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ABSTRACT i

ABSTRACT

Systemic Lupus Erythematosus (SLE) is a chronic inflammatory autoimmune disease
that is associated with a major breakdown in B cell self-tolerance as reflected by elevated serum
immunoglobulin G (IgG) levels of predominantly anti-nuclear antibodies (ANAs). Serum
antibody titers are maintained by short-lived antibody-secreting plasmablasts and long-lived
plasma cells, the latter residing in survival niches of the bone marrow. Experimental evidence
from mouse models suggests that treatment-resistant bone marrow plasma cells are the major
contributor to serum IgG autoantibodies in SLE. However, the frequency of self-reactive and
potentially pathogenic antibodies in the bone marrow plasma cell compartment of SLE patients

has not been determined.

The aim of this study was to characterize the human bone marrow IgG+ plasma cell
compartment in SLE patients. The Ig genes of 196 bone marrow plasma cells from five SLE
patients were cloned and expressed iz vitro by using a single cell approach that facilitates the
unbiased analysis of human plasma cells both on the Ig molecular level and antibody reactivity
level. Antibody reactivity testing demonstrated significantly increased frequencies of poly- and

self-reactive bone marrow plasma cells in SLE patients with an active disease.

In summary, the data provide direct evidence that the bone marrow harbors high
frequencies of self-reactive IgG+ plasma cells that may directly contribute to disease
pathogenesis in SLE. Thus, self-reactive IgG+ bone marrow plasma cells in SLE patients may

represent an important therapeutic target in SLE.
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ZUSAMMENFASSUNG

Der systemische Lupus erythematodes (SLE) ist eine chronisch entziindliche
Autoimmunerkrankung, die durch eine Fehlfunktion der korpereigenen Abwehr verursacht
wird. Plasmazellen und Plasmablasten produzieren unter normalen Bedingungen protektive
Antikorper, welche einen wesentlichen Bestandteil der Immunantwort auf fremde Erreger
darstellen. Charakteristisch fiir SLE ist die Bildung hochaffiner IgG Antikorper, welche gegen
DNA und weitere Bestandteile des Zellkerns im eigenen Organismus gerichtet sind. Diese
Autoantikorper werden von kurzlebigen Plasmablasten und langlebigen Plasmazellen
sezerniert und fithren in Korperorganen wie der Niere zu chronischen Entziindungen.
Langlebige Plasmazellen leisten den groBBten Anteil an IgG Antikorpern im Serum, tiberleben
in Nischen des Knochenmarks fiir Jahre und sind im Gegensatz zu kurzlebigen Plasmablasten
weitgehend therapieresistent. Die Hiufigkeit von autoreaktiven und damit moglicherweise
pathogenen Antikorpern in der langlebigen Plasmazellpopulation des Knochenmarks wurde in

SLE Patienten jedoch bisher nicht analysiert.

Das Ziel dieser Arbeit war daher die Charakterisierung der IgG+ Plasmazellpopulation
des Knochenmarks in SLE Patienten. Um die Héufigkeit autoreaktiver Plasmazellen im
Knochenmark von SLE Patienten bestimmen zu konnen, wurde eine Methode verwendet, die
es erlaubt einzelne Zellen zu isolieren und ihre jeweiligen IgH und IgL. Gene zu klonieren. Mit
dieser Information konnten dann Antikérper rekombinant iz vizro hergestellt werden, welche
die gleiche Antigenspezifitit aufweisen, wie sie in der urspriinglichen Plasmazelle produziert
wurde. Auf diese Weise wurden die Immunglobulingene von 196 Plasmazellen aus
Knochenmarkproben von fiinf verschiedenen SLE Patienten kloniert und zz vitro exprimiert.
Die Untersuchung der monoklonalen Antikorper zeigte, dass die Anzahl an autoreaktiven
Plasmazellen in SLE Patienten mit aktiver Krankheit signifikant erhoht ist und krankheits-

assoziierte antinukleire Antikorper (ANAs) durch somatische Mutation entstanden sind.

Zusammenfassend kann die vorliegende Arbeit zeigen, dass Plasmazellen aus dem
Knochenmark von SLE Patienten antinukletire Antikorper sezernieren und damit direkt zum
Krankheitsverlauf beitragen konnen. Die erhohte Frequenz von autoreaktiven Plasmazellen im
Knochenmark von SLE Patienten unterstreicht zudem die Rolle von langlebigen Plasmazellen

als therapeutisches Ziel.
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1 INTRODUCTION

1.1 The Immune System

Vertebrates have evolved an elaborate protective immune system consisting of an
innate part and an adaptive part to successfully eliminate disease-causing pathogens. Both
components provide a dynamic network of cells and molecules that discriminate between self
and foreign to efficiently defend the organism against invading pathogens. Innate immune
mechanisms are activated immediately during an immune response and preformed, non-
specific receptors recognize common surface patterns on pathogens. These innate immune
responses activate the adaptive immune system, where lymphocytes detect pathogen-specific
epitopes via antigen-specific receptors. The millions of different lymphocyte clones are able to
detect virtually all foreign antigens in a highly specific way. Specific antigen recognition is
based on clonal selection, where an antigen selectively stimulates those cells that express
complementary antigen-specific receptors. Under normal immune conditions, the immune
system provides an immediate, specific and efficient immune response against pathogens.
However, alterations in this complex network might foster autoimmune reactions, eventually

leading to the development of autoimmune discases.

1.2 Immunoglobulins

Immunoglobulins (Igs) are glycoproteins that are synthesized and expressed by
B lymphocytes either on their cell surface as part of the B cell antigen receptor (BCR) or in a
soluble form secreted by plasma cells as so-called antibodies. Each B cell has approximately 10”
such BCRs in its plasma membrane (Alberts et al., 2002) and all Igs expressed by one
B lymphocyte have the same antigen specificity (Nossal and Lederberg, 1958). Membrane-
bound Igs form the antigen-binding unit of the BCR and are associated with the transmembrane

signaling proteins Igoand IgP (Reth, 1995).

The basic structural unit of an Ig consists of two identical heavy (H) chains that are
covalently linked by disulfide bonds to two identical light (L) chains. Each heavy and light chain
can be divided into a variable region (V) that determines the antigen specificity and a constant
region that mediates distinctive effector functions (Figure 1). The diversity in the V regions is
mostly attributed to three hypervariable, complementarity-determining regions (CDRs) in each

chain, while the framework regions (FWRs) provide the structural backbone. CDR3 is the most
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Fab

Fc

Figure 1. Schematic Structure of an IgG Antibody.

Immunoglobulins are composed of two identical heavy and light chains, which are linked by disulfide
bonds. The Fc portion of the antibody bears the constant region (C-region), thus determining the
effector function of the molecule. The antigen binding portion (Fab) is linked to the Fc portion by a
hinge region and contains a variable region (V region). The complementarity-determining regions
(CDRs) contribute to the antigen binding site (modified, Tiller, 2009).

variable domain among the CDRs and constitutes a dominant part in antibody specificity
(Parhami-Seren and Margolies, 1996). The human germline encoded constant region can be
classified into five major isotypes (IgM, IgD, IgG, IgE, and IgA) that determine the molecular
structure of an individual Ig and the biological response following antigen binding (Janeway et
al., 2008). In addition to five classes of Ig heavy chains, higher vertebrates have two types of Ig
light chains, ¥ and A, which do not seem to mediate functional properties other than its antigen

specificity.
1.3 Generation of Immunoglobulin Diversity

The enormous diversity of potentially dangerous molecules requires a virtually
unlimited antibody repertoire to efficiently protect the individual against infections. The main
mechanisms of immunoglobulin diversity occur early in lymphocyte development in the fetal
liver and adult bone marrow. The combinatorial joining of separate gene segments in a process
called somatic recombination enable the mammalian immune system to generate an almost

unlimited number of different heavy and light chains in a highly economic manner (Tonegawa,

1983).

Three separate chromosomes carry the gene segments for IgH, Igk and IgA chain
assembly and differ slightly in their organization (Lefranc and Lefranc, 2001). The assembly of
different combinations of inherited variable (V), diversity (D), and joining (J) gene elements at

one allele allows for combinatorial diversity and is accomplished by an orderly sequence of site-
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specific rearrangement mediated by the recombination activating gene (RAG) encoded
enzymes RAG1 and RAG2 (Oettinger et al., 1990). The IgH chain locus on chromosome 14
contains about 46 functional variable (V) region gene segments, 27 diversity (D) gene
segments and 6 joining (J) gene segments allowing 7,452 different functional IgH chain
rearrangements. The Igk locus is mapped to chromosome 2 and harbours approximately 37
functional V gene segments and 5 J gene segments facilitating 185 different functional Igk
chain recombinations. The IgA locus on chromosome 22 contains about 35 functional V gene
segments and 4 ] gene segments facilitating 140 different functional Igh chain rearrangements.
The pairing of a functional Ig heavy chain with any functional Ig light chain thus allows the
generation of about 2.4 million different BCRs during early B cell development. Ig gene

rearrangement starts at the heavy chain locus and is terminated as soon as a productive IgH

lg heavy chain lg light chain

D J C \Y J C
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somatic recombination
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translation
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Figure 2. Assembly of an Immunoglobulin.

The heavy chain V region (Vy) consists of three gene segments. After linking a D element to a ] part, the
D] gene segment is fused to the V gene element. The C regions, encoded by one or more exons, are joined
to the Vi or Vi exon by RNA splicing. To assemble a complete light chain gene (V) from genomic DNA, a
V gene segment is combined with a ] gene portion (modified, Janeway et al., 2008).
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chain is expressed (Figure 2; Altetal., 1984). IgL. chain rearrangement usually occurs first at a
K allele and if that fails it either takes place at the second k allele or at a A allele (Hieter et al.,
1980; Hieter et al., 1981a ; Hieter et al., 1981b; Korsmeyer et al., 1981; Nemazee and
Weigert, 2000; van der Burg et al., 2001). During V(D)J recombination, recombination signal
sequences flanking each gene segment ensure that only appropriate gene segments combine
(Tonegawa, 1983). Additional diversity is provided by imprecise joining due to random loss
and gain of nucleotides at the gene segment joining sites. This junctional diversification
facilitates a high level of diversity in heavy and light chain CDR3s, which has evolved to be

especially important in antibody specificity.

1.4 Immunological Memory and Plasma Cells

The most important biological consequence of adaptive immunity is the establishment
of immunological memory (Sallusto et al., 2010). Immunological memory is generated by both
lymphocyte differentiation and clonal expansion, where activated lymphocytes establish a
tailor-made immune response to a particular pathogen and mount an accelerated and enhanced

response upon antigen reencounter (Nossal etal., 1965).

When a naive B cell binds to a foreign antigen and receives an additional co-stimulatory
signal in a peripheral lymphoid organ, it either proliferates and differentates into a short-lived
plasma cell secreting low-affinity antibodies or is recruited into a germinal center (GC;
Figure 3; Shapiro-Shelef and Calame, 2005). Germinal center Bcells undergo antigen-
dependent proliferation in response to antigen presentation by follicular dendritic cells (FDCs)
and co-stimulatory signals by T helper cells. During the GC reaction, the enzyme activation-
induced cytidine deaminase (AID) alters the Bcell receptor affinity for an antigen by
introducing somatic hypermutations (SHM; Berek and Milstein, 1988). This process is termed
affinity maturation and enables positive selection based on the BCR affinity for the respective
antigen. However, affinity maturation increases the BCR affinity only in a few B cells. These few
B cell clones with higher affinity are preferentially stimulated by an antigen, proliferate and
eventually differentiate either into memory B cells or into plasma cells (Klein and Dalla-Favera,
2008). Class-switch recombination (CSR) of the IgH chain, again mediated by AID, changes
the Ig isotype and enables a more distinctive effector function of the secreted antibody while

retaining its specificity (Muramatsu et al., 2000).
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Figure 3. Overview of B cell Activation.

After antigen encounter, mature naive B cells either differentiate into short-lived plasma cells, secreting
low-affinity Ig, or undergo affinity maturation in germinal centers. During germinal center reactions,
B cells can acquire somatic hypermutations (red stars) and undergo Ig class switch recombination when
help by follicular dendritic cells (FDCs) and T cells is provided. As a result of positive selection during
affinity maturation, B cells are selected into the memory B cell pool or the long-lived plasma cell pool,
secreting high-affinity Igs (modified, Shapiro-Shelef and Calame, 2005).

Following vaccination or infection, persistent levels of specific antibodies are
detectable in human serum for decades (Hammarlund et al., 2003; Manz et al., 2005; Amanna
etal., 2007). These serum antibody levels are sustained by memory B cells and plasma cells that
were positively selected during germinal center reactions. How selection into the memory cell
or plasma cell compartment takes place, is still under investigation. A current model proposes
that long-lived memory B cells are not as rigidly selected as long-lived plasma cells (Tarlinton,
2008; Amanna and Slifka, 2010). Experimental evidence from studies in mice demonstrated
that the differentiation choice to become a plasma cell requires a positive selective step based
on high affinity and the strength of interaction between antigen and BCR (Smith et al., 1997;
Takahashi et al., 1998; Smith et al., 2000; Paus et al., 2006; Phan et al., 2006). Memory
B cells are long-lived and express membrane-bound Igs but are quiescent in the absence of
antigen. Upon activation, they readily proliferate and give rise to more memory B cells and
antibody-secreting plasma cells with the same antigen-specificity (Lanzavecchia and Sallusto,
2009). The majority of GC-derived plasma cells migrate to the bone marrow (Smith et al.,
1997; Smith et al., 2000). The bone marrow is the principal site of antibody production

(MacMillan et al., 1972) although less than 0.5 % of mononuclear cells in human bone marrow
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from healthy individuals are plasma cells (Terstappen et al., 1990; Hiepe et al., 2011).
Terminally differentiated plasma cells selected in germinal center reactions synthesize and
secrete up 30,000 antibody molecules per second (Hibi and Dosch, 1986), but do not
proliferate, and lose the ability to sense antigenic changes or T cells in their environment
(Amanna and Sliftka, 2010). Moreover, human terminally differentiated plasma cells are
demonstrated to be long-lived (Hammarlund et al., 2003; Amanna et al., 2007) and protect
from infection through the production of high affinity antigen-specific serum antibodies (Manz

etal., 2005; Radbruch etal., 20006).

1.5 Central and Peripheral B Cell Tolerance

The enormous diversity of the Ig repertoire acquired by random somatic V(D)J
recombination and affinity maturation also gencrates BCRs that recognize self-antigens from
the individual and have the potential of becoming pathogenic (Burnet, 1972). In healthy
individuals, a series of checkpoints purge autoreactive Bcells from the repertoire, both
centrally in the bone marrow during B cell development and in peripheral lymphoid tissues
(Goodnow et al., 1995). The outcome of these selection processes is a marked narrowing of

the Ig repertoire (Melchers etal., 1995; Loder etal., 1999).

Central tolerance is established in the fetal liver and adult bone marrow prior to the first
antigen encounter, where immature B cells are censored for reactivity with ubiquitous
membrane-bound self-antigens. To prevent autoimmunity, self-reactive B cells are induced to
either undergo clonal deletion, BCR editing or anergy. Clonal deletion is characterized by self-
antigen induced apoptosis of autoreactive B cells (Nemazee and Burki, 1989). B cell receptor
editing is the main mechanism of central tolerance (Retter and Nemazee, 1998; Casellas et al.,
2001; Halverson et al., 2004) and is conducted by secondary Ig gene rearrangements that
generate a new antigen receptor with an innocuous specificity (Gay et al., 1993; Radic et al.,
1993; Tiegs et al., 1993). Immature B cells can become functionally unresponsive to antigens
due to recurrent exposure to an antigen (Nossal and Pike, 1980; Goodnow ctal., 1988). These
anergic B cells can emigrate from the bone marrow into T cell zones of secondary lymphoid

tissues (Cornall etal., 1995).

The processes of central tolerance remain incomplete, allowing some self-reactive
B cells to escape into the periphery (Nemazee and Sato, 1983; Souroujon et al., 1988;

Shlomchik et al., 1993). Further, affinity maturation in germinal centers generates BCRs with
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the potential to recognize self-antigens (Rajewsky, 1996) and thus mechanisms censoring
autoreactive BCRs in germinal centers are essential for the establishment of tolerance.
Peripheral tolerance mechanisms are less well defined, but further purge self-reactive B cells
from the normal B cell repertoire (Meffre and Wardemann, 2008). One cardinal feature of
peripheral checkpoints is the balance between stimulatory and inhibitory signals that regulate
the activation and expansion of Bcells (McGaha et al., 2005). To become activated in a
peripheral lymphoid organ, a B cell must receive at least two different signals, i.e. binding to its

antigen and an additional co-stimulatory signal (Goodnow etal., 2010).

1.6 Autoimmunity

A low level of autoreactivity is physiological and crucial to normal immune function
(Dighiero and Rose, 1999; Wardemann et al., 2003; Tiller et al., 2007). However,
autoimmunity develops when multiple tolerance checkpoints are eventually bypassed
(Goodnow, 2007). A breakdown in tolerance to self-antigens results in the development of
autoantibodies that lead to a variety of pathological outcomes (McGaha et al., 2005). Before
B cells become sufficiently dysregulated to give rise to autoimmunity, a cooperation between
T cell and B cell defects is required (Lipsky, 2001). Epitope spreading, i.e. an increase in the
number of autoantigens targeted by lymphocytes, is often observed as an autoimmune disease
progresses from initial activation to a chronic inflammatory state (Davidson and Diamond,
2001). Chronic inflammation provides a constantly replenished supply of antigens and can
trigger polyclonal activation (Goodnow, 2007). Activated autoreactive B cells then act as
antigen-presenting cells and present novel peptides of autoantigens together with
costimulatory molecules (Foreman et al., 2007). Genetic factors are often crucial determinants
of susceptibility to autoimmune disease and work in concert to generate an abnormal
phenotype (Davidson and Diamond, 2001). However, some environmental trigger is usually
the prerequisite for developing an autoimmune discase, although the trigger is not known for

most autoimmune discases.
1.7 Systemic Lupus Erythematosus and Autoantibodies

1.7.1 Systemic Lupus Erythematosus

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease with a

prevalence of 10 in 40,000 among Northern Europeans that predominantly affects young



INTRODUCTION 8

women of reproductive age (Kotzin, 1996; Rahman and Isenberg, 2008). Lupus usually
fluctuates over time with a relapsing-remitting nature (Davidson and Diamond, 2001) and is
driven by an immune response directed against ubiquitous, mostly intranuclear, self-antigens
resulting in an inflammation of affected organs (Sherer et al., 2004; Crispin et al., 2010).
High-affinity IgG autoantibodies are a hallmark of the discase and affect various organs directly
with kidney and skin being studied most intensively (Rahman and Isenberg, 2008). Diagnosis
is usually based on laboratory and clinical abnormalities summarized in the classification
criteria from the American College of Rheumatology, where any four of eleven criteria should
be fulfilled (Table 1; Tan et al., 1982; Hochberg et al., 1997). To assess disease activity, the
Systemic Lupus Erythematosus Disease Activity Index (SLEDALI) is employed, where organ
manifestations of the last 10 days are evaluated. SLEDAI scores vary between O and 105, with

values above 10 characterizing high disease activity (Petri, 2007).

The development of SLE depends on both genetic predisposition and environmental
triggers (Rahman and Isenberg, 2008). Amplification loops comprising components of the
innate and the adaptive immune system drive the activation of autoreactive B cells and the
production of autoantibodies, which in turn sustain inflammatory cascades (Harley et al.,
2009). Experimental evidence shows that lupus pathogenesis develops as an aberrant response
to cell death (Pisetsky and Ronnblom, 2009), where deficiency in complement may be an

important reason for the poor waste disposal observed (Rahman and Isenberg, 2008).

Table 1. Classification Criteria for the Diagnosis of Systemic Lupus Erythematosus
(Tanetal., 1982; Hochberg, 1997).

# Criterion
Malar Rash (Rash on Cheeks)
Discoid Rash (Circular Raised Patches)

—

Photosensitvity

Oral Ulcers

Arthritis (Nonerosive Arthritis at Two or More Peripheral Joints)

Serositis (Pleuritis or Pericarditis as Documented by Electrocardiography)
Renal Disorder (Proteinurea)

Neurologic Disorder (Seizures or Psychosis)

Nele = = N L e 2

Hematologic Disorder (Hemolytic Anemia or Leukopenia or Lymphopenia or Thrombocytopenia)

—_
)

Immunologic Disorder (Positive for anti-dsDNA, anti-Sm and/or antiphospholipid Antibodies)

—
p—

Antinuclear Antibodies (Abnormal Titer as Determined by IFA or an Equivalent Assay)
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Morecover, Tcell help is crucial in antigen-driven affinity maturation and facilitates the
generation of class-switched high-affinity autoantibodies that are closely linked to tissue
damage in SLE. Standard treatment in SLE is aimed at preventing flares and avoiding end-
organ damage, which is mainly achieved by corticosteroids and anti-malarial drugs (Crispin et
al., 2010). However, high serum ANA titers are present before the onset of clinical symptoms
(Arbuckle et al., 2003; Rahman and Isenberg, 2008) and pathogenic serum ANAs frequently

persist during treatment induced remission of clinical symptoms.

1.7.2 The Role of B cells in SLE

Genetic, immunological and clinical observations place B cells at the center of lupus
pathogenesis as initiating, amplifying and effector cells (Sanz and Lee, 2010), as SLE fails to
develop in the absence of B cells (Shlomchik et al., 1994). B cells in SLE produce an array of
pathogenic IgG autoantibodies constituting the main immunological events in lupus
pathogenesis (Lipsky, 2001; Zouali, 1997). In particular, high affinity anti-DNA IgG
antibodies are highly specific for SLE and are frequently linked to glomerulonephritis in SLE
patients (Hahn, 1998).

The production of autoantibodies might occur through a two-stage mechanism where
the preactivation of the overall Ig repertoire is preceded by the conversion of nonpathogenic
BCRs into pathogenic autoantibodies due to affinity maturation (Zouali, 1997). Analysis of
monoclonal antibodies cloned from single B cells at different stages during their maturation
revealed that the central tolerance checkpoints are violated in SLE (Figure 4; Wardemann et
al., 2003; Meffre et al., 2004; Yurasov et al., 2005). Further, autoreactive B cells are not
excluded from germinal center reactions in SLE patients (Cappione et al., 2005) and thus
enable the generation of autoreactive memory B cells and plasma cells. However, frequencies of
autoreactive IgG+ memory B cells in SLE patients are similar to those of healthy donors
(Figure 4; Tiller et al., 2007; Mietzner et al., 2008). As long-lived plasma cells are the major
contibutor to serum IgG levels (Benner et al., 1981), their role in human SLE pathogenesis

should be further elucidated.
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Figure 4. B Cell Tolerance Checkpoints in Healthy Humans and SLE Patients.

Recombinant monoclonal antibodies isolated during different B cell stages were tested for self-
reactivity with HEp-2 cells by ELISA and IFA. Dots represent individual donors (white, healthy donor;
black, SLE patient), horizontal bars indicate averages (modified, Meffre and Wardemann, 2008;
Scheid etal., 2011).
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2 AIM

Long-term humoral immunity is sustained by the formation of memory B cells and long-
lived antibody-secreting plasma cells that have undergone antigen-mediated selection during
germinal center responses. Previous single cell studies have elegantly dissected the
immunoglobulin (Ig) gene repertoire and antibody reactivity profile of circulating lgG+
memory Bcells and have demonstrated an enrichment for self-reactive antibodies in this
compartment that mainly arise from non-reactive or polyreactive precursors by somatic
mutations. Immunological niches for human long-lived plasma cells are primarily located in the
bone marrow, where plasma cells survive for decades and continuously secrete large amounts of
protective antibodies. The Ig gene molecular features and the frequency of self-reactivity of this
B cell compartment were recently assessed in healthy individuals. The data suggest that in
contrast to the development of memory B cells, entry into the bone marrow plasma cell
compartment is tightly controlled by self-tolerance checkpoints that thereby prevent the

production of self- and polyreactive serum IgG antibodies.

Antibody secreting plasma cells may be directly involved in the pathogenesis of
systemic lupus erythematosus (SLE) by secreting high affinity self-reactive antibodies, but little
is known about the molecular features and antibody reactivity profiles of long-lived plasma cells
in SLE patients. The aim of this work was to analyze the Ig gene repertoire and the extent of
self-reactivity in the IgG+ bone marrow plasma cell compartment in SLE patients. Antibodies
from single IgG+ bone marrow plasma cells of five patients were cloned and expressed to assess
the reactivity profiles. To evaluate the contribution of somatic hypermutation to antibody
reactivity, poly- and self-reactive antibodies from one patient were reverted into their Ig
germline configuration and their reactivity was compared to the mutated counterparts. The
results provide new insights into the properties of terminally differentiated IgG+ plasma cells in

SLE and might foster further understanding of the discase.
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3 METHODS

3.1 Strategy Outline

To analyze the Ig gene features and antibody reactivity profiles of human plasma cells, a
library of recombinant monoclonal antibodies was generated from single isolated primary IgG+
plasma cells from bone marrow of five SLE patients. Single bone marrow plasma cells were
sorted by flow cytometry according to cell surface markers (Figure 5). For each individually
sorted plasma cell, IgH and IgL. chain variable region genes were amplified by nested RT-PCR
with primer mixes (FigureS4). Human Ig gene sequences were analyzed and classified
according to the international ImMunoGeneTics nomenclature by using the National Center
for Biotechnology IgBLAST database. Defined restriction sites were introduced by PCR for

lgG+ plasma cells to allow convenient ligation of the obtained IgH and IgL. PCR products into
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Figure 5. Experimental Strategy. Single plasma cells from human bone marrow were isolated by
fluorescence activated cell sorting (FACS). IgH chain and corresponding IgL chain transcripts were
amplified for each individual plasma cell by nested RT-PCR, classified by Ig gene sequence analysis
and cloned into eukaryotic expression vectors. The vectors were co-transfected into HEK 293T
cells to produce monoclonal antibodies of the same specificity iz vizro. Recombinant antibodies were
tested for reactivity with diverse self- and non-self antigens by ELISA and IFA experiments and the
frequency of poly- and self-reactive antibodies was determined (Tiller et al., 2008).
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eukaryotic expression vectors containing the appropriate human immunoglobulin constant
regions. After amplification of expression vectors in Zscherichia coli and subsequent plasmid
DNA purification, the plasmids encoding for the Igy chain and the corresponding Igk or A light
chains were transiently co-transfected into human embryonic kidney 293T cells (HEK 293T).
Cell culture supernatants containing the recombinant human immunoglobulins were collected
and the antibodies were purified. To test for the reactivity of the monoclonal antibodies,
binding analyses such as enzyme-linked immunosorbent assay (ELISA) and indirect

immunofluorescence assays (IFAs) were conducted.

3.2 Fluorescence-Activated Cell Sorting (FACS)

Bone marrow aspirate from five SLE patients was collected after signed informed
consent in accordance with protocols reviewed by the Institutional Review Board of the Charité
University Medical Center. Mononuclear Cells were purified from bone marrow by Ficoll-
Paque® density gradient centrifugation and plasma cells from patients SLE1 and SLE2 were
pre-enriched using CD138 magnetic beads (Miltenyi Biotec). Due to small sample sizes and
low absolute mononuclear counts, CD138-pre-enrichment was not conducted for patients
SLE3-SLE5. Bone marrow mononuclear cells or pre-enriched CD138+ bone marrow cells
were stained on ice with anti-CD19-PECy7, anti-CD27-FITC, anti-CD38-APC and anti-
CD138-PE antibodies (Becton Dickinson) according to standard staining protocols. Single
plasma cells were sorted into 96-well PCR plates containing 4 pl lysis solution (0.5 x PBS
containing 10 mM DTT, 8 U RNAsin (Promega)) using a FACSVantage cell sorter with Diva
configuration (Becton Dickinson). PCR plates were sealed with Microseal ‘F” film (Bio-Rad),

immediately frozen on dry ice and stored at -80 ° C until further processing.

3.3 Reverse Transciption Polymerase Chain Reaction (PCR)

3.3.1 ¢DNA Synthesis

Total RNA from single cells was reverse transcribed in nuclease-free water (Eppendortf)
using 150 ng random hexamer primer (pd(N)6, Roche Applied Science), 0.5 mM dNTP
(Invitrogen), 10 mM DTT, 0.5 % v/v Igepal CA-630 (Sigma), 14U RNAsin (Promega) and

50 U Superscript® III Reverse Transcriptase (Invitrogen). cDNA was synthesized in a total
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volume of 14 pl in the original 96-well sorting plate. Reverse transcription reaction was

performed for 60 minat 50 °C.

3.3.2 Nested PCR for Amplification of Human Ig Gene Transcripts

Human Igy, Igk and Igh gene transcripts were amplified independently by nested
Polymerase Chain Reaction (PCR) starting from 3 pl cDNA as template (Figure S4). All PCR
reactions were performed in 96-well plates in a total volume of 40 pl per well containing 7 pmol
of each primer or primer mix (see page 76, Primer Sequences for Amplification of Human Ig
Genes), 12nmol of each dNTP (Invitrogen) and 1.2U HotStar® Taq DNA polymerase
(Qiagen) in nuclease-free water. All nested PCR reactions with gene-specific primers or primer
mixes were performed with 3.5 pl of unpurified first PCR product. Each round of PCR was
conducted for 50 cycles to assure sensitivity with a hot start reaction at 94 °C that is necessary

to activate the enzyme (Table 2).

Table 2. PCR program for amplification of human Ig gene transcripts.

Step Temperature Duration
Activation of HotStar Taq® | 94 °C 15 min

50 cycles
Denaturation 94 °C 30s
Annealing 58 °C (lgy, 1gk)

60 °C (Ig\) 70
Elongation 72 °C 55s (1" PCR)

455 (2" PCR)

Final Elongation 72 °C 10 min
Hold 4°C 00

To identify amplification products of appropriate size, three microliter aliquots of the
second PCR products were mixed with an equal amount of 60 % sucrose loading dye and were
run on a 2 % agarose gel in TAE buffer for 25 min at 120 V. Gels were stained in aqueous
ethidium bromide solution for 10 min and DNA bands were visualized under UV light.
Expected PCR product sizes for amplified Ig gene transcripts are 450 bp for Igy, 510 bp for
Igic and 405 bp for Igh.
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3.3.3 Reversion Strategy for Mutated Ig Heavy and Light Chain Genes

An overlap-PCR strategy was applied to revert mutated Ig heavy and light chain
transcripts into their unmutated germline counterparts (Figure S6; Tiller et al., 2008).
Unmutated germline V genes were amplified from previously cloned unmutated templates with
gene-specific forward primers containing the Agel restriction site and individual gene-specific
reverse primers that anneal to the 3" end of the FWR3. Mutated CDR3-J sequences were
reverted independently by PCR using individual primers containing a minimal complementarity
of 10 nucleotides to the germline V gene transcript. Reverse J gene-specific primers included
the respective restriction sites as indicated (Figure S6). PCRs were performed at 94 °C for
305,58 °Cfor 30 sand 72 °C for 45 s for 30 cycles (see also Table 2; according to conditions
for y,x and A, 2nd PCR). Equal amounts of the reverted Vand CDR3-J gene PCR products
were fused under the same conditions in a 20-cycle overlap PCR under the same conditions.
Full-length reverted V(D)] gene PCR products were gel extracted before digestion and purified
before cloning into the respective expression vectors. Gene identitiy and the successful
reversion of somatic mutations were confirmed by sequence analysis of the cloned products, as

described below.

3.4 lIg Gene Sequence Analysis

All samples  were sequenced by  Eurofins MWG  Operon
(http://www.eurofinsdna.com). Four microliter aliquots of the Igy, Igk and Igh chain second
PCR products were sequenced in a final volume of 20 pl. Respective reverse primer for
sequencing (see page 76, Primer Sequences for Amplification of Human Ig Genes) were
provided at a concentration of 10 pM according to the instructions of Eurofins MWG Operon.
Obtained human Ig gene sequences were analyzed for Ig gene usage and CDR3 analysis, the
number of Vgene mutations by IgBLAST  comparison with ~ Genbank
(http://www.ncbi.nlm.nih.gov/igblast/) and the IgG isotype subclass (http://imgt.cines.fr).
IgH CDR3 length was determined as indicated in the IgBLAST result by counting the amino
acid residues following framework region (FWR)3 up to the conserved tryptophan-glycine
motif in all JH segments or up to the conserved phenylalanin-glycine motif in Jk and JA

segments (Kabat and Wu, 1991). In addition, the number of positively charged (histidine,
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arginine, lysine) and negatively charged (aspartate, glutamate) amino acids were determined for

cach Ig heavy and Ig light chain CDR3.

3.5 Directional Cloninginto Expression Vectors

3.5.1 Preparation of Eukaryotic Expression Vectors

lgy, Igi, or Igh expression vectors (Figure S5) with human Ig heavy chain gammal
(y1), Ig light chain kappa (x) or Ig light chain lambda (A) constant regions, respectively, and an
ampicillin resistance gene were cloned in Escherichia coli (E. col) DH10B bacteria. Vectors
were prepared using the NucleoBond Xtra Maxi Kit from Macherey-Nagel. The manufacturer’s
instructions were followed. After plasmid purification, the DNA concentration was determined
by NanoDrop spectrophotometer and 25 pg of circular vector DNA were linearized using the

appropriate restriction enzymes.

3.5.2 Restriction Endonuclease Digestion

Second PCR products for Igh genes contained restriction sites allowing direct cloning
into expression vectors (Tiller et al., 2008). For Igy and Igk genes, restriction sites were
introduced after sequencing by gene-specific primers and first PCR products as template.
Purified PCR products or circular vector DNA were digested in two successive steps in a total
volume of 40 pl with restriction enzymes (NEB) under optimal buffer conditions for the

indicated duration (Table 3).

Table 3. Conditions for Endonuclease Digestion.

1" Enzyme Temp  Duration |2"Enzyme Temp  Duration
yHeavy Chain Agel 37°C 2h Sal I 37°C 2h
kLight Chain Agel 37°C 2h BsiW 1 55°C 2h
ALight Chain Agel 37°C 2h Xhol 37°C 2h

To test for successful and complete linearization of the digested expression vectors, gel
electrophoresis was performed using an 0.8 % agarose gel. Linearized expression vectors and
digested PCR products were purified by using the NucleoSpin Extract II Kit (Macherey-Nagel)

to obtain pure DNA as basic requirement for an efficient ligation reaction.
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3.5.3 Ligation

The ligation was conducted for 90 min at room temperature in 96-well plates in a total
volume of 10 pl per well with 200 U T4 DNA ligase (NEB), 8 pl of digested, purified PCR
product and 25ng linearized expression vector. Ligation products were immediately

transformed into competent £. cof DH10B or stored at-20 °C.

3.5.4 Preparation of Competent Bacteria

The £icoli strain DH10B (Invitrogen) was used for transformation of recombinant
expression vector constructs. Competent bacteria were prepared by inoculating one freshly
grown £.coli DH10B colony in 5 ml Luria Bertani (LB) medium and were allowed to grow in a
bacteria shaker incubator overnight at 37 °C and 240 rpm. This preculture was transferred
into 500 ml LB medium and bacteria were cultivated to an optical density (ODggo) between
0.6 and 0.8, where Z.coli bacteria are in the exponential growth phase. Bacteria were kept on
ice for 30min and after 10 min of centrifugation at 1500 g,,, bacterial pellets were
resuspended in ice-cold sterile 180 ml 0.1 M CaCls solution. The cells were centrifuged again
for 10 min at 1500 g,, and resuspended in 5ml 0.1 M CaCly containing 15% glycerol.
Aliquots of competent bacteria suspensions were stored at -80 °C. Transformation efficiency
of bacteria was determined by calculating how many colonies were grown per pg of added DNA.
Bacteria were transformed with different amounts of DNA in the range from 0.1 ng to 20 ng
following the protocol described below. The number of obtained colonies was divided by the
amount of DNA (pg) and multiplied with the ratio of the final volume (ml) at recovery and the
volume (ml) plated. Typical transformation efficiencies ranged from 4 x 10” to 10° colonies per

pg DNA.

3.5.5 Transformation of Competent Bacteria

Five microliter of competent £ coli DH10B bacteria were transformed with 3 pl of the
ligation product in 96-well plates. After 30 min incubation on ice, a heat shock was performed
at 42 °C for 45 seconds and bacteria were allowed to grow in 200 pl LB medium for 30 min
under moderate shaking at 37 °C. 100 pl were plated on LB plates containing 100 pg/ml

ampicillin and plates were incubated overnightat 37 °C.
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3.5.6 Screening Bacterial Colonies by PCR

Bacterial colonies were screened for the presence of appropriately sized inserts by PCR
(Table 4). The 5 oligonucleotide Ab sense used for all insert check reactions is complementary
to a sequence in the vector upstream of the insert site. The 3’ oligonucleotide for heavy chain
inserts (IgG internal) binds to the constant y region of the plasmid. For Igk and IgA light chain
insert amplification, the 3 oligonucleotides were 3’ Cx494 and 3” CA, binding to the human
constant K or A region of the vector, respectively. The PCR products were analyzed by 2 %
agarose gel electrophoresis to confirm the expected sizes (650 bp for Igy1, 700 bp for Igk and

590 bp for Igh). Amplicons of the correct size were sequenced to confirm identity with the

original PCR products.
Table 4. PCR program for Screening Bacterial Colonies.
Step Temperature Duration
Activation of HotStar Taq® | 94 °C 15 min

27 cycles

Denaturation 94 °C 30s
Annecaling 58 °C 30s
Elongation 72 °C 60s
Final Elongation 72 °C 10 min
Hold 4°C 00

3.5.7 Purification of Plasmid DNA

Plasmid DNA was isolated using the commercially available NucleoSpin® Plasmid Kit
(Macherey-Nagel). All steps were carried out as instructed by the manufacturer. Briefly, single
colonies were grown overnight at 37 °C, 200 rpm in 4 ml terrific broth (TB) media containing
100 pg/ml ampicillin. After alkaline lysis of the cells and neutralization, the sample fluid was
loaded on silica-gel membrane resins and washed with the supplied washing buffer. From 2 ml
bacteria cultures, on average 25 pg plasmid DNA was recovered after elution with 75 pl elution
buffer. The DNA concentration was determined by NanoDrop spectrophotometer. Plasmids

were stored at-20 °C.
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3.6 Recombinant Antibody Production

3.6.1 Cell Culture

Human embryonic kidney (HEK) 293T (ATCC, No. CRL-11268) cells were cultured
in 150 mm culture plates (Becton Dickinson) under standard conditions (37 °C, 5 % CO2) in
Dulbecco’s Modified Eagle’s Medium (D-MEM; GibcoBRL) supplemented with 10 % heat-
inactivated fetal calf serum (FCS; Biochrom), 100 pg/ml streptomycin, 100 U/ml penicillin G
and 0.25 pg/ml amphotericin (100x Antibiotic-Antimycotic mix; GibcoBRL).

Transient transfections of exponentially growing cells were performed at 80% cell
confluency by cationic polymer polyethylenimine (PEI) transfection (Boussif et al., 1995) with

equal amounts (10-15 pg each) of IgH and corresponding Igl. chain encoding plasmid DNA.

3.6.2 Polyethylenimine- Mediated DNA Transfection of HEK 293T Cells

For PEl-mediated transfection, HEK 293T cells were washed with 10 ml serum-free
DMEM and 25 ml DMEM supplemented with 1% Nutridoma-SP (Roche) was added. Equal
amounts of IgH and IgL. chain expression vector DNA were mixed in 150 mM sterile NaCly
solution. The 3-fold weight amount of PEI was added to the plasmid solution and the mixture
was immediately vortexed for 10s. A subsequent incubation step of 10min at room
temperature allowed formation of DNA-polymer complexes. The mixture was added dropwise
to the culture dish. Cells were cultred for 4 days in 25 ml DMEM supplemented with 1 %
Nutridoma-SP (Roche) before supernatants were harvested and stored with 0.01 % sodium

azide at 4 ° C unul further use.

3.7 Enzyme-Linked Immunofluorescence Assays

3.7.1 Determination of Recombinant Ig Concentrations by ELISA

The concentration of recombinant IgG molecules in the harvested supernatants and
purified antibody eluates were determined by antibody sandwich ELISA using a goat anti-
human IgG Fey fragment antibody (Jackson ImmunoResearch) as capture antibody. High-
binding capacity microtiter plates (Costar) were coated with 100 ng capture antibody in 50 pl
PBS. Plates were sealed with Parafilm® and incubated over night at room temperature. The

plates were then washed three times with deionized water and incubated with 200 pl/well
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blocking buffer for 1h to reduce unspecific binding sites. After another three washing steps,
each well was incubated with 50 pl of the supernatants with unknown IgG concentrations at
eight serial 1:3 dilutions in PBS starting with 1:3 dilutions for the supernatants and
1:100 dilutions for the purified antibody eluates. A human monoclonal IgG1 antibody (Sigma-
Aldrich) was used as standard in serial dilutions beginning with a concentration of 5 pg/ml.
After 2 h of incubation, the plates were washed three times to remove unbound antibodies and
per well 50ng HRP-conjugated goat anti human IgG Fey fragment antibody (Jackson
ImmunoResearch) in blocking buffer were added and incubated for 1.5 h. After washing, brief
blocking with blocking solution and three additional washing steps, the samples were
developed by adding 100pl of a 2.,2’-Azino-di-[3-ethylbenzthiazoline sulfonate (6)]
diammonium salt (ABTS) solution (Roche) as HRP substrate and analyzed using a microplate
reader at a wavelength of 405 nm. Antibody concentrations were calculated using SoftMax ®

software (Molecular Devices).

3.7.2 Purification of Recombinant Antibodies

Recombinant antibodies were purified from the supernatants with Protein G beads (GE
Healthcare) according to the manufacturer’s instructions. In brief, 25ml cell culture
supernatant were incubated with 25 pl Protein G beads under agitation for at least 14 h at
4 °C. After centrifugation at 800 g,, for 10 min at 4 °C, supernatants were removed and the
beads were transferred to chromatography spin columns (Bio-Rad) that were equilibrated with
PBS before use. After two rounds of washing with PBS, the antibodies were eluted in three
fractions (200 pl each) with 0.1 M glycine (pH 3.0) and collected in tubes containing 20 ul 1 M
Tris (pH 8.0) with 0.1 % sodium azide.

3.7.3 Determination of Polyreactive Antibodies by ELISA

ELISAs were performed as described above (3.7.1) except high-binding capacity
microtiter plates were coated with 250 ng (insulin) or 500ng (dsDNA, ssDNA,
lipopolysaccharide (LPS)) of individual antigens in PBS. ssDNA was prepared from salmon
sperm dsDNA (Sigma-Aldrich) by boiling at 95 °C for 30 min and aliquots were immediately
frozen at —20 ° C. Human recombinant insulin solution (Sigma-Aldrich) and LPS from £. coli
Serotype 055:B5 (Sigma-Aldrich) were stored at 4 °C. Antibody concentrations in
supernatants were adjusted to 1pg/ml and three consecutive 1:4 dilutions in PBS were

prepared. Polyreactivity controls were the recombinant human monoclonal antibodies mGO53
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(negative; Wardemann et al., 2003), eiJB40 (low polyreactive; Wardemann et al., 2003), and
ED38 (highly polyreactive, Meffre et al., 2004) that were included on each plate. Bound
antibodies were detected using ABTS (Roche) as substrate. The cut-off ODy4o5 at which
antibodies were considered reactive was determined for each experiment based on the OD4o5
minus 2x the standard deviation for the low positive control antibody eiJB40 at a concentration
of 0.25 pg/ml. A minimum of 3 controls was included in each experiment to allow calculation
of standard deviations. Antibodies were considered polyreactive, when binding to at least two
structurally different types of tested antigens and if positive reactivity was confirmed in at least

two independent experiments.

3.8 Immunofluorescence Assays

HEp-2 cell coated slides (Bios) were incubated in a moist chamber at room temperature
with 20 pl purified antibodies for 30 min ata concentration of 100 pg/ml, washed twice in PBS
and incubated for additonal 30 min with Cy3-labeled goat anti-human IgG (Jackson
ImmunoResearch) according to the manufacturer’s instructions. Slides were washed again
twice in PBS before mounting with FluoromountG (Southern Biotech). Samples were
examined on a Zeiss Axioplan 2 fluorescence microscope. Control stainings with PBS, ANA-
negative and ANA-positive control sera were performed as suggested by the manufacturer and
were included in all experiments. Positive staining was determined by comparison to the

controls at equal exposure times.

3.9 Statistical Analysis

P-values for Ig gene repertoire analysis, analysis of positive charges in IlgH CDR3, and
antibody reactivity were calculated by Fisher Exact test or Chi Square Test. P-values for IgH
CDR3 length and V gene mutations were calculated by non-paired two-tailed Student’s 7 test

using the GraphPad Prism Software.
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4. RESULTS

4.1 Clinical Features of Five Analyzed SLE Patients

Bone marrow aspirates were drawn from five lymphopenic SLE patients, one male (age
31) and four female individuals (age 36-69). Clinical features such as clinical course, disease
activity, treatment, and serology were diverse (Table5), as reflected in Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) scores varying between 1 and 13. Two
patients suffered from lupus nephritis, four patients showed low levels of complement
components. Patients were selected due to elevated serum IgG anti-nuclear antibody (ANA)
titers as determined by immunofluorescence indicating the presence of autoreactive antibody

secreting cells.

Table 5. Patient Characteristics.

Patient SLE1 SLE2 SLE3 SLE4 SLES
Gender Male Female Female Female Female
Age/ Age 31/31 41/31 69/43 50/22 38/13
at Diagnosis
Clinical -
Relapse Relapse Relapse Remission Relapse
Course
SLEDAI 8 13 4 1 5
Renal Lupus Nephritis Lupus Nephritis
Involvement No WHO 5 No No WHO 4
Treatment ™ pred, aza pred pred, aza, cph pred, heq pred, heq
Hematology™ * LT Leukoc¥openm, LT Leukoczr'topenla, LT
ANA IgG positive positive positive positive positive
HEp-2 Nuclear Homogencous, Homogencous, Homogencous, Ho{nogeneous,
o fine dense Nuclear dots fine dense fine dense
Staining Pattern fine granular
granular granular granular
Serology* ™ * D D, Nuc, Sm Coombs pos Neg D, APSA
Complement Low C3 and C4 Low C3 Low C3 Norm Low C3

* %

* % %

L, lymphopenia; T, thrombocytopenia
APSA, anti-phosphatidylserine antibodies; D, anti-double-stranded DNA antibody (IgG);

aza, Azathioprine; cph, cyclophosphamide; heq, hydroxychloroquine; pred, prednisolone;

Nuc, anti-nucleosome antibody; P, antiphospholipid antibody; Sm, anti-Smith antibody.

4.2 Ig Gene Features of Human IgG+ Bone Marrow Plasma Cells from SLE Patients

To characterize the immunoglobulin gene repertoire of human IgG+ plasma cells from
SLE patients, single CD138+CD38+CD27+CD19+/- mononuclear cells were isolated from
human bone marrow of five patients with SLE (Figure 6; SLE1-SLES; Terstappen etal., 1990;
Odendahl et al., 2000; Ellyard et al., 2004). The matching Ig heavy (Igh) and Ig light (Igl)

chain genes of 305 IgG+ bone marrow plasma cells were cloned and sequenced (Table S1-
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Figure 6. Representative FACS Profiles of Sorted Plasma Cells from SLE Patients.

FACS plot shows representative sort gates for the isolation of CD138+CD38+CD27+CD19+/-
single mononuclear bone marrow cells from SLE patients that were either CD138-preenriched
(upper panel; SLE1, SLE2) or were sorted without CD138 preenrichment (lower panel; SLE3,
SLE4, SLES).

Table S5) and compared to data from the IgG+ plasma cell compartment of four healthy donors
(HD:; Scheid et al., 2011). Sequence analysis showed that all antibodies were unique in their
V(D)J rearrangement, and heavy and light chain pairings, and thus originated from non-clonally

related plasma cells (Table S1-Table S5).

Class-switch recombination and an increased number of V gene mutations indicate
antigen-mediated selection in germinal centers (Shimizu et al., 1984; Berek et al. 1991; Jacob
ctal., 1991; Kuppers et al., 1993; Feuillard et al., 1995; Rajewsky, 1996; Takahashi et al.,
1998). Bone marrow plasma cells from SLE patients displayed an IgG subclass distribution
reflecting that of human serum IgG antibodies with IgG1>1gG2>1gG3>1gG4: on average
(Figure 7A, Figure S7TA; Plebani et al., 1989). However, in contrast to single cell data from the
lgG+ plasma cell compartment of healthy donors, IgG3 and IgG4 were on average more
frequendy expressed in SLE patients (£=0.0005; Figure 7A). Individual patients showed
abnormalities in the IgG subclass distribution of bone marrow plasma cells like reduced [gG2
plasma cell frequencies in SLE3 and SLES (Figure STA). However, altered IgG subclass

distribution was not a general feature in all patients.
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In agreement with their origin from germinal center reactions, nearly all IgH and IgL.
chain genes from IgG+ bone marrow plasma cells in SLE patients were somatically mutated
(Figure 7B, Figure S7B). V gene mutation analysis showed mutation frequencies similar to
healthy donors for V/ genes (23.8 in SLE vs. 23.9 in HD), whereas VZ genes in SLE patients
carried on average lower numbers of mutations than in healthy donors (12.7 vs. 13.5 for VA
and 11.3 vs. 13.3 for VZ). Variation in load of somatic mutations among the patients was high
(Figure S7B) and low numbers of somatic mutations in VZ genes were not a universal feature of

all patients.

lg gene repertoire and Ig heavy (IgH) chain characteristics such as CDR3 length and
positive amino acid charges have been associated with autoreactivity (Ichiyoshi and Casali,
1994 Radic and Weigert, 1994; Crouzier et al., 1995; Barbas et al., 1995; Wardemann et al.,
2003). Ig gene sequence analysis showed no significant differences between SLE patients and
healthy donors in IgH and Igk variable (V) and joining (J) gene usage and IgH complementary
determining region 3 (CDR3) features, such as length and number of positive charges
(Figure 8A, B, Figure S7C.D). However, IgA chain V gene usage was significantly different in
SLE patients, as reflected in an underrepresentation of VA1 gene segments in IgG+ bone

marrow plasma cells of SLE patients compared to healthy donors that was associated with

increased VA3 to VA9 usage (£=0.002; Figure 8C, Figure STE).
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Figure 7. Affinity Maturation-Associated Gene Features of IgG+ Bone Marrow Plasma Cells
from SLE Patients.

Ig gene subclass distribution and Ig gene V gene mutations of IgG+ plasma cell antibodies from five
SLE patients shown in comparison to IgG+ plasma cell antibodies from four healthy donors (HD).
(A) IgG subclass distribution. Bar graphs summarize the data for SLE patients (n=289) in
comparison to healthy donors (n=236). Errors bars indicate standard deviation of means. (B) Dots
represent the absolute number of somatic mutations (nucleotide exchanges compared to the nearest
germline Ig gene segment) in individual /g/ and /g/ Vk and VA gene segments (FWR1-FWR3) in
IgG+ plasma cell antibodies from SLE patients and healthy donors. Horizontal lines indicate
averages, gray boxes indicate standard deviation of means.
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Figure 8. Ig Gene Features of IgG+ Plasma Cells from SLE Patients.

Ig gene features of IgG+ plasma cell antibodies from five SLE patients are shown in
comparison to IgG+ plasma cell antibodies from four healthy donors (HD). VH/JH gene
family usage and IgH CDR3 positive charges and length (A), and Vic/Ji (B) and VA/JA (C)
gene family usage are shown. Bar graphs display the data obtained from lupus patients (y,
n=305; K, n=226; A, n=103) in comparison to healthy donors (y, n=238; «, n=147; A,
n=97). (E) Ratio of V/ to VL somatic mutations in IgG+ plasma cells from SLE patients.
Dots represent individual antibodies from SLE patients (SLE1-SLE5) and healthy donors
(HD15, HD16, HD20, HD21) and pooled data (SLE1-5, HD). VZ mutation values were
set from 0 to 1, in cases where mutated IgH chain transcripts were paired with unmutated
IgL chains. (A)-(D) Error bars indicate standard deviation of means.
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Alterations in IgA light chain recombination were also detected in the Ig light chain
isotype distribution, as IgG+ plasma cells displayed on average a significantly lower frequency
of Igh functional transcripts in SLE patients (Figure 8D, Figure STE). Elevated levels of Igk
and IgA light chain double positive plasma cells were observed in all SLE patients (£=0.002;
Figure 8D, Figure S7F).

The average number of mutations is typically higher in V// than in VZ gene segments,
both in healthy donors and SLE patients (de Wildt etal., 1999; de Wildt et al., 2000; Mietzner
et al., 2008). The mutation ratio of IgG+ bone marrow plasma cells from three SLE patients
was comparable to healthy donors, whereas patients with large numbers of Igk and IgA light
chain included functional transcripts showed elevated ratios of V/ to VL somatic mutations
(3.2 in SLE3 and SLES5 as compared to 2.0- 2.4 in the other SLE patients and 2.0- 2.7 in HD;
Figure E).

Thus in summary, SLE is associated with alterations in subclass distribution, VA gene

usage and Ig light chain isotype expression in I[gG+ bone marrow plasma cells.

4.3 Polyreactive IgG+ Bone Marrow Plasma Cells in SLE Patients

Entry into the bone marrow plasma cell compartment appears to be strongly selective
and requires high antigen specificity (Smith et al., 1997; Smith et al., 2000; Takahashi et al.,
1998; Phan et al., 2000; Scheid et al., 2011). In SLE patients however, pathogenic
autoantibodies are frequently polyreactive, which might be important in disease pathogenesis
(Spatz et al., 1997; Sabbaga et al., 1990). Between 2-16 % of IgG+ bone marrow plasma cells
from healthy donors express polyreactive antibodies that react with structurally diverse self- and
non-sclf antigens (Scheid et al., 2011). To determine if SLE is associated with an impaired
exclusion of polyreactive plasma cells, the cloned IgG and IgL genes of 196 bone marrow
plasma cells were recombinantly expressed #z vizro and the frequency of polyreactive antibodies
in the IgG+ bone marrow plasma cell compartment of SLE patients was measured. The
recombinant monoclonal antibodies were thus tested by ELISA for binding to a small panel of
self- and non-self antigens comprising single-stranded and double-stranded DNA (ssDNA and
dsDNA), lipopolysaccharide (LPS), and insulin (Figure 9; Table S1-Table S5). Between 3-

30 % of IgG+ bone marrow plasma cells reacted with at least two structurally distinct antigens
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in these assays (Figure 9B). A high degree of variation in the frequency of polyreactivity was
also observed for healthy donors (2-16 %; Figure 9C). However on average, SLE patients
showed significantly higher frequencies of polyreactive antibodies than healthy donors (17.3 %
for SLE vs. 9.0 % for HD; Figure 9C). Interestingly, polyreactivity levels above those measured

in healthy donors were found only in two SLE patients with active disease (SLE1 and SLES)
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Figure 9. Polyreactive Antibodies in the IgG+ Plasma Cell Compartment of SLE Patients.

(A) IgG plasma cell antibodies (black lines) from individual SLE patients (SLE1-5) were tested for
polyreactivity by ELISA with ss/dsDNA, insulin, and LPS. Dashed lines represent the high positive
control antibody ED38. Horizontal lines show cut-oft OD 45 for positive reactivity as determined by
comparison to the negative control antibody mGOS53 (green line) and low positive control eiJB40
(red line). (B) Pie charts summarize the frequency of polyreactive clones for individual donors. The
numbers of tested antibodies are displayed in the pie chart centers. (C) Dot plots compare the
frequency of polyreactive plasma cell antibodies in individual SLE patients to individual healthy
donors (HD). Horizontal lines represent mean values of reactivity for all donors; n indicates the
number of tested antibodies.
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and the lowest level of polyreactivity was observed in patient SLE4 with low disease activity in
clinical remission. Thus, exclusion of polyreactive IgG+ plasma cells from the bone marrow

compartment is impaired in some but not all SLE patients.

4.4 Self-Reactive IgG+ Bone Marrow Plasma Cells in SLE Patients

Self-reactive IgG+ bone marrow plasma cells are efficiently excluded from the bone
marrow compartment of healthy donors (Scheid etal., 2011). In SLE patients, self-reactive IgG
serum antibodies display a cardinal feature of the disease and are a diagnostic marker (Kotzin,
1996). To determine if SLE is associated with a defect in self-tolerance that allows self-reactive
plasma cells to accumulate in the bone marrow, all antibodies were tested for self-reactivity with
the human larynx carcinoma cell line HEp-2 that is used as a diagnostic test for autoantibody
detection (Figure 10; Egner, 2000). To discriminate between anti-nuclear antibodies (ANAs)
that were detected in the patients” sera and other autoantibodies, indirect immunofluorescence
assays (IFA) on fixed HEp-2 cells were performed. HEp-2 cell reactive antibodies from all SLE
patients showed diverse staining patterns with cytoplasmic, cytoplasmic plus nuclear, and
nuclear reactivity as previously observed for healthy donors (Figure 10A,B; Table S1-Table S5;
Scheid et al., 2011). However, IgG+ plasma cells from SLE patients showed on average
significantly elevated frequencies of HEp-2 self-reactive antibodies with an enrichment for anti-
nuclear antibodies in SLE patients with active disease (£=0.004, Figure 10C.D).
Interestingly, patient SLE4 being in clinical remission showed normal levels of HEp-2

reactivity and a low level of polyreactivity as compared to healthy donors.

ANAs with homogeneous chromatin staining patterns as judged by Hoechst co-staining
were exclusively found in SLE patients and were devoid of the bone marrow plasma cell
compartment in healthy donors (SLE2-27L, SLE3-11, SLE5-90; Figure 11A; Scheid et al.,
2011). Two of the three patients with chromatin-reactive bone marrow plasma cells showed
homogenous, fine dense granular ANA serum patterns and anti-dsDNA IgG titers (Table 5).
All chromatin-reactive monoclonal plasma cell antibodies were thus tested for specificity to
dsDNA by IFA with the flagellate Crithidia luciliae (Figure 11B). Antibody SLE2-27L but not
antibodies SLE3-11 and SLE5-90 showed Crithidia luciliae kinetoplast staining indicating

specificity for native dsDNA. However despite their chromatin staining patterns, antibodies
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Figure 10. Self-Reactive Antibodies in the IgG+ Plasma Cell Compartment of SLE Patients.

IgG+ plasma cell antibodies from five SLE patients were tested for self-reactivity with HEp-2 cells. (A)
Diverse HEp-2 cell immunofluorescence staining patterns of IgG+ plasma cell antibodies. Scale bar
depicts 50 pm. (B) Representative antibodies cloned from IgG+ plasma cells of SLE patients are shown
in comparison to IgG+ plasma cells from healthy donors and classified into negative, cytoplasmic,
nuclear plus cytoplasmic, and nuclear. Scale bar represents 50 pm. (C) Pie charts summarize the
frequency of non-reactive (white) and HEp-2 self-reactive IgG+ plasma cell antibodies in individual SLE
patients with cytoplasmic (light gray), nuclear plus cytoplasmic (dark gray) and nuclear (black) [FA
staining patterns. The number of tested antibodies is indicated in the pie charts center. (D) Bar graphs
compare the frequency of distinct HEp-2 cell staining patterns of all SLE patients in comparison to all
healthy donors. Error bars indicate standard deviation of means.
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Figure 11. Chromatin-Reactive Antibodies in the IgG+ Plasma Cell Compartment of SLE
Patients.

IgG+ plasma cell antibodies from five lupus patients were tested for dsDNA reactivity with HEp-2 and
Crithidia luciliae cells. (A) Strong homogenous nuclear HEp-2 staining patterns of IgG+ plasma cell
antibodies SLE2-27L, SLE3-11, and SLE5-90. Nuclei are visualized by Hoechst staining. Scale bar
represents 50 pm. (B) Crichidia luciliae IFA staining pattern of the same antibodies as in A. Nuclei and
kinetoplasts are visualized by Hoechst staining. Scale bar represents 20 pm.

SLE3-11 and SLE5-90 lacked reactivity with nucleosomes and histones as determined by
ELISA (data not shown).

Anti-nuclear antibody SLE2-27 originated from an Igk and IgA light chain included
plasma cell (Table S2). The anti-nuclear reactivity of SLE2-27 was independent of whether the
IgH chain was co-expressed with the Igk light chain, IgA light chain or with both light chains
(Figure 12A). However, anti-dsDNA specificity as determined by IFA with the flagellate
Crithidia luciliae was dependent on sole expression of the IgA light chain and was not detected
when the Igk light chain was co-expressed (Figure 12B). However, analyzing the antibody
repertoire of all SLE patients did not show a correlation between Igh isotype inclusion and
antibody reactivity, as double Ig light chain positive plasma cells were identified where one,

both or none of the two IgL. chains mediated antibody self-reactivity when expressed with the

respective IgH chain (Table S1- Table S5).

In summary, the bone marrow compartment in SLE patients with active disease is
enriched for self-reactive IgG+ plasma cells and disease-associated IgG+ ANAs including anti-

chromatin specific plasma cells fail to be excluded.
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Figure 12. Nuclear Reactive Antibody SLE2-27.
HEp-2 cell (A) and Crithidia luciliae (B) IFA staining
patterns of SLE2-27K, SLE2-271. and SLE2-27KL.
Scale bar represents 50 pm.
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4.5 Reversion of Somatic Hypermutations Abolishes Reactivity in Poly- and Self-

Reactive IgG+ Bone Marrow Plasma Cells from SLE Patients

Self- and polyreactive antibodies in the antigen-experienced memory B cell
compartment frequently arise from non-self-reactive precursors by somatic hypermutation
(Hervé etal., 2005; Tsuiji et al., 2006; Tiller etal., 2007). Moreover, somatic mutations play a
major role in the generation of SLE-associated autoantibodies (Wellmann et al., 2005;
Mietzner et al., 2008). To determine if self- and polyreactivity in the IgG+ bone marrow plasma
cell compartment is mediated by somatic hypermutations, six poly- and self-reactive antibodies
from patient SLE2 were reverted to their germline sequence by using a PCR-based reversion
strategy (Figure S6; Table S6). The reverted recombinant monoclonal antibodies were tested
for polyreactivity in ELISAs and for HEp-2 self-reactivity in IFAs, and compared to their
mutated counterparts (Figure 13). The germline configuration diminished binding in both
assays for all tested antibodies. These data thus show that autoreactive IgG+ bone marrow
plasma cells can develop from naive precursors lacking detectable levels of poly- and self-

reactivity by the introduction of somatic hypermutations.
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Figure 13. Somatic Hypermutation Contributes to Poly- and Self-Reactivity in IgG Plasma Cell
Antibodies in SLE.

IgH and IgL chains from six I[gG+ plasma cells of one SLE patient were reverted into their germline
counterparts by PCR (SLE2-27K, SLE2-27L, SLE2-134, SLE2-154, SLE2-216, SLE2-235).
Recombinant mutated IgG plasma cell antibodies (upper panel) and their germline counterparts (lower
panel) were tested for polyreactivity (A) and self-reactivity by HEp-2 cell IFA (B). (A) IgG plasma cell
antibodies (black lines) were tested for polyreactivity by ELISA with ss/dsDNA, insulin, and LPS.
Dashed lines represent the high positive control antibody ED38, red lines indicate the low positive
control ¢iJB40, green lines display the negative control antibody mGO53. (B) HEp-2 IFA of the same
antibodies as tested in (A). Scale bar represents 50 pm.
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5 DISCUSSION

5.1 Unbiased Analysis of the Plasma Cell Antibody Repertoire by Single Cell Ig Gene

Cloning Implies a Rigid Selection Process in Healthy Humans

Immunoglobulin (Ig) gene sequence analysis of distinct B cell populations allowed a
basic understanding of the expressed human antibody repertoire at different stages during
B cell development (Huang and Stollar, 1991; Huang et al., 1992; Brezinschek et al., 1995;
Wang and Stollar, 2000). However, sequence analysis alone does not permit predictions on
antibody reactivities. Human monoclonal antibodies can be produced by different methods
such as immortalization of B cells with Ebstein-Barr virus (Steinitz et al., 1977; Lanzavecchia
et al., 2007), the production of B-cell hybridomas (Kohler and Milstein, 1975), using phage
display libraries (McCafferty et al., 1990) or the humanization of antibodies from other
mammalian species (Jones et al., 1986). Still, immortalization and fusion efficiencies are low,
largely depend on the maturation status of the B cell and frequently require additional B cell
stimulation. Phage display technology on the other hand relies on random pairing of human Ig
heavy and light chains 7z vizro, thus not providing information on the epitope specificities that

humans generate 2 vivo.

This study takes advantage of an unbiased and efficient approach that combines Ig gene
repertoire analysis and Ig reactivity profiling at the single cell level (Wardemann et al., 2003;
Tiller et al., 2008). The applied single-cell strategy facilitates the isolation of single B cells at
any stage of their development and requires only small cell numbers. Using this methodology it
was demonstrated that selection into the human bone marrow plasma cell compartment
requires a positive selection step after the germinal center reaction under normal immune
conditions (Scheid etal., 2011), as was elegantly demonstrated in mouse models (Smith et al.,
1997; Takahashi et al., 1998; Phan et al., 2006; Paus et al., 2006). This counterselection
against poly- and self-reactivity in the bone marrow plasma cell compartment may be essential
to avoid the production of poly- and self-reactive serum IgG antibodies that might lead to the

induction of inflammatory autoimmune reactions and the development of autoimmune discase.
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5.2 Serum Autoantibodies are a Hallmark of Disease in SLE Patients

B cell lymphopenia and B cell overactivity are among the most striking abnormalities
encountered in systemic lupus erythematosus (Rahman and Isenberg, 2008; Crispin et al.,
2010) and were a characteristic of the analyzed SLE patients. Patient selection was based on
elevated serum ANA IgG levels indicating the presence of autoantibody secreting cells.
Enhanced B cell activity results in the production of characteristic patterns of autoantibodies
and has been postulated to be the defining pathogenic event in human SLE (Lipsky, 2001;
Rahman and Isenberg, 2008). Serum IgG autoantibodies against dsDNA and nucleosomes, as
detected in the analyzed lupus patients with SLEDAI scores above 4, indicate disease activity
and vanish during remission (Grammer and Lipsky, 2003; Vallerskog et al., 2007; Hiepe etal.,
2011). However, a recent study analyzing serum autoantibodies at low dilutions demonstrated
a persisting SLE antibody profile independently of disease activity (Fattal et al., 2010). This
specific antibody profile revealed increased anti-dsDNA IgG antibody reactivities in all tested
patients. Thus, baseline anti-dsDNA serum IgG reactivity may be sustained by terminally
differentiated plasma cells during remission and plasmablasts may contribute to elevated anti-

dsDNA serum IgG levels during flares.

5.3 Thelg Gene Repertoire in IgG+ Bone Marrow Plasma Cells from SLE Patients

The present study demonstrates that SLE is associated with variable abnormalities in
subclass distribution, VA gene usage and Ig light chain isotype expression in IgG+ bone
marrow plasma cells, whereas somatic mutation levels and IgH and Igk gene usage appear
normal. Previous studies have reported molecular abnormalities in the 1g gene repertoire of
peripheral B cells from SLE patients, including altered IgH and Igl. V gene usage, abnormal
IgH CDR3 features, altered somatic mutation frequencies and differences in IgG subclass
distribution (Demaison et al, 1994; Manheimer-Lory etal., 1997; Dorner etal., 1998; Dorner
etal., 1999; Jacobi et al., 2000; Odendahl et al., 2000; Yurasov et al., 2005; Yurasov et al.,
2006; Mietzner et al., 2008). The present study demonstrates that some of these SLE-
associated Ig gene features, such as underrepresentation of I[gG2 and VA gene biases extend to
the bone marrow plasma cell compartment. The data morecover confirms previous findings on a

high variability in the Ig gene repertoire among individual SLE patients (Yurasov et al., 2005;
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Yurasov et al., 2006; Foreman et al., 2007; Mietzner et al., 2008) and this diversity of the Ig

gene repertoire likely reflects the high degree of disease diversity in SLE.

B cell receptor editing has been proposed to be the main mechanism in establishing
self-tolerance and is mainly conferred by secondary Ig gene rearrangements that generate a new
antigen receptor with an innocuous specificity (Gay et al., 1993; Radic et al., 1993; Tiegs et
al., 1993). Abnormalities in Igk gene usage indicating secondary rearrangement were not
detected in the IgG+ bone marrow plasma cell compartment and alterations in VA gene usage
were not linked to chromosomal location, as was also reported in previous studies on peripheral
B cells (Bensimon et al., 1994; Dorner et al., 1999; Mietzner et al., 2008). However, other
studies have demonstrated that SLE is associated with abnormalities in Ig light chain editing in
peripheral B cells (Suzuki et al., 1996; Dorner et al., 1998; Dorner et al., 1999; Yurasov et
al., 2006).

High frequencies of Igk and IgA double positive B cells were detected in the IgG+ bone
marrow plasma cell compartment of two SLE patients, as previously reported for IgG+ memory
B cells from one SLE patient (Mictzner et al., 2008). Evidence from experimental mouse
models has proven that editing of self-reactive B cell antigen receptors may be associated with
Ig light chain inclusion (Nemazee and Weigert, 2000; Li et al., 2001; Li et al., 2002; Liu et
al., 2005; Doyle et al., 2006; Casellas et al., 2007; Zouali, 2008). Moreover, the two patients
with an increased frequency of allelically included light chains also displayed elevated ratios of
VH to VL gene somatic mutations, suggesting that secondary Ig gene recombination in these
individuals occurred after antigen-mediated activation in the periphery and after initial affinity

maturation.

5.4 The Bone Marrow Contributes to Serum ANA Production in SLE Patients

Exclusion of polyreactive IgG+ plasma cells from the bone marrow compartment is
impaired in some SLE patients. In agreement with this observation, previous studies
demonstrated that pathogenic lupus autoantibodies are frequently polyreactive (Sabbaga et al.,
1990; Spatz, 1997) and naive B cells of SLE patients are enriched for polyreactive antibodies
both during relapse and remission (Yurasov et al., 2005; Yurasov et al., 2006). In healthy

donors, polyreactivity is a common feature of IgG+ memory B cells (Tiller et al., 2007) but rare
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in the long-lived bone marrow plasma cell compartment (Scheid et al., 2011). As observed in
two SLE patients, polyreactive antibodies can accumulate in the plasma cell compartment to a
higher extent than detected in healthy donor plasma cells. This increase in polyreactivity was
not associated with an increase in self-reactivity in one patient, which indicates that chronic
inflammation provides a constant supply of antigen to stimulate lymphocytes in this patient
(Goodnow, 2007). In summary, the data suggest that an accumulation of polyreactive
antibodies in the plasma cell compartment is not a universal feature of the disease, but likely
reflects differences in genetic and environmental factors that both are important in the

development of SLE (Rahman and Isenberg, 2008).

The bone marrow in SLE patients harbors IgG+ plasma cells expressing disease-
associated ANAs including anti-chromatin IgGs. Anti-nuclear IgG antibodies with chromatin
reactivity represent a hallmark of SLE (Kotzin, 1996) and may arise from autoreactive B cells
that fail to be excluded from germinal center reactions (Cappione et al., 2005). One of the
identified chromatin-reactive antibodies in this study could be further characterized to be
specific for native dsDNA. Both anti-dsDNA and anti-nucleosome antibodies have been
demonstrated to mediate lupus nephritis (Rahman and Isenberg, 2008; van Bavel et al., 2008).
However, chromatin-specific antibodies detected in immunofluorescence assays frequently
show no or very low reactivity against individual histones or native dsDNA (van Bavel et al.,
2008). Nevertheless, the present study clearly demonstrates that the bone marrow plasma cell
compartment contributes to serum ANA production in SLE patients as previously reported for

an autoimmune lupus mouse model (Hoyer et al., 2004).

5.5 The Role of Somatic Hypermutations in the Generation of Self-Reactive Antibodies

In agreement with previously published data on the impact of somatic hypermutation in
the generation of disease-associated SLE autoantibodies (Shlomchik et al., 1987; van Es et al.,
1991; Radic et al., 1993; Manheimer-Lory et al., 1997; Wellmann et al., 2005; Mietzner et
al., 2008; Guo etal., 2010), the germline forms of all tested SLE plasma cell antibodies lacked
detectable levels of self- and polyreactivity. This finding implies that these antibody specificities
developed by somatic mutations introduced during affinity maturation in germinal center
reactions. The data thus confirm previous findings demonstrating the importance of somatic

mutations for the development of SLE autoantibodies.
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5.6 Genetic and Environmental Factors Generate Disease Diversity in SLE Patients

All patients differed in clinical features as well as serology and hematology. Further,
differences among SLE patients were detected at both the Ig molecular level and the antibody
reactivity level in the bone marrow plasma cell compartment. This high degree of disease
diversity is one of the main obstacles in lupus treatment. Many different pathways, processes
and cell types of the immune system are involved in the generation of the SLE phenotype

(Harley etal., 2009).

All SLE patients with active disease had low complement serum levels. These low
complement levels indicate poor waste disposal due to deficiency in complement components
or an increase in cell death rates that may be one of the main factors triggering the onset of the
disease (Rahman and Isenberg, 2008; Munoz et al., 2010). Further, the IgG+ bone marrow
plasma cell compartment is enriched for self-reactive antibodies with nuclear specificity. Due to
defective clearance mechanisms, cellular debris containing nuclear antigens is exposed and can
activate immune cells. Nuclear antigens like chromatin contain both B cell and T cell epitopes
and additionally activate immune cells through TLR9 specific for DNA (Goodnow, 2007;
Harley et al., 2009). This simultancous activation of different pathways subsequently enhances
inflammatory cascades and provides stimuli for chronic inflammation (Isenberg et al., 1990;

Rahman etal., 2002).

The presence of autoantibody titers like those detected in the analyzed patients
correlates with elevated BAFF serum levels (Cambridge et al., 2008; Tieng and Peeva, 2008).
Alterations in the expression of components involved in BCR signaling can affect thresholds for
Beell survival and activation. The threshold for naive and memory Bcell activation,
proliferation and antibody secretion is lowered by the presence of both IL-17 and BAFF
(Doreau et al., 2009) and may also influence the bone marrow plasma cell compartment. In
situations of B cell hyperresponsiveness, affinity maturation would be censored less stringently
(Tarlinton and Smith, 2000) and selection into the long-lived plasma cell compartment may be
impaired.

Elevated levels of poly- and self-reactive plasma cells are probably a result of B cell
hyperresponsiveness. The IgG inhibitory Fe gamma receptor 1IB (FeyRIIB) is the only

inhibitory Fc receptor on B cells (Nimmerjahn and Ravetch, 2008) and has been shown to be

involved in SLE pathogenesis of mice and man at both genetic and functional levels (Morel,
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2010; Tiller et al., 2010). The frequency of FeyRIIB on circulating memory B cells is
significantly decreased in SLE patients (Mackay et al., 2006), thus may also be impaired on
terminally differentiated plasma cells. A decrease of IgG inhibitory (FeyRIIB) is suggested to
promote B cell hyperresponsiveness and thus nourishes an unregulated expansion of activated

autoreactive B cells and the production of pathogenic autoantibodies (Morel, 2010; Mackay et
al., 2006).

5.7 Therapeutic Options to Eliminate Autoreactive Plasma Cells

SLE is associated with high frequencies of IgG ANA-secreting bone marrow plasma
cells that may represent an important therapeutic target in patients refractory to conventional
therapies. Self-reactive high-affinity germinal center B cells are difficult to target once they
have been selected into the bone marrow plasma pool. As soon as plasma cells have reached a
survival niche in the bone marrow, they lose the ability to respond to antigenic changes in their
environment (Amanna and Slitka, 2010) and are thus resistant to glucocorticoids,
immunosuppressive and cytotoxic treatments (Hoyer et al., 2004; Hiepe et al., 2011).
However, targeting plasma cells is possible but universal depletion of plasma cells also
eliminates the main source of protective antimicrobial antibodies and is accompanied with

severe side effects (Neubert etal., 2008; Hoyer etal., 2008; Sanz and Lee, 2010).

Therapeutic drugs abolishing autoantibodies and preventing flares in SLE patients are
still missing in disease treatment. Approaches of the last decades focused on specific
immunomodulation to alter B cell populations and several strategies targeting B cells are
currently available (Sanz and Lee, 2010). Current approaches comprise direct B cell death
using depleting antibodies, inhibition of factors involved in B cell differentiation or survival and
interruption of signaling through the B cell receptor or co-stimulatory receptors (Sanz and Lee,
2010). For example, CD20-mediated depletion eliminates autoreactive mature B cells but
does not target plasmablasts and plasma cells and thus, protective as well as autoreactive
antibodies secreted by plasma cells are still detected in the patients” serum (Traggiai et al.,
2003; Vallerskog et al., 2007; Cambridge et al., 2008; Lipsky and Dorner, 2010). On the
other hand, using a tolerogen to selectively target DNA-reactive B cells has not proven to be
clinically beneficial (Rahman and Isenberg, 2008). An expansion of regulatory Bcells, a

recently discovered B cell subpopulation, might provide an alternative treatment strategy
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(Yanaba et al., 2008), as regulatory B cells are capable of inhibiting proinflammatory cascades

by secretion of the regulatory cytokines IL-10 and TGF-p.

The formation of a stable pool of autoreactive plasma cells that contribute to serum IgG
production may represent an important therapeutic target in patients refractory to conventional
therapies (Hiepe et al., 2011). A clinical long-term benefit for patients with refractory SLE has
been demonstrated for autologous stem cell transplantation along with non-specific
immunosuppressive agents. This approach does not specifically target plasma cells, but resets
adaptive immunity and thereby eliminates autoreactive lymphocytes (Alexander et al., 2009).
However, this therapeutic approach goes along with a high mortality (Jayne et al., 2004;

Alexander etal., 2009) and thus requires further optimization.

5.8 Conclusion and Outlook

Long-lived plasma cells do not divide after selection into the bone marrow
compartment (Manz et al., 1997; Slifka et al., 1998; Amanna and Slifka, 2010) and long-term
antibody production after infection or vaccination is often maintained by bone marrow plasma
cells (Benner et al., 1981). Physical space in survival niches is limited (Radbruch et al., 2006)
and once detached from this microenvironment, plasma cells do not relocate (Hoyer et al.,
2004). However, specific antibody titers are stable for decades (Amanna et al., 2007) and are
shown to sustain for more than 70 years even without antigenic challenge (Hammarlund et al.,

2003).

The checkpoint omitting poly- and self-reactive specificities in human bone marrow
plasma cells appears to be disturbed in SLE patients with active discase, as reflected by elevated
levels of poly- and self-reactivity. As the circulating memory B cell compartment in the majority
of SLE patients with active disease is not enriched for poly- or selfreactive antibodies, the bone

marrow might be the major source for high-affinity serum IgG antibodies in SLE patients.

Differences in the frequency and specificity of autoreactive bone marrow plasma cells
among individual SLE patients likely reflects the high degree of disease diversity. The
identification of patient subgroups by B cell profiling could thus provide additional information

that might affect the choice of therapeutic treatment. CD20-mediated B cell depletion trials
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have already shown that patients with distinct B cell characteristics are more likely to benefit

from such regimens (Lipsky and Dorner, 2010).

Inflamed tissues provide additional survival niches for plasma cells (Cassese et al.,
2001; Scheel et al., 2011). The analysis of plasma cell frequencies of affected organs during
immunosuppressive treatment should elucidate the impact of these plasma cells on disease
pathogenesis. Further, experiments analyzing plasma cell frequencies and properties in the
blood and affected organs in the course of different immunomodulatory treatments might foster
further understanding of the disease. However, the latter experiments are not feasible in

humans but have to be conducted in an autoimmune lupus mouse model.

The analysis of B cells participating in germinal center reactions should provide further
insights into the proposed checkpoint that controls selection into the long-lived plasma cell
compartment in healthy individuals but fails to exclude self-reactive specificities in SLE
patients with active disease. Mouse studies have demonstrated that affinity maturation in a
primary immune response occurs by early selective differentiation of high-affinity variants into
plasma cells that subsequently persist in the bone marrow (Smith et al., 1997; Smith et al,
2000). Further, analysis of plasma cells in an autoimmune lupus mouse model suggests that
recruitment of self-reactive plasma cells into the bone marrow compartment occurs early in life
(Hoyer et al., 2004). Thus, optimizing the treatment of refractory SLE will require thorough
research investigating the critical components of plasma cell biology during development,
proliferation and maturation, and elucidating the integral parts of the plasma cell survival niche
(Tarlinton and Hodgkin, 2004). Future work should morcover focus on safer strategies for
resetting adaptive immunity or targeting autoreactive effector and memory cells specifically

while compromising protective immunity as little as possible.
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7 SUPPLEMENTAL INFORMATION

7.1 Supplemental Figures
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Supplementary Figure S1. The Human Ig Heavy Chain Locus.

The Vi, D and Ju gene elements of the human Ig heavy chain variable region and the CH gene segments

that determine the Ig constant region. These gene elements are located on chromosome 14, the relative
order of functional gene elements is shown schematically (modified; Tiller, 2009).
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Supplementary Figure $2. The Human Ig Kappa Light Chain Locus.
The Vk and Jk gene elements of the human lg kappa light chain variable region and the Cx gene

Ck

segment that determines the Ig kappa constant region. These gene elements are located on
chromosome 2, the relative order of functional gene elements is shown schematically (modified; Tiller,
2009).
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Supplementary Figure S3. The Human Ig Lambda Light Chain Locus.
The VA and JA gene elements of the human Ig lambda light chain variable region and the CA gene
segments that determine the lg lambda constant region. These gene elements are located on

chromosome 22, the relative order of functional gene elements is shown schematically (modified; Tiller,
2009).
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Supplementary Figure S4. Single Cell RT-PCR Strategy to Amplify Expressed Human Ig
Gene Transcripts.

First PCRs were performed with forward primer mixes specific for the leader region and reverse
primers specific for the respective Igy, Igk or Igh constant region. Second PCRs were performed
with forward primer mixes specific for FWR1 and respective nested reverse primers specific for the
Igy, Igx or Igh ] genes or constant regions. Second PCR products were sequenced to determine the
respective V and ] gene segement. Before cloning, V- and ] gene element specific primers
containing restriction sites were used in another round of amplification using the first PCR product
as template (modified, Tiller etal., 2008).
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Supplementary Figure S5. Igy, Igk and Igh Expression Vector Maps.

PCR products are ligated into human Igg1, Igk or Igl eukaryotic expression vectors containing a murine
lg gene leader peptide (GenBank accession number DQ407610) and a multiple cloning site upstream
of the human Iggl, Igk or Igl_constant regions. Transcription is under the influence of the human
cytomegalovirus (HCMV) promoter and clones can be selected based on resistance to ampicillin
(modified; Tiller, 2009).
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Supplementary Figure S6. Reversion of Somatic Mutations.

PCR strategy to revert mutated Ig genes into their germline counterparts exemplified on an IgH chain

gene. Asterisks and blue lines indicate somatic mutations. PCR 1 amplifies a germline VH gene
corresponding to the VH in the mutated clone with gene specific primers. Primers used in PCR 2 revert

somatic mutations in the mutated clone. Homology of the PCR 2 forward primer to the reverse primer
used in PCR 1 is indicated. The PCR 2 reverse primer is JH-specific and contains the Sall restriction
site. PCR products 1 and 2 are fused via the homologous region (indicated) in a subsequent overlap
PCR using the same 5'Agel VH specific forward primer as in PCR 1 and the 3'Sall JH specific reverse
primer used in PCR 2 to generate the complete germline VD] sequence. IgL. chain somatic mutations

are reverted following the same principle. Overlap PCR products are cloned into the respective

expression vectors (modified; Tiller, 2009).
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7.2 Supplemental Tables

Table S1. Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE patient

SLEL.
Ig HEAVY LIGHT REACTIVITY
: 3
B §15 g 3 £
m 2 HE A HEH PR
2 g a z 8 B[] £ |x 8 s|zlel2s|¥
p-SLE1-2 5-51 3-9/2-21 4 VTAYYLFDY 1 9 1-39 4 QQSYSTPLT 50 S BT A
p-SLE1-5 4-59 6-19 4 RGEGAVTGTGPFDY 1 16| 3-20 2 QQYGRSPRT 161 7 | 25 EL )L
p-SLE1-9 1-69 / 4 QRDRGHYYFDY 2 | 18] 3-20 1 QQYAGSPWT 100+ +|+|+]/
p-SLE1-19 3-23 5-12 3 VGRGYEGAFDV 1|28 1-5 1 QQFNSYPWT 100 4 [ L
p-SLE1-45 1-18 1-1 6 ETIVDGLDV 1| 62 1-5 1 EQHTVDPRV 45 + |+ |+ | +]| /
p-SLE1-55# 4-39 1-14 6 PVENGGAANRALFYGLDV i |37 1-9 4 QQLTDYPRSIT 33
p-SLE1-56 3-23 3-16 4 YVSGDYKPPFDY 2 | 48] 1-16 1 QQYDHYPWT 22 / /
p-SLE1-67 1-3 3-22 3 PPLPTYDTSGPDAFDT 1 |:22 4-1 4 QQYYNSAALT 17 / /
p-SLE1-68# 1-69 1-20/1-1 4 PRLGTTKTAFDY 1]135] 315 1 QHYNNWLSWT 11
p-SLE1-69x# 1-18 39 4/5 DRDDYDVLAGYAPYDF 1|44 4-1 1 QHYFSGPT 21
p-SLE1-83# 4-31 4-23 3 SSMSLRDYDGSDAFDI 2| 13| 1-39 1 QQSFSIPRT 9
p-SLE1-91# 4-49 2-15 4 CPRGAKDSSGFFDS 2| 20] 1-39 1 QQSFNVPRT 16
p-SLE1-93 3-15 2-2 6 AEDIVVVPAVAKYYYYGMEV 2| 16| 1-39 1 QQSYSTPWT 134 ¢ [ P ]ue
p-SLE1-103 3-33 4-17 6 SARPYGDYSYFYYGMDV 1| 18] 1-39 2 QQSYSSPFT 0 T I T A
p-SLE1-108 3-48 6-19 6 DPTGGGQWPVRYYYYGMDV 4 | 23| 2-28 1 MQALETPQT R A T 7 L
p-SLE1-109x# | 4-31 | 4-17/3-10/4-23 | 1/4 DSGYGAPEY 1 8 1-17 1 LQHNNYPRT 3
p-SLE1-110# 1-69 5-12 1 GGDGGYDGEH 1| 48| 1-27 3 QNYKTVPRD 27
p-SLE1-111 4-59 3-10 6 FDMFREALGPTYYYGMDV 1 19 1-9 4 QQFALGGLT 10 +|+|+]|+]| ¢
p-SLE1-112x 4-39 3-9 5 RNDLLSTYYRTRPFFDS ND| 38| 3-20 2 QHYGDSQYT 17| +|+| /| +]|n
p-SLE1-115 3-15 1-26 5 DRIEGVFFADNNWLGR 1| 40| 3-20 1 QQCGPSPPWT 71+ +]|+]|+]1/
p-SLE1-118 3-23 2-15 4 SMPLIDYCSGGSCHWTDDY 2' |21 1-5 1 QQYYRLRA 100 21T 4] &)k
p-SLE1-124# 3-23 / 4/5 GQGSWVDSIFFQS 2 1-5 4 QQYRGYLKLT 13
p-SLE1-129 3-23 5-5/5-18 4 SSGGYSYGALGY 1120 4-1 2 QQYSTTPCS 13] / i A Y
p-SLE1-136 1-24 6-19 3 ASSGWPDAFDI 4| 18| 1-13 | 4 QHFDNSPLT Cl FAREEAEA W
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p-SLE1-151 4-39 5-5/5-18 5 QSWMIPEENS 2|22] 315 5 QHYNNWPIA 23|+ *#|*| %]/
p-SLE1-154# 3-7 5-24 3 DANPGDNKDAFDV 2|21 1-6 1 LQDYSYPRT 12
p-SLE1-160k 3-30 1-26 5 DLGVGATGIDS 1 5 3-20 1 QQYGTAPGT Crd IS A E R
p-SLE1-164 1-8 1-20/1-7 6 SRNDWNPRFEGYDYHGFDV 3| 48 1-5 2 QQCNSFSCS 37 + |+ +]/
p-SLE1-166# 1-2 1-1 5 ADTWNNDWFDP 1| 38] 1-39 2 QQTYRPPQT 8
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p-SLE1-173 3-9 7-27 4 DNTAGLSNGIWGLDY 1 12| 1-39 2 QQSYSDPST GOl W A A )
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p-SLE1-261# 3-9 3-3 4 GPFGVGYYFAS 1|1 12] 441 2 QQYFAIPPCS 8
p-SLE1-274 3-23 5-18/5-5 4 NGKRLWSLHY 2|22 228 4 MQTLQTSLT 2l AR
p-SLE1-281 3-53 1-1 4 GQLERPLDY 4 | 22 4-1 1 QQYYSSPRT 5 (8 I A
p-SLE1-284 1-8 / ;| GLIRFDDNAYYYVH 2| 18] 1-12 1 QQANAFRT L I A N T
p-SLE1-288# 1-3 6-13 4 SGTAGGTLYFDN 2| 38 1-5 4 QQYNKYPLT 12
p-SLE1-289# 3-11 3-3 4 RIAFDY 2| 19] 2-29 2 MQAIRLYT 10
p-SLE1-290# 3-74 2-2 6 GRDCGTRTPCYGHPYYGMDV 2| 24| 2-28 2 MQGQEPPYT 8
p-SLE1-295 3-23 6-25 2 TYWGYSTRGYFDL 3|16 41 2 QQYYTNPCN < I L S A
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Table S1 (cont). Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE

patient SLET.
3 8
g HE 8 |5 ||| |E
b} & 2|5 2 s5|z(2|£ 9
w o o al3|o &
3 z o |z 3 85 s | 8 4 FIEHEIE
p-SLE1-18 1-18 | 3-16/2-15/1-26| 4 YTFGGVEASGQDHIDY 2 19| 147 | 3 | AAWDDSLSGWV [ 10| / |+ | / [+ ]|/
pSLE127# | 37 | 171M20 | 2 TARIAGTGGGYFDV 123|214 [ 2 | SSYTTDSTPL | ©
p-SLE1-39 3-74 5-12/1-26 6 GDVYSGFDKESYVMDV 3 [43] 1-51 | 2 | GTWDSSLSTGV | 6 | /[ /| /| /| !/
p-SLE1-47 31 3-22 4 DLHYTDSSGYSFDY 2| 12| 1-44 | 3 | ATWDDSLKGWV | 14| + | + |+ [+ | c
p-SLE1-69% 214 | 1| SSYTSSSTRW | 4 |+ [ 7|+ |+ |7
p-SLET-72 | 315 512 a VRNDGETFDN 2 21| 140 | 3| QSYDTSLIAV [ 12|+ [+[+[+[¢c
p-SLE1-73# 1-46 1-1/1-20 - PRLGTTKTAFDY ND 1-44 | 3 | AAWDDSLNGRV | 0
p-SLE1-78# 1-18 3-9 6 DCGVDCLDSYGLDV 2 131 2-11 2 CSYAGNYRII 10
p-SLE1-84 3-23 3-10 1/5 DDYGSGNYYNVPDR 124 1-47 | 3 | AGWDDSLGRPV | 18 /| /[ /| /] ¢
p-SLE1-102# | 1-18 6-13 4 DQGKRAAAGNFDY 1114 140 | 3 QSYDTSLTAV 11
p-SLE1-104 1-2 1-1 6 DLEHNGRPLYYGMDV 2 [21] 144 | 3 | ATWDDSLKGWV |16 | /[ /| /| 1|/
p-SLE1-109x# 743 | 1 LLFYGGTYV 10
p-SLE1-112). 214 | 1| SSYTSSSTLYV | 2 [+[+[+[+|c
p-SLE1-117 3-64 1-26 6 SGSAWYNMDV 2 30])] 1561 ]| 3 ETWENSLNSGV | 9 | /| /| /1| /| /
p-SLE1-123# | 4-39 6-19 5 HVLRGWHFDS 126 1-47 | 2 | AAWDDSVSGPV | 14
p-SLE1-125 5-51 39 4 HSGPLSLNFDY 3120 28 2 | TSYAGRDNFW | 7 | +|+|+|[+]| c
p-SLE1-128# | 3-30 3-10 5 SARGRVSVVQGVINWFDP 1117] 325 | 1 QSTDSSGSYV 5
p-SLE1-131 3-33 3-10 6 QLQYYGAGSMDV 2 21| 1-51 | 2 | GSWDSSLNWL [ 6 /| /| /[ 1]/
p-SLE1-137# | 1-46 3-22 4 EGYYDTTGYKNFDY 2 (31 214 | 1 CSNFHSISYV 16
p-SLE1-138# | 3-21 2-15 4 GAGYCSGVGCYGLGDYFDY 120 1-47 | 3 | ATWDDSLSTWV | 8
p-SLE1-158 3-23 / 6 MKGPLRREDYGMDV 2 [19] 140 | 3 | QSYDSSLRGWP [ 13| / [+ | + |+ [ /
p-SLE1-160A# 4-69 | 2/3| QTWGTGVQV 1
p-SLE1-163# | 374 7-27 74 AWGNIQGEFDH 1| 41| 1-40 | 3 | QSYDSSLSGREV | 23
p-SLE1-186% | 4-39 33 1 GVDDDQSFLEEHFQY 2 [ 46| 1-51 | 3 | ATWDTSLITWV | 16
p-SLE1-191 3-11 4-23/4-17 6 | DQIPQPDYEGVPPYYYYYGMDV | 1 [ 11] 2-18 [ 3 SSYTSTSTLV (0 O O 7 ) M -
p-SLE1-206 3-23 3-22/3-10 4/5 DITV 1 7 | 1-36 | 2 | ATSEDIMNGPV glE| =] %]i¢
p-SLE1-210# | 3-23 3-10 3 DLLSGSGSRGNGFDV 1| 13| 1-40 | 3 | QSYDSSLNCW | 7
p-SLE1-223# 1-2 6-13 5 ADTWNDDWFDP 1[38)] 214 | 1 SSYRSGDTLYV | 18
p-SLE1-225# | 3-15 2-8 4 EYWYAFDY 2 [ 34] 144 | 1 | AAWDARLNAYV | 25
p-SLE1-227 | 348 126 3 SLDSYSESYYEWFDH 11 16| 211 [2/3] _csYEGGYl | 5 [ 7| 7| 7] 7]/
“p-SLE1-231# | 364 7 2 DFGL 1| 11| 657 | 3 | QSYDSTSHWV | 9
p-SLE1-234# | 4-59 3-10 3 EPVESVVWGHAFEI 2 [24] 223 | 2 CSYAGSTSIVL 14
p-SLE1-249 1-2 3-16 3 STLTSGGLFIFAFDI 1[40 214 | 1 SSYTSSATHV 5 A 74 A )
p-SLE1-256 | 311 | 518555 | 4 EWWGDAALAD 2 [17] 151 | 2 | GTWDSSLSAW | 6 [ 7| /[ /7|7 |/
p-SLE1-275# | 3-15 3-16/1-26 4 DTLLGGNGSQLDY 1| 13] 31 1 QAWDSITARV 12

p, plasma cell, SLE, SLE patient; CDR3, complementarity determining region 3; aa, amino acid; IFA, indirect immunofluorescence assay;
ND, not determined; c, cytoplasmic; n, nuclear; + reactive; /, non-reactive; #, antibody not expressed
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Table S2. Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE patient
SLE2.

Ig HEAVY LIGHT REACTIVITY
& 2
£ 5| 2 |2lslslsl. |3
b 2 il = 2 2 % %) ?1
2 z o |Z g |5 ¢ |« 3 SR HEEE]
p-SLE2-3# 3-23 3-10 4 SYYGEDIDY 1 [18] 1-33 1 QQYDDLPPWT 10
p-SLE2-4# 3-23 5-18 4 QATGYYYGR 1]11] 3-20 2 QQYGSSPYT 1
p-SLE2-5# 5-51 6-25 4 QADYFDH 1 (40| 3-15 2 QQYISWPPMHT 22
p-SLE2-7 3-21 4-17 6 RHHDYGDSVYYYYAMDL 1 |14 2-28 4 MQTLQIPR 1] = di|l 2= e
p-SLE2-10 5-51 1-1 3 HHDNPRVHAFDI 1 [36] 1-33 2 QQYDDLPYT o IR S A R
p-SLE2-14 1-3 3-3 5 DRIMEWLFDS 1127 1-33 1 QQYDELPT T &) =] 1] #+]|n
p-SLE2-17# 1-3 2-8 4 DRCTVAPCLDLDN 1 123] 1-39 4 QQSYSTPLT 14
p-SLE2-18 3-33 2-21 6 AQLVWTAQTYYYYYDMDV 1 |14 2-28 1 MQALQTPPWT S| L)
p-SLE2-21# 3-30 6-19 4 GYSTDWYGFFIY 3 |13| 3-20 4 HQYGGAPLT 9
p-SLE2-22 4-59 2-21 6 GEVVVTGTLEDHYGMDV 1 [11] 1-33 1 QQYDTFPWT [+ 5] ) 01 | )
p-SLE2-24# 3-23 3-10 4 GRRGSGSYGAYYFDY 2| 0] 1-39 2 QQSYSTPVT 0
p-SLE2-27x 3-23 2-15 6 DRRVCSGGSCYPLGSYYGMDV 3|16]| 320 1 QQYETSPPT o) B A )
p-SLE2-28# 3-21 5-18 5 DPHTAMGRGSDF 1139] 3-11 4 QQRSNRPPFS 15
p-SLE2-32x# 4-61 2-15 6 YCTGVNCYVARGGVDV 2 |37 1-12 1 QQATSFPLT 13
p-SLE2-33# 3-21 3-9 3 DVVVLRNFDHFPYDAFDM 1 (43| 441 4 QQYYSSLSVT 27
p-SLE2-35# 4-34 / 6 DQDGAYGMDV 1119 3-20 2 QQYDSSPYT 10
p-SLE2-36# 4-31 3-9 4 TPAYWDTETGFHPAHFDY 1 [29] 3-11 1 QQRDNWA 10
p-SLE2-37 3-74 5-5/5-18 4 APSYIYGRYYFDY 16| 320 5 QQYGSSPIT Lo I A R Y
p-SLE2-43 3-74 4-17/4-23 6 DDYGDHFYYGMDV 114] 311 1 QQRINWPPT il | )] A
p-SLE2-49# 4-59 / 5 FRRGPPDIWFDP 1127] 1-39 4 QQSYRTPLT 12
p-SLE2-50# 1-69 7-27 6 LPGERRHDYYGLDV 1118| 2-28 5 MQALQTPIT 3
p-SLE2-51# 5-51 4-17 3 HQGNTVTSADAFDI 1 (24| 1-39 1 QQGFTALWT 10
p-SLE2-54# 4-31 3-10 5 GHFYYGSGSYSDR 1 (21| 3-20 5 QQYGRFPGT 16
p-SLE2-60x 3-30 3-22 3 GGYYLDNSGYDGPFDV ND| 31| 1-39 S QQSYGTFLT o8 IR R A A
p-SLE2-61# 4-30 1-1 5 DPRQQLEHWFDP 1(21] 1-39 3 QQGYSTPLT 8
p-SLE2-63# 1-24 1-7 1/5 DLAITGTTD 28] 3-11 4 QHRANWPLT 8
p-SLE2-64# 5-51 3-22 6 AELYYENLYTSFGV 1 [25]| 2-28 4 MQALQTPLT 4
p-SLE2-66# 4-4 4-17 5 GRHGDGLDS 1[(19] 1-16 a QQYDTYPIT 15
p-SLE2-67# 1-69 4-17 6 AGETTVTNYYGMDV 4 | 14| 2-29 3 MQSSDLPPT 13
p-SLE2-71 4-31 3-10 6 SLFYYGSGHYANA 1]116] 3-15 1 QHYNNWT 1 A ) O
p-SLE2-72# 3-33 3-22 6 DVDYDSSGYYYGMDV 14| 2-28 1 MQALQTPRT 4
p-SLE2-77# 1-18 2-8 4 DGYCDKGICLAY 1 (39] 3-11 4 QQRLNWP 12
p-SLE2-78# 3-74 / 6 GTDAWRGMDV 2 | 51| 2-24 2 MQSTQFPHT 14
p-SLE2-83# 3-53 3-22 1 LTHYYDKNTYYPGYMRH 1 [23] 1-33 2 QQYDNLPYT 17
p-SLE2-84 3-53 / ) MGRG 2| 6] 1-27 1 QKYNSAPET - 3] 78] 0 7 T
p-SLE2-92# 4-39 6-13 4 HWPTSSSYGAIDY 1 | 7} 815 3 QQANSFPLT 7
p-SLE2-103# | 4-59 / ) FRRGPPDIWFDP 1126 1-39 4 QQSYRTPLT 13
p-SLE2-105x# | 3-74 1-20 5 DVAHNYNRGWFDP 2 |22 311 1 QQRAIWPPT 7
p-SLE2-106# | 4-28 3-22 3 RSSGYYIDAFDI 2 |29] 315 1 QQYNNWPT 7
p-SLE2-109 1-69 3-10 6 TYDSGNQLNLGDQPNYYYGMDV 1110 441 1 QQYYSTSWT 810 =]
p-SLE2-114# 4-31 4-11 4 ATGAANYFDY 2 | 28] 1-33 1 QQYDELPRT 18
p-SLE2-117 1-69 3-3 6 ETSYYDFSSGPQSHVNNGMDV 1 (21| 3-20 1 QHFGGLMWT i I R
p-SLE2-119# 3-15 1 GSLVLHTAAEDH 2 | 30| 2-24 5 LQSAQLPFT 14
p-SLE2-120 3-23 6-25 4 VTAAGSAGPCDY 1126| 3-20 1 QQYVSSVWT ] (B o) A
p-SLE2-121# 1-69 3-22 1 VSQVSFSDSSGHYRAGYFHP 1 1-39 4 QQSDSAPVT 25
p-SLE2-122 1-69 6-13 5 ASTGYGRTWDNWFEP ND| 36| 1-39 2 QQTYNSPYT 24 D100
p-SLE2-123 4-31 2-15 4/2 LRRVGGDDF ND| 33| 3-20 3 HQYGALPLT Lo (R [ ) Y
p-SLE2-124 1-2 3-10 6 DPLYYGSGSSLEVPAALNAFYGMDV [ND| 25| 3-20 5 QYYGRSPPIT ol R S A
p-SLE2-134 3-30 6-13/2-2 4 GASAAAVFDH 3 [30] 4-1 1 QQYYRPPWT 16|+ | +| +| +|cn
p-SLE2-135 3-30 3-3 4 DRGWRGHWYGGDY 2 |21] 1-33 2 HQYDNLPPYT 0 H ORI A
p-SLE2-136 4-31 3-10 6 GLYYHGSGHYANV 1110 3-15 1 QPYNNWT CH N RS A A B
p-SLE2-139# | 4-39 6-13 6 SRSSWSNMDV 2 | 22| 2-28 5 MQAVQTPVT 8
p-SLE2-140 3-23 5-12 4 DCGYSGSFES 2 |22] 3-15 2 | HQYDKWPPGGAYT |18 /[ /| /| /| /
p-SLE2-144# 3-74 6-6 4 DRNPTVLDN 2 |33] 441 5 QEYYSTPAIT 11
p-SLE2-145# 4-31 2-2 4 GRGSQHQLLHAFDY 4 | 18| 1-33 5 QQYDDFLIT 6
p-SLE2-147 4-39 4-17 4 DFGDHRTDY 2 |16] 3-11 5 QQQSss g 1o)| IS I | O
p-SLE2-148 3-23 3-9 8 TPATSYDVLNDYYWSASIDS 2 | 33| 3-20 2 QQYANSQT L B B T A
p-SLE2-152# | 4-39 6-6 5 NSSSSPWFDP 4 |23]| 3-15 2 QQYNNWPPYT 9
p-SLE2-154 4-31 3-10 4 GLYYYGSGSYWDH 1 ]121] 3-20 § QQYGTSPVT b Lo} LA ) I A
p-SLE2-155# 1-69 3-3 4 SPRGGEIWSGHQFHFDH 1 35| 3-15 1 QQYETWQT 8
p-SLE2-158 3-72 6-6 4 DSMAGGGFDY 2 | 27| 2-28 1 MQSLQTPRT 38| 71 W] W) )
p-SLE2-159# 3-21 7-27 2 SQTGLYWYFDL 11891 113 3 QQLIGYPFT 6
p-SLE2-160 1-18 3-16 4 YTFGGVEASGQDHIDY 2 |20] 1-13 3 QQLIGYPFT RS A KA
p-SLE2-168# 4-39 6-19 4 PDFLASPWVAG 1 (22| 2-30 1 MQGTHWPPA 15
p-SLE2-180 1-69 6-13 4 EGGPASGTAGYDN 1 (24| 441 1 QQYHSPPPT il I 405 O
p-SLE2-187 1-69 6-19 3 ERVAVAGGWFDP 4 |36| 3-15 3 QQYNNWPPL 3 WA R S A R
p-SLE2-188x# 1-3 3-16 6 LRLGEISQNRFYHYDMDV 1 (24| 3-11 1 QQRTDWPT 14
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Table S2 (cont). Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE

patient SLE2.
= "
_ 2 _ 2
g HE T 5.l 2
2 2|3 2 s12(2[=], |2
S lz| o |s : alf| « |« 8  |£|3]55[8]¢
p-SLE2-192# | 4-39 6-19 4 LASPWVAGPDF 1]116] 3-11 5 QQRANWPPIT 23
p-SLE2-204 3-23 3-10 1 ELQISMQGILIRQYFQH 1 (23] 3-11 2 QQRSNWPPYI Gl [ (WAl WA A
p-SLE2-205 3-48 1-26 5 SLDSYSESYYEWFDH 1 129] 1-39 3 QQSYSTPLT 107 | A W 1Y |
p-SLE2-207 3-74 1-20 5 DVAHNYNRGWFDP 2 |17] 3-11 1 QQRAIWPPT ) L7000 L
p-SLE2-208 3-23 1-20 1 QLQQ 2 |27] 3-11 4 QQRYNWPPLT 150+ | +|+]| +]| /
p-SLE2-216 3-48 3-3 5 EPRSAWAHWFDP 1122 3-15 2 QQYNNWPPYT kLo DR TN N Y A
p-SLE2-224 4-59 1-1 3 EGPGTSGFDALDV 1 [22] 1-39 1 QQSYSTPWT 24 A A WA A
p-SLE2-226 1-69 3-3 6 DPSYYDFWSGRRSHVKSGMDV 2 |17 3-20 1 QQFDISPWT L) A A S I
p-SLE2-229# | 4-39 3-3 5 QSRMIPEENS 2 |45] 1-5 1 QQYNNYPWT 30
p-SLE2-238 1-8 1-7/1-20 6 SRNDWNPRFEGYDYHGFDV 3 |17]| 2-30 2 MQGKLWPHT &1L EL L L 2
p-SLE2-239# 4-34 4-4 6 EEFDSGSHYGPTYYYGMDV 2 |18] 1-9 1 QQLNNYPWT 23
p-SLE2-240 1-8 1-7/1-20 6 SRNDWNPRFEGYDYHGFDV 3 |52] 1-39 2 QQSFSTPYT 2000400 %] 4
p-SLE2-248 1-18 1-26 3 KGGGTHYDALDM 4 |16] 1-5 1 QQYHYPPWT A A (V) AR YA
p-SLE2-253# 3-7 1-26 4 EGSGRYLPPRDFDL 2 | 43| 2-30 5 MQGSHWVT 33
p-SLE2-256 1-46 1-26 5 DRLWAVEEVGANTYSFFDP 1 [26] 2-30 4 MDGTYWPT o Al 0 A S
p-SLE2-257# 5-51 5-12/3-9 6 HPIPSPFDLVMSGLKGAFNYYTMDA | 1 | 13| 1-5 2 QQYNYFYS 9
p-SLE2-265 4-61 39 3 SHNDILTEMVFDI ND|39] 3-11 4 QQRSNWPLT BTNV EL I e
p-SLE2-267# 1-69 3-22 1 VSQLSFSDSTGHYRGGHLHP 1]10] 1-39 1 QQSDSAPVT 1
p-SLE2-271# 4-59 6-13 5 GSTNWYDP 2 |20 4-1 4 QQYYSTPST 1
p-SLE2-274# | 4-34 2-2 3 VVDIEVQPTGSDGFDI 3 |25| 1-16 5 QQYNSYPIT 15
p-SLE2-277# 1-24 39 4 PGDYKGYYFAF 1]|111] 1-12 2 QQADSLPLS 12
p-SLE2-282# 3-21 1-14 4 VEPFWAVDY 3 |12] 1-39 1 QQSYSTLKT 12
p-SLE2-283# | 4-34 / 6 ENRVLDV 3 3-20 2 QQCAVSPYT
p-SLE2-286# | 4-39 3-10 5 VTSYYGSGSYFFGT 1 1-39 5 QQSFITPIT
2 2
m 2 2135 &, 3 é on ‘;.
3 z o |Z 8 8|5| s |5 3 SN EIEIEEE
p-SLE2-6# 4-61 7-27 6 QLGRGGYYYYGMDV 2l 2% 2 CSYAGSYTFMV 1
p-SLE2-8# 4-59 / 4/5 DFAEGEFSSSLGD 1 20| 1-44 2 | AAWDDSLSSRGVV | 8
p-SLE2-26 3-7 7-27 1 DLNWESH 2 | 25| 2-14 3 SSYTTRHTWV L3 I A A
p-SLE2-27) 8-61 3 VLYMGSGIWV == L= ] b
p-SLE2-32# 2-11 3 YSHAGSYT 1
p-SLE2-60% 3-21 2 QVWDNDIDHWV b 4| IR (00 N I |
p-SLE2-62# 5-51 3-16 4 EGDYIWGTYNY 1] 6| 4-69 3 QTWDTDIRV 13
p-SLE2-69 3-53 3-10 5 DPGYGSGTLSFDP 2 | 23| 7-46 3 LLFYSGARV g L o] vl L0V 0 AR T A
p-SLE2-74# 4-59 | 6-19/5-18/3-3 | 4 GPIAVDPVEATFLSGFFDY 1129| 2-11 3 CSYAGSYTWI 7
p-SLE2-80 3-23 5-24 4/5 NSVTMTTFTRWAFDS 2 |21 2-14 2 SSYRSTNNLV G- 1 A1 I 1 O I
p-SLE2-95 3-64 4-23/4-17 1 GESLVTTGAQ 1]30] 1-36 2 ATWDDSLNGPV 03 £y N EY 7
p-SLE2-101 3-33 6-13 4 GGWGQQLVRDVGGY 1[16] 2-14 1 SSYASGNTYV 2l=l=n 1=l 2
p-SLE2-102# 1-2 5-12 6 DLYPRQYNGYRDSLDL 1[26| 2-14 2 SSYTSASTYW 18
p-SLE2-1052# 1-44 3 ATWDDSLKGWV 14
p-SLE2-107 4-39 1-26 1 SIVGVTVYFQL 1132| 2-8 2 TSYAGRDNFVV LLELEN L%
p-SLE2-170# 4-31 1-1/1-20/2-26 | 1 GVWNDVLHWGGGVTPFWH 1120 2-14 3 TSYIGINTW 1
p-SLE2-1885 1-47 2 AAWDDILSGWV 0 Y ST (0 2R IS
p-SLE2-206 4-31 3-16/3-10 4 EGVSAVRGYFDY 2 | 35| 2-14 1 CSNFHSISYV b i) 107 S OV A 87 A8 LY A (O
p-SLE2-215# 4-39 1-20 6 HFAITGSLFDMDV 2 | 25| 3-25 2 QSADTSGPSVWV 20
p-SLE2-217 3-30 6-19 6 DRGHSSGWSSGYGMDV 1[15] 2-14 1 SSYSSSNTYV i U] A 6700 ) I | 4
p-SLE2-219# 1-69 3-3 6 GHNDFWRGYSKTPLDYKDAMDA 1 ]46]| 1-40 3 QSYDSSLSGSV 13
p-SLE2-228 3-21 6-19 4/2 GPSGGEWQSGVDY 1 [33] 144 3 AAWDDSLNNWV (15 /| /| 1| 1| /
p-SLE2-235 5-51 / 4 HYDYPDY 11]156] 657 3 HSYDSNNHWV 7 3 =40 4 IS A
p-SLE2-254 5-51 2-15 4 RATSRGTFDY 1114 2-11 3 CSYAGDFTVM ) IR A
p-SLE2-269# 4-61 6-19 4 HPGGNGWYKYYFDQ 2 |22 2-14 2 SSFTTSSTLVI 12
p-SLE2-270 4-39 39 5 RNDLLSTYYRTRPFFD 4 |38| 2-11 1 QSYDSSLSGFYV | 11
p-SLE2-273 3-73 4-23 6 QRETELRAEVADYGMDV 1 (18] 1-40 3 QSYGTSLTAV 12
p-SLE2-278 1-69 5-24 5 GRDDYNNYGIDP 2 |40 144 | 2/3 SAWDDSLNGII 19
p-SLE2-281 3-30 3-22 1 GVGGYYSSPFEH 1 ]37] 144 2 ATWDVSLNGVWV 19

p, plasma cell; SLE, SLE patient; CDR3, complementarity determining region 3; aa, amino acid; IFA, indirect imnmunofluorescence assay;
ND, not determined; ¢, cytoplasmic; n, nuclear; + reactive; /, non-reactive; #, antibody not expressed
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Table S3. Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE patient
SLE3.

Ig HEAVY LIGHT REACTIVITY
2
g HE 8 : <|sls| |8
@ o 2015 {2} 5 £ o
w o o ala 0| &
2 z o z g 83| ¢ |« 8 5|3/8|2|8|d
p-SLE3-6 3-30 3-10 5 EGEEVQGRISNPGPLHS 1]22] 320 | 4 QQYGTLPLT b ) e 4
p-SLE3-8x# | 3-23 1-26 4 TRRALSYFDY 1 [18] 1-39 | 4 QQSYSNPPT 14
p-SLE3-11 3-30 3-16 3 DRTDSDEGVFDI 11371 311 4 QQRYNWPLT 7 AT A W | Y
p-SLE3-14 | 4-59 2-2 4 YIVVIPAYYFDS 1]22] 228 | 2 MQALQTPFT 9l /17 /dll I
p-SLE3-15 | 1-69 6-6 6 DPRIAARPLYYYYGMDV 1111 1-16 1 QQYNTYPPT 9 bl S
p-SLE3-23x# | 4-39 6-13 4 EVYGNSWSLYYFDH 112 1-9 4 QQLNSYPRALT
p-SLE3-24x | 3-30 4-17 4 DDPWDGDSILDS 1.]16] 1-39 QQSYTIPFT Q.L £ L L e
p-SLE3-30x | 4-59 3-9 6 GGEILTGFVQNNYYFYMDV 1 [21] 1-39 QQSYSAPFT P4 IS A I I
p-SLE3-33 | 4-39 39 4 RKVDSAFDF 26| 1-17 QKYNSAPFT 28l 117 E]#]c
p-SLE3-39 | 3-33 6-19 4 TTGKIAVAGSLAY 3 [22] 1-27 QQYNSAPQT 73 IR 7250 28 Y
p-SLE3-42x | 4-39 3-9 § RRVDSAFDS ND|16] 1-9 4 QQLNSYPRALT G A A AN WA BT
p-SLE3-44 | 1-69 3-22 GDSTGYDITAFYAFDI 1 6] 2-28 | 4 MQALQTPLT 7 7 A A A
p-SLE3-50x | 1-18 3-22 4 GYDNSGPDY 15] 1.5 2 QDYNSYT <3 74 M) N7 A8 A R
p-SLE3-55x | 3-21 6-6 6 ESSSSLYYYAMDV 28] 3-11 2 QHRVNWPPGYT e I 728 7 7
p-SLE3-57 | 4-59 7-27 4 ANWDVFAY ND|[69] 3-20 | 4 QQYTEIPLT 20+ ]+ +] ] ¢
p-SLE3-61# | 1-46 5-5 4 DQVGRYSFGFATGQQRVSAISD 40| 3-11 4 QQRSNCLSE 4
p-SLE3-63 | 4-30 3-22 3 NRKSYDSYGHPLFGVFEI 0] 3-20 QQYASSPWT 16| / EEL
p-SLE3-65 | 3-73 6-6 4 PFGSSSY ND 229 | 4 MQSVQLLT 13 /| 1]/ ]cn
p-SLE3-68 | 3-23 3-3 3 YHRNNYWTARDAFDL ND|22| 1-5 1 QQYYNYRT {3 A R S R
p-SLE3-69# | 4-59 2-2 4 AWPYVLNEPYCSSSSCPYFFDY 1 320 | 4 QQYGSSPLT 3
" ; = 2
g s 8 2lsls £
e} «© 5 © = é o
i -4 g 4 AR EIR:
a |3 L g gl3| s | g HEFEHLE
p-SLE3-8) 4-69 |2/3 QTWGTGVQV ) W A N A
p-SLE3-23% 2-14 1 SSYTSSTTRL ZNLN L E ] e
p-SLE3-24). 147 (273 AAWDDTLSGLI 2| T M ) I ) I
p-SLE3-302. 2-11 | 2/3 CSYAGSYHVL - T ) W I )
p-SLE3-42). 3-21 QVWDNFRDHYV ;) O I Il
p-SLE3-49 4-4 3-10 4 LLGDYGSGRFDH 1 [34] 3-21 3 QVWDNPSEHRL p45] W YA A D]
p-SLE3-50# 31 QAWDSSTSYV 4
p-SLE3-552 144 | 3 AAWDDSRNGW 7 Y A W ) I
SLE3-69. 2-8 3 SSYAGDYSFW K R ) A
p, plasma cell; SLE, SLE patient; CDR3, complementarity determining region 3; aa, amino acid; IFA, indirect immunofluorescence assay;

ND, not determined; c, cytoplasmic; n, nuclear; + reactive; /, non-reactive; #, antibody not expressed
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Table S4. Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE patient

SLEA4.
Ig HEAVY LIGHT REACTIVITY
2 2
g HE (O At
m g 215 2 S é [} ‘;.
@ z & X g 5| £ | x - HEEHEE
p-SLE4-5 5-51 7-27 4 QEEVGMSFGS 2|27 15 1 LQYRAMLWT CIEAFEES R /
p-SLE4-11 1-69 3-3 4 AQAPGFWSGYYHVH 1118] 1-13 4 QQFNGFPQT CIRNEEEEEEE S
p-SLE4-16 3-15 2-2 4 VTFRYCSSTSCFIDH 1 [18] 3-20 3 QRYGISIFT My /
p-SLE4-17 3-30 6-13/2-2 4 DYSHRSSWFTPTFNDY 2 |11] 3-20 3 QHYGTSRIT Y4 KA IS WA AR
p-SLE4-21 3-15 | 3-22/6-19/6-25 | 4 DVFVSLDSSGYPVLLY 1 (27| 2-29 2 MQAIELPRT > e e /
p-SLE4-27 4-39 3-22 3 SPISEISDPLWAFDI 1 [16] 3-20 2 QQYSISTGYT 13/ /7| /] +|cn
p-SLE4-30 5-a 2-15/6-25 4 RGGGSSWIDY 2 |17] 3-15 3 QQYNTWPPFT 40 22 /
p-SLE4-32 1-46 2-21 4 ECSADCYNTFDF ND| 25| 1-5 2 QQYNSYYT 7 B A S /
p-SLE4-34 4-59 3-3/3-9 3 VRINRSVFGTDILGPFDL 1129]| 1-27 & QNYNSAPLT 5] A S W R /
p-SLE4-41 4-39 6-19 4 IYMHTSGWIPFDY 2 |25] 1-5 1 QQYHTYPWA L RAREAESE /
p-SLE4-49k# 1-18 1-26 4 RSGSYHDH 1126] 1-5 2 QQYNSYPYT
p-SLE4-52 3-7 33 5 ELATKHSWFDS ND| 23| 3-15 2 QQHDNWPPYT 1" ‘SN E /
p-SLE4-53 3-15 5-12 6 LEATDDGRGYYYFSGMDV 1 (20| 4-1 4 HQYYSLPLT 12y /| /| 1|/ ]|chn
p-SLE4-55 1-46 5-12 6 DLYRSDKYGMDV 1112] 1-39 4 QQSYSSPPT 9 (i /
p-SLE4-56# 4-59 / 5 GRDLPIDNWFDH 2 | 18] 3-15 1 QQYSNWPPWT |22
p-SLE4-64 4-b 6-13 S VSEQQLVTP 1 (35| 1-5 4 QQYNTSPLT PI1EAERAEAN /i
p-SLE4-66 4-30 5-5/5-18 4 YSTALEYFDN 1121] 113 4 QQFNGFPQT Gl IEE ES R KR K
p-SLE4-68 1-69 1-1/1-20 6 TQNDYLVL 2 |20]| 3-20 2 QQYGRPPLS A EG ESESEAN
p-SLE4-70 4-30 5-12 5 GTRDSGYDLVWFDP 1 (24| 41 4 QQYDSSPLT W) A ¥
p-SLE4-74# 4-61 / 6 AAARVYYYGMDV 1 1-5 1 LQYNSYLA
p-SLE4-77x# 4-34 6-6 4 ASSTYTSSPLDY 116] 1-13 1/4 QQYNSFPQT
p-SLE4-78 1-24 5-5 4 ETRGWLQAFEY 1 (26| 1-33 4 QQFEDLPSGT 1900771111 /
p-SLE4-82k 3-21 / 4 DLAPGYYFDY 1[16] 117 1 LQHNNYPRT O I EN A B
p-SLE4-84 1-3 / 3 REYAFDI 2 |15] 1-5 1 QQYINYPWT Q1771117 /
p-SLE4-86 3-33 3-3/3-9 4 APYYDVWNSIEVPYYLDY ND| 32| 1-5 2 QQSWLHPYT Bllrll]l»|l1] e
p-SLE4-87 3-33 5-5 3 TKWIKDEYGDVIDL 1 |25] 3-11 4 QQRSNWPLT 1Bl 11?1711 /
p-SLE4-91 4-34 3-22 4 RSGYYWGLGY 1 |26]| 3-15 3 QQYDNWPLT 12 /| /| /]| /|chn
p-SLE4-92 3-23 / 4 GAAGNYDH 1 [29] 2-29 1 MQGIHLPWT S I ER AR /
p-SLE4-103 3-21 3-16 6 DKGRLGESEDKHYGMDV 2 | 28] 1-39 2 QQTFTTPGT [ FAERERRA N
p-SLE4-107 4-61 1-1 6 DRKTTGTTIRGMDV 1125] 1-5 4 QQYNGFPIT AN NN W,
p-SLE4-112 4-31 / 6 DKRVAGRQIYYYYGLDV 2 |24] 19 2 QQLNSYPS CH S RN /
p-SLE4-118 4-59 / 6 FGISASHYYYAMDV 1 (44| 1-5 1 QQYHIYPWT 8|+| /| +]| +|chn
3 3
g HE g |5l |2
T 2 213 2 Z|5|,| 3
2 z & x g 8|5 5 3 § FAEIHEE
p-SLE4-24 3-30 3-10 4 EDYYNSSPDY 1 (27| 2-14 1 CSYTSISTYV A REIEAENN] /
p-SLE4-37 1-2 5-12 4 AWGAYDSSGDF 3 [29] 1-40 3 QSYDTRLSGWV [15) /| /| /| /|cn
p-SLE4-40 3-33 2-21 4 DGCGGECYHPIDY 1117] 3-10 3 YSVDSSGDHGV (14| /| /| /] / /
p-SLE4-49%. 1-51 1 ATWDTSLSVVYV |12 /| /| 1|/ /
p-SLE4-775 9-49 3 ATDPGTGSNFVWV |13 /| /| 1| /]| ¢
p-SLE4-82) 2-23 2/3 CSYAGRSIVW T S /
p-SLE4-93 3-30 39 4 DEEETAFDY 1 |26| 4-69 3 QTWATGMPWV (21| /| /| /]| /]| ¢
p-SLE4-101 4-59 4-23 1 TYGGNGPIQQ 1 [33] 3-21 3 HVWDSTTEPSDWA(21) /| /| /1| /| [

p. plasma cell; SLE, SLE patient; CDR3, complementarity determining region 3; aa, amino acid; IFA, indirect inmunofluorescence assay;
ND, not determined; c, cytoplasmic; n, nuclear; + reactive; /, non-reactive; #, antibody not expressed
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Table S5. Sequence data and reactivity of IgG antibodies from bone marrow plasma cells of SLE patient

SLES5.
Ig HEAVY LIGHT REACTIVITY
3 3
g HE g sl |2
i 4 = 4 2|2 a % » c;-
3 z - 3 8[| £ | 5 HEIEIHEE
p-SLES-2 3-30 6-6 2 GDYTTSFWFFDL 1116] 3-20 4 QQYGSSLT 71/1/71 7]/ ]ch
p-SLES-11 5-a 5-5/5-18 5 RGTAMALDP 1]21] 315 2 HQYSNWPPYT < 31 VA0 1 0 A e
p-SLE5-13 1-2 / B GRAYRSRFPGGY 118 1-5 2 QQYNSYPYT I8 N (AN N
p-SLE5-16# 3-23 6-13 405 GGYGSSWF 1 1-27 1 QKYNSAPWT
p-SLE5-17# 4-59 3-10 6 DGRHLIYGSVYYYMDF 1 1-39 1 QQSQTTPRT 24
p-SLES-19x# | 3-23 6-19 5 HWGAAGWYPMDS 1120 19 2 QQLNSYPST
p-SLES-25 4-31 6-19 4 RQWFERADYFDY 1110] 2-28 1 MQALQTPWT (o] (VAR (T2 SN IR A) 2
p-SLES-32x# | 3-21 6-13 4 VGFTSSWHFRFFDS 3 1-9 2 QQLNSYPST
p-SLE5-41k 4-59 3-3 4 WLRSGFDY 115 1-33 2 QQYADLPCT 141 /[/]/|/]c
p-SLE5-47 4-30 / 5 MAS 1133] 2-28 4 MQALQTPLT 18l +[+]|+[+]|n
p-SLES5-50 3-30 6-19 4 VTSGWNVGSFLD 3 |22 3-15 3 QQYNSWTS k) T N R ) [
p-SLES5-52# 1-2 3-22 4 KNYDTGLDS 1121 %5 1 QQYSSYSWT
p-SLES-62# 4-4 5-5/5-18 4 VGRGSAMDGIDY 1 3-1 5 QQRSNWIT 4
p-SLE5-63 3-21 3-3 4 | LGCSWTSCYLYDFWSGYYSHYFDF | nd | 13| 4-1 3 QQYYGSPPGT Bl+|+|+]|+]|/
p-SLES5-64 4-30 1-14 3 EVDRPAPDSDAFDI 2 129| 3-11 4 QQRANWPLT il (AN 1Y SN UM |G Y 4
p-SLES-74x# | 3-30 6-13 6 DILVRWRQQLVRGMRYYYGDV 110 1-39 2 QQTHSTPCT
p-SLES5-75 3-21 4-4/4-11 4 STSVDYYFDY 3 [18] 15 1 QQYKKSPWT e 1 17/ T Y iy 2
p-SLE5-78 1-69 3-3 5 DGGWVDDDLWSGYDS 1118] 3-11 2 QQRSNWPCS 31/ /7] /7] /]chn
p-SLE5-81 3-30 / 3 DRTHSDEGVFDI 1]120] 3-11 4 QQRSNWPLT M| WA A A E A
p-SLES5-84# 4-61 6-19 4 IHSSLWYGFDY 1118] 1-39 1 HQSYIVPWT 15
p-SLES5-92 4-39 / 6 PVASDYYMDV 1]24] 15 2 QQYNTYCS 4 (701 (AN NG A0 NEY AN 1
p-SLE5-94 5-a / 4 LLLLGGLGSYYNDH 3 | 24| 3-20 1 QQYKT 4]+ *#] ¥]c
p-SLE5-95 5-51 1-26 4 QVGANWLDY 3 [22] 3-15 1 QQYNFSPTWT 14 /([ /| /|[/]n
p-SLE5-96 1-24 3-9 3 ERNDDILTGYYNRNGALDI 26| 3-11 1 QQGSYWPPWT 21/ /])17]/|chn
2
g 2t g 5 £
© 2 £z 2 HEEERR
Y z & ol = & HEIEIHEE:
[7) 23 o S [3) 2|3 s (5] S|8[8|=|S|T
p-SLES-3# 1-2 2-15 6 YSPYFYGSSWDWFFDV 1 3-21 3 QVWDTSSDHMV
p-SLES-4# 4-61 6-19 6 DEAALAGSLGDGYFYGMDV 1]113] 3-1 1 QAWDSSTSYV
p-SLE5-12 3-33 / 4 DNYYFSGSFDY 3|17] 28 1 STYGGSDNYV 91/ /}|/]/|chn
p-SLES5-18# 4-b 2-2 5 DGGYCSSTTCYRWFDP 1121 341 3 QAWDSSTGWV
p-SLES5-19A 1-51 2/3 GTWISLSAVWV o] IR0 720 0 e B
p-SLES5-20 3-30 4-17 6 GPTTLITSPYYFYYYYYMDV 1 ]13| 2-14 2/3 NSYTSGTTPVF - OSEATH (Al A e 2
p-SLES-30 3-53 2-8 4 GRWLRHCTEINCLDYFDF 1119] 3-21 2/3 QVWHSSAHLVV 18| /| /| /| / |cin
p-SLES5-31 1-69 6-19 4 DSVRYSRDWYVRQIRPNFDF 3 |46]| 2-14 2/3 SSYYTSNTGPIAAVI | 28| + | +| +| +| c
p-SLE5-32)# 1-44 1 AAWDDSLNGYV 8
p-SLES-412# 2-14 2/3 SSYTRSSTLW 3
p-SLES-44 4-59 6-13 3 NSTSSSPLDI 4 |24| 3-21 2/3 QVWDSSSDHPV (o8] &7 A0 VAL YA L9 ) 1Y 4
p-SLE5-45 5-a 3-16 2 RGHQTSPRLWYFDV 1 113| 1-40 3 QSYDFSLNASWV |11 +| /| +| /]| /
p-SLE5-49 4-39 5-5/5-18 5 DDRIYTHGYFRFDS 1116] 2-14 23 SSYTSSSTLW < (A (BN N0 M2 s
p-SLE5-51 3-30 6-6 6 |IALPDLDWYYYYMDV 1[21] 3-21 S QLWDSGSEYSWV 12| /| /| /| /| /
p-SLES-67 4-59 { 5 EENGYSSSWFYY 36| 2-14 2/3 SSYTSSSSHVWV ) B T A
p-SLES-69 3-21 3-10 5 DRLQTYYYGLGSPHTTFDP 1]116] 1-51 3 GTWDNSLSAGV ) R i A I ) O
p-SLE5-73 6-1 6-19 3 EGDGSGWYDDAFDI 117] 223 1 CSFADRSPSFYV (21| /| /| /| /| /
p-SLE5-745 7-46 3 LLSYNGVRWV 10+ |+ +| +|cin
p-SLE5-77 1-69 4-17 3 RHDYADYRFAFDI 17| 1-44 2/3 AAWDDSLNGWWV 3 IR D20 120 AN S
p-SLES-79# 4-b 6-19 4 DEQWLFDY 3 |27] 2-8 1 SSYAGSNNYL 3
p-SLES-90 1-18 6-19 4 DPLGRQWLTNFDY 2 [14] 1-51 3 GTWDSSLNTGV SN TNENE T W
p-SLE5-93 4-30 3-16 5 EQAMLAIGGVLVRAWFDP 1 |25| 1-44 3 AAWDDSLSGW L ST (ol G [
p. plasma cell; SLE, SLE patient, CDR3, complementarity determining region 3; aa, amino acid; IFA, indirect inmunofluorescence assay;

ND, not determined; c, cytoplasmic; n, nuclear; + reactive; /, non-reactive; #, antibody not expressed
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Table S6. Ig gene usage, CDR3 amino acid sequence, and reactivity of mutated and respective

unmutated germline IgG+ plasma cells from patient SLE2 after reversion of somatic mutations.

Ig HEAVY LIGHT REACTIVITY
VH JH | V-Mut CDR3 (aa) Vk/h | Jx/i | V-Mut. CDR3 (aa) poly | HEp2

p-SLE2-27 3-23 6 6 DRRVCSGGSCYPLGSYYGMDV | k3-20| 1 10 QQYETSPPT / n
2 8-61 3 3 VLYMGSGIWV + n

p-SLE2-r27 | 3-23 6 0 DRRVCSGGSCYPLGSYYGMDV | k3-20 | 1 0 QQYGSSPPT / /
» 8-61 3 0 VLYMGSGIWV / /

p-SLE2-134 | 3-30 4 30 GASAAAVFDH K 4-1 1 16 QQYYRPPWT + c/n
p-SLE2-r134 | 3-30 4 0 GGIAAAVFDH K 4-1 1 0 QQYYSTPWT / /I
p-SLE2-154 4-31 | 3-10 B GLYYYGSGSYWDH K 3-20 5 10 QQYGTSPVT / c
p-SLE2-r154 | 4-31 | 3-10 0 GLYYYGSGSYWDY k320| 5 0 QQYGSSPIT / /
p-SLE2-216 | 3-48 5 22 EPRSAWAHWFDP k315 2 16 QQYNNWPPYT / n
p-SLE2-r216 | 3-48 5 0 EPRSAWAHWFDP k3-15| 2 0 QQYNNWPPYT / i
p-SLE2-235 5-51 5 22 HYDYPDY » 6-57 3 4 HSYDSNNHWV / n
p-SLE2-r235 | 5-51 5 0 HYDYPDY 16-57| 3 0 QSYDSSNHWV / /

reverted amino acids in CDR3s are in bold; RF, reading frame; V-Mut, number of V gene mutations from FWR1 to FWR3, inclusively;
mut, mutated antibody; rev, reverted antibody; '+, reactive in ELISA/IFA; /, non-reactive in ELISA/IFA; poly, polyreactive to ss/dsDNA,
LPS, and insulin; HEp2, reactive in HEp2 IFA
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7.3 Supplemental Material

Antibodies

Specificity
Human CD19
Human CD27
Human CD38
Human CD138

Human IgG, Fey
Human IgG, Fey

Human IgG, Fey

Name
ED38
¢iJB40
mGO53

Antigens

Name

DNA sodium salt from salmon testes

Human recombinant insulin

LPS, E.coli 055:B5

Human IgG1, kappa (as standard)

Bacteria

Name

L.coli DH10B

Clone/Source Conjugate Application  Supplier
SJ25C1 PECy7 FACS BD Biosciences
M-T271 FITC FACS BD Biosciences
HIT2 APC FACS BD Biosciences
MI15 PE FACS BD Biosciences
Goat - ELISA Jackson ImmunoResearch
Goat HRP ELISA Jackson ImmunoResearch
Goat Cy3 IFA Jackson ImmunoResearch
Application  Reference
High polyreactive control ~ ELISA Meffre, et al., 2004
Low polyreactive control ~ ELISA Wardemann et al., 2003
Non-polyreactive control ~ ELISA Wardemann et al., 2003
Application  Supplier
ELISA Sigma-Aldrich
ELISA Sigma-Aldrich
ELISA Sigma-Aldrich
ELISA Sigma-Aldrich
Supplier

Invitrogen
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Bacterial Culture Media

Name Compounds
Luria Bertani (LB) 1% (w/v) Bacto-Tryptone
medium 0.5 % (w/v) yeast extract
85.5mM NaCl were dissolved in water under stirring,
the pH was adjusted to 7.5 and the medium was autoclaved (15 minat 121 °C),
if required, ampicillin Na salt (Roche) was used at a concentration of 100 pg/ml,
1.5 % (w/v) Agar-agar was added prior to autoclaving (15 min at 121 °C) for LB- plates
Terrific Broth (TB) 47.6 % (w/v) TBpowder were dissolved in water under stirring,
medium 4ml Glycerol was added prior to autoclaving (15 min at 121 °C)
Buffers and Solutions
Name Compounds
2x HEPES-buffered saline, pH 7.05 50mM HEPES
10mM KCI
12mM Dextrose
280 mM NaCl
1.5mM NayHPO,-7H,O
5x loading dye for DNA gels 60 % (w/v) Sucrose
1 mM Cresol Red
50x Tris Acetate EDTA (TAE) buffer 2M Tris Base
0.05 % (v/v) Acetic Acid
0.05M EDTA (pH 8.0)
ABTS buffer, pH 4.2 29.4mM NayHPO,-7H,O
41.2mM Citric Acid, anhydrous
ELISA blocking buffer 0.05% Tween® 20
1 mM EDTA
I1x PBS
Ix Phosphate buffered Saline (PBS) 137mM NaCl
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2.7mM KCI
10 mM NayHPO,
1.76 mM KH,PO,

the pH was adjusted to 7.4 prior to was autoclaving

10x Phosphate buffered Saline (PBS) 1.37M NaCl
27mM KCI
100 mM NayHPO,
17.6 mM KHyPO,

Cell Line

Name

HEK293T ATCC® No. CRL-11268™
Cell Culture Media

Name Supplier
Antibiotic-Antimycotic (100x) Gibco BRL

Dulbecco’s Modified Eagle Medium ~ Gibco BRL
(D-MEM) - GlutaMAX™

Ultra Low IgG FCS Biochrom
Nutridoma-SP Roche

Supplier

Invitrogen
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Chemicals

Standard laboratory chemicals were purchased from Sigma and were all in per analysis quality.

Name Formula Name Formula

Ammonium Chloride NH,CI Igepal CA-630 Ci6Ho609

Calcium Chloride CaCly-2H,0 Polyethylenimine H(NHCH,CH,),NH,

Citric Acid, anhydrous CeHgOr Potassium Hydrogen KHCO;
Carbonate

Cresol Red C91H1705S5Na Potassium Chloride KCl

D-(+)-Glucose CeH1904 Potassium Phosphate KHyPO,

Dithiothreitol (DTT) CyH1902Sy Sodium Azide NaNj

Ethidium Bromide Co1HyoBrNs Sodium Chloride NaCl

EDTA Disodium Salt Ci1oH14N9OgNay-2H50 Sodium Phosphate NaH,PO, 7H50

Glycerol CsHgOs3 Sucrose Ci1aH2901;

Glycine CoHsNO,y Trizma® Base C4H{1NO3

Glacial Acetic Acid CoH 409 Tween®20 CsgH {1409

HEPES CgH1gN9O4S

Commercial Kits

Name Supplier

ANA HEp-2 microscopic slides Bios GmbH Labordiagnostik

NucleoBond Xtra Maxi Kit Macherey-Nagel

NucleoSpin Extract II Kit Macherey-Nagel

NucleoSpin® Plasmid Kit Macherey-Nagel

Enzymes

Name Application Supplier

SuperScript Il Reverse Transcriptase

HotStar Taq DNA Polymerase

Reverse Transcription

PCR Qiagen

Invitrogen

T4 DNA Ligase
Agel

Sal I

BsiW 1

Xhol

Ligation

Restriction enzyme digest
Restriction enzyme digest
Restriction enzyme digest

Restriction enzyme digest

New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
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Expression Vectors

Eukaryotic expression vectors with human y1, € or A constant regions were a kind gift of
Prof. Dr. Michel Nussenzweig, The Rockefeller University, New York, USA.

Human Samples

Bone marrow samples from SLE patients were collected after patients signed informed consent
in accordance with protocols reviewed by the Institutional Review Board of the Charité

University Medical Center.

Nucleotides and Nucleic Acids

Name Supplier

100 bp DNA Ladder New England Biolabs
1 kb DNA Ladder Invitrogen

dATP Invitrogen

dCTP Invitrogen

dGTP Invitrogen

dTTP Invitrogen

Random Hexamer Primer ~ Roche Applied Science
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Primer Sequences for Amplification of Human Ig Genes

Primer Sequences for Amplification of Human Ig Genes.

1" yHeavy Chain PCR
Forward Primer

5 L-VH 1

5’ L-VH3

5 1L-VH4/6

5 L-VH5

Reverse Primer

3’ Cy CHI

2" yHeavy Chain PCR
Forward Primer
5" Agel VH1

5" Agel VH1/5
5 Agel VH 1-18
5 Agel VH 1-24
5’ Agel VH3

5" Agel VH3-23
5’Agel VH3-33
5" Agel VH 3-9
5" Agel VH4

5" Agel VH 4-34
5’Agel VH4-39
5 Agel VH 6-1

Reverse Primer

3’ IgG (internal)

3 SallJH1/2/4/5
3’ Sall JH 3

3’ Sall JH 6

1" kLight Chain PCR
Forward Primer

5 LVk1/2

5 LVk3

5 LVk4

Reverse Primer

5°-3” Sequence
ACAGGTGCCCACTCCCAGGTGCAG
AAGGTGTCCAGTGTGARGTGCAG
CCCAGATGGGTCCTGTCCCAGGTGCAG
CAAGGAGTCTGTTCCGAGGTGCAG

5°-3” Sequence

GGAAGGTGTGCACGCCGCTGGTC

5°-3” Sequence
CTGCAACCGGTGTACATTCCCAGGTGCAGCTGGTGCAG
CTGCAACCGGTGTACATTCCGAGGTGCAGCTGGTGCAG
CTGCAACCGGTGTACATTCCCAGGTTCAGCTGGTGCAG
CTGCAACCGGTGTACATTCCCAGGTCCAGCTGGTACAG
CTGCAACCGGTGTACATTCTGAGGTGCAGCTGGTGGAG
CTGCAACCGGTGTACATTCTGAGGTGCAGCTGTTGGAG
CTGCAACCGGTGTACATTCTCAGGTGCAGCTGGTGGAG
CTGCAACCGGTGTACATTCTGAAGTGCAGCTGGTGGAG
CTGCAACCGGTGTACATTCCCAGGTGCAGCTGCAGGAG
CTGCAACCGGTGTACATTCCCAGGTGCAGCTACAGCAGTG
CTGCAACCGGTGTACATTCCCAGCTGCAGCTGCAGGAG
CTGCAACCGGTGTACATTCCCAGGTACAGCTGCAGCAG

5°-3” Sequence

GTTCGGGGAAGTAGTCCTTGAC
TGCGAAGTCCGACGCTGAGGAGACGGTGACCAG
TGCGAAGTCGACGCTGAAGAGACGGTGACCATTG
TGCGAAGTCGACGCTGAGGAGACGGTGACCGTG

5°-3” Sequence
ATGAGGSTCCCYGCTCAGCTGCTGG
CTCTTCCTCCTGCTACTCTGGCTCCCAG
ATTTCTCTGTTGCTCTGGATCTCTG

5°-3” Sequence
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3’ Ck 543

2" xLight Chain PCR

Forward Primer

5" Pan Vi

Reverse Primer

3’ Ck 494

GTTTCTCGTAGTCTGCTTTGCTCA

5°-3” Sequence

ATGACCCAGWCTCCABYCWCCCTG

5°-3” Sequence

GTGCTGTCCTTGCTGTCCTGCT

Gene-specific kLight Chain PCR

Forward Primer
5" Agel Vi 1-5
5" Agel Vi 1-9

5 Agel Vi 1D-43

5 Agel Vic 2-24
5" Agel Vic 2-28
5" Agel Vic 2-30
5" Age Vk 3-11
5" Age Vk 3-15
5" Age Vk 3-20
5 Age Vk 4-1

Reverse Primer
3’ BsiWl Jx 1/4
3 BsiWl Jx 2
3 BsiWl Jk 3
3’ BsiWl Jx 5

1% ALight Chain PCR

Forward Primer
5LVAL
5LVA2
5’ LVA3
5 LVA4/5
5’LVAG6
5’LVAT
5’LVAS

Reverse Primer

5°-3” Sequence
CTGCAACCGGTGTACATTCTGACATCCAGATGACCCAGTC
TTCTGCTGCAACCGGTGTACATTCAGACATCCAGTTGACCCAGTCT
CTGCAACCGGTGTACATTGTGCCATCCGGATGACCCAGTC
CTGCAACCGGTGTACATGGGGATATTGTGATGACCCAGAC
CTGCAACCGGTGTACATGGGGATATTGTGATGACTCAGTC
CTGCAACCGGTGTACATGGGGATGTTGTGATGACTCAGTC
TTCTGCTGCAACCGGTGTACATTCAGAAATTGTGTTGACACAGTC
CTGCAACCGGTGTACATTCAGAAATAGTGATGACGCAGTC
TTCTGCTGCAACCGGTGTACATTCAGAAATTGTGTTGACGCAGTCT
CTGCAACCGGTGTACATTCGGACATCGTGATGACCCAGTC

5°-3” Sequence

GCCACCGTACGTTTGATYTCCACCTTGGTC
GCCACCGTACGTTTGATCTCCAGCTTGGTC
GCCACCGTACGTTTGATATCCACTTTGGTC
GCCACCGTACGTTTAATCTCCAGTCGTGTC

5°-3’ Sequence
GGTCCTGGGCCCAGTCTGTGCTG
GGTCCTGGGCCCAGTCTGCCCTG
GCTCTGTGACCTCCTATGAGCTG
GGTCTCTCTCSCAGCYTGTGCTG
GTTCTTGGGCCAATTTTATGCTG
GGTCCAATTCYCAGGCTGTGGTG
GAGTGGATTCTCAGACTGTGGTG

5°-3” Sequence
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3" Ch CACCAGTGTGGCCTTGTTGGCTTG

2" ALight Chain PCR

Forward Primer 5°-3’ Sequence

5’Agel VA 1 CTGCTACCGGTTCCTGGGCCCAGTCTGTGCTGACKCAG
5’Agel VA 2 CTGCTACCGGTTCCTGGGCCCAGTCTGCCCTGACTCAG
5’Agel VA3 CTGCTACCGGTTCTGTGACCTCCTATGAGCTGACWCAG
5’Agel VA 4/5 CTGCTACCGGTTCTCTCTCSCAGCYTGTGCTGACTCA
5’Agel VA6 CTGCTACCGGTTCTTGGGCCAATTTTATGCTGACTCAG
5’Agel VA 7/8 CTGCTACCGGTTCCAATTCYCAGRCTGTGGTGACYCAG
Reverse Primer 5°-3” Sequence

3* Xhol CA CTCCTCACTCGAGGGYGGGAACAGAGTG

Primer for Sequencing and Bacterial Colony InsertScreening

Primer Sequences for Sequencing and Bacterial Colony Insert Screening.

Forward Primer 5°-3” Sequence

5’ Ab sense GCTTCGTTAGAACGCGGCTAC
Reverse Primer 5°-3” Sequence

3 IgG (internal) GTTCGGGGAAGTAGTCCTTGAC
3’ Ck 494 GTGCTGTCCTTGCTGTCCTGCT

3 Ch CACCAGTGTGGCCTTGTTGGCTTG
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Reagents

Name

ABTS tablets, 50 mg
Nuclease-free water
Protein G sepharose beads
RNAsin

SeaKem® LE Agarose

Software

Name

Adobe Illustrator CS3
EditSeq™

FlowJow7

GraphPad Prism 4
SeqMan™

SoftMax Pro v5
Microsoft® Office 2004
Adobe Photoshop CS3

Web Resources

Supplier

Roche Applied Science
Qiagen

GE Healthcare
Promega

Cambrex Bioscience

Producer
Adobe
DNASTAR

Tree Star

GraphPad Software Inc.

DNASTAR
Molecular Devices

Microsoft Corporation

Adobe

Ig gene sequence identification by IgBlast

Ig gene sequence information by IMGT

http://www.ncbi.nlm.nih.gov/igblast/

http://www.imgt.cines fr
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