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4 1 Introduction

1 Introduction

1.1 The adaptive and innate immunity

Any immune response involves, firstly, recognitmfithe pathogen or foreign material,
and secondly, a reaction to eliminate it. Broathy, different types of immune response
fall into two categories: innate (or non-adaptivemune responses and adaptive
immune responses. The important difference betwleese is that an adaptive immune
response is highly specific for particular pathag&foreover, although the innate
response does not alter on repeated exposure it igfectious agent, the adaptive
response improves with each successive encountetive same pathogen: in effect the
adaptive immune system “remembers” the infectiogend and can prevent it from
causing disease later. For example, diseases sucheasles and diphtheria induce
adaptive immune responses which generate a livg-lonmunity following an
infection. The two key features of the adaptive wme response are thus specificity
and memory. (Roitt et al., 2001) The major compomérthe adaptive immune system
is a specialized cell type called lymphocytes, tocl we will refer in section 1.2.

Both the adaptive and innate immune system contdomoral and cellular
components. The protective function of cell-mediatamunity is associated with cells
such as macrophages, natural killer cells, antgpeeific cytotoxic T lymphocytes and
cytokines which are released in response to antifjeese cells promote elimination of
pathogen by inducing apoptosis through presentatidareign antigen on their surface
(T cells), directly destroying pathogens (macrogsagnd natural killer cells) or
stimulating cells to secrete a variety of cytokireesl influence the function of cells
involved in adaptive or innate immune responseserigally, cell-mediated immunity
is directed at microbes that survive phagocytesfect non-phagocytic cells. It is also
very effecting in removing virus-infected cells amd/olved in the defense against
intracellular bacteria, protozoan and fungi. Hurh@ranunity, for which the protective
function can be found in humor (serum), is medidtg@ntibodies, which are produced
by antibody secreting cells (ASC), in particularaghablasts and plasma cells.
Antibodies play an important role in the defensaiagt extracellular pathogens and
their toxins. Their effector function is mediated jpathogen and toxin neutralization,



complement activation and opsonization of pathog&hsis, humoral immunity refers
to antibody production and its involved processesluding cytokine production,
germinal center (GC) formation and isotype switghiraffinity maturation and

generation of the memory B cell and plasma cepoase.

This thesis deals with the following features ofrtoral immune response that play key

roles in its progression and maturation:

» extrafollicular immune response: which is respolesibr the fast production of
antibodies after antigen encounter and takes ptatgnphatic organs such as
spleen and lymph nodes (MacLennan et al., 2003)

e GC reaction: is a micro-evolutionary process whiakes place within GCs of
secondary lymphatic organs during a T cell depen(lED) immune response ,
resulting in the affinity maturation and productiohhigh affinity plasma cells

and memory B cells (MacLennan, 1994)

Each of the mentioned termini will be described endetailed in the following chapters
and their roles in the orchestration of the TD inm@uesponse will be elucidated. Prior
to that, the next section will introduce the prdisr of lymphocytes as the major arms
of the humoral immune response and illustrate thkitecture and migratory pathways

in murine lymphatic organs.

1.2 Lymphocytes and lymphatic organs

Lymphocytes are wholly responsible for the spedifienune recognition of pathogen,
so they initiate adaptive immune responses. Alldiotytes are derived from bone
marrow stem cells, but T lymphocytes then devetoihe thymus, while B lymphocytes

develop in the bone marrow (in adult mammals).

1.2.1 T cells and their types and functions

There are several different types of T cells, dm/thave a variety of functions. One
group interacts with mononuclear phagocytes angshéhem destroy intracellular
pathogens; they are called type-1 T-helper cell§tét cells. Another group interacts
with B cells and helps them to divide, differendiand make antibody; these are the
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TH2 cells. A third group of T cells is responsilite the destruction of the host cells
which have become infected by viruses or otheragdhular pathogens-this kind of
action is called cytotoxicity and these cells aemde called T-cytotoxic (Tc) cells. In
every case, the T cell recognizes antigens, but aien they are presented on the
surface of the other cell by so-called major histopatibility complex (MHC)
molecules. They use a specific receptor for thigopse, termed the T-cell antigen
receptor (TCR). This is related, both in functiordastructure, to the surface antibody
which B cells use as their antigen receptors. Tsagknerate their effects, either by
releasing soluble proteins, called cytokines, wisigmal to other cells, or by direct cell-
cell interactions (Roitt et al., 2001).

1.2.2 B cells; functions and their antibodies

Each B cell is genetically programmed to encodeurdase receptor specific for a
particular antigen. Having recognized its specdiatigen, the B cell multiply and
differentiate into plasma cells, which produce éaegnount of the receptor molecule in
a soluble form that can be secreted. This is kn@snantibody. These antibody
molecules are large glycoproteins found in the dland tissue fluids: because they are
virtually identical to the original receptor moléeu they bind to the antigen that

initially activated the B cells.

About 5.15% of the circulating lymphoid pool arec8lls identified by the presence of
surface immunoglobulin. They are constitutivelyguwoed and are inserted into the cell
surface membrane where they act as specific antemaptors. These receptors can be
detected on the cell surface using fluorochromelab antibodies specific for

immunoglobulin.

1.2.2.1 Cell surface immunoglobulin and signaling moleculetorm the B cell

receptor complex
The majority of B cells in peripheral blood exprég® immunoglobulin isotypes on
their surface, IgM and IgD. On any B cell, the gati binding sites of these isotypes are
identical. Fewer than 10% of the B cells in thecalation express IgG, IgA or IgE,

although these are present in larger numbers icifgpdocations of the body, for



example, IgA-bearing cells in the intestinal mucdsamunoglobulin associated with
other molecules on the B cell surface forms theBantigen receptor complex (BCR).
These *“accessory” molecules consist of disulphideded heterodimers of dg

(CD79a) and I (CD79b). The heterodimers interact with trans-memb segments of

the immunoglobulin receptor, and are involved ithutar activation.

1.2.2.2 Other B cell markers and subsets

The majority of B cells carry MHC class Il antigenshich are important for
cooperative (cognate) interactions with T cellseS# class Il molecules consist of I-A
and I-E in the mouse and HLA-DP, DQ and DR antigammaan. Complement receptors
C3b (CD35) and C3d (CD21) are commonly found oneBscand are associated with
activation and, possibly “homing” of these cellsDI®/CD21 interactions with
complement associated with antigen plays a rontigen induced B cell activation via
the antigen binding B cell receptor. Fc receptorseikogenous 1gG (F&Il, CD32) are
also present and play a role in negative signatntipe B cell. CD19, CD20 and CD22
are the main markers currently used to identify &annB cells. Other human B cell
markers are CD72 and CD78. The CD72 molecule Isaskesden described for murine B
cells (Lyb-2) together with B220, a high molecwegight (220kDa) isoform of CD45
(Lyb-5). CD40 is an important molecule on B cellfieh is involved in cognate
interactions between T and B cells. The combinatibB220, CD21 and CD23 can be
used to separate follicular B cells from marginahe B cells in mouse (Wang et al.,
2006).

1.2.2.3 B cell differentiation leads to the formation of pasma cells and memory B
cells

Following B cell activation, many B cells maturgédrplasmablasts, which progress to
terminally differentiated plasma cells. Some B tdao not develop rough endoplasmic
reticulum cisternae. These cells are found in G@@kae called GC B cells, which will
be accurately described in the following sectioklder light microscopy, the
cytoplasm of plasma cells is basophilic; this i® do the large amount of RNA being
utilized for antibody synthesis in the rough endgphic reticulum. Plasma cells are
infrequent in the blood, comprising less than 0df%irculating lymphocytes. They are

normally restricted to secondary lymphoid organd assues but are also abundant in
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the bone marrow. Antibodies produced by a singhsmi cell are of one specificity and
immunoglobulin class. Immunoglobulin can be viszedi in the plasma cell cytoplasm
by staining with fluorochrome labeled specific aoties. Most of the plasma cells have
a short lifespan, surviving for a view days andndyby apoptosis, whereas a subset of
plasma cells with a long lifespan has been destnibéhe bone marrow (Manz et al.,
1998; Roitt et al., 2001). Another result of the T&sponse to primary antigenic
exposure is the generation of memory B cells. Mgntrcells are characterized as
activated B cells which are cellular products af tBC response, larger than resting B
cells and antigen specific. On antigen recall, mgmm@sponse precursors expand
rapidly with exaggerated differentiation into plasmells to produce the high-titer,
high-affinity antibody that typifies the memory Bitresponse in vivo (McHeyzer-
Williams and McHeyzer-Williams, 2004). Although Ighand 1gG clones are usually
observed during the first weeks after immunizatitwe, study of long term memory has
generally focused on IgGmemory, which can be detected in low numbers séver
months after immunization. IgG is considered a raarf B cell memory and can
confer through its intra-cytoplasmic tail the silgnaecessary for long-term survival
(Dogan et al., 2009).

1.2.3 Primary lymphoid organs

Primary lymphoid organs are the major sites of lgogyte development. Here,

lymphocytes differentiate from lymphoid stem celfsioliferate and mature into

functional cells. In mammals, T cells mature in thgmus, B lymphocytes in the fetal

liver and bone marrow. It is in the primary lympthargans that lymphocytes acquire
the repertoire of specific antigen receptors ineortd cope with antigenic challenges
that individuals receive during their lifespan tihese primary lymphoid organs the cells
with receptors for autoantigen are mostly elimidatghereas in the thymus T cells also
learn to recognize self-MHC molecules. There isdence that some lymphocyte
development occurs outside the primary lymphoicaosy(Roitt et al., 2001).



1.2.3.1 The thymus is the site of T cell development

The thymus in mammals is a bilobed organ, locatettie thoracic cavity, overlying the

heart and major blood vessels. Within each lobytephoid cells (thymocytes) are

arranged into an outer cortex and an inner meduha. tightly packed cortex contains
the majority of immature proliferating thymocyteapre mature cells are found in the
medulla, implying a differentiation gradient frofmmet cortex to the medulla. There is a
network of epithelial cells throughout the lobulelsich play a role in the differentiation

process from bone marrow-derived prethymic cellm&iure T lymphocytes.

1.2.3.2 Mammalian B cells develop in the bone marrow and tal liver

Mammals do not have a specific discrete organ faeB lymphopoesis. Instead, the
cells develop directly from lymphoid stem cellstie hematopoietic tissue of the fetal
liver from 8 to 9 weeks from gestation in humansj &y about 14 days in the mouse.
Later, the site of B cell production moves from tiver to the bone marrow, where it
continues through adult life. This is also trudlef other hematopoietic lineages, giving

rise to erythrocytes, granulocytes, monocytes dailets.

B cells do not develop in indistinct domains of Hwne marrow. B cell progenitors are
seen adjacent to the endosteum of the bone lamdtiaeh B cell progenitor may
produce up to 64 progeny at the stage of immunatjlolyene rearrangement. These
migrate towards the center of each cavity and rélaeHumen of a venous sinusoid. In
the bone marrow B cells mature in close associatitim stromal reticular cells, which
contribute to their maturation by producing IL-7igére 1). The majority of B cells
(over 75%) maturing in the bone marrow, do not hete circulation, but undergo a
process of programmed cell death or apoptosis emglaagocytosed by bone marrow
macrophages. It has been suggested that B cefhaltiateractions may mediate a form
of positive selection that rescues a minority oféls with productive rearrangements
of their immunoglobulin genes from programmed ailath. Negative selection of
autoreactive B ells may occur in the bone marrowdhe spleen, the site to which the
majority of newly produced B cells are exportedingifetal life. From kinetic data, it is
estimated that about 5 x Afhurine B cells are produced each day. Since thesmo
spleen contains 7.5 x 18 cells, a large proportion of B cells must diehmbly at the
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pre-B cell stage due to non-productive rearrangésnehreceptor genes or because of

expressing self-reactive antibodies.

Lymphoid stem cells expressing terminal deoxynugididyl transferase (TdT)
proliferate, differentiate and undergo immunoglabene rearrangements to emerge
as pre-B cells which express p heavy chains icyt@plasm. Some of these pre-B cells
bear small numbers of surface | chains, assoamtadsurrogate light chainspé g and
v5. Allelic exclusion of either maternal or patermamunoglobulin genes has already
happened by this time. Once a B cell has synthedigbt chains, which may be either
K- Or - type, it becomes committed to the antigen bindipecificity of its surface IgM
antigen receptor. Thus, one B cell can make onby specific antibody, a central tenet
of the clonal selection theory for antibody prodoict A sequence of immunoglobulin
gene rearrangements takes place during B cell enjog Heavy chain gene
rearrangements occur in B cell progenitors andesaprt the earliest indication of B-
lineage commitment. This is followed by light chaarrangements which occur at

later pre-B cell stages (Figure 1).
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Figure 1: B cell development in bone marrow andsdary lymphoid organs (Strasser, 2005).

After the differentiation steps mentioned above,c@ls migrate to the secondary
lymphoid organs. Early B cell immigrants into febginph nodes are surface Ighnd

are B-1 cells. Following antigenic stimulation, or& B cells can develop into memory
cells or ASC. Surface immunoglobulins are usuatigt lin plasma cells, since their

function as a receptor is no longer required (Raitl., 2001).
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1.2.4 Secondary lymphoid organs and tissues

The generation of lymphocytes in primary lymphoicgans is followed by their
migration into peripheral secondary tissues. Treoséary lymphoid tissues comprise
well organized encapsulated organs, the spleerdyamgh nodes.(systemic organs) and
non-encapsulated accumulations of lymphoid tisgteethe mucosal associated tissue
(MALT). Systemic organs and the mucosal tissue Idhfferent functions in immunity.
The spleen is responsive to blood borne antigedspatients who have had removed
their spleen are much more susceptible to pathotfeisreach the blood stream. The
lymph nodes protect the body from antigens thatedrom skin or from internal
surfaces and are transported via the lymphatic elessResponse to antigens
encountered via these routes result in secreti@mtitbodies into circulation and in local
cell-mediated responses. It is not surprising thatbulk of the body’s lymphoid tissues
(>50%) is associated with the mucosal system, gimeas a major pathway for entry of

external antigens,. Likewise, IgA is the most atamtdmmunoglobulin in the body.

1.2.4.1 The systemic immune system: the spleen

The spleen lies at the upper left quadrant of ttaomen, behind the stomach and close
to the diaphragm. The adult spleen is around 13m8n size and weighs about 180-

250 g. Its outer layer consists of a capsule dagehous bundles of fibers which enter
the parenchyma of the organ as short trabeculaeselThtogether with a reticular

framework, support two main types of splenic tistwewhite pulp and the red pulp.

The white pulp:The white pulp consists of lymphoid tissue, thdkbof which is

arranged around a central arteriole to form théaperiolar lymphoid sheaths (PALS).
PALS are composed of T and B cell areas. The @k found around the central
arteriole; the B cells may be organized in eitheimpry unstimulated follicles
(aggregates of naive, resting B cells) or seconddiyulated follicles (which possess
GCs). The GCs also contain follicular dendritic I€e(FDC) and phagocytic
macrophages. Specialized macrophages and a subBetalls, responding to type Il
thymus independent antigens i.e. polysaccharides,faund in marginal zones, the
areas overlying the mantle of secondary follicls&acrophages and FDCs present
antigen to B cells in the spleen. B cells and otlgephocytes are free to leave and

enter the PALS vie capillary branches of the cérarterioles that enter the marginal
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zone. Some lymphocytes, especially plasmablastspass across the marginal zone via
bridges into the red pulp (Cesta, 2006).

The red pulp:This tissue consists of venous sinuses and cellthards containing

resident macrophages, erythrocytes, plateletsutpaytes, lymphocytes and numerous
plasma cells. In addition to immunological funcspthe spleen serves as a reservoir for
platelets, erythrocytes and granulocytes. Agedefdts and erythrocytes are destroyed
in the spleen. This process is carried out in #t pulp and called haemocatheresis.
These functions are possible by the vascular orgéion of the spleen. Central arteries,
surrounded by PALS, end with arterial capillariefich open freely into the red pulp
cords. Thus, circulating cells reach these cords @get trapped. Aged platelets and
erythrocytes are recognized and phagocytosed byomlagges. Blood cells that are not
ingested and destroyed can enter the blood cifonléty squeezing through holes in the
discontinuous endothelial wall of the venous sisusehereas plasma flows freely
through them.

1.2.4.2 Lymph nodes and the lymphatic system

The lymph nodes filter antigen from the interstitissue fluid and lymph during its

passage from the periphery to the thoracic ductthedother major collecting ducts.
Lymph nodes frequently occur as branches of thehatic vessels. Clusters of lymph
nodes are strategically placed in areas such aseitle axillae, groin, mediastinum and
the abdominal cavity. Lymph nodes protect the skmd mucosal surfaces of the
respiratory, digestive and genitourinary tracts.
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Lymph arrives at the lymph node via several affehgmphatic vessels, and leaves the
node through one efferent lymphatic vessel at thes.hAs shown in Figure 2, a typical
lymph node is surrounded by collagenous capsuléicRatrabeculae together with
reticular fibers support the various cellular comguts. The lymph node consists of a B
cell area (cortex) a T cell area (paracortex) aedrdral medulla, consisting of cellular
cords containing T cells, B cells, abundant plasoetis and macrophages. The
paracortex contains many antibody presenting ¢&RCs) which express high levels of
MHCII surface antigens. These are cells migratimognf the skin (Langerhans cells) or
from mucosa (dendritic cells), which transport @ssed antigens into the lymph nodes
from the external and internal surfaces of the bddhe bulk of the lymphoid tissue is
found in the cortex and the paracortex. The patagocontains specialized post
capillary vessels — high endothelial venules (HE\At allow traffic of lymphocytes out
of the circulation into the lymph node. The medudiaorganized into cords, separated
by lymph (medullary) sinuses which drain into antaral sinus, the origin of the
lymphatic vessel. As the lymph passes across tesfsom the afferent to the efferent
lymphatic vessels, particulate antigens are remolgdthe phagocytic cells and

transported into the lymphoid tissue of the lymplda

The cortex contains aggregates of B cells in then fof primary and secondary follicles,
whereas the T cells are mainly found in the patagorThus, if an area of skin and
mucosa is challenged by a T-dependent antigen,|yimph nodes draining that
particular area show active T cell proliferationtive paracortex. Germinal centers in
secondary follicles are seen in antigen-stimul&etbh nodes. These are similar to the
GCs found in the B cell areas of the splenic PAhS KALT.

1.3 Activation of B cells by T-independent antigens

Naive mature B cells are free to exit the bone avaand migrate into the periphery. If
these cells do not encounter antigen, they dieinvdhfew weeks by apoptosis. If they,
however, encounter specific antigen, they undergtvation, proliferation and
differentiation leading to the generation of plastefis and memory B cells

There are a small number of antigens activatin@Ii& evithout MHCII restricted T cell

help, referred to as T cell independent (TI) amgydmportantly, many Tl antigens are
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particularly resistant to degradation. Tl antigeas be divided into two groups (TI-1
and TI-2) based on the manner they activate B.c&lld antigens are predominantly
cell wall components. The prototypical TI-1 antigenlipopolysaccharide (LPS), a
component of the cell wall of Gram-negative baetefil-2 antigens are predominantly
large polysaccharide molecules with repeating antig determinants. Bacterial cell
wall polysaccharides, polymeric bacterial flagellmd poliomyelitis virus are examples
of such. Many TI-1 antigens possess the abilitljigh concentrations to activate B cell
clones that are specific for other antigens, a phmmon known as polyclonal B cell
activation. However, in lower concentrations theyyoactivate B cells specific for
themselves. TI-1 antigens do not require a secayhls TI-2 antigens, by the other
hand, are thought to activate B cells by clusteend cross-linking Ig molecules on the
B cell surface, leading to prolonged and persisgghaling. TI-2 antigens require
residual non-cognate T cell help such as cytokirfesveral signal transduction
molecules are necessary for mediating T-indeperalgigen response in B cells. These
include CD19, HS1 protein, lymphotoxim, and TNF. Primary responses to TI
antigens are slightly weaker that those to TD amsgand generate mainly IgM. The
secondary response to Tl antigens resembles tihmagyriresponse, thus does not induce
a maturation leading to class switching or incnegighe antibody affinity. This is most
likely due to the lack of CD40 activation. Memonyduction to Tl antigens is also
relatively poor. However, they have the advantageeong rapid, as they do not depend
on complex interactions. Tl antigens mainly actvtdte B-1 cells found mainly in the
peritoneum. These B-1 cells can be identified bsirtlexpression of CD5, which is
induced upon binding to Tl antigens.

1.4 Activation of B cells by T-dependent antigens

In the late 1960s Mitchison and others showed thanhduce an optimal secondary

antibody response to a small chemical group ordmjthe experimental animal must be
immunized with the same hapten-carrier conjugabé just the same hapten. This was
referred to as the carrier effect. Furthermoreyas shown that Th cells recognize the
carrier, whereas B cells recognize the hapten.@nsequence of this system is that an

individual B cell can receive help from T cells sjfie for different antigenic peptides,
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provided that the B cell can present those deteant:nto each T cell. In an immune
response in vivo, it is believed that the intei@usi between B cells and T cells which
drive B cell division and differentiation involve Tells that have already been
stimulated by contact to the antigen presented tbercAPCs. Antigen entering the
body is presented by cells which present the antigéighly immunogenic form to the
Th cells and B cells. The T cells recognize detaant on the antigen which are distinct
from those recognized by the B cells. Two processesequired to activate a B cell: i)
antigen interacting with B cell Ig receptors. Thigolves naive antigen, ii) stimulating
signals from Th cells that respond to processedgemtbound to MHCII class
molecules. The initial interaction between a ndveell and a cognate antigen via the
BCR in the presence of cytokines or other growimwi induces activation and
proliferation of the B cell. This then leads to geesing of the TD antigen and
presentation to T cells. The interaction betweesnd B cells is a two way process, in
which B cells present antigen to T cells and reeasignals from the T cells for division
and differentiation. The central, antigen spedifiteraction is that between the MHC
class ll-antigen complex and the TCR. It is knowattCD40, a member of TNF
receptor family, delivers the most potent activgteignal to B cells, even more potent
that signals transmitted via surface Ig. Upon atibn, T cells express CD40L, which
interacts with CD40. This interaction helps to dr® cells into cell cycle. Transduction
of signals through CD40 also induces upregulatib@B80/CD86 and thus, provides
costimulatory signals to the responding T cellsgndling through CD40 is also
essential for GC development and antibody respaieséB antigens. This is confirmed
by hyper-lgM syndrome, an immunodeficiency deceaaesed by a genetic mutation of
CD40L. This disorder is characterized by a failtodorm GCs and absence of isotype
switch to IgG, IgE or IgA production (Roitt et a2001).

1.5 Selection, survival and differentiation of B cellsn the T-
dependent immune response

Immunization results in a limited number of B-celbnes being activated. Excluding
factor such as location within the body as a vagiathe distinction between those B

cells that respond to the antigen and those whichad, seems to be made on basis of
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affinity for cognate epitopes. There is clearlyheeshold for activation below which B
cells remain ignorant of challenge. There is algmiBcant competition among those
above this threshold. Thus, while low affinity Blsenitiate a response and give rise to
characteristic TD GCs and foci of plasma cellss tihily occurs in the absence of higher
affinity competitor B cells (Dal Porto et al., 1998Bhih et al., 2002). This competition
does not mean that only a single clone will pgrate, but does result in pauci-clonal
responses (Jacob et al., 1991). Thus, alreadyistetrliest stage of the response,
selection operates to ensure that clones with ifteebt affinity for antigen are enriched
among the responding population. Importantly, tisisnot an absolute measure of
affinity but a relative one such that the respotis# is initiated represents the best

possible.

1.5.1 The extrafollicular response

The initial interaction of antigen-specific B celgth T cells at the T/B cell zone
borders of secondary lymphoid organs leads to ¢ation of the B cell differentiation.
One pathway leads into the follicle and the fororatof GCs, while the alternative
pathway leads to the development of plasma cellifothe extrafollicular regions. This
happens either at the bridging channels of spleealang the medullary chords of
lymph nodes (MacLennan et al., 2003). Early workreking the variable (V) region
gene structure of the B cells in foci and adjadefdts concluded that the same clone
could establish both, thus interpreted that theyewit B cell clones into GC and foci is
rather stochastic (Jacob et al., 1991). Howevdrerotvork has noted a significant
difference in the length of the third complementdegermining region (CDR3) of the
VH genes of early GCs compared to contemporanetasna cells, presumed to be
extrafollicular because of the early stage of tegponse (McHeyzer-Williams et al.,
1993). While the CDR3 length did not lead to difier affinity, the results were
interpreted such that a shorter CDR3 provides acteé advantage. An equivalent
study showed that the foci were relatively hetersgeis in their VH gene
representation while the GCs were more restrickbalvever, definite evidence was
provided by Brink and colleagues by adoptive transikperiments (Paus et al., 2006).
They found that high affinity interactions prefetialy induced differentiation along

the plasma cell pathway, while the lower affinitytaractions induced the B cells to
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form GCs. However, it should be remembered thathiir work affinity was not
measured but rather inferred. A discordant resal wrovided by Shih and colleagues
in which two types of engineered B cells with diéfet affinity for one antigen were co
transferred into recipients and then exposed tigemt(Shih et al., 2002). In this
system, however the high affinity receptor domidatee GC response from early time
points and increased the dominance as the respoogeessed. However, there was no
indication in this study of the representation dfedent affinity B cells in the plasma
cell foci. There are of course different experina¢istystems using different antigens, a

protein in one (Paus et al., 2006) case and a mapthe other (Shih et al., 2002).

1.5.2 The GC reaction

While the foci of plasma cells are short-lived, thikernate differentiation pathway
leading to GC formation results in the formationlarfg lived antigen specific clones.
These cells comprising the memory B cell and plassiacompartment are enriched

for improved affinity, as results of selective exp@n of B cell clones.

The GC initially contains only dividing centroblastShortly thereafter, the GC
polarized into a dark zone containing centroblastd a light zone containing non
dividing centrocytes. Centroblasts rapidly prolfier within the dark zone and
downregulate their surface immunoglobulin. Somatiypermutation of the

immunoglobulin V genes generates diversity by gjviise to variants with different

affinities from one single clone. Many of these atigns will be deleterious to the B
cell, leading to either an unexpressible receptane with greatly reduced affinity for

antigen, such that it will be unable to bind. Otlekanges, however, will result in
improved binding of antigen. Recently it was shatlvat somatic mutations not only
can improve affinity but can also lead to stabti@a of the BCR (Weiser et al., 2011).
The rate of somatic mutation in Ig genes is ab@dtd 10" higher than the spontaneous
rate of mutation in other genes, a fact that samhyipermutation owes its name.
Merging the estimated rate of somatic hypermutat{p@bp per cell/generation)

(Clarke et al., 1985) and the total number of hzses encoding the variable region of

the antibody (n=700) results in an average ratermftation/cell division.
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Following these developmental changes, the cerdstdlmigrate to the light zone
where antigen is presented on the surface of FDdsgave rise to centrocytes which
express surface Ig BCR. In the light zone, centexgncounter antigen from the FDCs
and T cells interact with centrocytes through stefanolecules such as BCR, CDA40,
CD80, CD86, ICAM-1, VCAM-1 and others. While thecocrence of somatic mutation
and the retention of high affinity clones are weticumented, the means by which
individual clones are selected remains unclearrd hemain two conundrums. First, the
improved affinity of GC B cells late in the respengplicates antigen binding as the
selective criterion. This suggests that clonesiwithe GC compete for limited amount
of antigen; however, the experimental data suppgrtinis view directly remain weak.
In fact, reducing antigen to extremely low levelada little difference to B cell
selection compared to situations where antigexéessively available (Hannum et al.,
2000). However, this may be context dependentesanmilarly designed experiments
using a different system produced results condistéth antigen levels (Gonzalez-
Fernandez and Milstein, 1998).

The second conundrum surrounds the pathway thatatesdB cell selection. Upon
antigen binding, the BCR transmits a signal whicluld change depending on the
affinity of binding. Alternatively, selection couldperate depending on T cell help.
High affinity BCR may lead to increased antigen taapg, thus more peptide is
presented on the B cell surface in the context biiM to the Th cells. In this scheme,
GC B cells are not competing for the antigen aldnd, rather for access to T cells
(Tarlinton, 2008). Recently, in vivo imaging of G&Ccells has shown that they pause
only briefly when in contact with FDCs, but rem&m much longer in contact with the
limited number of T cells (Hauser et al., 2007; Bickert et al., 2009; Beltman et al.,
2011). These data suggest that selection withirGeis mediated by competition for
access to T cells and indirectly for binding toigen in terms of delivering a survival

advantage to B cell binding antigens.

1.5.3 Memory B cells and Plasma cells
The output of the GC reaction is long lived memagmprising of circulating memory
B cells and sessile plasma cells mainly locatechiwithe bone marrow. Whereas

plasma cells are well defined, the resolution ofmory B cells from antigen specific B
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cells outside the GC remains intricate. In the finstance, one has to resolve them from
antigen binding naive B cells. The simplest waydhieving this is to choose antigen
reactive cells which have undergone class switcbmdination, as isotype switch is a
post activation feature of the B cell response. E\av, there are well defined IgM
memory B cells in human and in mouse (Klein et #98; White and Gray, 2000),
such a population would be excluded by the statedlitions. Therefore, Tarlinton and
colleagues claim that distinguishing the memoryeB subset from other cell types with
100% efficiency is only possible by examining they®hes for the presence of somatic
mutation (Tarlinton, 2008). However, the somatipéynutation in memory B cell has
been a matter of debate, although some work suggyesimatic hypermutation to occur
in memory B cells during the first weeks of GC teat (Siekevitz et al., 1987), others
assigned them the ability of undergoing new rouhdhypermutation upon antigenic
stimulation (Berek and Milstein, 1987). A consensosv exists that suggests memory
B cells are formed during the early phase of ther€Ction, with some of them bearing
unmutated V gene segments. Yet somatic mutatiorcoatinue until the GC reaction
wanes out, with the corresponding centroblastsraatating more mutations that their
memory B cell counterparts (Ridderstad and Tanintt098; Takahashi et al., 2001,
Anderson et al., 2007).

Furthermore, the impact of antigen presentatiohensurvival of memory B cells was
subjected to a lot of controversies during the yastrs. Several groups has reported that
homeostasis of memory B cells is dependent of g@reigtence of antigen in secondary
lymphoid organs (Gray and Skarvall, 1988), (Bachmanal., 1996). Contrary, it has
been shown that memory B cells can survive in theeace of their antigen (Schittek
and Rajewsky, 1990).

Recently, Weill and colleagues delivered the irdting finding that B cell memory can
be composed of several layers, with an antigenpecgent layer located outside the
follicles in spleen, blood and lymph nodes and amigan dependent layer of
proliferating centroblasts in GC like structurestiB of these layers were composed of
IgM™ and 1gG1 cells. After challenge, the IgGsubset showed immediate effector and
protective functions, whereas the Igiklls migrated into GCs and were capable of

switching into 1gG1. Thus, the Ighsubset did not contribute much to the immediate
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antibody line of defense, but instead, induced &ydel effector response after

encountering further antigen (Dogan et al., 2009).

Memory B cells, however, can be functionally digtilshed from the long lived plasma
cells. Long lived plasma cells are terminally diffietiated cells that are produced by
continually produce high affinity antibody and tivetl not be drawn into a secondary
response (McHeyzer-Williams et al., 2006). Thesdlscgenerate higher affinity
antibodies through affinity maturation (Radbruclalet 2006). Acute ablation of the GC
by anti CD40 treatment halts generation of new mka<sells and prevents further
improvements of antibody affinity (Takahashi et 4098).

Plasma cells are identified by syndecan-1 surfapeession, have an extensive rough
endoplasmic reticulum (ER), and are enriched withired pulp of the spleen, in the
medullary cords of the lymph nodes, and in the boaerow. The precursors of plasma
cells are called plasmablasts; these are dividatig that are found in the B cell follicles
in addition to red pulp and medullary chords, bot in the bone marrow. Plasma cells
and plasmablasts are collectively referred to ashaaly secreting cells (ASCs) or
antibody forming cells (AFCs) based on their abiti secrete antibody, which is often
class switched. Plasma cell differentiation is daelemt on a key transcriptional
repressor, BLIMP-1, which inhibits many B cell lage and GC specific genes. By
expressing Pax5, BLIMP-1 allows expression of XBPal transcriptional factor
essential to survive ER stress associated with imeastibody secretion. It was shown
that BLIMP-1 is an early marker of plasma cell depenent. Plasmablasts express
lower levels of BLIMP-1 than fully differentiatedgsma cells and are heterogeneous

for syndecan-1 expression.

Within secondary lymphoid organs, both short lieedl long lived plasma cells localize
to medullary cords in lymph nodes and within the pellp of the spleen, where they are
thought to secrete antibody. Within these anatdouations, plasma cells are largely
sessile. Plasma cell migration to these regionsneasr been visualized directly, but
chemokines receptors are thought to play a rolaussr expression of CXCR4, CCRS,
and EBI2 increases and CXCR5 is reduced duringn@asell differentiation. In

addition, in vitro experiments have shown chemataxi spleen red pulp PCs to the
chemokines S1p and CXCL12, which are ligands ofl&s1p3 and CXCR4 receptors,
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respectively. Consistent with this idea, CXCL12xpressed in red pulp and medullary
cords, and genetic ablation experiments showed @GR4 deficient plasma cells
failed to accumulate in red pulp or bone marrowwete enriched in blood and normal
in lymph nodes, compared to CXCR4 sufficient cedlgggesting a role for CXCL12 for
plasma cell homing (Fooksman et al., 2010).

Long lived plasma cells egress from lymph nodes, lmoming to the bone marrow is
critical for their long term survival. S1p expressiis high in blood and low in
secondary lymphoid organs, providing a gradient thay be used for egress (Schwab
and Cyster, 2007). Intercellular adhesion moledu@€AM-1) is highly expressed in

medullary cords, which are the exit sites of plaselés from lymph nodes.
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2 Objectives

Germinal centers are transient structures thatamneed in response to TD antigens in
secondary lymphoid tissues. The major function 6fsGs to ensure sustained immune
protection and rapid recall responses against enemed antigens by production of

high-affinity antibody secreting plasma cells anelnory B cells.

The main objective of this thesis is to describe itimgration pattern and dynamics of
GC-derived B cells subsets upon challenge with NPtKproviding a comprehensive
overview of the GC response.

In a nutshell, this work has the following specHims:

» Characterization of the B cell-specific developnaéprocesses occurring during
the GC reaction.

0 An extensive kinetic of GC B cells, memory B cedisd plasma cells
will  be conducted by multi-color flow cytometric @n
immunofluorescence microscopy methods in the coafgarimary and
secondary immune response of C57BL/6 mice to NP-KLH

o In order to delineate the GC response, the GC Baral plasma cell
compartment in spleen, blood and bone marrow wallresolved into
subsets, based on the differential expression wéldpmental markers,
surface immunoglobulins and hapten-specificity.

» Establishment of an efficient transfer system obll derived B cell subsets.

o In order to predict the occurring processes withitwild type” system,
an efficient experimental procedure will be eswst#d allowing
transferring as few cells as possible.

o To address the impact of the state of the immurspomse on the
migration and differentiation of B cells, donor lseWill be transferred
into recipients at an early stage and shortly leetbe peak of the GC
response.

* Last but not least, the results will be discussedhe light of the current

theoretical models for the formation and progrdst® GC response.



3 Materials and methods

3.1 Buffers, reagents and solution

Buffer/Solution

Components

50xTAE buffer

242 g/L Tris, 57.1 ml/L 96% acetia&cl0% EDTA 0.5
pH 8.6

FACS buffer

PBA, 4nM EDTA, pH 8.0

PBA

PBS, 0.5% BSA (Fraction V, Sigma)

PBS

130 mM NaCl, 10 mM sodium phosphate buffer

Blocking buffer

PBS, 5% BSA, 0.1% Tween-20, 10%s&tum

Washing buffer

PBS, 5% BSA, 0.1% Tween-20

TNT washing 0.1% Tris/HCI pH 7.5, 0.15 M NacCl, 0.05% Tween-2
buffer

TNT blocking 0.1% Tris/HCI pH 7.5, 0.15 M NacCl, 0.5% blocking
buffer reagent

Transfer buffer

PBS, 10 mM Hepes, 50 U/ml penitiitreptomycin,
2.5% ACDA
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immunofluorescence

3.2 Antibodies and reagents for FACS and

Specificity | Clone | Conjugate Origin
B220 RA3.6B2| A405 eBioscience
CD138 281-2 PE BD Pharmingen
PNA FITC Vector Labs
NIP - PE Self made
CD38 APC eBioscience
IgG1 Bio BD Pharmingen
IgM A700 House made
CD22.2 Cy34.1 Bio BD Pharmingen
MHCII M5/114 APC Ebioscience
DAPI Molecular probes
Bcl-6 GI191E purified eBioscience
Ki67 TEC-3 Dako
CD3 KT-3 ABD Serotec
F4/80 House made
SA A546 Mol. Probes
Kappa 187.1 A405 BD Pharmingen
Lambda JC5-1 BD Pharmingen
TSA Kit Perkin Elmer
IgG (a rat) A647 Invitrogen
CD45.2 104 APC eBioscience
CD45.1 A20 A700 eBioscience
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3.3 Mice, antigen and immunizations

Six to 8-wk-old female C57BL/6 mice were from Theckson Laboratory. All animal
experimentation protocols were approved by thevegle Animal Ethics Committee.
Primary immunization was with a single i.p. injectiof 100 pl NP coupled to KLH in
the ratio of 1:23 (purchased from Biocat) in Aluobiained from Thermo Scientific).
The secondary response was elicited by i.p. imnatioz of mice which were primarily
immunized at least 6 wk before with 50 pl NP-KLHAumM.

3.4 Immunofluorescence

A major challenge of this thesis was to establisiga-throughput immunofluorescence
staining system which allows the detection of ®ndbnor cells and their subsequent
evaluation with respect of their morphology and alomation in several whole
cryosectioned mesenteric lymph nodes. To serve ntleationed purpose, applied
standard protocols were modified and adapted tonwvential signal amplification

systems. A comprehensive description of these potdas given as follows:

Mesenteric lymph nodes were immersed in OCT ang-fioaen in liquid nitrogen.
Tissue sections of 8-um thickness were cut in @stag and fixed with acetone. For
detection of GC B cells Ki67 (DAKO)g rat IgG-Alexa647 (BD) and B220-A405
(Ebioscience) were used. Isotype switch was shoitim yG1-FITC (BD) and plasma
cells were detected with anti Kappa and Lambdabadies (BD). T cells were
identified with CD3-A488 (Serotec). Follicular deiidt cells were stained with M2-
A546 (donation of Berek laboratory) or CD21-A54@®\{se manufactured) and antigen
specific cells were visualized with PE conjugated® Nhouse manufactured). Donor
CD45.Z cells were detected with CD45.2-bio antibody (Bbience). For multiple
signal amplification TSA cyanine 3 System (PerkmEt) was used. Images were
acquired with confocal microscope (Zeiss) and pegwere analyzed with ZEN, Image
J and Adobe Photoshop software.

Standard protocol for immunofluorescence staining:

* Acetone fixation of tissue sections:
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NOTE: if fluorescent proteins are to be visualizadsitu, acetone-fixation does not
work, use PLP-fixation instead.

Consecutive sections were cut with 7 um thicknéigated to poly-I-lysine coated
slides (positively charged, for example Fisher $uUpest Plus) and allowed to dry at
room temperature (RT) for 15-30 min. Slides wertipto ice-cold acetone for 10 min

and allowed to dry at room temperature over niBhied slides can be stored at -80°C.

e  Stainings of tissue sections:

Sections were allowed to warm up to room tempeeafiirstored at -80). A line with
PAP pen was drawn around the sections and alloweliyt for 10 min. This prevents
antibody dilutions from spreading all over the sli&lides were rehydrated in PBS for
20 min. A blocking step was performed using blookuson for 20 min. Liquid was
tapped off and 100-200 pl of primary antibody mixwashing buffer was carefully
applied on the tissue. Stainings were incubated®min in a humidified chamber and
washed afterwards by adding ~100 pl washing bdidiet0 min. This step was repeated
3 times. If necessary, a secondary reagent wabated on washed tissue for additional
60 min. After 3 wash steps liquid was tapped off06 ul fluoromount G (Southern
Biotec) was added and slides were carefully coveridiia cover slip.

For intracellular staining such as Ki67, tissue \imated with 1% cytofix (BrDU Kit,
BD Pharmingen) in PBS for 20 min prior to firstistag with antibodies. Slides were
washed in PBS on a shaker at room temperatureGanih. Cells were blocked for
unspecific binding and stained with the primaryilaomdies. After the washing, the tissue
was permeabilized with 1% Na-Citrate and 1% Tri¥6A00 (in HO) 10 min on ice.
Slides were washed extensively and stained wittY Kiis PBS/BSA/Tween) for 60 min.
After 3 wash steps, tissue was incubated with s#egnantibody ¢ rat 1IgG-Alexa647,
for instance) for 60 min. Slides were washed anceiedl as described in the standard

procedure.

Modified protocol for staining of acetone fixatadsue with TSA signal amplification

system in combination of Bcl-6 or Ki67 intracelluktaining:

Sections were allowed to warm up to room tempeeafiirstored at -80). A line with
PAP pen was drawled around the sections and alldavedy for 10 min. This prevents
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antibody dilutions from spreading all over the sli&lides were rehydrated in PBS for
20 min. Tissue was permeabilized by incubation ii@i® pl cytofix (BrdU flow Kit,
BD)/slide for 20 min followed by an extensive wasgthp in a with PBS filled container
placed on shaker for 10 min. Endogenous peroxidesequenched by 0.3 %6, in
PBS for 10 min. KO, was removed by a wash step in PBS/BSA/Tween (s280pis
standard protocol). Endogenous biotin was quenciséng avidin/biotin blocking Kit
(Vector Labs). An additional blocking step was peried using TNB block solution for
20 min. This step can be combined with the biaticubation step. Liquid was tapped
off and 100-200 ul of primary antibody mix in TNTashing buffer was carefully
applied on the tissue. Stainings were incubated®min in a humidified chamber and
washed afterwards by adding ~100 ul TNT for 10 rilims step was repeated 3 times.
Next, 100 pul SA-HRP (1:100) in TNB buffer was applion slides and incubated for 30
min. An additional wash step with TNT buffer wapeated 3 times. To amplify the
detection signal tyramid solution (1:50) was indeldaon tissue for 5 min and removed
with a 3 times wash step (TNT buffer). After waghirthe tissue was permeabilized
with 1% Na-Citrate and 1% Triton X-100 (in®) 10 min on ice. Slides were washed
extensively (TNT) and stained with Ki67 (in PBS/B3#een) or likewise Bcl-6 for 60
min. If necessary, after 3 wash steps, tissue nasbated with secondary antibody (
rat IgG-Alexa647, for instance) for 60 min. Aftewgash steps liquid was tapped off,
~100 ul fluoromount G (Southern Biotec) was added slides were carefully covered

with a cover slip.

3.5 Adoptive transfers

Total blood from C57BL/6 mice was collected viaroebrbital bleeding 8 days after
immunization with NP-KLH. Lymphocytes were isolatedth Histopaque (Sigma
Aldrich) according to producer’s protocol. MaturecBlls were negatively enriched by
adding an erythrocyte specific antibody (Ther-1t®}he standard EasySep untouched
B cell isolation Kit (StemCell Technologies) and difation of the biotin selection
and antibody mix components to 1.25% of the origyn@commended volumes in the
protocol. IgM’, 1IgG1" potential memory and GC B cell subsets were FAQ8d after

exclusion of IgD B cells, CD138 plasmablasts and plasma cells (DUMP channel) with
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BD Diva FACS-SORT facility and transferred into Cb2 recipients immunized either
4 or 8 d before. Approximately 3 x 108 x 1F cells were transferred per recipient. In
control experiments £lood-derived IgD B cells were transferred. Spleen and bone
marrow were analyzed with flow cytometric metholkesenteric lymph nodes were

isolated and prepared as described for immunoftowerece analysis.

3.6 Flow cytometry

To stain lymphocytes for multi-parameter flow cytetny analysis, cells suspended in
PBS/BSA were added to 20 pug antiylR to prevent unspecific staining mediated by
FcR binding. The following antibodies were addedthie cells; B220 (RA3-6B2)-
pacific blue, PNA-FITC (Vector), NIP-PE (house mtautured), IgG1l-biotin (BD
Biosciences), SA-PerCPCY5.5 (Ebioscience), CD38-Afbioscience), IgM-A700
(house manufactured), Lambda-FITC (BD Bioscien€d)138-PE (BD Bioscience),
CD22.2-biotin (BD Bioscience), MHCII-APC (eBiosci), Kappa-A700 (house
manufactured) and incubated 20min on ice. For éethalar staining, cells were washed
with PBS/BSA, fixated with Cytofix/Cytoperm (BD Bsciences) and washed with
Perm/Washing buffer (BD Biosciences). For measurgmeells were suspended in
PBS/BSA/EDTA. Flow cytometric analysis was perfodnen BD LSRIl flow
cytometer. All samples were fluorescence compedsaigh positive controls to
exclude spectral overlap. A total of 4x°16x 1 cells were analyzed per sample. Data
were acquired using DIVA software (BD Biosciences)d analyzed with Flow Jo

software (Tree Star).
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4 Results

4.1 Kinetic of NP-KLH specific response after primary and
secondary challenge

4.1.1 Differences in absolute lymphocyte numbers of C57BB mice
after primary or secondary challenge do not correlée with the
state of immune response

To better understand the differentiative proceséds cells occuring during the murine
immune response, multiparameter flow cytometriclymms of B cell subsets from
different organs of C57BL/6 mice challenged with -KPH was performed at
consecutive time points following primary and sedamy immunization (Figure 3). To
facilitate subsequent phenotypic characterizatibnvarious stages of the primary
immune response, lymphocytes numbers were recontedifferent organs. Using
MACS Quant technology, lymphocytes from spleen,otllcand bone marrow of
C57BL/6 mice were identified and enumerated 4-5@sdafter intra peritoneal (i.p.)
immunization with NP-KLH in alum. The counted calimbers of the organs did not

uniformly increase at the peak and decrease wigmaation of the immune response.

1th Immunization 2nd Immunization
with NP-KLH/alum with NP-KLH/alum

1 1 1 1 .1 1 1 1 ]
c57BL/6 d0 d4 d8 d12d16 d50 d4 d8di12d16 d50

days p.i.

Figure 3: Experimental setup for NP specific immuresponse after primary and secondary
immunization. Six to 8 wk old mice were immunizeg. iwith 100 ug NP-KLH in alum. Spleen, pooled
blood and bone marrow were isolated at 5 consesutime points after primary or secondary
immunization, harvested and processed to singlesuspensions. Cells were stained with two differen
antibody cocktails and analyzed with flow cytometry

As shown in Figure 4A, at day 50 after primary tdvade splenic lymphocytes had
increased and were significantly higher than lyngyt® numbers of naive animals and
those analyzed at day 12 after immunization. Inebmarrow, a significant decrease of
numbers was observed comparing day 4 and day 8abyl2 however, the measured

numbers dropped to approximately 4 Xdr@d remained mostly unchanged until day 50
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p.i. Counting of lymphocytes recovered from blodawed a slight increase at day 8
p.i. Since due to limited lymphocyte numbers podikxbd had to be used, no statistical
analysis could be performed, thus, the significaote¢he latter observation remains

unclear.

Figure 4B shows that in contrast to the primaryllenge, lymphocyte numbers in
spleen peaked at day 4 after secondary immunizaaiber a significant decrease at day
12, splenic lymphocytes continuously increased tdwaday 16 and day 50 after
immunization. Analysis of the bone marrow companmeevealed that the resident
lymphocyte population underlies minor changes owae. However, a significant

increase of lymphocyte numbers was observed betvdegn16 and day 50 after

secondary challenge.
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Figure 4: Absolute numbers of lymphocytes in splddood and bone marrow of C57BL/6 mice at 5
consecutive time points after primary (A) and sefzoy (B) immunization. Spleen, collected blood and
bone marrow of immunized and unimmunized groupmike were isolated, harvested and prepared for
FACS analysis. Absolute numbers of lymphocytes fieanh organ of mice were determined by MACS
Quant analyzer at day 4, 8, 12, 16 and 50 afterummnation. Significant differences of obtained sell
numbers were determined with 2Way Anovaquals P < 0.05. equals P < 0.01 and equals P <
0.001. Each point represents one mouse. Blood sam@re pooled from groups of 6 mice and measured
in two independent experiments, thus only two exdangles are depicted at each time point

To determine whether an efficient and specific NBHKmmune response was induced,
frequencies of hapten-binding B cells from NP-KLkhnmunized animals were
determined by their binding to NIP-PE and compadcethe obtained frequencies from

naive animals (Figure 5). The results confirmednaluced NP response, reflected in a
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newly generated B22NIP binding population as soon as 4 days posteatge. This
population peaked at the analyzed time points betwi?-16 days after immunization

and had declined by day 50 p.i.
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Figure 5: Kinetics of B2ZINIP* population elicited by NP-KLH immunization. On tiedicated days
post immunization, splenocytes from animals chaiehonce (A) or twice (B) with NP-KLH were
isolated and mononuclear cells were stained witBB2405 and NIP-PE. The first dot plot represents
the B220 and NIP staining of naive lymphocytes illudtrates background staining directed again$.NI
Numbers within the dot plots are percentages dilgianononuclear cells with a B220P" phenotype
observed at the respective time point and are septative of 3 independent experiments with 4 ririce
each group.

To further analyze the effect of immunization witi?-KLH on the architecture of the
lymphoid tissue, mesenteric lymph nodes of immuhizaice were isolated at
determined time points and tested for binding to G@ecific markers by

immunofluorescence microscopy (Figure 6A). The wigtd results confirmed previous
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studies conducted in the spleen (Figure 5). Smidih Binding GC structures were

detected within the B cell follicle as soon as #gafter immunization. These structures
grew is size and were subsequently easier detectabthe response progressed until
day 16 p.i. However, hapten-specific GCs were Vized as early as 1 wk after

challenge (Figure 6B) and were detectable througlatlusubsequent analyzed time
points.

A

d4 p.i. ds p.i. d12 p.i. d16 p.i.

Figure 6: Immunofluorescence analysis of GCs witliasenteric lymph nodes elicited by NP-KLH
immunization. Lymph nodes were isolated and prepame consecutive time points after primary
immunization. GCs were visualized with PNA with pest to the B cell zone and T cell zone.
Representative pictures were taken at 4, 8, 121&ndays after primary immunization (A). Picture B
shows an overlay of a hapten-specific GC, deteatethy 12 after primary immunization by incubation
with NIP-PE, B220 and PNA (B). Pictures were taketh 20x magnification.

4.1.2 Kinetics and maturation of NP-KLH induced B cell sibsets
during primary and secondary immune response

To characterize the fate of post-GC B cell popalaj spleen, blood and bone marrow
were examined by flow cytometry for binding to ardmnation of different antibodies.
Animals were examined at 4, 8, 12, 16 and 50 ddier arimary and secondary
immunization and compared to naive controls. Spleéod and bone marrow were
harvested; leucocytes were recovered and staintdawdocktail of different antibodies.
Detected lymphocytes by forward and sideward scattere partitioned into B220

expressing and not expressing cells. Among thetipesipopulation, cells were
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identified that bound high amounts of PNA, thusev&C B cells (Figure 7A). Further,
detected GC B cells were analyzed for expressio@@38, IgG1, IgM and binding to
NIP. Among B220 expressing B cells, frequenciesNt® binding, CD38IgG1" or
CD38'IgM" cells were determined (Figure 7B, referred togi31l and IgM™ B cells).
In a parallel approach, detected lymphocytes wartitipned into CD138cells that did
or did not stain with a cocktail of B220, CD22.2HK2Il and Lambda (Figure 7C).
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Figure 7: Identification of different B cell subseaturing the NP-KLH specific immune response. Splee
pooled blood and bone marrow (femur and tibia) mmunized C57BL/6 mice were isolated and
lymphocytes were recovered. Single cell suspensimre stained either with B220, PNA, NIP, CD38,
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IgM and 1gG1 for the detection of different B cellibsets, or with B220, CD138, CD22.2, MHCII,
Lambda and Kappa for identification of plasmablastd plasma cells, respectively. From each sample 5
x 10 ° lymphocytes were analyzed with flow cytometry. ®atepresent gating strategy of one
representative lymphocyte sample from spleen at&lafter primary immunization. GC B cells were
detected among lymphocytes by expression of B220bamding high amounts of PNA. GC B cells (A)
and B220 expressing B cells (B) were further aredyfor the expression of CD38, IgG1, IgM and
binding to NIP. CD138B220 expressing (C, first and second pot) or ngressing (C, first and third
plot) cells were examined for expression of CD2RIRICIl and Lambda.

As shown in Figure 8, B220PNA" cells, previously defined by flow cytometry and
immunofluorescence as GC B cells, appeared in s@secarly as day 4 after primary
immunization, reached their maximum frequency by @12 p.i. and decreased
slightly afterwards. GC B cells could still be idiéied into the seventh week
postimmunization. Kinetics of the GC reaction dgrithe secondary response differed
from the primary response, as the peak was redoftseeen days 4 and 8. Importantly,
a population of B220PNA" cells was also seen in blood (Figure 8), and tkieietics
resembled the kinetics of splenic GC B cells. Suells were also found in naive
animals but increased to higher numbers upon impation. However, the question
whether these newly detected blood-derived B2RBIA" cells originated from the

follicle and are bona fide GC B cells will be adsked in the following sections.
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Figure 8: Kinetics and maturation of B cell subghisng primary or secondary immune response. 8plee
(first row), blood (second row) and bone marrowrgtrow) of C57BL/6 mice were isolated at regular
intervals after primary (A, C, E) or secondary (B, F) immunization and compared to naive controls.
Frequencies of GC B cells, hapten-binding, {g& IgM* B cells, plasmablasts and plasma cells within
the lymphocyte population are shown. Bar graphsessmt means +/- SD. 8 mice were analyzed at each
time point. Statistical significance was testeddpleen and bone marrow by One-way Anova.

A population of hapten-binding B cells appearedtectable levels as soon as 4 days
after immunization in all analyzed organs and waly gsubjected to minor changes in
frequency across analyzed time points. Taking sxtoount the increasing absolute
numbers in spleen (Figure 4) and bone marrow dal 50 p.i., it appears that with the
immunization protocol used in this work, the nunsbef hapten-binding B cells in
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spleen and bone marrow increase over the time \ilingie frequency remains constant.
B220, CD38 and IgG1 were used as markers for isesyptched B cells that could
potentially belong to the memory B cell pool. Thesdls were rarely detectable in
naive animals. By day 12 after primary immunizatidrowever, their frequency
increased to 0.5% of total lymphocytes in spleawmpped to 0.2% by day 16 and
remained at stable frequencies until day 50 pdudétion of a secondary immune
response resulted in a similar kinetic within splekowever, by day 8 numbers of
B220'CD38'IgG1'cells increased to 0.5%. Four days later, the oksefrequencies
had decreased to 0.2% and remained constant hatildry last time point of analysis.
Quantification of the isotype-switched B cell comtpznt in blood confirmed the
retrieved data from spleen, notably the suddereass of these cells was assessed with
some delay, at day 12 after secondary immuniza#owther feature of the 1gGI1B
cell kinetic during secondary immune response \washigher frequency of this subset
in bone marrow. However, a statistically signifitaifference to naive animals could

be not be detected before 50 days after immunizatio

For quantification of nonswitched B cells which bpossibly join the memory B cell
pool, frequencies of the B22DD38'IgM ™ subset were determined. Consistent with the
B220'CD38'IgG1" kinetics, the relative frequency of IgMB cells remained nearly

constant at all analyzed time points.

Further statistical validation supported the prasioesults in that during the NP-KLH
induced immune response the kinetics of the BERB8IgM*, B220CD381gG1"
subsets underlie minor changes. Taken togethege thata suggest a rather steady state
between switched and non switched B cells but arease of hapten-specific B cells
during the NP-KLH specific immune response.

4.1.3 Identified B cells with GC phenotype in blood are mture B cells
with follicular origin

To confirm the B220 PNA" cells in blood as an exclusive GC B cell populatithve
conditions were defined under which cells of thiepotype could be elicited. GCs are
antigen inducible, thus hapten-specific GC B cefllould appear following
immunization. To determine whether the kinetic lafda-derived GC B cells applies to

the NP-induced GC response in spleen, splenic GEIB from primary or secondary
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NP-KLH immunized C57BL/6 mice were subjected atldaing time points to
multiparameter flow cytometry analysis and were pared to the B220PNA"
population in blood (Figure 9A). As shown in Figud, the analysis revealed the
similar kinetics of the GC B cell subset in thea® torgans. However, B cells with
B220" PNA" phenotype were not detected in bone marrow atiameypoint of analysis.
As shown in Figure 9C, NP-specific GC B cells appdan blood as soon as 4 days
after immunization and were absent in naive animasfirming the observations in
spleen. Induction of a secondary response to NP-KddHo a longer persistence of this
subset in blood, accordingly by day 50 after seaopdmmunization blood-derived
B220" PNA" cells were found with similar frequencies to spteGiC B cells (Figure
9B, D).
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Figure 9: Kinetics and maturation of the GC B aeliponse and NP specific GC B cell response after
primary or secondary immunization of C57BL/6 mitgmphocytes from spleen (black dots), pooled
blood (red triangles) and bone marrow (grey bokesh primary (A, C) or secondary (B, D) immunized
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mice were isolated at the designated time poingt pballenge. Frequencies of total GC B cells among
lymphocytes were determined and the percentage apteh binding GC B cells was calculated
respectively. Each dot represents one mouse. Eatldot represents obtained results obtained from
pooled blood of 4 mice

To further validate the identity of the blood-derivB220 PNA" cells, the phenotype
of this population was characterized more thoropghthe B220 PNA" were
determined to be mature B cells with folliculargmmi, as they expressed the B cell
lineage markers CD21 and CD23 (Debnath et al., 0@7their surface and did not
bind CD93 which is expressed on transitional B scelleased from bone marrow
(Figure 10) (Rumfelt et al., 2006).
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Figure 10: Comparison of blood-derived B cells W& phenotype with splenic GC B cells. C57BL/6
mice were immunized with NP-KLH in alum. Leucocyiesre isolated after 8 days from pooled blood
(first row) and spleen (second row) and stainedh Bi220, PNA, CD23, CD21 and CD93. The dot plots
show the correlated expression of surface CD21,3C&2d CD93 by blood or spleen derived B220
PNA" cells. The numbers within the plots represent #regntages of total cells and are representative of
three independent experiments.

In light of the above evidence suggesting that kheod residing B220 PNA"
population has follicular origin and is antigenuietble, studies were performed to more
thoroughly analyze the phenotype of these cellinbgstigating the expression of the
GC relevant surface marker CD38 (Ridderstad andéiniam, 1998). Because GCs are
associated with isotype switching, the distributiohigM and IgG were evaluated
following primary and secondary immunization ananpared to the obtained values
from spleen. As shown in Figure 11, although the 9pEcific GC B cell response in

blood and spleen expands and subsequently dimsiistier time, the percentage of
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total IgM" and 1gG1 cells remained largely unchanged throughout thelevresponse.
Notably, the frequencies of IgG1 expressing anddrapinding GC B cells after both
immunizations significantly differed from naive arals. This difference was apparent
as early as 8 days after primary and 4 days admyralary challenge. Another common
feature of both subsets was the relatively condtardls of CD38 expression in both
immunization systems.
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Figure 11: Kinetics and maturation of GC respoms€%7BL/6 mice. Splenocytes and blood of NP-KLH
immunized C57BL/6 mice were harvested at the desgghtime points post primary (A, C) or secondary
(B, D) challenge and compared to naive animalsp&ahow frequencies of NP specific, IgEHM* or
CD38" cells within splenic (first row) or blood residirggecond row) GC B cell populations at days 4, 8,
12, 16 and 50 post challenge. Bar graphs repr@seans +/- SD. Data were tested with One-way Anova
for significance. 8 mice were analyzed at each puiat.

Taken together the evidence above revealed thailtinel found B22tPNA" cells are
mature B cells with follicular origin, thus bonalé GC B cells and display a similar

expression profile to splenic GC B cells. Furthermdhe data show widely similar
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traits of the primary and secondary GC B cell resgoin spleen and blood in terms of

their cellular composition.

4.1.4 Dynamics of the NP-KLH induced plasmablast and plasa cell
response

An important consequence of the GC response togemtis the production of

plasmablasts and subsequently plasma cells. Tonoatanore detailed picture of the
regulation of individual responding plasmablast aplhsma cell subsets, their
phenotype was characterized by investigating tipeession and distribution of selected
cell markers after induction of the primary andas®tary challenges. As described in
Figure 12, plasmablasts peaked at day 8 after pyimad secondary immunization in
spleen. The rapid increase and decline of plasretsbla spleen was observed within
circulating blood in almost the same manner anddcba due to migration away from

the spleen. Since no rise in bone marrow plasmisbtacurred during the period of
sharpest decline in the primary or secondary respomtil 50 days after immunization
(Figure 12), their homing to this compartment idikety. In contrast, the decrease of
the plasma cells in spleen was accompanied by ¢éimeichment in blood and the rise of
plasma cell numbers in bone marrow during primagponse. Notably, the bone
marrow would be a likely destination for plasmagsemigrants, as it is the major site

for the production of serum immunoglobulin (Smitrak, 1996).
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Figure 12: The kinetics of plasmablasts (BZ2D138§MHCII'CD22.2) and plasma cells (B220
CD138MHCII'°CD22.2) were assessed in spleen (black dots), blooddots) and bone marrow (grey
dots) during primary (upper row) and secondary @owow) immune response and compared to naive
animals.

In a next step (Figure 13), frequencies of CD2?RCII™ plasmablasts were
enumerated among the BZ2D138 cell population in spleen and blood. Because of
insufficient numbers and the lack of a distinct spt@blasts population, the bone
marrow compartment was excluded from this analffSigure 12). The results showed
that CD22.2 and MHCII were uniformly expressed basmablasts on all days
examined, thus discrete plasmablast subpopulatiefised by the presence or absence
of these surface markers were not evident. Furtberminduction of a secondary
immune response did not affect the compositionnafyzed subsets. The data obtained
here suggest a robust pre-defined program for @bkst development in the NP-KLH

immunization model.
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Figure 13: Kinetic and maturation of plasmablastsdurse of primary and secondary immunization with
NP-KLH. Spleen and blood from C57BL/6 mice werdlased at given time points after primary (A, C)
or secondary (B, D) immunization. Among B220D138 cells the expression of CD22.2 and MHCII
was examined. Relative frequencies of all detestdisets are shown at day 4, 8, 12, 16 and 50rpuli. a
compared to naive animals. Bar graphs represenhsne&a SD. Four mice were analyzed at each time
point. In each experiment pooled blood from 5 migere subjected to flow cytometric analysis.
Experiments were repeated 2 times.

In addition to examining the plasmablast respons€%7BL/6 mice, the dynamic of
plasma cell development was assessed in the colipsanary and secondary response.
In particular, the expression of surface CD22.2 BHICII within the splenic, blood-
derived and bone marrow B2Z20D138 subset was examined on various time points
after primary and secondary challenge with NP-KUH. all analyzed organs, the
majority of B220CD138 cells did not express surface CD22.2 and had degokated
MHCII, thus clearly belonging to the plasma cellopoThe frequency of antigen

induced plasma cells slightly increased as thetimamatured until day 16 p.i. (Figure
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14). However, an additional, to our knowledge poesly undefined B220CD138
CD22.2MHCII™ population was detected from the very beginningrofiune response
in spleen and blood and persisted throughout ellaimalyzed time points. The B220
CD138CD22.2MHCII" subset was present at a frequency of up to 20%eB220
CD138 compartment in spleen and blood, but could onlydetected at very low
numbers in bone marrow after immunization. In addit whereas the expression of
MHCII was heterogeneous on the B22D138 subset, at none of the analyzed time
points was a distinct population expressing surfab®2.2 observed in the bone the

marrow.

Taken together, these data suggest MHCIl and CD@R2tz checkpoints for entering
the bone marrow compartment and the latter as ietestrmarker than MHCII for

distinction of plasmablasts and plasma cells.
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Figure 14: Kinetics and maturation of plasma cediponse after primary and secondary immune response
to NP-KLH. Spleen (A, B), blood (C, D) and bone moav (E, F) from C57BL/6 mice were isolated at
given time points after primary (A, C, E) or secand(B, D, F) immunization. Among B22€D138

cells the expression of CD22.2 and MHCII was exauiirRelative frequencies of all detected subsets ar
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shown at day 4, 8, 12, 16 and 50 p.i. and comparedive animals. Bar graphs represent means +/- SD
Four mice were analyzed at each time point. In exgleriment pooled blood from 5 mice was subjected
to flow cytometric analysis. Experiments were répd& times.

4.2 Migratory behavior of blood-derived B cell subsetsafter
transfer into at an earlier time point after immunization

Following up on the kinetic studies, the next intpat question to address was if the
GC B cell subset detected in blood (4.1) is capablentering into secondary lymphoid
organs and taking part in the ongoing GC reactibthe host. More precisely, (i) is
there recruitment into existing GCs of the host) $ubsequent proliferation and
selection followed by (iii) a further differentiat into plasma cells or memory B cells?
Therefore, a detailed analysis of the interrelaiop of migration, differentiation,
proliferation and microenvironmental locale of 3pptations of blood-derived B cell
subsets during the early stages of a T cell depgrnidenune response was performed
by adoptive transfer experiments. In particularpobl-derived PNACD38°B220,
IgM*PNA°CD38"B220" or IgGI'PNA°CD38"B220" cells were FACS sorted from
C57BL/6 mice immunized 8 days before with 100 pHKIEH in alum and transferred
into recipients 4 days after their immunizationleégp, bone marrow and mesenteric
lymph nodes from recipient mice were subjected tetiled immunohistological and
flow cytometric analyses at 4 different time poiatger transfer (Figure 15).

Previous studies have shown that at day 4 afperimmunization with NP-KLH
antigen is available on FDCs and T cells are awtdt/and able to support the B cell
response, however, GCs are only fragmentary forfoeth data, not shown). Thus, we
hypothesized that at such an early time after eng, antigen experienced donor B
cells entering secondary lymphoid organs have aialradvantage compared to the
corresponding donor cell subsets due to easiesadoeresented antigen on FDCs and
a better T cell help since competing antigen spepicipient B cells are not formed in
great quantities yet (Section 4.1.2.)

The small extractable volume of murine blood (1ndw lymphocyte frequencies
within the blood circulation and the lack of sui@lbommercially available enrichment
methods for isolation of murine B cells from thisgan were obstacles which
necessitated the development of a new strateghifnly efficient isolation of small

cell numbers. Applying this optimized enrichmenbgedure allowed the recovery of
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sufficient cell numbers from pooled murine blootus, in each experimenis,000 GC
(PNA"CD38°B220" B cells, ~3,000 1gG1 (IgG1"PNA°CD38"B220" ) and ~9,000
IgM* (IgM"PNAPCD38"B220") B cells were transferred respectively.

Immunization Transfer

S, S s

CDA45.1 (Ly5.1) dO d4 dé6 d8 d12 d16

Figure 15: Experimental setup for the used transystem. GB cells, IgM" or IgGI CD38" blood-
derived potential memory B cells were FACS-sorteunf CD45.2 mice8 d p.i. with NP-KLH in alum
and adoptively transferred into CD4b.fecipients at day 4 d after their immunizationle®p, bone
marrow and mesenteric lymph nodes were harvestathyg 2, 4, 8 and 12 days after transfer and
prepared for either FACS analysis or histology.

4.2.1 Transferred B cells numbers increase as early asdays after
transfer and do not vary in frequencies until day eht

Two days after transfer approximately 0.02 % ofedi&td lymphocytes in spleen and
0.08% in bone marrow were donor specific (Figurg Tgéking into account that the
spleen and bone marrow compartment of a C57BL/6se@ach contain ~ 5.6 x 10
6.16 x 10 lymphocytes (section 4.1.1), the detected freqesneqjualed about 15,000
cells. Thus, transferred cells must have prolitdait least once during the 2 days after
transfer. The observed frequencies after GC and’ I§Vcell transfer did not alter
significantly at the next two measured time pofifigure 16A, C), 8 days after transfer
of IgG1" B cells; however, nearly no donor cells could b&edted in samples of 6 x 10
cells from spleen and bone marrow of recipientpeesvely (Figure 16C). 12 days
after transfer, the detected donor B cell numberspieen had increased in all transfer

systems, particularly if IgMB cells were transferred (Figure 16A, B, C).
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Figure 16: Frequencies of detected donor cells gntotal gated lymphocytes in spleen (red dots) or
bone marrow (black squares) after GC (A), IgM (B)IgG1 B cell transfer (C) at 4 time points after
transfer are shown. Spleen and bone marrow of iset were harvested, prepared for FACS analysis
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and frequencies of CD45@D45.1 cells among 6 x fcells within the lymphocyte FSC/SSC gate were
determined

4.2.2 Transferred GC B cells home to secondary lymphoidrgans,
partially keep their phenotype but mainly develop @irther into
post GC B cells and plasma cells

To gain more insight into the fate of blood resgd®@C B cells, frequencies of different
donor derived B cell subsets were assessed by coltti flow cytometric analysis from
spleen and bone marrow of recipients after 2,&h@12 days after transfer (Figure 17).
As shown in Figure 18, the obtained data revediedl approx. 5% of detected donor
cells in the spleen have the GC surface marker gilipa during the first week after
transfer. After 12 days this number dropped to 1(8¥gure 18 G), possibly pointing
out the weaning donor and recipient specific GCpoase, since this time point
corresponds to day 16 after immunization of recipiand goes along with the

decreasing GC response as previously shown byi&kidata.

However, other donor cell derived B cell subsetpldiyed a rather varying kinetic. By
day 2 after transfer, 5% of donor cells in spleed 20% of the bone marrow residing
donor cells belonged to the isotype-switched pdStBscell pool as proven by binding
low amounts of PNA and expression of IgG1(FigureAl®). Strikingly, whereas the
frequency of this subset in the spleen increasemhgldime as shown by a peak at day
12 after transfer, nearly no switched donor B cetlald be detected in bone marrow
after 4 days (Figure 18 C, D). However, 4 days latsmall population of IgG1B cells
re-appeared in bone marrow and increased to 158yal2 post transfer (Figure 18 F,
H). Donor specific plasma cells appeared as early days after transfer in the spleen,
increased their numbers and peaked at day 12 brg meainly absent in the bone

marrow compartment except day 8 after transfer.
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Figure 17: Analysis of the surface expression ntapkefile of detected donor B cells in spleen andéd
marrow. Organs were harvested and prepared for FA@GSysis. Single cell suspensions from whole
spleen and bone marrow were stained with diffeeariibodies. Donor cells were detected among the
lymphocytes and analyzed for the expression of B2RBIA, NIP, IgGl, CD22.2 and CD138.
Representative plots of the applied gating stratiegydetected donor cells in spleen after GC B cell
transfer (two top lines) and IgD B cell transfeottom line) after 12 days are shown
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Figure 18: Kinetic and differentiation of donor @&Ccells. Whole spleen, femur and tibia of recipgent
were isolated 2, 4, 8 and 12 days after transfaydsted and stained with anti CD45.1, CD45.2, B220
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PNA, NIP, 1gG1, CD22.2, CD138, Lambda and Kappabauiies. Relative frequencies of GC, 1M
IgG1" B cells and plasma cells as well as plasmablaitsndonor cells detected in samples of 6 X 10
cells from spleen (left) and bone marrow (rightfd&ys (Figure A, B), 4 days (Figure C, D), 8 days
(Figure E, F) or 12 days (Figure G, H) after trensire shown. At least three mice were analyzed for
each transfer at each time point

Taken together, these data show that blood-de@®€dB cells migrate to secondary
lymphoid organs and expand in numbers. Howevelry anfraction (5%) keeps the
original phenotype while the vast majority diffeti@tes further into post GC B cells

and plasma cells.

4.2.3 Transferred IgM * CD38'PNA" B cells home to secondary
lymphoid organs, switch their isotype and induce atrong but
rather short lived plasma cell response

To further investigate the migration and differation properties of the transferred post
GC IgM'CD38"PNA° B cells, their surface expression marker profisvmonitored
by a combination of differentiation-associated lamtiies at 4 consecutive time points
after transfer. Although the transferred IgM B gadipulation expressed high amounts
of CD38 on their surface and bound low amountsMAPthus clearly belonging to the
post GC B cell pool, 2 days after transfer 7% @ tletected donor cells had regained
the GC phenotype (Figure 19 A). At the same tinfimetion of 20% of the donor cells
clearly partitioned to the PC compartment. Furthealysis revealed that a distinct
proportion of donor cells ranging from 10-15% idegm and bone marrow switched
their isotype to IgG1 suggesting a so far unexpueptasticity of this cell subset (Figure
19 A, B). Although by day 4, the number of switcltemhor B cells to IgG1 increased to
20% of total CD45.2 cells in spleen (Figure 19 C, D), 8 days lates thopulation
vanished from the spleen and bone marrow compattnidére strong donor specific
plasma cell response observed at day 2 after tlansfs clearly restricted to the spleen
and of a rather short live span, as by day 12 aftarsfer this organ was cleared of

plasma cells and plasmablasts (Figure 19 G).

Parallel analysis of the bone marrow confirmed dbservations in spleen, since this
compartment could only contribute to the plasmaresiponse until day 8 and 12 days
after transfer no plasma cells were scored in sesnpi 6 x 18 lymphocytes (Figure 19

H). Interestingly, at this time point the absolutambers of donor cells strongly

increased, but these cells mainly belonged to tiswiiched IgM B cell population
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(Figure 19 G, H) and intermediates which, basetheir surface marker profile did not
belong to the predefined plasma cell and blast ffeigure 17).
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Figure 19: Kinetic and differentiation of transfedrigM’ B cells. To quantify the composition of donor B

cell subsets whole spleen, femur and tibia of ieois were isolated 2, 4, 8 and 12 days after teans
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harvested and stained with anti CD45.1, CD45.2, BENA, NIP, IgG1, CD22.2, CD138, Lambda and
Kappa antibodies. Relative frequencies of GC, IgMyG1™ B cells and plasma cells as well as
plasmablasts within donor cells detected in sampleg x 10 cells from spleen (left) and bone marrow
(right) 2 days (A, B), 4 days (C, D), 8 days (E,dF)12 days (G, H) after transfer are shown. Eaatha d
point represents one mouse.

Thus, blood-derived IgMB cells home to secondary lymphoid organs andifprate

as indirectly shown by increasing cell numbers. iHg\entered the spleen, these cells
are able to regain the GC B cell phenotype; howevstable fraction of 30% keeps the
original phenotype throughout 12 days or differatas into short lived plasma cells.

4.2.4 Transferred IgG1 B cells home to spleen and bone nraw and
down-regulate surface B220 at later time points

Previous data showed that transferred GC B celld M B cells partitioned,
respectively into different B cell compartments awitched their isotype to IgG1 as
soon as 2 days after transfer. These processdbeategical consequence of the T cell
dependent immune response and mirror the clastiaé a B cell undergoes during the
GC response. IgG1B cells however, do not display such heterogeneftknown
surface marker expression and are a late produ@f&pecific immune response per
se. Therefore, it was not predictable to which cartipent these cells are dedicated and
which differentiation steps would precede their sgquent accumulation in the
particular organ. A major finding of this study wihsit IgG1+ B cells first appeared in
the bone marrow compartment, as early as 2 dags tadfinsfer (Figure 20 B). By this
time point, up to 60% of these cells had down-raggd B220 on their surface. The
B220/B220 ratio of detected donor cells in bone marrow coutieely changed in
favor of B22¢ IgG1" B cells until the last time point of analysis. Ftobservation
combined with the decrease of the absolute numifedetected donor B cells in this
compartment indicates a rapid turnover of B2§G1" cells either due to cell death or
as a result of further cell differentiation into B¥IgG1" cells. Although the number of
IgG1" donor cells in spleen increased over time (Figd®, the changes of
B220'/B220 ratio within this organ reflected the observatiom®one marrow (Figure
20 A, B). Consequently, 12 days after transfer,rtiagority of detected IlgG1CD45.2
cells in spleen were B280.Hapten-specific cells, however, were only detedtethe
recipients’ spleen.
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Figure 20: Kinetic and differentiation of transtedrlgG1 B cells in spleen and bone marrow. Spleen,
femur and tibia of recipients were isolated atedi#iht time points after transfer, harvested anthexia
with anti CD45.1, CD45.2, B220, NIP and IgG1l antiles. Relative frequencies of B22(B220,
hapten-specific or carrier-specific IgGdonor cells in samples of 6x3@ells from spleen (A) bone
marrow (B) after 2, 4, 8 and 12 days after tranafershown. Each data point represents one mouse.

IgG1 was not uniformly expressed on the detectedTPHCD45.1 cell subset (Figure
21). Strikingly, until 8 days after transfer the joréty of detected donor cells did not
express surface IgG1. Since the origin of the CP€D45.1 IgG1 subset was not
clear, these cells were excluded from the anal\$gsertheless, it should be taken into
consideration that these cells may not only be rifaet due to an inefficient sort
procedure with purity less than 100%, but also aionfurther switched donor cells. By
day 12 after transfer, however, the donor cell sulvgas homogenously expressing
surface 1gG1.

00369% 41.14583% 0.93458% 0.93458%|

CD45.2
lgG1
NIP

55.72917%

33.64486% 64.48598%

CD45.1 B220 B220

Figure 21: Flow cytometric analysis of the CD4&ER45.11gG1 donor cell population. Representative
dot plots of single cell suspensions of recipiespdeen, tested for the expression of CD45.1, CRQ45,
B220, PNA, NIP and IgG1 at day 8 after transfer.
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4.2.5 Transferred GC B cells are initially located alongthe T cell
border and partially proliferate within the B cell zone and
interfollicular zone whereas another fraction entes the dark
zone and subsequently accumulates in the GC lightrze

To further substantiate the migration route of blaerived GC B cells and investigate
their differentiation within secondary lymphoid arg, mesenteric lymph nodes of
recipients were harvested 2, 4 and 8 days aftesfiea and prepared for histological
sectioning. Localization of CD45.Zells was determined with respect of the different
areas of the organ. In particular, extensive seofesonsecutive sections of whole
lymph nodes were conducted and stained with diffeentibody combinations. By
using a multiple signal amplification system, albg®lnumbers of migrated cells into
mesenteric lymph nodes were sustained and allodatedifferent identified regions
based on follicular borders and the capsule (Fi@®e To determine whether blood-
derived GC B cells proliferate and progress aldmgy GC B cell pathway, expression
levels of Ki67 (Scholzen and Gerdes, 2000) and B¢Erotty et al., 2010) were
assessed, respectively. For this purpose, a spemifitocol was established which
permitted a staining without the usual antigen vecp method and hence kept all other
used antigens and markers intact. Additionally, lsod Bcl-6 staining with CD3 was
used to score the number of associated donor wéls T cells and to address the

guestion whether the observations correlate witlelTcontact.

Localization of donor B cells 2 days after tramswthin recipient lymph nodes
revealed their evenly distribution within B and @&llcareas but their absence from the
light zone. Many of these cells were in direct esbtith T cells and were Ki6Zvhich

is an indicator of proliferation (Figure 23 A). Biaa cells were found rarely but mostly
accumulated in the areas close to the subcapsuolas €SCS) (Figure 23 B). At day 4
after transfer, detected donor cells had increase@bsolute numbers, were less
frequently Ki67 and had almost no T cell contact. A proportiorhef cells had moved
to the interfollicular (IF) zones (Figure 23 C).salplasma cells were numerous within
lymph nodes but accumulated mainly in the B cellez(BCZ), reflecting their origin of
production, which are the GCs. 8 days after transfenor B cells had increased their
numbers 5 times within the BCZ and detected inligie zone for the first time. Unlike
day 4 after transfer, 10-30% of detected donoisdellBCZ and IF zone were directly

associated with Bcl-6T helper cells. Parallel staining of serial sewsishowed that the
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Bcl-6 expression in donor B cells underlies theadlization within the GC, since Bcl-6
expression by donor cells was not evident in arhericompartment of mesenteric
lymph nodes. Therefore, obtained data confirm gnéig@pation of GC residing donor B
cells in the ongoing germinal center reaction afpients. In contrast to the invasion of
BCZ by donor B cells, plasma cells disappeared ftoenfollicles 8 days after transfer
and mainly accumulated within the T cell zone (T@&Y) the medullar cords.

m

d4 post transfer d2 post transfer

d8 post transfer

Figure 22: Localization and proliferation of BZEINA"CD38° donor cells within different areas of
mesenteric lymph nodes at early time points of imentesponse. B22BNA"CD38° blood B cells were
transferred as previously described. Mesenteriplymodes were harvested, consecutively sectiongd an
stained with 2 different antibody cocktails to \afime different areas of lymph nodes based oncialbir
borders and the SCS. The first to panels fromillefitrate the location of donor cells (CD3, greaith
respect of B cell zone (B220, red) and GCs (KiBdepor the B cell zone (red) and the T cell zdved)

at day 2, 4 and 8 after transfer. Panels on thglt columns of images show the result of stairofig
adjacent sections for the Ki67 proliferation or Bckxpression (both in blue) of Kappa (red) donor
(green) plasma cells and B cells. Images are show0x magnification. The data shown are
representative of those obtained from at leasethriee from each time point.
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Figure 23: Localization of transferred GC B celisough mesenteric lymph node microenvironments at
different time points of immune response. Consegeutections were stained with anti B220, CD3, Ki67,
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Bcl-6, CD21, Kappa, Lambda and CD45.2 antibodieslémtify different areas of lymph node based on
their borders. The adjacent area to SCS was deéingtle contiguous 100 pm of the outer face of tymp
nodes. An area of 50 um width between B and T zmfle was determined as the B/T zone border.
Homing of CDA45.2 donor cells was quantified within the differentemfefined lymph node
microenvironments. Donor B cells and plasma cellsach zone were counted in complete lymph nodes.
Data show absolute numbers of counted donor B eeétlsin different areas of 5 isolated mesenteric
lymph nodes from 3 animals at 2 (A), 4 (C) and §sdéE) after transfer. The right panel shows the
calculated numbers of detected donor B cells veptasma cells in medullar cord, B cell zone and the
area close to SCS 2 days (B), 4 days (D) and 8 aftgrstransfer (F).

To get a deeper understanding of the homing behafiaonor B cells within the
different microenvironments of mesenteric lymph e®a@s a function of time, relative
accumulation of detected donor cells in each preddfregion of lymph node were
calculated (Figure 24). The obtained results a#igdmthe previously described
observations and displayed a clear migration raitdonor B cells. Two days after
transfer donor B cells accumulated along the B/IT zmne border, within the B cell
zone, the IF zone possibly reflecting their enteapath from peripheral blood through
the mesenteric lymph nodes. By this time they Heehdy entered the dark zones of
recipient GCs. By day 4, a fraction of donor cellsich probably acquired T cell help
moves away from the B/T border and the BCZ to thand the area close to the SCS.
However, the fraction of dark zone residing B ceimains at stable frequencies. By
day 8, more cells accumulate within the BCZ andtlfer first time, donor cells left the

dark zones and accumulated within the light zoriesapient GCs.

Taken together, these data strongly suggest taasferred GC B cells migrate from
peripheral blood along the T/B border probably ¢quare T cell help, a fraction enters
the BCZ and IF zone and proliferates outside thes @ad differentiates into plasma
cells whereas another distinct fraction first mote@she dark zone and enters the light

zone as soon as 8 days after transfer.
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Figure 24: Relative accumulation of donor B celighim lymph node microenvironments at 2 (A), 4 (B)
and 8 days (C) after transfer. To quantify cell mmgnof detected donor cells within lymph node
compartments, counted cells in each zone in im&ges complete lymph node sections were fractioned
and divided by the fraction of the area. Therebyalae >1 is regarded as enrichment. n=3 for eiach t
point.
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4.2.6 Transferred B220'PNA°CD38"IgM * cells accumulate along the
B/T border and within the IF zone prior to entering the GC dark
and light zones

The data explained above confirmed a selectiveragtation of blood-derived GC B
cell subsets in distinct compartments of mesentgmph nodes. This finding raised the
possibility of a purposive migration of GC derivBdcells, depending on their state
within GC B cell ontogeny. Thus, to verify the rla role of the developmental stage
of GC derived B cells in their migration patterretlocalization of transferred
B220'PNA°CD38"IgM"* cells within different regions of mesenteric lympbdes over
the course of the first seven days of NP-KLH immuesponse was assessed and the
number of Ki67 cells and direct T cell contacts were scored @sciibed in section
4.2.5). B220PNA°CD38"IgM* cells accumulated within the interfollicular zorae the
B/T cell zone borders and less frequently withia Thcell zone after two days (Figure
25, Figure 26). As expected, a large fraction dbeded donor cells within the T cell
zone and at the borders were in direct contact Witklls, whereas the largely KigaF
zone residing donor cells were rarely found to $soaiated with T cells. By this time,
analyzed mesenteric lymph nodes were almost enfpBPba5.2 plasma cells. By day
4, donor cells were absent from the TCZ and thebid&ler but had accumulated within
the BCZ (Figure 26C). Further analysis showed thatBCZ residing donor cells were
numerous in the locale of the border to GCs anchiwitthe GC dark zones.
Additionally, a population of donor derived plasoels was recruited for the first time
into the analyzed lymph nodes. In contrast to tbeupation of the BCZ by donor B
cells, CD45.2 plasma cells were found to accumulate almost ekaly within the
area close to the SCS. At day 8 after transfemlates numbers of detected CD45.2
cells within lymph nodes had increased 2-3 timsstedlected by invasion of the T/B
borders, the IF zone and the areas close to the I8CBigher numbers of T cell
associated donor B cells (Figure 26E). A minor ticat of such cells also appeared
within the GC light zones. Analogous to obtainesluits from B cells, absolute numbers
of detected donor plasma cells increased to aairaktend. Figure 26F illustrates their

recruitment to the BCZ and the medullary chorddlfierfirst time in this study.
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d2 post transfer

d4 post transfer

d8 post transfer

Figure 25: Localization and proliferation of BZEINA°CD381gM* donor cells within different areas of
mesenteric lymph nodes at early time points of imentesponse. B22BNA°CD38'1gM *blood B cells
were transferred as previously described. Mesentgmph nodes were harvested, consecutively
sectioned and stained with 2 different antibodykeaits to visualize different areas of lymph notbesed

on follicular borders and the SCS. The first to glanfrom left illustrate the location of donor cell
(CD45.2, green) with respect of B cell zone (B22@l) and GCs (Ki67, blue) or the B cell zone (raal

the T cell zone (blue) at day 2, 4 and 8 afterdfam Images are shown in 20x magnification. Theepa
on the right column of images is representativestaining of the adjacent sections for the Ki67
proliferation (blue) of B220 (red) donor (green)igetaken with a 40x magnification. The data shasa
representative of those obtained from at leasethriee from each time point.
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Figure 26: Migration of transferred IgMB cells through mesenteric lymph node microenvinents at
different time points of immune response. Consegeutections were stained with anti B220, CD3, Ki67,
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Bcl-6, CD21, Kappa, Lambda and CD45.2 antibodieslémtify different areas of lymph node based on
their borders. The adjacent area to SCS was deéingtle contiguous 100 pm of the outer face of tymp
nodes. An area of 50 um width between B and T zmfle was determined as the B/T zone border.
Homing of CDA45.2 donor cells was quantified within the differentemfefined lymph node
microenvironments. Donor B cells and plasma cellsach zone were counted in complete lymph nodes.
Data show absolute numbers of counted donor B eeétlsin different areas of 5 isolated mesenteric
lymph nodes from 3 animals at 2 (A), 4 (C) and §sdéE) after transfer. The left panel shows the
calculated numbers of detected donor B cells veptasma cells in medullar cord, B cell zone and the
area close to SCS 2 days (B), 4 days (D) and 8 aftgrstransfer (F).

To further emphasize the migration path of tramsfércells during the proceeding
primary NP-KLH response with respect to differeegions of the lymph node, relative
accumulation of donor B cells within predefined menvironments of mesenteric
lymph nodes were calculated (as described in 4.Z1g obtained data revealed that by
day 2 after transfer donor B cells accumulated@lbwe B/T border, within the IF zone,
and to some extent inside the B cell follicle. Tdays later, the distribution of donor
cells changed as shown in Figure 27B. Instead n€eatrating at the border between
the follicle and the T cell zone, donor cells acolated within the BCZ and
predominantly clustered in the GC dark and lightem These observations suggest an
overall migration of donor cells from the B/T bordmto the follicle and their
recruitment into GCs during the first 4 days afransfer. At day 8 after transfer, the
distribution pattern of donor cells had changedeommre. The vast majority of cells
were confined to the IF zone, but the number ofodarells along the B/T border
increased with some having entered the area adjacer85CS: Remarkably, the
accumulation pattern of donor cells at day 8 rededhthe observations at day 2 after

transfer.
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Figure 27: Relative accumulation of donor B cellghim [ymph node microenvironments at day 2 (A), 4
(B) and 8 (C) after transfer. To quantify cell hogniof detected donor cells within lymph node
compartments, counted cells in each zone in im&ges complete lymph node sections were fractioned
and divided by the fraction of the area. Therebyalae >1 is regarded as enrichment. n=3 for eiach t
point.

Taken together, the evidence presented above dsgfes within this transfer system

the IF zone and the border between the follicle &inckll zone are the main sites of
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accumulation of B2ZBPNA°CD38"IgM" cells throughout the first week. After 4 days a
fraction of these cells enter the B cell follicledaget recruited to GC dark zone and
light zone. However, the bulk of accumulation andliferation within IF zone and

along the B/T border precedes that of entering2@s by approximately 2 days.

4.3 Migratory behavior of blood-derived B cell subsetsafter
transfer into recipients at the time point after
immunization

Introduction of different B cell subsets from miwath a fully established immune
response into recipients with a beginning respariearly does not directly mimic
conditions at the onset of a conventional immunspoase. As such, a second
experiment was conducted to monitor the migratoehdvior of GC derived B cell
subsets with no obvious advantage in terms of tinenunological state and antigen
specificity. To mimic conditions at the onset ofcanventional immune response
transferred cells were retrieved from donor wilgpeyanimals challenged at the same

time point as their corresponding recipients. Ténsichment procedure allowed us to

transfer in each experimems,000 GC B cells, 3,000 IgGhand 9,000 IgM+ B cells
respectively.

Immunization Transfer

\V4 v
C?.( :SI 1 ] ] J .
days p.i.
6 ys p

CD45.1 (Ly5.1) dO ds d10 d12 d1

Figure 28: Experimental setup for the used transystem. GB cells, IgM" or IgGT CD38" blood-
derived potential memory B cells were FACS-sorteahf CD45.2 mice 8 d p.i. with NP-KLH in alum
and adoptively transferred into CD45.fecipients, 8 d after immunization, respectivedpleen, bone
marrow and mesenteric lymph nodes were harvestéd@d 8 days later and prepared for FACS analysis
or histology.
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4.3.1 Transferred GC B cells and IgM" B cells proliferate 2 days after
transfer in spleen and bone marrow but decrease inumbers
afterwards, whereas IgG1 B cells are only detected in bone
marrow and remain there at stable frequencies

We sought to gain a comprehensive view of the rtigmaand potential proliferation of
different GC derived B cell subsets by transferiiingm and tracing their fate in terms
of their localization and expression of differenankers in secondary lymphoid organs
throughout the primary immune response. Adoptiandfer of GC or IgM B cells
revealed that 2 days after transfer approx. 0.06%tal gated lymphocytes in spleen
belonged to the donor population (Figure 29). Tinegjuency dropped at later time
points, as finally after 8 days 0.002% of detedtedphocytes were donor specific. In
contrast, the frequencies of CD45lls located in bone marrow were rather stable
until 8 days after transfer.

Isotype-switched CD45'2cells were undetectable in 6 x °1¢ell samples from 0
splenic lymphocytes of recipients which had recgilgG1 B cells. However, these
cells were found in the bone marrow as soon as y& adter transfer and their

frequencies did not decline.
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GC B cell transfer
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Figure 29: Frequencies of detected donor cells gngated lymphocytes in spleen (red dots) or bone
marrow (black squares) after GC (A), IgM (B) or B cell transfer (C) at 3 time points after tramsf

are shown. Spleen and bone marrow of recipiente warvested, prepared for FACS analysis and
frequencies of CD45'ZD45.1 cells among 6 x TOcells within the lymphocyte FSC/SSC gate were

determined.
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To get a better insight into the dynamics of thgnation of transferred B cell subsets in
terms of their survival and proliferation, absolutambers of detected donor cells
within the spleen and bone marrow were estimatedriéved data from the NP-KLH
specific kinetic and previous observations indicdbat lymphocyte numbers in
secondary lymphoid organs do not depend on the sfatnmune response, but rather
vary with the size and age of animals (Cesta, 20@b5own data not shown). Therefore,
absolute numbers of donor cells were calculatedisigig the mean of all measured
animals at all analyzed time points after primamynunization. For estimation of donor
cell numbers within the bone marrow compartmerd, rtftean of measured lymphocyte
numbers of femur, tibia, hip, breastbone, cranisinmulder and spine were used.
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GC B cell transfer
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Figure 30: Estimation of absolute donor cell nursliarspleen and bone marrow after GC (A), Tgi8)
or IgGI (C) B cell transfer. Combined data from multipbeperiments show the estimated absolute
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numbers of transferred donor B cell subsets in exgleriment (first bar from left) compared to dédelc
donor cell numbers in spleen and bone marrow du8idgys. The mean and SD are shown for each time
point (n=3).

The number of detected donor cells in spleen amuke bmarrow increased 11-fold
compared to the originally transferred level asnsas 2 days after the GC and I§B

cell transfer (Figure 30). In contrast to the &8ifalecrease of numbers in spleen, the
located donor cell population in bone marrow did alber significantly after 4 days.
However, after 8 days the donor cell populatiorthis compartment was declined to
50%, even though to a lesser extent compared tmd cell transfer. However, even
at the latest time point of analysis in both transfultimately more cells were detected
than originally transferred (Figure 29, Figure 30pntrary to the previously described
transfer systems, IgGldonor B cells were detectable only within the bonarrow

compartment after 4 days and did not substantidlfnge in numbers after 8 days.

Taken together, these data show that B cells bgp&i® phenotype and IgheD38"""
from blood are capable of immigration into spleem done marrow. Once arrived
within the secondary lymphoid organs, they progéferup to 11-fold numbers within 2
days, followed by a strong decrease in numbersinitie spleen but less in the bone
marrow at the following 6 days. Transferred Ig@lcells only appear at a detectable
level within the bone marrow compartment as easlyl alays after transfer and remain

at unchanged numbers at least until day 8.

4.3.2 Transferred blood GC B cells home to secondary lynmmid
organs, partially keep their phenotype but mainly dfferentiate
further and induce a short lived plasma cell respose

To gain an extensive view on the migration andedéhtiation pattern of transferred GC
B cells their phenotype was analyzed by investigpthe expression and distribution of
selected cell surface markers within the CD45.2+&D4ell compartment (Figure 31)

at consecutive time points following transfer.

As shown in Figure 32 after 2 days, approximateéty &f donor cells in spleen were
found to express a GC phenotype. In addition, femred GC B cells gave rise to a
population of 1gG1 B cells located in spleen and bone marrow. Nonesse the

majority of detected cells expressed IgM and bolamdamounts of PNA. Despite the
expansion of GC derived B cell subsets a discrefmilation of plasmablasts, defined
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by the expression of CD138, CD22.2, Kappa or Lamdotth B220 was detected with a

frequency of 5-10% in spleen and bone marrow.

GC B cell transfer

6.73575% 4.66321% 3.62694%

CD45.2

NIP 19G1

B220 B220 B220

IgD B cell transfer (negative control)

D.00000% 0.00000% 0.00000%

CD45.2 PNA NIP 1gG1

B220 B220 B220

Figure 31: Analysis of the expression of detectedod B cells in spleen and bone marrow. Organs were
harvested and prepared for FACS analysis. Sindlesagpensions from whole spleen and bone marrow
were stained with different antibodies. Donor celisre detected among the lymphocytes and analyzed
for the expression of B220, PNA, NIP and 1gG1. Rspntative plots of the applied gating strategy for
detected donor cells in spleen after IgD B celhs¢far as a negative control and GC B cell trarsfier 4
days are shown.

After 4 days the composition of donor B cell subsebderwent substantial changes.
While the frequency of GC B cells remained rathable, the plasmablasts had almost
disappeared in favor of a newly-observed populatibplasma cells in spleen and bone
marrow which represented up to 20% of total doredisc Taking into account that the
absolute numbers of donor cells in bone marrow meedaconstant until day 4 (Figure
30), we concluded that the arisen plasma cell$ylikad differentiated from previously
detected plasmablasts. 8 days after transfer latlsligmaller fraction of donor cells still
displayed a GC B cell phenotype; however, for irst fime switched GC B cells could
be assessed at detectable numbers. Consistent thigh observation, also the
B220'IgG1" subset reached a maximum of 10% among the don@llBapulations in
spleen and bone marrow 8 days after transfer. Mot this time, the donor B cell
fraction was determined to consist of only a mityoaf plasmablasts and plasma cells

in spleen. Correspondingly, thorough charactewratf resident donor cells in bone
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marrow revealed a diminishing plasma cell respafter 8 days, suggesting a rather

short term plasma cell response (Figure 32).
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Figure 32: Kinetic and differentiation of transkdr GC B cells. Whole spleen, femur and tibia of
recipients were isolated 2-8 days after transfaryésted and stained with CD45.1, CD45.2, B220, PNA
NIP, IgG1, CD22.2, CD138, Lambda and Kappa antieedRelative frequencies of GC, I§MgG1" B
cells and plasma cells as well as plasmablastsmdiinor cells detected in samples of 6 R délls from
spleen (left) and bone marrow (right) 2 days (FégAr B), 4 days (Figure C, D) or 8 days (Figurei,
after transfer are shown. Three mice were analj@eeach transfer at each time point.
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4.3.3 Transferred blood residing IgM*CD38" B cells can regain a GC
phenotype for a few days and induce a strong sholitved plasma
cell response

To further substantiate the characteristics and alméipes of blood-derived
IgM*CD38 PNA° 9B cells, a kinetic of their surface marker expressprofile after
transfer was assessed during multiple time pointseaearly phase of primary immune
response. More than 70% of detected donor B aeltee spleen had not changed their
isotypes at the two following days after transteéig(ire 33). However, about 5% of the
CD45.2ZCD45.1 fraction displayed a GC B cell phenotype. Thisssitoriginated from

a high-purity previously injected IgNCD38'PNA" population which apparently re-
gained the GC B cell phenotype in spleen. As exquaedhis population was absent in
the bone marrow compartment at all analyzed timetpoln contrast to transferred GC
B cells, the IgM B cell derived GC B cell population vanished by @aafter transfer
(Figure 33), suggesting these cells to have aratin@t term capability to acquire a GC
phenotype. Despite the early diminution of the ddBE& compartment, transfer of IgM

B cells resulted in a strong plasma cell respondé, respect to the frequencies of other
subsets, particularly among the spleen residingodaells. Four days after transfer,
more than half of the detected donor cells in thkeen displayed a plasma cell
phenotype (Figure 33). The subtle variance of alleatell numbers during 4 days after
transfer implies their development from the presgigudetected plasmablast subset.
Another difference between the two transfer systeras the kinetic of IgG1 B cells;
unlike transferred GC B cells switched donor céllssigG1l were not detected in the
spleen before day 8 after IgM B cell transfer. Hogre irrespective of slightly lower
frequencies, the kinetic of bone marrow residingatdgG1 B cells was comparable to
the GC B cell transfer data (Figure 32, Figure 33).
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Figure 33: Kinetic and differentiation of transfedrigM" B cells. To quantify the composition of donor B
cell subsets whole spleen, femur and tibia of iieqiis were isolated 2, 4 and 8 days after transfer,
harvested and stained with CD45.1, CD45.2, B220APNIP, IgG1, CD22.2, CD138, Lambda and
Kappa antibodies. Relative frequencies of GC, IgMyG1" B cells and plasma cells as well as
plasmablasts within donor cells detected in sampleg x 10 cells from spleen (left) and bone marrow
(right) 2 days (A, B), 4 days (C, D) or 8 days H,after transfer are shown. Each data point reptss
one mouse. Three mice were analyzed in each gitoegca time point.
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4.3.4 Blood-derived IgG1" CD38' B cells accumulate in the bone
marrow and change their surface expression of B22&x early
time points of immune response

An interesting element of the NP-specific immunspanse is the isotype switch of
post-GC B cells to IgG1 and their subsequent rel@ablood at early time points of the
immune response (Blink, 2005). To address the guesthether these cells display the
same homing features as previously examined Bsobbets, IgGTD38" B cells were
enriched from blood of NP-KLH immunized mice (maés and methods) and
transferred into recipients who were immunized &yooous with the donors. Spleen,
bone marrow and mesenteric lymph nodes of recipiesgre harvested at consecutive
time points after transfer and prepared for flovtooyetry or histological sectioning.
CD45.2 CD45.1 IgG1" B cells were detected among spleen and bone maaowles
and thoroughly analyzed for the expression of Ba2@ binding of NIP within 1 week
after transfer (Figure 34). At none of the analytigek points IgG1 donor B cells could
be detected in spleen. Instead, a population ofSCPHADA45.1 IgG1™ donor cells was
observed in the bone marrow as soon as 4 days tedtesfer. About 80% of these
expressed B220 on their surface thus were clearbel. Within this population a
fraction, comprising 20% of total donor cells weérapten-specific (Figure 34). The
populations differed, however at day 8, in that 1§@ells expressed lower amounts of
B cell markers and failed to bind NIP, resultingarratio 3:2 of B220B220 cells.
Taking into account the stable absolute numberdowsior cells in bone marrow and
their absence in the spleen, it is reasonable gonas that indeed some cells including
the NP-specific compartment disappeared as a resapoptosis and a proportion of
surviving 1gGT B cells further differentiated into a B226™9 subset probably
representing plasma cells.

Furthermore, an IgGtonor B cell population appeared in spleen and aeow as
early as day 2 after transfer (Data not shown).s&heells were found within the
lymphocyte gate on the forward and sideward scaiter partially expressed surface
CD22.2. They did not display a GC phenotype atamglyzed time point and failed to
bind NIP. Nevertheless, a fraction bound surfacd 8Dand down-regulated CD22.2 as
early as 2d after transfer, suggesting them tolasnmma cells. The frequency of these
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IgG1 plasma cells increased by day 4 after transfefO8h of the IgGldonor B cell
population but decreased to approx. 10% by daye8 ahnsfer.
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Figure 34: Kinetic and differentiation of transfedrigGT B cells in bone marrow. Femur and tibia of
recipients were isolated after 2, 4 and 8 days aftasfer, harvested and stained with CD45.1, CB45
B220, NIP and IgG1 antibodies. Relative frequencieB220, B220, hapten-specific or carrier-specific
IgG1* donor cells in samples of 6x1@ells from bone marrow after 2, 4 or 8 days aftansfer are
shown. Each data point represents one mouse.

Taken together, these data suggest the preferentigration of blood-derived
BZZO*IngCDSS‘i cells to the bone marrow compartment and theiditabto

differentiate into plasma cells over time.

4.3.5 T cell associated proliferation of blood-derived G@B cells within
the follicle precedes their migration to the GC dak zone
followed by their recruitment to GC light zone

To monitor the migration of blood-derived GC B selvithin secondary lymphoid
organs mesenteric lymph nodes of recipients wergekted 2, 4 and 8 days after
transfer, prepared for histological sectioning dodalization of CD45.2 cells was
determined with respect of the different areash&f drgan. In particular, extensive
series of consecutive sections of whole lymph nodeie conducted and stained with
different antibody combinations. This procedurewtd us to obtain absolute numbers
of migrated cells in mesenteric lymph nodes andcalie them to different identified
regions based on follicular borders and the cap@tipure 36), (Kerfoot et al., 2011).
At day 2 after transfer, donor cells were disperagdingle or small aggregates of 2-3
cells within different regions of the B cell folleebut more in the area close to the SCS
(Figure 35, Figure 36 A). Many of these were inedircontact with T cells and had

undergone proliferation. Analysis of CD45.B220°"% Kappd or Lambda plasma
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cells displayed their main localization at the olderders of B cell follicle and within
the medullar cords (Figure 36 B). By day 4, two en@hanges occurred. First, donor B
cells were predominantly located within the B cahe and the IF zone, built clusters
with up to 30 cells (Figure 36 C, Figure 35). Ndyalat this time point they had
increased their absolute numbers up to 4 timesamalbgous numbers to day 2 were in
direct contact with T cells and Ki67Second, higher numbers of donor B cells were
located within the dark zone of recipients, mainlgirect contact to Th cells. However,
plasma cells were uniformly distributed betweendhter follicle borders; the medullar
cord and the border to SCS (Figure 36 D). 8 dater afansfer, donor B cells were
almost diminished in the dark zone and were alse tihserved in other areas of the
follicle and IF zone, but appeared for the firgheiwithin the light zone (Figure 36 E).
Parallel staining of serial sections showed that Btl-6 expression in donor cells
completely underlies their localization within &, since Bcl-6 expression by donor
cells was not evident in any other compartment eSenmteric lymph nodes. Hence,
previous data confirm the participation of GC resyddonor B cells in the ongoing
germinal center reaction. Concurrent with the imwa®f the light zone many donor B
cells were detected for the first time at the BOne border (Figure 36 E). Although
occasional CD45:2cells could be found earlier in this zone, widesgr localization of
these cells was not evident before day 8 afterstesin Unlike the B cells, however,
donor plasma cells disappeared from the B celiclellat day 8 and were almost
exclusively localized in the medullar cord andreg 5CS border (Figure 36 F). Notably,
at this time point the absolute numbers of donoivdd plasma cells had been reduced,
confirming the previously retrieved flow cytometdata from spleen (Figure 32).
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d2 post transfer

d4 post transfer

d8 post transfer

Figure 35: Migration and proliferation of BZZENA"CD38° donor cells within different areas of
mesenteric lymph nodes at early time points of imentesponse. B22BNA"CD38° blood B cells were
transferred as previously described. Mesenteriplymodes were harvested, consecutively sectiongd an
stained with 2 different antibody cocktails to \atime different areas of lymph nodes based onciabir
borders and the SCS. The first two panels fromilleftrate the location of donor cells (CD3, greaith
respect of B cell zone (B220, red) and GCs (Ki@idepor the B cell zone (red) and the T cell zded)

at day 2, 4 and 8 after transfer. Panels on thgt columns of images show the result of stairfig
adjacent sections for the Ki67 proliferation or Bckxpression (both in blue) of Kappa (red) donor
(green) plasma cells and B cells. Images are show0x magnification. The data shown are
representative of those obtained from at leasethriee from each time point.
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Figure 36: Migration of transferred GC B cells thgh mesenteric lymph node microenvironments at
different time points of immune response. Conseeutections were stained with B220, CD3, Ki67, Bcl-
6, CD21, Kappa, Lambda and CD45.2 to identify défe areas of lymph node based on their borders.
The adjacent area to SCS was defined as the contglO0 um of the outer face of lymph nodes. An
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area of 50 pum width between B and T cell zone weterdhined as the B/T zone border. Homing of
CD45.Z donor cells was quantified within the differentegtefined lymph node microenvironments.
Donor B cells and plasma cells in each zone weuvatea in complete lymph nodes. Data show absolute
numbers of counted donor B cells within differenéas of 5 isolated mesenteric lymph nodes from 3
animals at 2 (A), 4 (B) and 8 days (C) after transThe right panel shows the calculated ratioatécted
donor B cells versus plasma cells in medullar c&dell zone and the area close to SCS 2 days4(B),
days (D) and 8 days after transfer (F).

Further quantification of donor B cell homing withiymph node microenvironments
displayed a clear migration route of these cell$ eonfirmed the previously described
observations. By day 2 after transfer donor B cdlistered within the B cell zone, the
IF zone and the adjacent area to the SCS, reftethieir initial entrance path through
lymph node (Figure 37 A). 2 days later, a large bernof donor B cells concentrated
within the B cell zone and IF zone, suggesting aeral migration of the cells to the
follicle (Figure 37 B). By this time, donor B celtsd entered the GC dark zones for the
first time but were absent from the GC light zoAeday 8 after transfer donor cells had
left the dark zone and accumulated largely in thé @ht zone (Figure 37 C).
However, a fraction of donor B cells still accuntath outside the GCs and within the
IF zone, although less exclusively than at daytérafansfer. Additionally, donor B
cells were enriched for the first time at the bordetween B and T cell zone suggesting

their search for T cell help (Figure 37 C).
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4 Results
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Figure 37: Relative accumulation of donor B celighim lymph node microenvironments at 2 (A), 4 (B)
and 8 days (C) after transfer. To quantify cell hmgnof detected donor cells within lymph node
compartments, counted cells in each zone in im&ges complete lymph node sections were fractioned
and divided by the fraction of the area. Therebyalae >1 is referred as enrichment. n=3 for eavke t
point.

4.3.6 The B cell follicle is the main assembly side ofansferred blood-
derived PNA°CD38"IgM * B cells

The evidence presented above suggested that tb# Blicle and particularly IF zone

are sites of accumulation of blood-derived GC Bscetior to their recruitment into
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GCs (section 4.3.5). Within this transfer systengnation into the B cell follicle and
proliferation were clearly associated with diredt Gell contact as proved by Bcl-6
staining. To address the question if the migrapath of GC derived B cells underlies
their developmental stage, PRBD38"IgM* B cells were transferred with the same
procedure explained above and mesenteric lymphsnofdescipients were isolated and
prepared for histology at different time pointseaftransfer. Localization of donor B
cells and plasma cells in consecutive sections wetermined in different previously
defined microenvironments (Figure 39) of lymph maddistology study of transferred
IgM™ B cells 2 days after transfer revealed the B fodlicle as the major entry site of
donor cells (Figure 38, Figure 39 A). About 30%tleém were associated with T cells
and a fraction of them was proliferating. Notabllye absolute numbers of detected
donor cells at this time point were comparable ie scored donor cell numbers
obtained from the GC B cell transfer. Similar tando B cells, the largest numbers of
plasma cells were observed within the B cell zdAigure 39 B), although they were
mainly assembled closer to the outer border offtHele. Unexpectedly, after 4 days
donor B cells almost had disappeared from the lymptes, except a few scattered
cells within and around the follicle (Figure 38,g&ie 39 C). Consistent with this
observation, numbers of plasma cells were strongtijuced and exclusively residing
close to the outer B cell follicle border (Figur8, 3~igure 39 D). However, by day 8
clusters of Ki67 donor B cells appeared along the border to Tzmik, although some
were also found within the B cell follicle and ackat to the SCS. Similarly, numbers of
located plasma cells along the SCS and within ni@dwords increased, whereas
numbers of the follicle residing plasma cell popiola tended to remain constant
(Figure 39 E, F). Within this adoptive transfer teys, B cell proliferation and
differentiation was largely independent of partatipn in the ongoing GC reaction, as
indicated by the fact that no evidence of GC forarabr expansion of the donor B cell
population was observed until 8 days after transfer
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d2 post transfer

d4 post transfer

d8 post transfer

Figure 38: Migration and proliferation of BZZENA°CD38IgM* donor cells within different areas of
mesenteric lymph nodes at early time points of imentesponse. B22BNA°CD38IgM*blood B cells
were transferred as previously described. Mesentgmph nodes were harvested, consecutively
sectioned and stained with 2 different antibodyktaits to visualize different areas of lymph notlesed

on follicular borders and the SCS. The first to gdanfrom left illustrate the location of donor cell
(CD45.2, green) with respect of B cell zone (B22@) and GCs (Ki67, blue) or the B cell zone (raadl

the T cell zone (blue) at day 2, 4 and 8 afterdi@n Panels on the 2 right columns of images sti@wv
result of staining of adjacent sections for the Kigroliferation or Bcl-6 expression (both in blusf)
Kappa (red) donor (green) plasma cells and B cbtieges are shown in 20x magnification. The data
shown are representative of those obtained froeaat three mice from each time point.
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Figure 39: Migration of transferred IgMB cells through mesenteric lymph node microenvinents at
different time points of immune response. Conseeutections were stained with B220, CD3, Ki67, Bcl-
6, CD21, Kappa, Lambda and CD45.2 to identify défe areas of lymph node based on their borders.
The adjacent area to SCS was defined as the contglO0 um of the outer face of lymph nodes. An
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area of 50 pum width between B and T cell zone weterdhined as the B/T zone border. Homing of
CD45.Z donor cells was quantified within the differentegtefined lymph node microenvironments.
Donor B cells and plasma cells in each zone weuvatea in complete lymph nodes. Data show absolute
numbers of counted donor B cells within differenéas of 5 isolated mesenteric lymph nodes from 3
animals at 2 (A), 4 (B) and 8 days (C) after transThe left panel shows the calculated ratio aécted
donor B cells versus plasma cells in medullar c&dell zone and the area close to SCS 2 days4(B),
days (D) and 8 days after transfer (F).

As shown in Figure 40, transferred IgMB cells displayed a different migratory
behavior than GC B cells (Figure 37). Within 2 daysnor IgM B cells had entered the
follicle area and predominantly clustered withie # cell zone and IF zone (Figure 40
A). However, by day 4 after transfer the relatieewanulation of donor cells within the

B cell zone decreased while they became enrich@tet to the SCS. This process
was accompanied by a diminution of the absolute bars of detected donor B cells
(Figure 40 B). At day 8 after transfer donor B celimbers had increased 4 fold and in
addition to clusters within the B cell zone, a frac of donor B cells aggregated at the
T/B cell border (Figure 40 C).
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Figure 40: Relative accumulation of donor B celithim lymph node microenvironments at day 2 (A), 4
(B) and 8 (C) after transfer. To quantify cell honiof detected donor cells within lymph node
compartments, counted cells in each zone in im&ges complete lymph node sections were fractioned
and divided by the fraction of the area. Therebyalue >1 = is regarded as enrichment. n=3 for each
time point.
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5 Discussion

5.1 Kinetic of NP-KLH induced B cell subsets by analys of
their expression profile of cell surface markers aer
primary and secondary challenge

A number of previous studies have used flow cytoynetr immunofluorescence
microscopy to assess the NP specific immune regpon€57BL/6 mice (Nossal and
Tarlinton, 1996; Blink, 2005; Wolniak et al., 2006)jhese studies used a panel of
markers to delineate either GC B cell populationglescribed the differentiation of
cells dedicated to the plasma or memory B cell @mal were mainly confined tane
lymphoid organ. However, a kinetic of B cell sulssetfter multiple challenges,
including different organs has not yet been published so far. This investigadllowed
the delineation of populations corresponding totimiis stages of GC B cell
differentiation to memory B cells, plasmablasts apldsma cells. Furthermore,
previously undescribed subsets were identifiedassigned to different stages of GC B

cell ontogeny within the corresponding organ.

5.1.1 Identification of the GC B cell subset

Antigen driven peripheral B cell maturation in theuse goes along with profound
changes of their cell surface marker profile. lnagelary lymphoid organs, activated B
cells participating in the GC reaction are ideabfe by binding high amounts of PNA
(Rose et al., 1980; Kraal et al.,, 1982) and the rdegulation of surface CD38

(Ridderstad and Tarlinton, 1998). Previous studlemve uncovered extensive
information regarding molecules that are typicadlpressed by murine GC B cells,
hence can alternatively be used for their iderdtfan such as GL7 and CD95
(Martinez-Valdez et al., 1996; Cervenak et al., DOMHowever, it was shown that the
B220'PNA™ B cell subset is congruent with the identified Gaffd CD95 expressing

cells (Shinall et al., 2000). The flow cytometriodaimmunofluorescence analyses in
this work revealed the same result (data not showmgrefore, B220, PNA and CD38
were used to identify the GC B cell population.
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5.1.2 Kinetic of the GC B cell subsets

Consistent with previous studies (Wolniak et aQ®&), hapten-specific GCs appeared
as soon as 4 days after primary immunization irsffieen and mesenteric lymph nodes,
increased at day 8-16 and slightly declined unfiD.dComparison of primary and
secondary challenge revealed that aside from thiereacrease of the GC B cell subset
after secondary challenge; their frequencies lgrgetembled the obtained GC B cell
frequencies during primary challenge. The lympheecyimbers in the spleen, however,
exceeded the number calculated after the primaaflesige. Thus, it appears that a
secondary immunization essentially leads to a gepmesponse in terms of absolute
GC B cell numbers. In order to delineate the GGeB mopulation, the GC B cells were
divided into discrete subsets based on the express surface Ig (IgM or 1gG1),
binding to NP and the expression of the differaidramarker CD38.

Analysis of 5 consecutive time points during prignand secondary response revealed
that throughout the GC reaction, expression of GI{@4, IgG1 and binding to NIP did
not change significantly. However, frequencies @®1" and NP specific GC B cells
were significantly higher than those of naive angrieom day 8 after primary and day
4 after secondary challenge. Throughout both resgmnigM was the major isotype
expressed on GC B cells. Our results are in acocelavith Wolniak and colleagues
(Wolniak et al., 2006).

The specificity of the NP-KLH immune response wkso aserified by enumeration of
NIP binding B cells after primary and secondary llemge. A population of NIP
binding B cells appeared as early as 4 days afterunization in spleen and blood and
increased in numbers as the response progresskattion of a secondary response led
to the detection of higher numbers of NIP bindingells. Immunofluorescence staining
confirmed the formation of NP-specific GCs to bstrieted to the NP-KLH immunized
mice, as they were absent in naive animals. Howes&s were also occasionally

detected in naive controls, reflecting the SPF itamd of the stock breeding.
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5.1.3 Identification of the memory B cell subset

The murine memory B cell response has been theesubf lot of discussions in the
past decades. Although many studies have suggestedal characteristics to describe
the memory B cell subset, there is no ultimaterdiedj set of surface markers in the
mouse which is in contrast to the well defined BZID27° human memory B cells
(Lanzavecchia et al., 2006). Nevertheless, it hesnbwidely accepted that murine
memory B cells express B220, are antigen specifet @ntain V genes with somatic
mutations consistent with a GC origin(Tarlinton,08D Furthermore,Tarlinton and
colleagues have suggested CD38 as a marker togs¢gnmemory B cells from other
subsets, since restoration of CD38 levels is cdemial with the transition from GC to
memory B cell. Another feature of NP-KLH inducedmuay B cells is the expression
of surface IgG1; however, several reports sugdestfarmation of an IgM memory
subset (White and Gray, 2000; Nojima et al., 20Lppn immunization with different
antigens. .Therefore, in this work, murine memorgdlls were defined as mononuclear

cells, bearing the consensus BRRA°CD381gG1" or IgM* phenotype.

5.1.4 Kinetic of the memory B cell subsets

In all analyzed organs, the majority of CD3Bcells were found to express surface IgM
and their relative frequencies did not change ap@ioéy over the ensuing 7 weeks of
the primary and secondary response. Quantificatidhe kinetic and distribution of the
IgG1 expressing potential memory B cell subset imasccordance with this finding.
During both described immune responses, relateguiencies of isotype-switched cells
underwent only minor changes. Induction of a seaondesponse did not give rise to a
higher frequency, but led to an earlier emergeg@1 memory cells. The mainly
unchanged frequencies presumably indicate thagpsoswitching occurs continuously
throughout the GC response. If so, the formatiod Eespan of these subsets must
underlie a regulatory mechanism that would mainggjuilibrium between the IgM and
IgG1 cells. Alternatively, the stable frequencias e explained by a longer lifespan of
the B220PNA°CD38'IgG1" subset with probably no further differentiatiortfire sense
of changing their phenotype. This would imply thatisotype switch appears at a very
early time point of the GC response and is allowedccur during a very short time

frame. Once switched, such cells would not alteirtburface marker expression profile
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throughout the whole response. However, it remaimdear why these cells appear in
the blood at a very early time point. While the reat data do not address these
possibilities directly, some observations can belenahich will be described in the

following sections.

5.1.5 Identification of the plasmablast and plasma cell@sets

An important part of the immune response to thegantis the production of antibodies.
These are initially produced by plasma cells fromtradollicular foci found in
secondary lymphoid organs such as the spleen anphlynodes and are generally of
low affinity (Jacob et al., 1991). Such antibodas crucial for neutralization of the
antigen (Ridderstad and Tarlinton, 1998). In th&tretep, the GC reaction generates
high affinity antibody secreting plasmablasts atasma cells (MacLennan, 1994). B
cells committed to the plasma cell differentiatpathway are reported to down-regulate
surface Ig, B220 and MHCII and acquire other caelface molecules such as CD138
(Smith et al., 1996). In this population, dividiagtibody forming plasmablasts and non
proliferating antibody forming plasma cells candstinguished by B220 and MHCII
expression (Manz et al., 1998). Furthermore, tiwsesubsets differ in their expression
levels of CD22.2 (William et al., 2005). Whereaagphablasts express high amounts of
surface CD22.2, this marker is down regulated dferdintiated plasma cells (section
4.1.4). In the present study, the mentioned mar&bowve were combined for the first
time, defining the B22®D138CD22.ZMHCII'Lambda/Kappd cells as
plasmablasts, and the B22138CD22.2MHCII'Lambda/KappZ subset as plasma
cells.

5.1.6 Kinetic of the plasmablast and plasma cell subsets

In this work, the plasma cell and plasmablast kineas conducted and the phenotypic
forms they and their precursors may take were aedlyfocusing on their appearance
in the spleen, blood and bone marrow at inductplaeau and dissociative phases of

the primary and secondary immune response.

The presented data show that the relative freqasnaoi plasmablasts in spleen and

blood are nearly identical during the NP-KLH respenthus suggesting that the splenic
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plasmablast subset gives rise to the blood plasaetshl However, the bone marrow
compartment was resided by low plasmablast numdeesl analyzed time points. It
will be of great interest to know if further diffamtiation into plasma cells is the
prerequisite of their entrance into the bone marrow whether the circulating
plasmablasts in blood migrate towards other org&hs question could be addressed
by adoptive transfer of blood residing plasmablagtsother inevitable question to
address would be whether the entry of plasmabfests the spleen into the blood is a
stochastic or a selective process. A criterionsiach a selective enrichment could be
antigen specificity. The obtained data revealedt tHhacrease of hapten-specific
plasmablast numbers in spleen was accompaniederydisappearance from the blood
circulation, thus suggesting an unselective enrghimin terms of hapten specificity.
Further quantification showed the differentiatiorarkers CD22.2 and MHCII to be
uniformly expressed on all plasmablasts irrespeativtheir location.

Assessing the frequencies of plasma cells showatdtiie dynamics of this subset in
blood resembles the observed dynamics in the bomgom compartment. This
observation possibly hints at the blood plasmascbking precursors of the bone
marrow plasma cell compartment and supports previeports from Tarlinton and
colleagues (Blink, 2005). Interestingly, investigatof the hapten-specific plasma cell
response led to the same results. The increaseuudncy of lambdaplasma cells

within the spleen by d16 p.i. was clearly reflectethlood and bone marrow.

Further characterization revealed a heterogeneasisibdtion of surface MHCII
expression on the plasma cell subset. Detectedhplaglls in spleen and bone marrow
could be separated in two fractions with the foilogv phenotype; i) B220
CD138CD22.2MHCII" and ii) B220CD138CD22.2MHCII". The bone marrow
residing plasma cells, however, consisted almostusively of the MHCII fraction
after immunization. One possible explanation wobkel the stricter regulation of
CD22.2 compared to MHCII. In such a scheme theesgion of surface CD22.2 would
be probably coupled to the B220 expression and doegulated early during the
differentiation process, as no distinct B22022.2 cell subset could be detected. In
contrast, MHCII is probably down-regulated on plastells later, resulting in a diverse

expression profile in spleen and blood. It would dfegreat interest to study the
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migratory behavior of both, MHClland MHCII subsets, as it is reported that fully
differentiated plasma cells are not migratory (iFéoin et al., 2008).

5.2 Detection of GC B cells in blood of NP-KLH immunizel
C57BL/6 mice

A major finding of this work is the detection of Gcells within the blood circulation

of immunized C57BL/6 mice. This observation waspsging, as GC B cells are
generally believed to be restricted to secondamplyoid organs except in some
autoimmune diseases, leading to the formation twipgc GCs (Boer et al., 2000). The
detected blood GC B cell subset displayed a nuroberharacteristics that strongly
suggest their derivation from the ongoing GC B celction in secondary lymphoid
organs. First, the blood GC B cell subset cons$thilly matured B cells and has a
follicular origin as shown by their B220D21"'CD23'CD93 phenotype. Second, their
kinetic resembles the monitored kinetic of sple@G€ B cells. Third, a fraction of

hapten-binding GC B cells appears in the blood dy 4l after immunization, much like
the GC response in the spleen. This subset wagsible in naive animals. Fourth, the
NP-binding blood GC B cell subset displayed the esaiynamics as splenic GC B cells
during the primary and the secondary responses.eMeny GC B cells were not

detectable within the bone marrow compartment laarzlyzed time points. Thus, an
arbitrary appearance of GC B cells in blood wowdd&ther unlikely.

An interesting question to address would be whethersurface marker expression
profile of blood released GC B cells differs fronetoriginally described GC B cells in

literature. Therefore, the phenotypic charactessof the newly detected blood GC B
cells were analyzed and compared to the splenidBGe€ll subset. Interestingly, both

subsets displayed similar traits, suggesting aeratmselected release into blood
circulation in terms of isotype switch, hapten bingdand CD38 expression. Addressing
the question why these cells enter the blood ate is of considerable interest. A
possible explanation is that the assumed recydinGC B cells suggested by Kepler
and many others (Kepler and Perelson, 1993), (CamdaPerelson, 1997), (Oprea et al.,
2000), (Moreira and Faro, 2006), is not only restd to secondary lymphoid organs
but involves recirculation through the blood. Tloatnuous introduction of GC B cells
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into blood and their subsequent recirculation sgcondary lymphoid organs would be
a new way of iteration, complementing the occuritegation within GCs. Notably, a
recirculation involving all GCs within secondaryriphoid organs would be a practical
approach to optimize affinity maturation and diwgrsn a shorter time frame as it
would result in continuously reseeded and/or refaipd GCs. Despite the data shown
in this work, there has been some experimentaleen@ published, supporting the
theory of inter-GC recirculation. Tarlinton and lealgues have shown that emigration
of B cells from GCs occurs during the immune resgofT arlinton, 2006). Furthermore,
they showed that IgG1B cells with accumulated mutations bearing a memory
phenotype and antigen-specific plasma cells appearmblood one week after
immunization (Blink, 2005). Despite the reports gesfing the emigration of GC
products into the blood, it was shown that persgstsCs can be reutilized by hapten-
specific transgenic B cells (Schwickert et al., 200mportantly, a pre-GC B cell
population has been reported in the blood of caidwrith SLE (Arce et al., 2001) and
GC B cells were also detected in the blood of Hhfected drug-naive Africans
(Béniguel et al.,, 2004). Considering the mentiomada above and the hints from
literature, the next inevitable step was to addthsesrecirculation-hypothesis by direct
evidence, which was adoptive transfer of the blG&iB cells.

5.3 Transferred blood GC B cells repopulate persistingsCs
and differentiate into plasma cells

The dynamics of the GC reaction in all its pariealhas been the subject of several
investigations over the last years. While the o@moe of somatic hypermutation and
the selective retention of high-affinity clones arell-documented, the means by which
the whole process of affinity maturation occurs aemunclear (Tarlinton, 1998, 2008;
Anderson et al., 2009Although the concept of inter-GC recirculationaasolution for
affinity maturation within a short time period seewery plausible, so far it has not
been documented by direct experimental evidence. ddta presented here, strongly
suggest the recirculation capacity of GC B celbs biood during the NP-KLH specific

immune response.
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To address this hypothesis by a direct approaehblttod GC B cell subset was isolated
at a selected time point after immunization andrtiregration and differentiation was
monitored by adoptive transfer. By choosing thapieats at two selected time points
early into and right before the peak after chaleenvgth NP-KLH, their different
migratory behavior was assessed with respect tstdge of the immune response. A
calculation of the detected absolute donor cell lImens revealed that the efficiency of
transfer only slightly changed between the two ehasme points of transfer. In both
transfer systems, numbers of donor cells increasdsalt 6-fold within two days,
showing their proliferation. However, transferre@ 8 cells differentiated in a different
manner, depending on the time point of transfer.ei&¥fs adoptive transfer into
recipients at an early stage of response (d4 &anisfd to higher frequencies of isotype-
switched donor cells, transfer into animals atltter time point (d8 transfer) favored
an extensive differentiation into plasma cells. Tdteer was accompanied by detectable
numbers of hapten-binding B cells. Taking into agtothe calculated lymphocyte
numbers retrieved from kinetic experiments, thecdkesd observations held true with
respect to absolute donor cell numbers. Theserdaga the interesting possibility that
the observed GC B cell subset in the blood cont@insells which acquired this
phenotype within GCs, survived the GC reaction amigred into the blood. Thus, they
have the capability to differentiate further inwotype-switched non GC B cells or

plasma cells, an attribute described for GC B esligrants.

Immunofluorescence analysis whole mesenteric lymph nodes provided a detailed
insight into the migratory and proliferative beh@mvof donor GC B cells and T cell
interactions during the first week after transfér. contrast to the obtained flow
cytometric results from spleen, the counted absalonor cell numbers in lymph nodes
were higher after the transfer into day 8 p.i. midewever, it should be considered that
these two organs have disparate anatomical orgamzaand routes by which
lymphocytes and antigens gain access to their lyngptissues. Despite the varying
absolute numbers, the two transfer systems shoinelhischaracteristics which can be
summarized as follows: In both systems, no donaelBs were detected in the T cell
zone, but accumulated at the T/B border and wemrett contact with T cells. This
contact was particularly apparent at the early tipwnts of analysis and often

associated with proliferation, indicated by Ki6@istng. However, direct T cell contact
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was not only constrained to the T/B borders, bab @pparent in other regions of the
lymph node. Another common feature of both trarssteas their prescribed migratory
route within 8 days. During this period donor cedisccessively entered the B cell
follicles, accumulated within the dark zone andsaguently migrated to the GC light
zones. Interestingly, their accumulation within tight zone was accompanied by their
vanishing from the dark zone. Thus, by day 8 afmsfer recipient GCs populated by
donor cells became visible. The extent of this oi@ation differed depending on the
applied transfer system. The presented data dieerwith the recent in vivo imaging
studies from Nussenzweig and colleagues who repoatepurposeful GC B cell
movement from the GC dark zones to the light z¢Wesora et al., 2010).

Additionally, the IF zone proved to be a locale mcumulation of a donor B cell
fraction as soon as two days after transfer, comifig previous reports from Haberman
and colleagues (Kerfoot et al., 2011). Notably, lRezone was enriched during the
entire analysis by donor cells which were frequeiml T cell contact and were also
subjected to proliferation. Thus, instead of comdimg at the border with the T cell
zone, a fraction of the transferred GC B cells sasively migrated into the follicle and
the IF zone. It would be of great interest to knawuether the GC entered cells
originated from the follicle residing cells or carimem the IF. This question would be
hard to address, since the donor cell accumulationboth regions occurred

simultaneously.

Widespread Bcl6 expression, however, was only exigedonor cells found within the

GCs, confirming their participation in GC reactioirecipients.

The earliest evidence of progression toward the 3@S observed by day 2 after
transfer into d8 p.i. immunized mice and 4 daysraiftansfer into d4 immunized mice.
Interestingly, these time points correspond to @aafter challenge of recipient.
However, 2 days later, in both transfers donorscekre absent from this locale. The
migration toward SCS coincided by the localizatadrdonor plasma cells in this area,
as we proved by parallel staining of consecutivdesl A fraction of these cells
expressed also Ki67, indicating their proliferatianthis area. These results are in line
with Haberman and colleagues, who reported themagtation of a large number of

transferred antigen specific B cells in the aregacaht to the SCS. These cells
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proliferated and were not dedicated to the GC mac{Kerfoot et al., 2011).

Interestingly, such proliferating cells were foulog Manser and colleagues (Coffey et
al., 2009) in the outer follicle of the spleen. ldahan and colleagues affirmed this
observation and claimed that they are analogotise@ells found adjacent to the SCS.
However, in both of these works the phenotype eséhcells was not analyzed further.
The data presented in this work are consistent Wiéhprevious reports and further
indicate that the SCS is a site for expansion 0b®IGC B cells which differentiated

into plasma cells. Interestingly, this phenomeneanss to hold true across different

experimental transfer systems and organs.

Collectively, these data support a model in which Bcells leave the ongoing reaction
and recirculate through blood “grazing” the secapdgmphoid organs for antigen and
probably T cell help. In such a system, they woeddsequently improve affinity by
their participation in ongoing GC reactions, paraly by competition with other B
cell clones. Furthermore, studies explained abtnamgly suggest that the fate of these

circulating GC B cells is determined by the timénp@f immune response.

5.4 Transferred IgM and IgG1 potential memory B cells
display different migration patterns

An essential output of the GC response is the meniBorcell subset(McHeyzer-
Williams et al., 2006; Tarlinton, 2006; Tomayko at, 2010). These populations are
described to be enriched with varying degrees &tls avith improved antigen binding
capacity due to the expansion of clones with apjeite V gene somatic mutations
within the GCs (Smith et al., 1997). Although igienerally believed that the “classical’
memory B cell is isotype-switched, recent repodsenbeen strongly suggesting this
subset to contain both; IgM and IgG1 B cells (Dogaral., 2009), (White and Gray,
2000). In line with these findings, the kinetic @agiresented in this work have shown
that representatives of the two memory B cell stshseside in blood of NP-KLH

immunized C57BL/6 mice.

To compare the migration pattern of the previoustgcribed B22IPNA°CD38'1gG1"
and B220CD38PNA°IgM* subset, these cells were isolated and subsequently
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transferred into recipients at two previously didsmsd different time points after

iImmunization (section 5.3).

The term “potential” was chosen to point out thas population may also contain other
activated B cells, since their V region somatic ations were not analyzed prior to
transfer. Such an analysis was technically impéssas it would completely destroy
the cell membranes. Despite the mutated V regianyeler, the enriched and
transferred population displayed all described ati@ristics for memory B cells: They
were bigger than naive B cells according to thevéed and sideward scatter gate, had
down-regulated surface IgD, were I§Mnd bound low amount of PNA. Furthermore,
they expressed high levels of CD38. The data pteddrere revealed that the Igénd
IgG1" memory B cell subsets display different homingagitpes.

Upon transfer, the 1gG1B cells dominantly accumulated in the bone marrow
compartment. Interestingly, the transfer of IGA cells into recipients at an earlier
time point p.i. resulted in their earlier appearant the bone marrow. In both transfer
systems, surface B220 was down-regulated on thectdet donor cells over time,
suggesting their differentiation into plasmabladtswould be interesting to know
whether this differentiation occurred within thenkeomarrow or if the plasmablasts that
differentiated in other lymphoid organs immigraiatb the bone marrow. If the bone
marrow residing plasma cells originate from secopd&ymphoid organs, a
corresponding population should be detectable leesp This was not the case after
transfer into d8 recipients, as numbers of I§@dlls in spleen were below detection.
However, the lymph nodes cannot be excluded agenpal site of differentiation, as
this organ was not subjected to our analysis. Adeptansfer of the IgG1icells into d4
recipients resulted in their accumulation withinrnbomarrow by day 2, whereas the
earliest evidence of donor cells in spleen was doah day 4 after transfer and the

majority of these cells had already down-reguld&2a0.

Taken together, these data support the idea ti&t lgemory B cells directly home to
bone marrow and differentiate into plasma cellssttare in line with Weill and

colleagues (Dogan et al., 2009) .

Another vital part of the memory response to amtigethe production of lgMmemory

B cells. Although the factors that regulate isotgmatching are well-known, little
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attention has been paid to the functional diveraitgd distribution of |gM memory B
cells in vivo. This question was tried to addregdransfer of blood-derived memory B
cells. The IgM+ potential memory B cell subset waslated from the blood of
C57BL/6 mice 8 days after their immunization witiPLH and transferred into
recipients at an early time point (d4 p.i.), anghtibefore the peak (d8p.i.) of the GC
response. Consistent with the previously describetd (shown in sections 4.2.3 and
4.3.3), the detected donor cell numbers differetvéen the two transfer systems.
Whereas donor cell numbers remained nearly consttiat their transfer into d4
recipients, transfer into the d8 recipients reslitetheir sequential decrease over time.
This phenomenon could be explained by the condititte donor cells face whilst
entering secondary lymphoid organs of the recipigkd the immunofluorescence
microscopy studies of the spleen and the lymph siodwealed, 4 days p.i. GC
structures are fragmentary built and the recipieBitsell response has not matured yet,
but Th cells are available in the follicle. Consexqtly, at day 4 the antigen is disposable
on FDCs and Th cells are available whereas at dag 8 cell response of recipient has

matured and the donor B cells have to compete tvélendogenous B cells.

A comparison of the surface and intracellular maikeression profiles of spleen and
bone marrow residing IgM donor cells with the primpphenotype revealed insight into
their preferred differentiation pathways and highted the role of antigen availability
in these processes. Interestingly, a fraction afodaells regained GC phenotype after
both transfers, strongly suggesting their recruitmmto the GC reaction of the
recipient. This subset was detectable until daypli2 of recipient and vanished
afterwards. Another common feature was the fracbbrhapten-binding donor cells

which disappeared by day 16 p.i. of recipients.

Despite the described similarities between the Igidnsfers into day 4 and day 8 p.i.
recipients, flow cytometric analysis revealed ttieg differentiation pathways of donor
cells exhibited essential variation. Transfer ofigcells into day 4 p.i. recipients
favored isotype switch, such that 2 days aftersien10-15% of detected donor cells in
the spleen and bone marrow expressed surface I§@ikingly, as shown by flow

cytometric data the transfer into day 8 p.i. resps resulted in a rapid differentiation of

two thirds of the donor cells into antibody secargtplasma cells. However, 4 days later,
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the donor specific plasma cell response weanedjestigg the vast majority of these
cells to be rather short lived.

Analysis of whole mesenteric lymph nodes via imnfluwescence microscopy
unveiled further details regarding the detailed natigry and proliferative behavior of
donor IgM' cells during the first week after transfer.

The transferred IgMcells into day 4 p.i. recipients accumulated wittiie IF zone and
along the T/B cell zone border prior to migratingpi the BCZ. The vast majority of the
T/B border residing cells were in direct contacthwi cells and partially proliferating.
However, 2 days later donor cells had entered alielé and become apparent in the
GC dark and light zones, but were still detectatléhe T/B border and the within the
IF zone, albeit to a lesser extent. One week &fésfer donor B cells had disappeared
from the dark zones and was scarcely found witlghtlzones. Instead, they re-
accumulated within the IF and along the T/B bordbistably, half of these cells were
T cell associated while one fourth was prolifergtiddditionally, a fraction of donor

cells appeared for the first time within the ardpmeent to the SCS.

In contrast, transferred IgMcells into day 8 p.i. recipients were detectedhwéss
numbers in spleen, blood and bone marrow and feitba slightly different migration
route. Although they also accumulated after 2 daiyisin the IF zone, they were absent
from the T/B cell zone borders. However, it remam®be addressed if the donor cells
have moved along the borders before the first pimiat of analysis. Instead, donor cells
accumulated in the B cell follicle and graduallyved to the GC dark zones and the
adjacent area to the SCS. Finally, one week aféarster, cells had disappeared from
the dark zones but were still enriched at the SQ@8dys. Notably by this time, similar
to the previous observations, donor cells were doaoccumulated along the T/B cell
zone borders. The transferred cells were not dsdewafithin light zones at any time
point of this analysis. This could be explainedthg two different transfer systems
used. However, it should be taken into account #idiough as shown here blood
released IgM memory B cells have the capability to return istondary lymphoid
organs and getting recruited into the GC reactiogy may do so to a lesser extent than
blood GC B cells which are per se dedicated td@Beresponse by their surface marker
expression profile. It remains to be elucidated thwée the induction of a secondary
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response would increase the participation of igid IgGI memory B cells in the
ongoing GC reaction as would be expected for igivemory B cells (Dogan et al.,
2009).

In total, the data presented here show that duhegNP-KLH response blood-derived
IgM™ potential memory B cells have the capability tteersecondary lymphoid organs
through a prescribed migration route and partieipatthe ongoing GC reaction. These
results are in line with Weill and colleagues whigueed that transferred splenic IgM
memory B cells reinitiate GC responses after indacof an immune response (Dogan
et al., 2009). Hence, the blood residing fgBl cells most probably originate from the
described memory B cells outside the follicles. Ofiow cytometric and
immunofluorescence microscopy data revealed thaffragtion of these cells
differentiates further into plasma cells, which plity a similar migration pattern,
irrespective of the time point after immunizatitvey get released into blood.

In conclusion, the results presented here demdaestinat a previously less described
microenvironment within the IF zone of lymph nodesves as an initial destination of
circulating GC B cells and IgMpotential memory B cells and can promote initial
proliferative stages during and after primary iatgétons with T cells at the interface of
follicles. It would be important to understand tisée of such a microenvironment as a
potential site for clonal expansion, prior to th€ @&sponse. As Cohn mentioned many
years ago (Cohn, 1972), unless a large pool ofogatmspecific lymphocytes was
generated in a short period of time, the infectimuld overwhelm the host as a result
of the high replicative capacity of most pathogeBased on this idea, Manser and
colleagues argue that if individual GCs are fountdgdnly a small number of B cell
precursors, subsequent generation of effector pepulations of sufficient size,
expressing BCRs of the affinity and specificity esegary for rapid antigen (pathogen)
clearance might not occur. They showed a rapidmsipa of antigen specific B cells at
the perimeters of the splenic follicles prior thetroduction into the GCs (Coffey et al.,
2009). This work support the idea that the IF zomauld be the corresponding

microenvironment in lymph nodes as suggested byeHiadn and colleagues.
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6 Summary and perspectives

In this work, the phenotypes of GC derived B cabsets in the spleen, blood and bone
marrow of C57BL/6 mice were evaluated at conseeuiime points after their primary
and secondary challenge with NP-KLH. Previous phgio studies have delivered
significant information regarding the molecules egsed on GC derived B cell subsets
and enable us to unambiguously identify GC B cgllasmablasts and plasma cells in
the corresponding organs (Ridderstad and Tarlintt®98; Shinall et al., 2000;
McHeyzer-Williams and McHeyzer-Williams, 2004; W@k et al., 2006). In this
study, these populations were resolved into discsebsets by flow cytometry, based
on the expression and distribution of Ig isotypegivation markers and differentiation
antigens. Furthermore, their formation, accumutatand their dissolve within the
spleen, blood and bone marrow compartment were torexi in the course of primary

and secondary immune response.
Taken together, the analyses revealed the followiagpr points:

 The association between the expression of CD22@ MRCII, and the
generation of plasmablasts and plasma cells weamieed during the primary
and secondary response to NP-KLH. Subsequently,2CD®as found to be a
stricter marker for segregation of plasmablasts pladma cells than MHCII.
Whereas syndecan binding plasmablasts uniformlyresged CD22.2, this
surface marker was homogenously down-regulatedlasna cells. In contrast
the expression of MHCII on plasma cells was ratteterogeneous, comprising
the two MHCII™ and MHCI° subsets.

It remains unclear whether these MHENnd MHCI° plasma cell populations are also
functionally distinguishable. However, such quasti@ould be addressed by adoptive

transfer experiments and chemokine migration assays

* Another major finding of this work was the detentiof GC B cdlls in the
circulating blood. The data presented here showthenewly detected blood-
derived GC B cell subset consists of mature B celisplaying a follicular

phenotype. This finding was of particular importanas it challenges the idea of



105

iteration within GCs by putting it in a new contexthese data imply a
complementary model to the traditional conceptidnan “internal iterative
process” wherein GC B cell clones are “recycledVesal times within single
GCs. Thus, a “recirculation model” was postulateticrein GC B cells leave
the GC reaction after getting selected, enterimgltlood circulation, in order to
getting recruited into the ongoing GC reaction @zandary lymphoid organs.
Interestingly, these observations were reinforcgthe detection of B cells with
GC phenotype in blood of HIV infected patients (Bgel et al., 2004).
Furthermore, transfer experiments performed by Bhmseig and colleagues
(Schwickert et al., 2009) demonstrated that GCsogen structures and their
seeding is probably an ongoing process. Howevegcdproof of recirculation

and emigration of GC B cells is still missing.

To test the concept of “recirculation” adoptivenséer experiments of the GC B
cell subset detected in blood were implemented. €htablishment of a
functioning transfer system was particularly chadi@g, due to the limited
numbers of lymphocytes in blood and the low freqies of the GC B cell
subset. Finally a particular cell enrichment andnsfer procedure was
established, allowing the efficient transfer of eavfthousand cells, and their
subsequent detection via flow cytometry and immlumréscence microscopy.
Nevertheless, dealing with such small numbers niiadessible to make more
funded predictions about how such processes taee ph “real nature”. Hence;
in this work a “wildtype” mouse model was chosem éonduction of these
analyses. The resulting data clearly show that tlo®d-derived GC B cell
subset can enter the secondary lymphoid organscatwhize the GCs of
recipients. Additionally, the transferred bloodided GC B cells participate in
the GC reaction as evidenced by their migrationedom the dark zone to the
light zone, which was associated with their pro&feon and expression of the
GC specific marker Bcl-6. Collectively, these dsti@port a model wherein GCs
are open structures (Schwickert et al., 2009), watig the continuous
immigration of GC B cells derived from other GCs the bloodstream. Thus,

during a response, individual GCs can be continyoepopulated by selected
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clones from all secondary lymphoid organs. It coatdspeculated that such an

interaction would result in an accelerated affimitgturation

e To address the question whether the capabilitymtmigrate into secondary
lymphoid organ is a blood GC B cell specific featuadoptive transfers of two
blood-derived B cells subsets, corresponding ter laime points of GC B cell
ontogeny were conducted. The data revealed a eliffemigratory route for
CD38"IlgG1" and CD38IgM* potential memory B cells. Whereas the I§G1
subset preferentially migrated toward the bone awvarcompartment and
subsequently down-regulated B220 surface expresssuggesting their
differentiation into plasma cells, the Ig\ells were recruited to the spleen and
were mainly found located within the B cell zonAssignificant proportion of
the IgM" cells differentiated into plasma cells. These ltssupport the idea that
after challenge, the IgGlksubset has immediate effector functions, the reakm
of B cell memory, but has little capacity to reiaie the GC response, whereas
the IgM" cells mobilize to the GCs and switch to IgG1 aheréby ensure the
replenishment of the memory B cell pool (DoganltZ®09).

It would be interesting to see how the migratorizdneor of these subset changes over
time, and particularly if some of the differentidglasma cells would acquire longevity.
Another important question to address concerngtbkferative behavior of the blood
derived GC B cell and potential memory B cell sibsd@hese questions could be
addressed by BrdU labeling of donor B cell subsetd their subsequent analysis at
much later time points (months). In such experimemtdetailed localization of the
different transferred cell subsets within the bongarrow compartment via
immunofluorescence microscopy would deliver ap@iglel information. It would be of
further interest whether these subsets have diftgretentials to induce B cell memory.
This issue will be unveiled by induction of secorydaf tertiary challenges.
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7 Zusammenfassung

Keimzentren (GC) sind fur die Entstehung des imnhogischen Gedachtnisses und der
Produktion hoch-affiner Antikdrper von entscheiden&edeutung. Hierbei handelt es
sich um transiente Strukturen die nach Immunisigromt einem T Zell-abhangigen
Antigen in sekundar lymphatischen Geweben wie dde Mnd den Lymphknoten
entstehen. Im Laufe einer Immunantwort, wanderivigkte B Zellen in die sekundar
lymphatischen Organe ein und erreichen dann diellFEereiche. Dort befinden sich
fur dasselbe Antigen spezifische, bereits aktigidrtZellen Diese, ermdglichen den B-
Zellen zu proliferieren. Ein Teil jener B-Zellen mdert zusammen mit den T-Zellen,
von denen sie aktiviert wurden, zu den B-Zell-Feln, wo sie an der Grenze zur T-
Zell-Zone Keimzentren bilden. Innerhalb der Keimzen entstehen durch einer Reihe
von mikro-evolutionéaren Prozessen, B-Zellen mitdroAntigenaffinitat, diese erhalten
Uberlebenswichtige Signale von T-Zellen und kdndienKeimzentren verlassen um zu
langlebigen Plasmazellen oder B-Gedachtniszellen diterenzieren. Diese B-
Gedéachtniszellen sezernieren auch Antikérper andier@unglobulin-Klassen als IgM.
Die Sezernierung solch ,Klassengewechselter” Ampkd ist fir die Optimierung der
Immunantwort von essentieller Bedeutung, da die mimglobulin-klasse” eines
Antikorpers bestimmend fur seine Effektor-Funktish Beispiele solcher Funktionen
waren die Aktivierung des Komplementsystems, Opsening, Neutralisation
bakterieller Toxine oder Mastzellen Aktivierung.

Obgleich GCs unerlasslich fur die Entstehung desunmlogischen Gedachtnisses
sind, spielen ektopische Keimzentren, also Keimeentdie sich aullerhalb des
sekundaren lymphatischen Gewebes bilden, in desténing und dem Verlauf diverser
Erkrankungen wie z.B. Rheumatischer Arthritis, Haslto Thyreoiditis, Sjogren
Syndrom, Multipler Sklerose, HIV und chronischerpidgtis C eine grol3e Rolle. Aus
diesem Grund ist es unabdingbar, die Dynamik uedetjulierenden Mechanismen, die
dem Fortbestand und der Terminierung der Keimzergtgrundeliegen zu verstehen.
Deshalb wurden folgende Untersuchungen durchgefihrt

i) Es wurde eine Kinetik samtlicher wichtigen in deC-®eaktion involvierten B
Zellen mit Hilfe von durchflusszyometrischer Metleoderstellt. Diese Analyse
umfasste die drei Organe, Milz, Blut und das ist#i&Knochenmark aus Femur
und Tibia, und wurde an mehreren aufeinanderfolgendeitpunkten nach
Induktion einer priméaren und sekundaren Immunarttwoit dem Model
Antigen NP-KLH vorgenommen.

i) Um das Migrationsverhalten von GC-B-Zell-Emigranten untersuchen,
wurden verschiedene im Blut zirkulierende zu umieledlichen Zeitpunkten
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7 Zusammenfassung

der GC-B-Zell-Entwicklung gehdrige B-Zell-Populaten isoliert und in
Rezipienten transferiert die zu unterschiedlicheriiptinkten zuvor immunisiert
waren. Die Lokalisierung und weitere Differenzieguder transferierten B-
Zellen wurden in der Milz und im Knochenmark mité&urchflusszytometrie
und in den mesenterischen Lymphknoten mit Immurno#iszenz-Mikroskopie
innerhalb einer Woche nach dem Transfer bestimmt.

Diese Arbeit tragt durch folgende Erkenntnisse adenstandnis der GC Entwicklung
und Dynamik bei:

1)

2)

3)

Eines der wichtigsten Erkenntnisse dieser Arbeit di@ Detektion von B-
Zellen mit einem GC Phénotyp im Blut. Die durchfimgometrischen
Untersuchungen zeigten dass diese Zellen eindeetig B-Zellen sind und
follikularen Ursprung haben. Die Entdeckung von BQellen im Blut fihrte
zu der Hypothese der ,Rezirkulation“; die besagt dmme Fraktion von GC-B-
Zellen nach Verlassen der GC ins periphere Blutdeam ohne ihren Phanotyp
zu verlieren. Das Zirkulieren dieser Zellen im B&stmadglicht es ihnen in jedes
beliebige sekundare lymphatische Gewebe einzuwanden dort, in den
lokalen GC Reaktionen teilzunehmen. Solch ein Sehexirde zu einer hoheren
GC-Diversitat und einer schnelleren Affinitatsreifufiihren.

Um der ,Rezirkulation-Hypothese" eine experimelet@asis zu geben, wurden
die im Blut detektierten GC-B-Zellen isoliert undRezipienten transferiert, die
sich in der frihen Phase oder kurz vor dem Hohepuek GC Reaktion

befanden. Die Resultate zeigten dass die trangfmieGC-B-Zellen in das

sekundare lymphatische Gewebe einwandern und &nlden GC Reaktionen
teilnehmen kénnen um dann weiter zu Plasmazellatifiarenzieren.

Um zu prifen ob die Fahigkeit in sekundar lympldies Gewebe zu
immigrieren im Laufe der GC B-Zell Entwicklung behmlten wird, wurden
zwei weitere aus dem Blut gewonnene B-Zelltyperg i einem spéateren
Entwicklungsstadium der GC B-Zellontogenese warauf dieselbe Weise
transferiert. Hierbei handelte es sich um zwei pidde Gedéachtnis-B
Zellpopulationen; CD3®gG1" und CD38IgM* B-Zellen. Die Analysen
ergaben dass diese zwei B-Zellpopulationen in dar €in unterschiedliches
Migrationsverhalten aufweisen. Wahrend die I1§@tZellen bevorzugt in das
Knochenmark einwanderten und zu Plasmazellen dif@erten, immigrierten
die IgM" B-Zellen auch in die Milz und die Lymphknoten wie $eilweise an
der laufenden GC Reaktion des Rezipienten teilnahme
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8 Abstract

Development of B cell memory and generation of hadfinity antibodies are crucially
dependent on germinal centers (GC). GCs are tmnsteuctures which arise after
challenge with a T cell-dependent antigen withinoselary lymphoid organs, such as
the spleen and lymph nodes. During the immune respactivated B cells migrate to
the T cell zones within the secondary lymphoid asggand acquire help from the
residing antigen-specific, activated T cells. Soofighese activated B cells migrate
toward the B cell zones, expand rapidly and foulmel GCs. A number of micro-
evolutionary processes occur within the GCs, legadinthe production of high-affinity
B cells which acquire the necessary survival sgfi@m T cells and leave the GCs in
order to differentiate into plasma cells and memBrgells. These memory B cells are
able to produce antibodies other than IgM. The petidn of such “class switched”
antibodies is important for optimizing the immumsponse to particular antigens, since
the antibody class defines its effector functiossch as complement activation,
opsonization, neutralization of bacterial toxinsl @amast cell activation.

GCs play a major role in the development of protecimmunological memory;

however, they are responsible for the pathogene$iseveral autoimmune and
infectious diseases, such as rheumatic arthraishimoto thyroiditis, sjogren syndrome,
multiple sclerosis, HIV and chronic hepatitis C. iff, therefore, of significant

importance to understand the dynamic of GCs anddbalating mechanisms which
underlie their progress and termination. This wdeivers a deeper insight into the
mentioned topics by performing the following analys

)] A kinetic of the GC B cell subsets was conducted rbgans of flow
cytometric analyses and immunofluorescence micmsamethods. This
kinetic included the spleen, blood and isolatedebvarrow from femur and
tibia and comprised several time points after pnmand secondary
challenge with NP-KLH, a model antigen often usedanalyze the T-
dependent immune response.

i) To monitor the migratory behavior of GC B cell enaigts, different B cell
subsets, corresponding to distinct stages of GElIBatogeny were isolated
and enriched from blood. Subsequently, these ssilvgette transferred into
recipients at an early time point and shortly befthe peak of their GC
response. The localization and differentiation ustadf the donor B cells
within spleen, bone marrow and mesenteric lymphesaaf recipients were
determined during one week after transfer via fleytometry and
immunofluorescence microscopy.
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This thesis contributes the following insight inte development and dynamics of the
GC response:

1. The major finding of this work was the detection Bfcells bearing a GC
phenotype in blood. The flow cytometric analysivea@ed that these cells
consist of mature B cells of a follicular GC origithe detection of GC B cells
within blood led to the postulation of the “recikation” hypothesis, which
states that a fraction of GC B cells exits the @@d enters the peripheral blood
without losing the GC B cell phenotype. Consequgritie circulation through
blood enables such emigrants to enter segondary lymphoid organ, enabling
them to be re-admitted to the local GC reactiongpp®sedly, such a scheme
could lead to faster affinity maturation and a legtiversity of GC B cells.

2. To test the ,recirculation” hypothesis, a bloodided GC B cell fraction was
isolated and transferred into recipients which war@n early time point, just
before the peak of their GC response. The obtaesdts showed that the blood
derived GC B cells immigrate into secondary lymphoigans and are recruited
to the already existing GC reaction. Furthermoteyt differentiated into
plasmablasts and subsequently plasma cells.

3. To address the question whether the capabilitymimigrate into secondary
lymphoid organs is a GC B cell specific featuregiaidnal transfer experiments
were conducted with blood derived CO38G1" and CD38IgM* potential
memory B cells, which correspond to later stagesG@f B cell ontogeny.
Interestingly, these two subsets displayed a differmigratory behavior.
Whereas CD38gG1" B cells preferentially migrated into the bone marrand
differentiated into plasma cells, CO8§M* B cells migrated into the spleen and
the lymph nodes and patrticipated in the ongoingr&actions.
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Abbreviations

AFC
APC
BCR
BSA
CDR
Dz
EDTA
FACS
Fc
FDC
GALT

GC

KLH

LZ

Antibody forming cell

Antibody presenting cell

B cell receptor

Bovine serum albumin
Complementary determining region
Dark zone

Ethylene diamine tetraacetate
Fluorescence activated cell sorting
Fragment crystallizable

Follicular dendritic cell

Gut associated lymphoid tissue
Germinal center

Immunoglobulin

Immunoglobulin heavy chain
Immunoglobulin light chain
Immunohistochemistry
Intraperitoneal

Kilo Dalton

Keyhole limpet hemocyanin

Light zone
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MALT Mucosa associated lymphoid tissue
MHC Major histocompatibility complex

NIP (4-hydroxy-3-iodo-5-nitrophenyl) acetyl
NP (4-hydroxy-3-nitrophenyl) acetyl

PALS Periarteriolar lymphoid sheath

PBA PBS containing 0.5% bovine serum albumin
PBS Phosphate buffered saline

PE Phycoerythrin

PNA Peanut agglutinin

SA Streptavidin

SLE Systemic lupus erythematosus

SHM Somatic hypermutation

SRBC Sheep red blood cells

Vv Variable gene segment/region
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