GADgs
encephalitis (JMB1-3). Among JMB1-3 rhuMAb, only JMB2 and JMB3 were rebuilt from
CSF-cePc clones, whereas the JMB1 rhuMAb was reproduced from a unique single plasma
cell/plasmablast that was not detectably clonally expanded in the CSF of the patient with
anti-GADygs antibody. RhuMAb from cePc of two patients prediagnosed with anti-CASPR2

autoantibodies are currently in different stages of cloning and recombinant expression.

While our initial approach on characterization of the reconstructed rhuMAb mainly focused
to investigate, whether clonally expanded CSF plasma cells indeed produce the antibodies
specific for the target antigens prediagnosed in the respective patient, cePc derived
recombinant antibodies could also be used to identify novel target antigens in AIE patients
with unkown antibody signatures. The reactivity profiles of rhuMAb are summarized in the
table 7 (Pg. 61).

Out of 17 rthuMAD reconstructed six antibodies, namely GKD3, GKD4, GKD5, SSM5,
JMB?2 and JMB3 showed a clear reactivity to their presumed target antigens in vitro. GKDI
and GKD7 additionally showed very weak binding to LGI1 in IPs (data not shown), and all
the other antibodies did not show any reactivity to the antigens tested. Interestingly, the
antigen recognition patterns of rhuMAD rebuilt from different groups of cePc of the same
patient do not necessarily match: for instance - GKD3, GKD4 and GKDS5 strongly reacted to
human LGII in immunocytochemistry (ICC). However, only GKD3 could recognize LGI1
in IP experiments using membrane fractions from human, marmoset and rat brains.
Similarly, JMB2 and JMB3 only reacted to human GADgs in ICC but not in IPs. On the
other hand, SSM5 showed a clear reactivity to the NR1 subunit of NMDA receptor both in
ICC and IP.

60| Page



DISCUSSION

The SSM5 rhuMAb strongly reacted with NR1 subunit in IP experiments using membrane
fractions of human and marmoset brains. Surprisingly, the SSM5 rhuMAb clearly reacted
with rat NR1 subunit in transfected HEK-293 cells, but did not react in IP using membrane
fractions of rat brain. The rational for not recognizing rat brain NR1 subunit in IP could be
associated with the SSMS5 reactivity with primate cell specific posttranslational

modifications of NR1 subunit. However, we do not have any additional evidence to support

this hypothesis.
Immunocytochemistry Immunoprecipitation Antigens
(using transfected HEK-293 cells) (using brain tissue fractions)
rhuMAb Rat protein Human protein Rat Marmoset Human

GKD3 Nt. v v v v LGI1
GKD4 Nt. v X b4 X LGI1
GKD5 Nt. v b X x LGI1
SSM5 v Nt. X v v NR1
JMB1 Nt. X X X X

JMB2 Nt. v X X X GADg;
JMB3 Nt. v b b X GADg;s

Table 7. The reactivity profile of rhuMAb

Not tested = (Nt.) Not reacted (X) Reacted (v)

The reason why the antigen specificity of GKD4, GKDS5, JMB2 and JMB3 rhuMAb could
only be revealed by ICC has remained undetermined. However, it is possible that the
epitopes recognized by these autoantibodies may depend on their intact conformation within
the cell membrane and/or posttranslational modifications.

We were also interested to investigate if a unique single plasma cell/plasmablast, which is
not clonally expanded in the CSF of patients with AIE, could also produce self-reactive
antibodies. The JMB1 rhuMAD reproduced from a non-cePc did not show any reactivity to
the human GADgs auto-antigen in the initial characterizations. However, further
characterizations of JMB1 rhuMAb for other self-antigens in patients with AIE have to be
determined. The presence of autoantibodies targeting two or more self-antigens in patients

with AIE has been reported previously.”” ** We presume a diversity of potential other
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DISCUSSION

antigen targets for our CSF cePc derived remaining 10 thuMAb, which did not react to the
antigens tested in initial characterization. Further experimental effort is being made to
identify the exact target antigens of patient-derived remaining rhuMADb.

In conclusion, our findings provide evidence that clonally expanded intrathecal plasma
cells/blasts contribute to the production of antineuronal autoantibodies in AIE patients. By
reconstructing functional autoantibodies from CSF cePc in the form of rhuMAb, we
demonstrate the presence of a CNS-specific antigen driven humoral immune response in the
CSF compartment of AIE patients. It was shown by other groups that at the time of
diagnosis, autoantibodies are always detectable in the CSF but not in the serum of 13% of

AIE patients'?°

. We presume that autoreactive B cell affinity maturation occurs inside the
CNS compartment and some of the clonally related B cells migrate to the peripheral system
to produce self-reactive antibodies. However, we currently have no data to support this
hypothesis and further experimental effort is being made to identify the autoantibody
producing CSF cePc in the peripheral blood compartment of the same patients. The
pathogenic role of these antibodies is supported by the response of clinical symptoms to
immunotherapy and the correlation between antibody titers and neurological outcome. It has
been reported that immunoglobulins isolated from CSF and sera of patients with anti-
NMDA receptor encephalitis can reduce NMDA receptor clusters on hippocampal neurons
in vitro.” In another study, intra-ventricular injection of patients’ CSF into mice leads to
memory loss and depression.'” Since all these studies have been carried out with
autoantibodies recovered in the form of impure and heterogeneous mixtures from the CSF
and/or serum of affected patients, it is not yet clear whether a single or a group of
autoantibodies is responsible for the disease, and clearly impairs their further concise
characterization.

Having patient derived anti-neuronal autoantibodies in recombinant monoclonal form may
facilitate the characterization of their precise epitope specificity and functional properties
and help to understand the exact mechanism of their role in disease pathogenesis in vitro and
in vivo. Some of the patient derived antineuronal rhuMADb could also be used to study their
therapeutic usefulness in other neurological diseases, in which it may be beneficial e.g. to

block NMDA receptor mediated excitotoxicity.
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ABBREVIATIONS

AIE Autoimmune encephalitis

AMPAR a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

CASPR2 Contactin-associated protein-like 2

CDR Complementarity determining region
cePc Clonally expanded plasma cells/plasmablasts
CNS Central nervous system

CSF Cerebrospinal fluid

E.coli Escherichia coli

FACS Fluorescence activated cell sorting
GABAR Gamma-aminobutyric acid receptor
GADsgs Glutamic acid decarboxylase

GlyR Glycine receptor

ICC Immunocytochemistry

Ig Immunoglobulin

IPs Immunoprecipitations

LGII Leucine-rich glioma inactivated protein 1
mGluR metabotropic glutamate receptors

MOG Myelin oligodendrocyte glycoprotein

NMDAR N-Methyl-D-aspartic acid receptor

Pg. Page number
rhuMAb Recombinant human monoclonal antibodies
RT-PCR Reverse transcriptase-polymerase chain reaction
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