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CHAPTER 1



Introduction

The human immune system is capable of specifically recognising and responding to an
enormous number of antigens. It has evolved different mechanisms to locate foreign
cells, viruses or macromolecules, to neutralise and eliminate them. Immunoglobulins play

an important role in this event as soluble protein or as B-cell membrane receptor.

Immunoglobulin Structure

The basic structure of all immunoglobulin (Ig) molecules is a unit consisting of two
identical light (L) polypeptide chains and two identical heavy (H) polypeptide chains
linked together by non covalent interactions and stabilised by disulphide bonds. Both H
and L chains are organised into domains that are defined by homology either in constant
(C) or variable (V) regions on the basis of the degree of sequence variation amongst
different antibody molecules. Both V domains (Fv fragment) form the antigen binding

site (figure 1).

The plant protease papain cleaves the Ig molecule in the hinge region between the CH1
and CH2 domains, to give two identical Fab fragments and one Fc (crystallizable)
fragment. These papain-generated fragments have been of enormous value in

structure/function studies on the antibody molecule because they separated the Fab



region, which binds to the antigen, from the Fc region, which mediates effector functions.

Heavy chain C domains (C region) define the classes and subclasses of mammalian Igs.

Fab

lgG scFv

Figure 1 Structure of a complete Ig molecule and of the Fab, Fv and single chain Fv
(scFv) fragments. H chain= VH-CH1-CH2-CH3. L chain= VL-CL.

Five types of H-chain exist, designated by the greek letters p, 9, v, €, o, which define the
corresponding immunoglobulin classes IgM, IgD, IgG, IgE and IgA. They differ in size,
charge, amino acid composition and carbohydrate content. A primary difference is the
presence of an extra C domain in IgM and IgE. The C region types (isotypes) mediate
immunological effector functions, such as complement fixation, placental transfer, and

binding to cell surface Fc receptors, that are specific to particular isotypes.

On the other hand, light chains are represented only by two isotypes, k¥ and A. In humans

k light chains comprise approximately 60% of the human light chain protein, while in



mice represent approx. 95%. Functional differences have not been identified for the two

isotypes of mammalian L chains and neither an H-isotype association bias.

The hinge region between the CH1 and CH2 domains, vary in length and may facilitate
antigen binding by increasing H chain flexibility. It is also important in coupling the
binding and effector function of the immunoglobulin, allowing formation of the complete

tetrameric complex by disulphide bridges.

In addition, the Ig molecule can be expressed on the cell surface or secreted as a soluble
protein with different oligomerisation patterns. On the membrane it shows a monomeric
organisation although it has recently been described oligomerisation of IgM (non-
covalent) using mild detergent cell lysis (1). When secreted IgG and IgE are monomers
whereas IgA and IgM when expressed in conjunction with the invariant J chain protein
form covalently linked dimers or pentamers, respectively. However, when no J chain

protein is present, [gM is secreted as hexamer (2).

The Immunoglobulin Domain

The immunoglobulin fold has been widely identified in many organisms, including
chicken, zebrafish and S. cerevisiae. It comprises a very big family of proteins known as

Immunoglobulin Superfamily referring to the diverse group of genes, which contain one



or more Ig homology domains. In mammalians, apart from immunoglobulins, several

molecules adopt this folding including cell surface molecules and other immune proteins.

Each domain is approximately 110 aminoacids in length with a fold (immunoglobulin
fold) consisting of two stacked layers of antiparallel § sheets surrounding an internal
space filled with hydrophobic aminoacid side chains with terminal exposed loops
arranged in a sandwich, or B barrel structure. Each fold contains seven polypeptide {3
strands, four of which comprise one P pleated sheet, the other sheet consisting of the
remaining three strands. The two layers are covalently linked by a disulphide bond found

in most, but not all, proteins containing the immunoglobulin fold (figure 2) (3,4).

The Variable Domain

Each V domain consists of four regions of relatively conserved sequence called
framework regions (FR1, FR2, FR3 and FR4). The basic secondary structure coincides
with B-strands connected by loops as an immunoglobulin domain, but from which three
are highly hypervariable sequences. The framework regions form the scaffold for these
hypervariable loops placing them on one end of the -barrel creating the antigen binding
site, determined by the shape of the surface and so its specificity. These hypervariable
regions are also referred to as complementarity determining regions (CDRs) and are

located in the H-chain between 26-32 (H1), 53-55 (H2) and 96-101 (H3), and in the L-



chain between 26-33 (L1), 50-52 (L2) and 91-96 (L3), according to the Kabat numbering
system (5). The length of the variable domains of H (VH) and L (VL) chains differ from
the C domains by 16 aminoacids that allow to form a distinctive fold using two additional

B strands and an extra loop connecting these strands (figure 2).

VH CH

Figure 2: Immunoglobulin domain tertiary stucture. Domains VH and CH are shown in
the B barrel conformation. The two additional P strands of VH are coloured with yellow
and light green and the CDR loops with red.

Domain dimerisation

Immunoglobulin domains interact in such a way that an antibody actually consists of a

series of dimeric modules. CH3 domain in IgG and IgA, and CH4 domain in IgM and IgE



(three-strands/four-strands sandwiches) normally associate to each other through the
four-stranded face by hydrophobic surfaces in a very tight manner. In the cases of IgG,
IgA and IgD, the Fc is a dimer of two domains CH2-CH3, while in IgM and IgE it
consists of paired CH2-CH3-CH4 domains. In contrast, CH1 in all isotypes does not face

its partner but the CL.

Similarly, V domains (four-strands/ five-strand sandwiches) form dimers using the five-
strand face. The VL-VH interface consists of two closely packed B-sheets and its
geometry corresponds to a nine-stranded elliptical or prism-shaped barrel, which place
the six CDRs close to each other at the amino terminal end of the Fv fragment. The barrel
forms the bottom and sides of the antigen-binding site. However, aminoacid residues that
are part of the domain-domain interface and that appear not to be accessible to the solvent
or the antigen can also contribute to antibody specificity (6). Moreover, mutations of
conserved interface residues may affect antigen binding indirectly by influencing the
relative position of the VL and VH domains (7). Many of the residues responsible for
VH/VL intérdomain contacts have been localised. Overall 12 to 21 VL and 16 to 22 VH
residues participate in interchain stabilisation (3). About half of the hydrophobic core
contacts are formed between FR2 of one chain (VL residues: P*-hydrophilic® -
hydrophobic® - hydrophobic”’, VH residues: G* - L* - E* - W¥ - hydrophobic®) and

FR4 of the other (VH/VL: W!%/FE.GI®_X1%10_G1%%) (figure 3). Furthermore, these



regions are highly conserved in humans and murines and when modified, like in
camelids, the VH becomes more soluble and does not pair with VL (8). The consequence
of this is that the VHs are soluble avoiding aggregations. This natural selection has been
exploited with biotechnological interest by specifically mutating residues in the VH
interface (G*E, L*R, W¥G) allowing the monomeric expression in soluble form of

defined VHs in bacteria (8, 115).

The conserved VH-VL interface suggests a very permissive VH-VL association,

although, some unknown aspects provoke biased VH-VL combinations (9).

Moreover, it is accepted that the VH-VL interface is an adaptable structure, modulated by

both the CDRs of the antibody and its interaction with antigen (10).

Experiments performed with oligopeptides and oligonucleotides have shown that upon
antigen binding the relative orientation of the 2 V regions can take place in the complexes

up to 16 degrees shifts in VH-VL association (11).

An unusual mode of domain-domain association is the VL-VL interaction found in the
Bence-Jones disease which closely mimics the interface geometry of VL-VH, although,

its contact area is lower by 18% (6).



Figure 3: Schematically representation of hydrophobic b-bulges inducing VL-VH
dimerisation. Light colours correspond to L-chain and dark ones to H-chain. Red spheres
represent regions in FR4 and blue ones in FR2 that are located in the main f-bulges in

dimerisation.



In contrast to these trans VH/VL associations that involved an area of around 1000-1700
A% (12, 13), cis VH-CH1 and VL-CL contacts also are present. The existence of residues
at the V/C domain interface, forming an extended hydrophobic patch, is preserved in all
antibodies, their exact position and extend varies. A comparison of known Fab structures
showed that between L-chain variable and constant domain an area of 41090 A? per
domain is buried, while the heavy chain V/C interaction covers an area of 710+180 A
The aminoacid conservation in these areas is not particularly high and some residues but

not all are hydrophobic, predominantly aliphatic (14).

Immunoglobulin genes

The Ig molecule is encoded by three independent gene loci, namely Ig k and Ig 1 genes
for the L chain and IgH genes for the H chain, which are located, in humans, in
chromosome 2, 22 and 14, respectively. The expression of a complete immunoglobulin
molecule is a consequence of the DNA recombination event that takes place
independently in each lymphocyte precursor and leads to the assembly of specific
DNA segments in both the H-chain and the L-chain loci.These rearrangements involve
the formation of the active V regions which are encoded by a newly formed exon

assembled upstream of the C region. For the H chain V regions the recombination
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process involves the joining of three different gene segments: a variable (VH), a diversity
(D) and a joining (JH) segment. Each VH gene segment contains two exons: the first
encodes a hydrophobic leader sequence that facilitates vectorial translocation of the new
synthesised molecule to the endoplasmic reticulum, while the second encodes the FR1,
CDRI1, FR2, CDR2 and FR3 regions. CDR3 is encoded by a D segment; short sequences
derived from the VH-D and D-JH junctions, and a part of the JH (up to the W'®). The
remaining JH segment, including the very conserved motif W'®-G'*-X'-G'™, encodes

the fourth framework region.

In humans, the IgH contains approximately 125 segments (15), classified into seven
different families, of which 51 are functional (16). Approximately 25 D gene segments

have been identified and just 6 functional JH segments (17, 18).

The heavy chain constant region genes are organised in clusters each encoding a different
C region. In humans, the p constant region (Cu) is located closest to the JH segments

followed by the exon clusters encoding the other H chain isotypes (19) (figure 4).

B-lymphocytes express p H chain first during differentiation, while the other isotypes are
expressed later after the process of class switching has occurred. An exception is IgD (20,
21), which is co-expressed with IgM by alternative RNA processing and termination of

transcription.
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Human Ig H-chain gene locus

Vi genes D genes Jy genes

germline

FW1 1« FW2

—

mature B cell

CDR1  CDR2 CDR3 e

Figure 4 Human heavy chain locus organisation and rearrangement. E represents
transcription enhancers and S boxes sequences involved in class-switch
recombination. C regions are schematically shown as a single box.

The variable region of each L chain isotype is encoded by an upstream exon that is
assembled from analogous VL and JL segments which are joined directly to each
other; there are no L chain D segments. The genetic segments for the assembly of
functional VL proteins derive from either of two different loci: k (40 functional) or A
(31 functional). In humans, k light chains comprise approximately 60% of the human
light chain protein. Similar to the VH genes, each of these Vi segments has two
exons, one encoding the leader sequence and the second encoding most of the V
region. The remaining of the Vi region is encoded by one of the five functional Ji

gene segments. Downstream of the Ji segment is located the single Ck gene. For the

A light chain, after the VA regions there are seven JA-CA clusters, each composed with

12



one JA and one CA gene (4 functional pairs), placed in the same transcriptional

orientation as the VA sequences (vbase directory: www.mrc-cpe.cam.ac.uk/imt-doc).

Ig genes expression

The VH-DH-JH locus undergoes V(D)J recombination during early B cell
development. V(D)J recombination initiates at the pro-B cell stage and is ordered with
DH to JH rearrangement preceding VH to DJH rearrangement. Additional diversity is
created by the junctional imprecision of the joining events and by the deletion of
nucleotides and addition in these areas of new, untemplated nucleotides between D
and JH and between VH and D, called N regions. This further increases the diversity
of distinct IgH chains that can be generated from the relatively modest amount of
genetic information present in the germline. Generation of a ulgH chain from a
productive V(D)J segment results in differentiation to the precursor-B cell stage in
which most Ig light chain variable region genes are assembled, eventually producing
the complete surface Ig complexes.

The V(D)J recombination involves recognition and double strand cleavage by
recombinase-activating genes (RAGs) 1 and 2, which together form a recombinase
(RAG 1/2), at the borders between the recombination signal sequence (RSS) and the
coding DNA. The conserved heptamer and nonamer sequences of the RSSs are
separeted by non-conserved spacers of 12 or 23 base pairs (forming 12-RSSs and 23-

RSSs). The 12/23 rule, which is mediated at the level of RAG1/2 recognition and

13



cutting, specifies that the recombination process occurs only between a gene segment
flanked by 12-RSS and one flanked by a 23-RSS, ensuring that only the appropriate
gene segments are joined (22). The RAG 1/2 recombinase with the help of the non-
specific DNA binding protein HMG1 (23) forms a synaptic complex between RSSs
with different spacer lengths. The subsequent cleavage by the RAG 1/2 can be dived
into two distinct steps (24). First, the RAG proteins nick the DNA at the 5’ end of a
signal heptamer adjacent to the coding DNA. The nick is then converted into a hairpin
in a single trans-esterification step, resulting in a double strand DNA break with a
blunt 5’-phosphorilated signal and a hgirpin end. The joining phase is RAG 1/2
dependent, as well (25), and involves the Ku protein, the catalytic subunit of DNA-
dependent protein kinase, DNA ligase IV and Xrcc4 (26). Variable number of
nucleotides may be added to the 3’ ends through the terminal deoxynucleotide
transferase (TdT) during this process (27).

The first recombination event is a D to JH rearrangement, which invariably occurs on
both H chain alleles. Precursor B cells then undergoes VH to DJH rearrangement on
one or both alleles, generating potentially functional VDJ H-chain genes. When a
productive rearrangement of anyone allele occurs, further changes in the second allele
are inhibited (allelic exclusion) and the cell proceed to IgL rearrangement. Although it
is established that this phenomenon is mediated by a feedback mechanism whereby
the first productive rearrangement brings about the repression of RAG proteins which

consequently prevents further rearrangement events (28). More recent evidences
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indicate that additional levels of regulation exist. During lymphoid cell development,
immune system loci undergo demethylation and open their chromatin structure in
anticipation of the rearrangement reaction. It has been shown that demetyhlation
occurs preferentially in one allele and that this modification marks the allele for
rearrangement before the initiation of the recombination reaction (29). However, it is
not clear yet how the allele is selected and which factors regulates the demethylation
process.

Control of H chain gene transcription involves the VH promoter and multiple
transcriptional enhancer elements. The Eu is located within the JH-Cu intron (30, 31)
and a series of enhancers (collectively referred as 3’aE) lie downstream of Co. (32).
This enhancer elements are active specifically in lymphoid cells, and function
synergistically with the VH promoter, which is also tissue specific However, Ep is
necessary for IgH expression in precursor-B cell and dispensable for terminally
differentiated B cell lines, where 3’ Ea strongly activates transcription.

The assembly of L-chain genes follows H-chain gene rearrangement. This DNA
recombination event joins one of the many germline VK regions with a particular
joining (Jx) region. If a Vk and a Jk gene segment are effectively joined in a cell
already possessing an effective H-chain VDJ recombination, a p-x surface
immunoglobulin B cell results. If the rearrangement of Vi is not successful then
rearrangement of the VA locus is initiated resulting in the expression of a u-A bearing

B cell.
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L chain gene expression appears to be regulated by mechanisms analogous to those
that control H chain expression. Vi and VA promoter are structurally similar to VH
promoters, and are most active in lymphoid cells. Activity of the promoter of a
rearranged Vi segment depends on a tissue specific enhancer located within the Jk-
Ck intron (33). A stronger enhancer 3°kE is located downstream to the Ck and as the
intronic enhancer can be stimulated in pre B-cells by LPS. In contrast, the human A

locus has only one enhancer located downstream CA (34).

Ig Assembly

Ig chain consists of a series of domains that fold independently of each other into a
compact structure composed of two twisted f sheets stabilised by a single disulphide
bond. In pre B cells that do not express L chains, H chains are efficiently retained in
the endoplasmic reticulum (ER) due to their association with the ER chaperone, BiP
(35). Initiation of L chain expression allows the formation of H2L.2 molecules. BiP
binds transiently to the nascent L chain in vivo when the variable domain is in an
unfolded state and releases it as the domain folds. Although, BiP can bind transiently
to multiple H chain domains the stable BiP binding site on unassembled heavy chains
is the CH1 domain, which remains unfolded and unoxidised in the absence of light
chain. The other heavy chain domains can be secreted, as partially assembled
molecules, in the absence of CH1. (36). However, the role of L chain is not as a

scaffold on which the CH1 can fold, but instead serves to release BiP from the heavy

16



chain, since this domain is perfectly capable of folding if BiP is released in vitro (37).
The way that light chain interacts with CH1 is either when BiP has cycled off, thereby
preventing it to rebind, or triggering BiP release. It is also plausible that VH and VL
domains pair and form a semi-stable interaction that allows the CL domain to contact
the CH1 domain and in some way displace BiP. Finally, CH1 is able to fold and
assemble stably with the light chain, yielding a transport-competent and functional Ig
molecule. The complete understanding of this process still remains unclear. Another
chaperone, GRP94, has been described to act after BiP since it exclusively binds fully
oxidised molecules (38). Nevertheless, no direct involvement in Ig assembly support
its role in this process. GRP94 is acquiring more relevance in the field of cancer
immunotherapy due to its ability to form complexes with peptides and trigger cellular
immune response to intracellular antigens (39).

In addition, it is generally believed that complete immunoglobulin molecules, H2L.2,
are generated by the assembly of two HL intermediates. However, at least part of the
IgE molecules assemble along a H+L->HIL+H->H2L+L->H2L.2 pathway supported
by the presence of H2L intermediates in the cellular extracts of both ¢-sl and e-s2,
two alternatively spliced isoforms of IgE, transfectomas. Moreover, the e-s2, which
contain a C-terminal cysteine, was found to be covalently linked, suggesting a high
rate of oxidation of the Cys*, which allows formation of a disulphide bridge between
the two H chains, even before the association with the second L chain. On the other

hand, no covalently linked &-s1, isoform without the C-terminal cysteine, H2L were

17



detected, indicating that the oxidation of the two cysteines from CH2 domain occurs

more slowly and may require association into complete H2L.2 molecules (40).

Membrane versus secreted Immunoglobulin

The differentiation of the mature B cell to plasma cell is accompanied by the loss of
surface immunoglobulin expression as a consequence of conversion from the
synthesis of membrane to secretory immunoglobulin molecules. The secreted form of
a given immunoglobulin molecule has the same VDJ segments of the membrane
form, but differ at the carboxy terminal amino acids. The two forms are encoded by
mRNA species that arise by alternative splicing of transcripts derived from a single
heavy chain gene. kIt has been proposed that differential transcription, termination and
polyadenilation of the primary RNA transcript determines which of the two mRNA is
expressed. Each immunoglobulin heavy chain gene contains at least two
polyadenilation sites. Usage of the promoter proximal polyadenilation site, located
immediately 3’ to the stop codon of the last CH domain results in a mRNA encoding a
secretory form of heavy chain. If however, transcriptional termination and
polyadenilation occur at a site located several kilobases to the 3’ of the first
polyadenilation site; a mRNA containing sequence from two additional exons (M1

and M2) is produced. In most cases exon M1 encodes the EMPD and TMD while M2

codes for the cytoplasmic C-terminal domain. In the case of human & H-chain gene,

alternative splicing in the 3' part o the & locus involving exons M1 and M2, generates
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a number o different e-mRNAs coding for two functional secretory (named ¢ sl and €
52)(41,40) and two functional membrane isoforms (named e-shortand -long) (42, 43,
44, 45). RNA processing events remove the first polyadenilation site from the
membrane mRNA by splicing from a conserved donor site in the terminal CH exon
(either the CH3 or CH4 exon depending on the heavy chain isotype) to the M1 exon.
Thus, in the case of immunoglobulin heavy chain gene expression, transcription and
termination at alternative end sites determines the expression of either the membrane
or secreted protein. Furthermore, no function for EMPD has been reported, although,
recent studies evidence a stabilisation role of membrane bound immunoglobulins due

to cysteine residues that are involved in inter-chain bridges (46).

B cell development

Progression of B cell along the B-cell differentiation pathway can be monitored by the
expression of developmentally regulated genes. Even though several surface markers
exist, also the rearrangement statuses of the immunoglobulin genes are useful
developmental markers (figure 5).

RAG1 and RAG?2 are co-ordinately expressed during B cell development, as
sequential IgH D to JH and VH to DJH occur. The D to JH rearrangement is initiated
in pro-B cells that also express the Iga and IgB component of the antigen receptor, as

well as the surrogate light chains (yLC). Completion of a successful VH to DJH
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rearrangement marks the transition to pre B cells when it pairs with YLC, allowing

the surface expression of the pre-B cell receptor (WWHYLC, Iga and Igp).

=
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Figure 5 B-cell development and selected surface markers. TdT= terminal
deoxytransferase. Iga/P correspond to CD79a and b accessory molecules. G: locus
germline configuration.

Selection is achieved by the pre B cell proliferation with complete pre-BCR over the
non-proliferating cells expressing non-fitting wH. The pre-BCR also signals for allelic
exclusion at the IgH locus by preventing rearrangements in the second IgH allele.
Subsequent rearrangement of a kappa or lambda chain V gene permits cell surface
expression of a conventional membrane IgM receptor on the immature B cell which
exists in the bone marrow and migrates to the periphery. Mature B cells in spleens and
secondary lymphoid organs are competent to respond to cognate antigen and

signalling from T cells. They circulate through the blood and lymph nodes until they

contact specific antigens, typically in the T cell area in the spleen or lymph nodes.
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Some B-cells are activated in situ, proliferate to form foci, and then differentiate to
the antibody-secreting cell-state. Other activated B-cells migrate to the follicular

region, where they initiate the formation of germinal centres.

The maturation of the immune response

In T-cell dependent immune responses (TD) (responses to protein antigens), the
affinity of a given antibody for its cognate antigen increases from the relatively low
affinity of the primary response to the high affinity antibodies predominant in a
memory rtesponse. This process, referred to as affinity maturation, occurs in
specialised microenvironments called germinal centres (GC) (47) (figure 2). Germinal
centres arise from a limited number of B cells activated by antigen and migrating to
primary follicles where they interact with follicular dendritic cells (FDC). The FDC
carry on their surface antigen, forming complexes with antibodies and components of
the complement system, which are critical to the selection and maturation of high
affinity antibody. After proliferative expansion discrete dark and light zone are
identified. The dark zone contains rapidly cycling centroblast, whereas the light zone
harbours resting centrocytes derived from the centroblasts, FDC that sequester the

antigen, and antigen specific T cells and macrophages (figure 6).
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Within GC, three processes are essential to the maturation: somatic hypermutation,
selection of high affinity variants and class switching. The process of somatic
hypermutation that occurs in proliferating centroblasts further diversify the Ig
repertoire created by V(D)J recombination by introduction of nucleotide changes into

the variable regions of the immunglobulin V genes.

Differentiation: Class Switch Recombination
Memory B cells V{D)J recombination
Plasma Cells

Light Zone

Somatic Hypermutation
Figure 6: Schematic representation of the germinal centre

The hypermutation mechanism involves a mutational rate of 1 per 1000 base pairs per
generation, implying that for each cell division almost one mutation takes place in
either the H- or L- chain V region of an individual cell. Although the mutations can be

scattered over the rearranged V genes, this process is not random, in that intrinsic hot
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spots can be discerned (48). Replacement mutations are often over represented at the
level of CDRs and underrepresented in the framework regions, whereas the opposite
is true for silent (S) mutations. This process creates an enormous increase in antibody
diversity in an age dependent manner (49). Although most of these mutations will
either not affect or lower the affinity with which the antibody binds its ligand, some
will increase it. Since proliferating GC cells are programmed to die unless rescued by
signals involving antigen and antigen specific T-cells, only cells expressing high
affinity antibody are positively selected in the light zone of the GC. Centrocytes
selected by antigen may re-enter the dark zone and undergo further clonal expansion
and somatic hypermutation or may exit the germinal centre to differentiate into
memory cells or plasma cells. Memory B-cells are long lived and more easily
triggered than virgin B-cells upon re-encounter with the same antigen, contributing to

render secondary immune responses highly efficient.

A second aspect involved in the maturation of the immune response is class switching
to Ig isotypes different from the IgM and IgD, characteristic of primary responses.
Class switching occurs within the light zone of GC through a recombination event
that produces a change in the class of antibody synthesised, hence a change in the
effector function of the antibody produced, maintaining unaltered the specificity of
binding. The change in antibody class is effected by a deletional DNA recombination
event called switch recombination, which occurs between tandemly located sequences

called switch regions (S), which are located upstream of each of the CH genes (see
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figure 4). B cells that have undergone a class-switch recombination event usually
have deleted all of the CH gene segments between the Su region and the S region of
the CH gene that is expressed, since extra chromosomal circles generated by S-S
mediated deletions and containing intervening DNA have been isolated (50). The
induction of a switching process is dependent on the action of a specialised set of B-

cell stimulants, like LPS and CD40L expressed on the surface of T-cells.

The targeting of the C region that will be expressed as a result of switching is largely
determined by cytokines. IL-4 determines that switch will be to the £C region and to
the y4, in human, or y1, in mouse, while IFN-y determines switch to y2a and TGF-f8 to
a. A variety of evidences also indicate that once a B-cell has switched to a particular
CH gene, it can, upon appropriate stimulation, undergo an additional switch to a
downstream CH genes (51). Sequential switching appears to be a physiologically

relevant process, but its precise role has yet to be determined.

It was recently discovered that, in addition to somatic hypermutation and class switch
recombination, germinal centre B cell may also activate a mechanism, called receptor
revision, which involves reactivation of the V(D)J recombination machinery. It
appears that RAG genes in germinal centre B cells are actively suppressed when they
bind avidly to an antigen but maintained or re-activated when the binding is weak.

This may allow some low-affinity receptor to escape apoptotic death by the
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acquisition a higher affinity receptor through replacement of L-chain (rarely the H-

chain) (52).

In addition, some experiments performed with activation-induced cytidine deaminase
(AID) deletion and overexpression suggest that this enzyme participate in both
hypermutation and class switching depending in part on a common molecular
mechanism. Overexpression of AID increase the class switching from IgM to IgA
without cytokine stimulation, and AID deficiency not only blocks class switching in

the immunised AID deficient mice, hence, abrogate hypermutation (53).

CDRs

The CDRs structurally form loops that vary in length as well as in sequence. Analysis
of the relationship between the sequence and the three dimensional structure of the
antibody combining sites revealed that, except for VH CDR3, the other loops have a
restricted number of main chain conformations or canonical structures (54, 55). The
canonical structure formed in a particular loop is determined by its size and the
presence of certain residues at key sites in the loop and in framework regions. The
conformation of VH CDR3 shows some regularities, from which rules relating
sequence to conformation can be stated (56, 57), but the longer the CDR3 the more

imprecise the conformation can be predicted.
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Although all loops participate in antigen recognition the diversity of the antibody is
mainly given by the VH and in particular the aromatic residues, specially the tyrosine,
play a crucial role (58). In addition, another study analysing the buried surface
between CDRs and antigen evidenced that L1, L2, L3, HI, H2 and H3 were
responsible for the antigen surface contact in a 9%, 4%, 21%, 10%, 23% and 29%,

respectively, whereas only a 4% corresponded to the framework (13).

CDR3 diversity

The H3 region is much more variable in length and sequence than the other loops (5,
59) because it is formed by the rearrangement of the V-D-J genes during the
immunoglobulin heavy chain assembly. The presence of multiple V, D and J gene
segments, the recombination and the inaccuracy of this process contribute to the

generation of diversity of an antibody repertoire.

The extraordinary diversity of H3 may arrive to a number higher than 10" different
peptides, according to the calculation done by Sanz I, taking in account several
mechanisms involved in this process (60). He analysed more than 500 H3-sequences
and explained their diversity including alternative mechanism like inverted D
segments, D-D fusion, gene conversion and the utilisation of DIR genes, longer
sequences interspersed amongst the functional D segments that are flanked by 12bp

and 23 bp spacer RSS (recombination signal sequence). In contrast, recent evidences
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obtained by sequencing the D locus and by comparison of the complete sequence of
this with a database of rearranged sequences, disagree for the use of alternative
mechanism in the repertoire of natural antibodies (17). However, several analyses,
including the latter’s, agreed with D segments that can be used in all three reading
frames. Moreover, the studies coincide in determining a biased utilisation of D
segments as well as in the reading frame (17, 60, 61). Eventhough, the mechanism
and degree of diversity are still unclear; its consequence might be enough for large

antigen recognition (62,63).

The CDR3 encompasses the 3’ end of VH, all of D, and the 5° end of JH. It often
contains N nucleotides (figure 7), which are randomly inserted at both the VH-D and
D-JH junctions by the enzyme terminal deoxytransferase (TdT) at the moment of

recombination (64).

FR3 CDR3 FR4

& P
il t 17 -

C A R A G R DS Y D F WS G YL P NY YY Y G MD V WG

TGT GCG AGA GCG GGG CGG GAT AGT TAC GAT TTT TGG AGT GGT TAT CTC CCC AAC TAC TAC TAC TAC GGT ATG GAC GTC TGG GGC
i I 1 i .
VH N D segment N JH segment

Figure 7 Example of a VH CDR3 and the localisation of the N nucleotides.

The introduction of junctional nucleotides is developmentally regulated; N insertions
are found in 68% of fetal B cells, 86% of neonatal B cells, and in 91% to 100% of

mature adult B cells. Another source of diversity in CDR3 appears to be random
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deletion by nucleases of the terminal nucleotides of rearranging VH, D and JH genes
(65,66). In addition to N nucleotides at junctional sites in which no nucleotide
deletions occur, another repairing process may take place, introducing sequences
known as “P” nucleotides. These sequences, usually only one or two bases long, are
complementary copies of the last nucleotides of the coding region they adjoin. They
may be the consequence of repair of asymmetrical breaks in the hairpin ends of V
genes undergoing recombination. All of these variables contribute to the CDR3 H
chain “fingerprint” before somatic mutations, that further distinguish and
individualise V genes mainly by point mutations, which only rarely involved
deletions and/or insertions. The resulting CDR3 sequence is unique to each
rearrangement, and that therefore identifies individual B cells or clonal B-cell

expansions.

Interestingly, analysis of large numbers of rearranged genes indicates that few
germline segments dominate the mature repertoire and that the sequence diversity
encoded by these segments is focused on residues at the centre of the antigen binding
site. With somatic hypermutation, diversity spreads to regions at the periphery of the
binding site that are highly conserved in the primary repertoire (67, 68, 69). This
complementarity has probably been selected by evolution as an efficient strategy for

searching sequence space (70, 71).
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Phage display libraries

The advent of monoclonal antibody technology (72) showed that immunoglobulins
have a wide range of biological activities and specificities, useful in treatment of

disease, diagnosis and research.

Since the variable domains of the immunoglobulins interact directly with the antigen,
technique aimed at the production and selection of immunoglobulin fragments, rather
than the complete molecule have been developed. However, only after the derivation
of single-chain molecules (scFv) (73,74) and after showing that functional antibody
fragments could be produced and secreted by Escherichia Coli (75, 76) this

technology became important.

A scFv is a single protein, which contains one VL joined to one VH by a flexible
linker. Thus, with the complete antigen-binding site of an antibody and the same
monomeric binding affiﬁity as the parental monoclonal antibody (73, 74). All these
features and the small size, make a scFv a molecule with high potential in the medical

and biotechnological field.

Phage display technology has been developed as a means of making antibodies in
vitro (77, 78, 79, 80, 81). In general, the affinity of the antibodies isolated is

proportional to the initial diversity size of the library used for selection (80).
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Correctly folded antibody fragments (Fv, scFv or Fab) are expressed by routing the
nascent antibody chain(s) to the periplasm of the bacterium (75, 76), where the
intradomain disulphide bridge between the two beta-sheets is formed, and the VH and
VL will pair. Periplasmic expression in the bacterium resembles the natural

production route in the endoplasmic reticulum (ER) of the lymphocytes.

Antibody displayed on filamentous fd phages is accomplished by fusing the coding
sequence of the antibody variable (V) regions to the amino terminus of the phage
protein p3. When antibody V-genes are cloned into phage display vectors, based on
either phage or phagemid, functional antibody fragments are expressed on the surface
of infective particles while the encoding genes reside within the phage particles. In
the case of phage vectors, the gene encoding the displayed protein is included in the
phage genome and as a result all phages will display the fusion protein, and will
contain only the recombinant phage genome. Furthermore, each copy of p3 will
diplay a recombinant protein. In contrast, in the case of phagemid vectors, the
recombinant fusion protein is encoded on a plasmid (phagemid) which also contains
the packaging signal. This phagemid makes large amounts of the recombinant display
protein, but is unable to make a phage unless the bacteria carrying the phagemid also
contains a helper phage, which supplies all the other proteins required to make a
functional phage. Helper phages are essentially normal fd phages with a disabled
packaging signal and carrying a different antibiotic resistant gene. The disabled

packaging signal does not prevent the helper phage from making phages when alone
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in a bacterium, but in the presence of a phagemid, which contains an optimal
packaging signal, the phagemid will be packaged in preference to the helper phage.
As a result, phagemid preparations will produce phenotypically and genotypically

coupled phages, where the p3 can be whether wild type or recombinant.

Two different designs for the display of antigen binding sites have been successfully
demonstrated: single chain Fv fragments (82) and heterodimeric Fab fragments (83)
fused to the amino-terminus of p3, a protein of the phage that allows the bacterial
infection through the F’ pilus. Heterodimeric Fab fragments can be assembled on the
surface of phages by linking one chain to the phage coat protein (i.e., VH-CHI) and
secreting the other into the bacterial periplasm (i.e., VL-CL), where the two chains

associate.

The linkage between antibody genotype and phenotype allows the enrichment of
antigen specific phage antibodies, using immobilised or labelled antigen. Phages that
display a relevant antibody will be retained on a surface coated with antigen while
non-adherent phages will be washed away. Bound phages can be recovered from the
surface, reinfected into bacteria and regrown for further enrichment and eventually for

binding analysis.
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Phage antibody libraries

With phage display, antibodies can be made completely in vitro, by-passing the
immune system and the immunisation procedure, allowing in vitro "tailoring" of the
affinity and specificity of the antibody. The concepts behind phage antibody library
selections are identical to those used for any of the other biological molecular
diversity techniques; the creation of diversity, followed by a series of recursive cycles
of selection on antigen (each of which involving binding, washing, and elution)

followed by amplification.

There are two main routes to antibodies libraries via phage display. The first is to
select antibodies from libraries prepared from immune donors e.g. immunised animal
or, in some instances, human immune B-cells. Immune libraries have two main
advantages. First, they are highly biased towards V-genes that encode antibodies
against the immunogen (if IgG specific primers are used), which means that relatively
small (10° clones) libraries can be successfully screened. And second, many of the
genes will encode both affinity matured antibodies (increasing the number of high

affinity antibodies in the library) and highly specific antibodies.

Disadvantages of this strategy, however, include the time required to immunise
animals, the unpredictability of immune response to the antigen of interest and the
lack of immune response to some antigens (self-antigens or toxic molecules). In

addition it involves the construction of the library itself. Moreover the scrambling of
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heavy and light chains which occurs during library construction makes it almost
impossible to isolate "original” VH-VL combinations with high specificity and
affinity. Most of the VH-VL pairs formed are created de novo, although the success
obtained with this method indicates this may not be very important. In particular,
most of the specificities are provided by VH domains, several VLs could prove to be
good partners for Ag recognition (58). Furthermore, in selection from very large naive
phage antibody libraries (80), different antigens always selected different VH genes,
whereas some VL genes were found in scFvs binding to different antigens, suggesting

a surrogate role for VL.

The second route to antibody libraries contains naive or semi-synthetic libraries. In
both cases, the ultimate goal is to assemble libraries of very large diversity size that

high affinity antibodies of any specificity can be selected (79, 80, 81, 84).

The primary immune response involves a large array of IgM antibodies that recognise
a variety of antigens. The murine naive repertoire has been estimated to contain
<5x10° different B-lymphocytes while the human repertoire may be 100 to 1000
times’ bigger (85). This array of antibodies may be cloned as a naive repertoire of
rearranged genes, by harvesting the V-genes from the IgM mRNA of B-cells of
unimmunised human donors, isolated from peripheral blood lymphocytes (PBLs),
bone marrow, spleen cells, or from animal sources. The functional VH genes can be

amplified either from IgM mRNA (84) or total mRNA (80). However, in an early
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paper on phage antibody libraries two libraries were made in which VHs were derived
either from IgM or igG (using respectively w or y primers). Interestingly only the IgM

derived library yielded binders to the antigens used for selection (84).

Provided that the repertoire is highly diverse, the greatest advance of this approach is:
that one single library can be used for all antigens; high affinity human antibodies can
be isolated; antibodies to self, non-immunogenic or toxic substances can be

generated; and antibody generation does not take much time (2 weeks).

The first of such "single pot" repertoires was made from the PBLs of two healthy
human volunteers and contained 3x10 clones. From this pool antibodies to over 25
different antigens were isolated. The antigens were either foreign, such as bovine
serum albumin, and hapten, or self, such as thyroglobulin, CD4 etc. Recently, many
larger scFv repertoires have been made by "brute force" cloning (80) yielding
1.4x10" independent antibody clones. From this library, antibodies with affinities
typical for a secondary immune response were isolated (average Ka of around 10° M
!, Thus, neither immunisation nor affinity maturation are needed for the generation of

high affinity (human) antibodies.

However there are also some disadvantages in particular the largely unknown and
uncontrollable contents of these naive libraries, and the lower affinity of the

antibodies where smaller-sized repertoire are used.
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Library performance is demonstrably improved by increasing size and diversity.
However, other factors including expression levels, folding, and toxicity to E. coli
may all reduce the functional repertoire size. The advantage of synthetic V-gene
repertoires is that they can be designed and tuned to optimise library function. To
construct a synthetic antibody library, V-genes are assembled by introducing a pre-
determined level of randomisation in the CDRs (or possibly also bordering FR
regions) into ideally germline V-gene segments (86). Several synthetic libraries have
been designed with the heavy chain CDR3 sequence encoded by oligonucleotide
primers encoding a stretch of randomised amino acids residues (79, 87, 88). In fact,
from structural studies, it has become apparent that five of the six CDR regions (all
but the CDR3 of VH) have limited structural variation, and frequently follow a certain
~ canonical fold. Thus the CDR3 of VH is the most diverse loop, in composition length
and structure, and this is the region that should be partially or completely randomised

using oligonucleotide-directed mutagenesis or PCR-based methods.

Antibodies with affinities comparable to those obtained using traditional hybridoma
technology can be selected from large naive antibody libraries, and the affinity of
these can be further increased, to levels unattainable in the immune system, by using

the selected antibodies as the basis for subsequent libraries and selection.

Although a number of different phage(mid) antibody libraries have been published,

the number which are 'naive' is relatively small.

35



In general, the affinity of the antibodies selected is proportional to the size of the
library, with Kds ranging from 10°7 for the smaller libraries (84, 87) to 10? for the
larger ones (79, 80, 81). Antibodies selected from immunised libraries tend to have

higher affinities for the antigen used for immunisation from an equivalent library size.

Recently, a new approach to easily increase diversity has been introduced. The
method involves the creation of a primary phage scFv library in a phagemid
containing two lox sites, which are unable to recombine with each other. Infection of
Cre recombinase expressing bacteria by such a primary library at a high multiplicity
of infection, results in the introduction of many different phagemids into the same
bacteria cell where different plasmid molecules take place, generating a large number
of new VH/VL combinations. On the basis of the observed recombination, Sblattero
et al calculated a potential diversity between 10" and 10", limited only by the volume
of culture medium used (89). This secondary library created by in vivo recombination
was validated by selection against a large number of different protein antigens

achieving with good affinities.
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CHAPTER 2



Results

Introduction

Antigen-binding sites are formed by the surface derived from the parallel association of
VL and VH regions. The variable domains resemble each other in both secondary and
tertiary structure having each two layers of -sheets supporting six hypervariable loops,
three of the heavy (H1, H2 and H3) and three of the light chain domains (L1, L2 and L3)
that constitute the antigen binding loops. VL and VH domains associate noncovalently to
form a f-barrel structure, which place the six CDRs close to each other at the amino
terminal end of the VL-VH dimer, also known as the Fv region. In general, all loops
participate in antigen recognition. However, it has been shown that in many cases the

buried surface of the antigen is mainly occupied by VH sequences, specially loop H3 (13,

58).

It is also known that L and H chains differ in their secretory properties when expressed in
mammalian cells. When transfected alone in lymphoid cells L chains dimers are secreted
in a high level, even though, the VL-VL interaction surface is 18% lower than a normal
VH-VL. On the other hand, in the absence of L chains, H chains can not be expressed
(35, 36, 90, 91) due to the association with BiP and GRP94 within the endoplasmic
reticulum (38, 92). However, a mouse myeloma mutant can secrete CH1-truncated heavy

chains without L chain (36, 93). Moreover, isolated VHs tend to form dimers when
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renatured under physiological conditions (94). These results suggest that VHs may

interact spontaneously in the absence of CH1.

Taking into consideration that VL. and VH are structurally similar, that VLs can form
dimers, and that there is no reported evidence of VH/VH associations, one aim of this
project was to verify if VH domains could associate with each other, maintaining a
proper folding. Secondly, it was of interest to know if the VH domain could keep its
property to bind an antigen or to form new antigen recognition sites. Thus, we wanted to
know if novel biotechnological applications could be obtained from the manipulation and

induction of association of single VH domains.

VH dimer simulation

The first approach followed to see if VHs could interact with each other was to model a
VH-VH dimer by computer simulation. For this purpose, we used the Swiss-PDB viewer
(http://www.expasy.ch/spdbv/text/getmac.htm) and the following immunoglobulin
structures (PDB entry): 1ADQ (Homo sapiens), 1VFB (Mus musculus), and 1IGM

(Homo sapiens).

In order to do the models and since both VL and VH tertiary structures are very similar
we assumed that VH could be aligned over the VL backbone without significant changes

in the PB-barrel structures. Furthermore, we kept the same relative parallel orientations,
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thus neutralising the hydrophobic interface surfaces of both domains. We considered
these models could put in evidence obvious restrictions between the surfaces of the
interacting domains that could be taken in consideration in other experimental

approaches.

We initiated by replacing the VL domain from three different VL-VH couples by the
same VH of the pair used to form homodimers. Figures 8 shows different views of
homodimeric models showing no steric hindrances between the interacting surfaces.
However, in two cases a loop produced a clash (differently coloured in figure 8a and c).
Interestingly, these loops corresponded to H3 which, as previously described, can be very
variable in length (3-30 aa) as well as aminoacid composition. The short H3 of figure 8b
(8 aminoacids long) does not produce a clash between the structures suggesting that the
length of H3 could be a restricting factor in permitting VH/VH association. In addition,
we did not find differences in the behaviour of mouse and human VHs when doing the

modelling.
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