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ABSTRACT 

VH-GENE REPLACEMENT AND THE GENERATION OF Ig DIVERSITY IN 

THE QUASI-MONOCLONAL MOUSE 

Degree of Master of Science, 1999 

Monika Krishna Madan 

Graduate Department of Immunology, in the University of Toronto 

VH-gene replacement is a novel diversity-generating rnechanism which occurs when a 

rearranged VDJ of a B cell is "edited" by the replacement of the VH gene segment with 

another upstrearn germline gene segment. Although this event has k e n  dernonstrated in 

various mode1 systerns, the role of VH-gene replacement in the generation of Ig diversity 

has not ken elucidated. Using the quasi-monoclonal (QM) mouse as  a rnodel, 1 have 

examined whether VH-gene replacement can generate new specificities and contribute to 

an immune response. QM mice possess a functional VDJH rearrangement inserted into 

one heavy (H) chah allele; the other H chain allele is not functional due to a targeted 

deletion of al1 JH segments. The K locus is also knocked-out. A heavy chain encoâed by 

this VDJH, when paired with any l. light chain, is specific for the hapten (4-hydroxy-3- 

nitrophenyl) acetyl (NP). 1 have immunized QM mice and generated hybridomas to 

analyze the changes in the B ceil receptor. The results described here demonstrate that the 

B cell receptor was altered by VH-gene replacement. Analysis of the hybridomas also 

demonstrates that VH-gene replacement occurs before B cell activation and that other 

mechanisms can be used by the QM mouse to diversify its repertoire. This is the first 

evidence that VH-gene replacement can be used as a rnethod to diversify a B cell receptor 

md generate a new VDJH gene segment that encodes a functional IgH chain. 
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CHAPTER 1: 

INTRODUCTION 



B cells can undergo novel types of secondary genetic rearrangements at the heavy 

chah or light chah Iwus that alter the specificity of a pre-existing B ce11 receptor (BCR). 

One of these, W-gene replacement, is the focus of this thesis. It is unclear whether VH- 

gene replacement plays a role in diversifying the BCR repertoire. It is also important to 

understand the developmental stages at which B cells undergo VH-gene replacement. Here 

1 will outline the literature relevant to an understanding of VH-gene replacement, followed 

by an outhe and discussion of experiments aimed at answering the above questions. 

1.1 B ceIl development 

B c e k  develop from pluripotent hematopoietic stem cells (HSC) in the bone 

marrow of rnammals (1). As B cells develop from this earliest precursor into mature B 

cells. they alter their expression of various ce11 surface markers. In addition, B cells 

sequentially rearrange their heavy and light chah genes to forrn the BCR. 

An outline of the developmental stages of murine B cells, the relevant ce11 surface 

markers and the rearrangement status of the irnrnunoglobulin (Ig) loci is shown in Fig. 1.1 

[adapted from ( 2 ) ] .  B cells have two waves of RAG protein expression, proteins that are 

necessary for rearrangement (see bdow). After the first wave, the heavy chah bas 

rearranged and is expressed in the cytopiasm (cp). This cytoplasmic expression is followed 

by ce11 surface expression of the heavy chain in combination with the surrogate light chain 

(SLC) to form the pre-BCR. Cells before this stage can be identified by expression of 

B220 (CD45R) and CD43 but after the large pre-B stage, B cells downregulate CD43 

expression but maintain B220 on the ce11 surface. During the second wave of RAG 

expression, the light chain rearranges and displaces the SLC on the surface, forming a full 

IgM molecule and a mature BCR. B cells reach the mature stage when they express IgD in 

addition to IgM. 
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Fig. 1.1 Stages of murine B cell development 
B cells develop from a hematopoeitic stem ceil (HSC). There are two stages of rearrangement; first 
the heavy chain (HC) rearranges at the pro-B and large pre-B stages followed by light chah (LC) 
rearrangement at the small pre-B stage. The RAG proteins are only expressed at these stages of 
rearrangement. After HC remgement is complete. p is expressed on the surface with M and 
VpreB (grey) to form the pre-B ce11 receptor. When the LC is rearranged. the h l 1  Ig is expressed 
on the surface. B220 is expressed on al1 B cells after the pro-B stage and CD43 is downregulated 
after the large pre-B stage. 



1.2 B cell activation 

B cells migrate out of the bone marrow and complete their maturation in the 

periphery in secondary lymphoid organs such as the spleen or the lymph nodes. When a 

mature B ce11 encounters antigen, the antigen triggers signalling through the BCR and 

initiates the early stages of B ceil activation (3). The B ce11 internalizes the BCR-antigen 

complex and now will express the antigen through major histocompatibitity complex 

(iMHC) class III molecules. These B cells may interact with helper T cells that recognize the 

antigen-MHC II complex. The T cell provides important activation signals to B cells, 

mostly through the CD40/CD4O ligand interaction (4). Interaction with T cells in the T ce11 

zone located around the edge of the follicle results in the migration of B celIs into the centre 

of the lymphoid follicle where they proliferate and initiate the formation of germinal centres. 

Within the germinal centres, the B cells undergo somatic hypermutation (5,6). Cytokines 

in the germinal centre may also trigger isotype switching, leading to IgG production by B 

cells (7). Germinal centres cm be distinguished histologically from resting pnmary 

follicles because they contain a light zone of proliferating B celis surrounded by a ring of 

more densely packed B and T cells. Primary follicles, found in unirnrnunized mice, have a 

more consistently dense appeannce and lack the lighter centre of activated B cells. 

1.3 V(D) J recom bination 

The heavy and light chahs of a B ce11 receptor are generated by somatic 

recombination of variable (V), diversity @) and joining (J) gene segments (8) (Fig 1.2). 

This process, termed V(D)J recombination, takes place during B ce11 development and plays 

a major role in generating the diversity of BCR specificities observed in vertebrates. As 

mentioned above, first the V, D and J segments of the heavy chah recombine, followed by 

the recombination of the V and J segements at the light chain locus (either K or h). 



V U  Vhx J U  CL2 JA4 Ch4 Vhl JA3 Ch3 Jhl CA1 

Fig 1.2 Germline organisation of the murine Ig genes 
12 RSS are shown as black triangles, 23 RSS are in grey. 
A) The heavy chah locus consists of variable (V), diversity (D), and joining (J) segments that 
somatically rearrange to fonn VDJ segments. The constant (C) region used determines the class of 
the immunoglobulin. 
B) In the K locus, there are V genes in both orientation. There are 5 JK genes, one of which, J K ~ ,  is 
a pseudogene. No D genes are found in the light chain loci. 
C) The h locus has two functionai clusters. One contains V U  and V h  which usually recombine 
with JU.  The downstrem cluster contains Vk1 which can recombine with Jkl or JÂ3. Each 
cluster has its own C segment. Jh4 and Ch4 are pseudogenes. 



Usually, the K locus of a B ceIl rearranges fint and if this is unproductive, the A. locus will 

rearran ge. 

V(D)J recombination is mediated by recombination signal sequences (RSS) which 

flank the two gene segments undergoing recombination (9) (Fig. 1.2). RSS consist of a 

conserved heptarner (CACAGTG) and a conserved nonamer (ACAAAAACC) separated by 

a less well-conserved spacer of either 12 ( 12 RSS) or 23 bp (23 RSS). As a mie, 12 RSS 

can only recombine with 23 RSS i rz  vivo. Exactly how the 12/23 rule is enforced is unclear, 

although it may be related to the observation that two recombining RSS must have spacen 

with a size difference equivdent to one helical tum of the DNA ( 10). 

For B cells to undergo V(D)J recombination, it is essential that the RAG1 and 

RAG2 proteins be expressed. These proteins have lympkoid-specific expression and are 

involved in the cleavage of DNA at RSS ( 1 1 ). Although the precise mechanism for RAG- 

mediated cleavage has not been eiucidated, it appears that the initial DNA recognition step 

involves RAG 1 and the nonarner of the RSS ( 12, 13) whereas RAG2 does not bind directly 

to the DNA but is recruited by RAG1 (12). Both RAG2 and the heptamer are involved in 

enhancing binding of RAG 1 to the RSS ( 12). The heptmer is also importa t for cleavage 

of the DNA. although how the RAG proteins interact with the heptamer is unclear- 

1.4 K light chain editing 

Until recently, it was thought that once a complete Ig molecule was expressed on the 

surface of a B cell, V@)J recombination was terminated and the Ig genes could only be 

modified by somatic hypermutation during an immune response. However, severai recent 

studies with the murine system have demonstrated that a B cell that has undergone the 

prirnary rearrangements required to form its heavy and light chains can still change its 

receptor by undergoing various secondary rearrangements (14) at either locus; this results 

in the "editing" of the heavy or light chain. Each of these mechanisms requires either 

continued or re-expression of the recombinase machinery. Although this thesis focuses on 



only one of these processes at the heavy chain locus, VH-gene replacement. 1 will outline the 

current literature on the other types of secondary rearrangements at the r and A loci and 

their role in the immune system. 

Theoreticaily, there are severd ways that a productively remanged K light chain can 

be edited. First. a ceIl that already has a K chah locus that is function;illy rearranged and 

expressed can rearrange another functionai K or light chain. That is, allelic exclusion is 

lost and new recombination occurs at another allele (Fig 1.3A). As a result, two light chains 

an expressed in the cytoplasm. However, it has k e n  shown that in this situation, only one 

light chain is expressed on the ceIl surface. This has been demonstrated in mice with light 

chain transgenes ( 1 5) . Hybridomas generated from the transgenic mice express the 

transgenic and an endogenous K chain in the cytoplasm but only the endogenous one is 

expressed on the surface. The expression of only one light chain on the surface suggests 

that the two light chains cornpete for binding to the heavy chain and only the one that 

associates most strongly is expressed on the surface. 

A second possibility is that the functional K rearrangement is deleted by a 

leapfrogging rearrangement event (Fig. 1 -3B). This is a rearrangement between an 

upstream VK gene and a downstream JK gene. resulting in a deletion of the previous K 

rearrangement. Evidence ior this type of secondary rearrangement arises from studies in 

knocked-in (Ki) transgenic rnice (16, 17). These mice have a transgenic VJK remangement 

inserted into the K locus that is deleted by leapfrogging rearrangements between 

endogenous upstream VK and downstream JK genes. If the new VJK recombination is 

functional, a new light chain wiIl be produced. If it is not functional, continued leapfrogging 

rearrangements or rearrangements at another light chain allele could continue until a 

functional light chain is produced. 

A third type of light chain editing has k e n  shown to occur by the inactivation of the 

K locus through RS recombination ( 18, 19) (Fig 1.3C). This process uses a recombining 



V'S VKJK J ' s I-RS RS 

Fig. 1.3 Secondary rearrangements at the K locus 
A) De novo rearrangements at another K (VlJ2) or h. allele could produce a new 
chah in a B ce11 that already has one functional rearrannernent (VIJI). 

functional light 

B) A functionai VJK remangement (Vi.ii) can be deleGd by leapfrogging. This occurs by the 
rearrangement between an upstream VK gene (V3) and a downstrearn JK gene (J2). 
C) A functionally rearranged K locus can be deleted by RS recombination. This can occur either 
by rearrangement of an upstrearn VK gene witb the RS (left) or rearrangement of a cryptic signai 
within the JK-CK intron with the RS (right). 



sequence (RS) loçated -25kb downstream of the CK exon. The RS is a conserved 

sequence that has no coding function. It can recombine with either the RSS of an 

unrearranged VK gene or a cryptic signal within the JCK intron. Because either of these 

rearrangements removes the CK exon from the K locus, RS recombination results in the 

inactivation of that allele. RS recombination can be followed by recombination at another 

allele, either IC or k, which produces a new light chain (19). 

A final possibility for light chain editing is V-gene replacement. This event utilizes 

the embedded heptamer, a sequence within the coding region of some VK genes that cm 

serve as a cryptic recombination signal (20) (see below). In this case, an upstream VK gene 

recombines with the rearranged VK gene. Therefore, instead of deleting the current K 

rearrangement, as is the case in Ieapfrogging events, the JK of the previous remangement 

would be recombined with a new VK. No evidence for this type of rearrangement is 

currentiy available, although the possibility cannot be excluded. 

1.5 h light chain editing 

It must be noted that the h locus in mice is arranged so that neither leapfrogging nor 

V-gene replacement can easily occur (Fig. 1.2C). This excludes the possibility of deleting a 

rearranged h light chain. However, a functional h chain can be edited by loss of allelic 

exclusion and rearrangement at the other h allele. Also, because there are two independent 

clusters of V and J genes in the murine A, each with its own V, J and C genes (Fig. LZC), it 

is possible for rearrangements to occur at one cluster and then be edited by rearrangements 

at the other cluster on the same allele. Either of these types of editing would be 

demonstrated by a single ce11 with two functional h rearrangements. Luning Prak et al (2 1) 

identified hybndomas from K-deficient rnice that had IL 1 and A.x rearrangements. However, 

clones with two productive rearrangements were rare and it was concluded that, in the case 

of h light chains, secondary rearrangements do not play a substantial role. 



1.6 The role of light chain editing 

Several recent studies have examined the role of secondary light chah 

rearrangements in B ce11 selection and in the immune response. Light chah editing c m  be 

divided into two different types: receptor editing and receptor revision (22). ïhese terms 

refer to the timing of the rearrangements and their role in the immune response. Both 

receptor editing and receptor revision can theoretically include any of the types of secondary 

rearrangements discussed above. 

Rece~tor Editino, 

Receptor editing refers to de novo light chain rearrangernents that occur in an 

immature B cell. Using mice with transgenic receptors specific for MHC class I alleles (23) 

it has been shown that in the presence of self-antigen there is a complete deletion of B cells 

expressing the transgene in the periphery. These mice have increased levels of RAG 

expression, increcised h+ B cells and high levels of h light chain remangement excision 

products in the bone marrow. This indicates that, instead of deleting the anti-MHC B cells, 

the transgenic light chain is king edited to create a new antigenic specificity. Another 

example of receptor editing is seen in mice with an anti-DNA transgenic BCR characteristic 

of autoimmune disease. These mice edit their BCR largely by leapfrogging rearrangernents 

on the targeted allele which remove the autoreactive transgene (17). To examine the role of 

antigen in stimulating this process, the anti-MHC transgenic system was used to 

demonstrate that editing of the light chah cm occur even in response to ultralow affinity 

antigens encountered in the bone marrow (24). These results indicate that a B ce11 with an 

autoreactive specificity can edit its receptor in the bone marrow instead of undergoing 

deletion by apoptosis. 

In vitro cultures of bone mmow cells from transgenic mice have been used to 

identify the precise stage at which B cells undergo receptor editing. These studies have 

shown that BCR Iigation does not induce ce11 death but promotes light chain recombination 



in immature IgM+ IgD- B cells (25) as demonstrated by increased RAG expression, 

increased K rearrangements at the non-targeted allele and increased A+ B cells. BCR cross- 

linking of normal mouse bone rnarrow had similar results, suggesting that receptor editing 

also occurs in normal immature B cells (25,26). Receptor editing appears to occur in at 

ieast two thirds of autoreactive B cells in normal mice, as determined by studying the 

frequency of B cells with productive, inactivated K rearrangements (26). 

Further studies with bone marrow cultures identified that receptor editing is a stage- 

specific process that occun during a discrete window in development (27). That is, IgM10 

IgD- B cells initiate secondary recombination in response to self antigen whereas more 

mature I ~ M ~ ~  IgD- cells undergo apoptosis. These 1 g ~ h i  IgD- B cells will not undergo 

receptor editing if protected from apoptosis by bcl-2, suggesting they have lost the ability 

for this process (27). 

These studies indicating that immature autoreactive B cells are negatively selected by 

receptor editing led to the question of how mature autoreactive B cells were regulated in the 

peripherj. Lam et al. constructed a KI transgenic mouse in which the BCR specificity 

could be changed to an autoreactive one in the periphery by a Cre-loxP-rnediated gene 

inversion at the heavy chain locus (28). These autoreactive B cells are rapidly deleted by 

apoptosis and can be rescued by bcl-2. However, they do not undergo receptor editing. 

Furthemore, sorted immature B cells from a normal mouse will increase RAG expression 

in response to BCR cross-linking when cultured in a bone marrow environment but will 

undergo apoptosis when cuItured in a splenic environment (29). These studies suggest that 

receptor editing is stage-specific (occumng at the immature but not the mature B ce11 stage) 

and it is also influenced by the cellular environment. 



Rece~tor Revision 

Receptor revision is the process of rearranging new light chahs in mature genninal 

centre (GC) B cells. Recent reports have demonstrated that RAGl and RAG2 are 

expressed in mature splenic B cells in vitro upon stimulation with LPS and IL4 or CD40 

and IL-4. RAG expression is also observed in vivo in germinal centre cells after 

immunization (30,3 1). It has also been shown that anti-CD40 Ab and IL-7 are able to 

induce RAG expression in IgD+ B cells. Since IL-7 is only known to act on B cells at 

earIier stages of development. it is not yet clear what this cytokine's role is in the germinal 

centre (32). 

Further studies revealed that the RAG proteins are active by dernonstnting the 

presence of recombination intermediates at the K locus (33.34) and h remangement 

excision products (35). It was proposed that antigen stimulation in the germinal centre 

allows B cells to alter their light chain, perhaps dlowing the production of a better receptor. 

That is, receptor revision is a forrn of afinity maturation- 

GC B cells have also been shown to express h5 and Tdt (33)(33; F. Bertrand, 

unpublislied data). The detection of 715 expression has led to the criticism that these B cells 

are not mature B cells but rather a more immature B ce11 that has escaped to the perïphery 

upon immunization. However, a recent report has demonstrated that antigen stimulation 

decreases RAG levels induced by LPS and I L 4  in splenic B cells (36). Ilr vivo 

immunization demonstrated that iow-avidity ligands induced V(D)J recombination in mature 

splenic B cells whereas non-binding or high-avidity ligands did not (36). This correlates 

with the affinity maturation hypothesis in such that a high affinity for foreign antigen would 

negate the need for receptor revision. The data also suggests that these are not immature B 

cells, since it has k e n  demonstrated that low and high-avidity antigen encounter stimulates 

receptor editing in immature B cells (37). 



1.7 Receptor Editing in T cells 

Although receptor editing has primarily been studied in B cells, it is interesting to 

examine whether T cells undergo a similar process. T cells also express the RAG proteins 

at distinct stages dunng development and use V(D)J recombination to rearrange their a and 

p loci to form the a and p chains of the T cell receptor (TCR). The formation of the TCR 

differs from that of the BCR in several ways. in particular, T cells continue to express 

recombinase and to rearrange their a locus after a functiond a chah has been forrned (38) 

whereas B cells downregulate RAG after a hnctionai, non-autoreactive BCR has k e n  

produced. In addition, T cells do not undergo somatic hypemutation as B cells do and are 

therefore thought to maintain the same TCR throughout their lifespan. 

Recently, a mouse with c KI a chain transgene has been developed (39). This 

mouse also has a non-targeted B transgene which, in combination with the a chain, encodes 

a TCR with specificity for cytochrome c. In positively selecting conditions, the a chah is 

not Iost. However, in negatively selecting conditions, the a chain is deleted at the double- 

positive stage and endogenous a genes are rearranged. Whether this occurs by 

leapfrogging on the targeted allele or de novo rearrangements on the untargeted allele is 

unclear. However, the data suggest that the TCR can be edited in response to self antigen 

dunng developrnent, saving the T ceIl frorn ce11 death, much like receptor editing in B cells. 

In addition to secondary rearrangements at the a chah locus, there is evidence for 

editing of the P chain. In mice with a transgenic P chain. Tg+ T cells are deleted in the 

periphery (40). However, T cells expressing endogenous 8 chains are present. These T 

cells express the RAG genes and contain recombination cleavage products, suggesting they 

are rearranging endogenous P chains in the periphery. Although the physiological stimulus 

for TCR revision is unknown, it appears to be dependent on some component of the B 

Iineage since endogenous B chains are not expressed in IgH-/- mice. This led to the 

hypothesis that TCR revision in the periphery is occurring in germinal centres, stimulated 



by B and T cell interactions. Whether this process is used to eliminate autoreactive T ceils 

or for other reasons remains to be determined. 

1.8 Secondary rearrangements in humans 

Because studies of receptor editing in murine systems provided strong evidence for 

the role of receptor editing in B ce11 development and autoimmunity, the question arose 

whether this mechanism could be important in autoimmunity in humans. B cell lymphomas 

have been found to change from sIg+ to dg- as a result of secondary Â, reanangements at 

both the rearranged allele and the unrearranged allele (4 1). The human h locus is arranged 

differently than the murine h locus so that a primary r e m g e m e n t  leaves upstream VA 

genes and downstream Jh genes in the locus. Tt is therefore possible to delete a 

productively rearranged h chah and produce a new one in a way similar to the leapfrogging 

rearrangements at the murine K locus described above (Fig. 1 -2B). 

Humm B lymphomas have also been shown to upregulate RAG rnRNA 

transcription and increase RAG transcript stability upon stimulation with anti-p antibodies 

(42). Studies in non-transformed bone marrow-denved cells have also shown evidence of 

secondary rearrangements (43), although this has only been shown by a change from K+ 

cells to h+ cells ex vivo. These results suggest that, as in mice. a functional receptor does 

not necessarïly mean that recombination is terminated. 

Further evidence for the importance of receptor editing in humans cornes from 

studies proposing that this process is defective in patients with autoimmune disease, 

particularly systemic lupus erythematosus (SLE). An examination of the use of different JK 

genes in patients with and without lupus have demonstrated that SLE patients use only V- 

proximal JK gene segments (44) whereas normal JK gene usage is broader. Combining this 

information with the role of receptor editing in the munne systern, it has been postulated that 

lupus patients are defective in their ability to edit autoreactive receptors during B ce11 

development. Another study has contradicted this hypothesis, providing an example of one 



SLE patient with a normal distribution of VK and JK gene usage (45). However, this patient 

may be an exception and have other underlying causes for developing SLE. Until improved 

methods to detect receptor editing in humans is developed, it is difficult to conclusively 

establish a role for this mechanism in the prevention of autoimmune disease. 

A recent report has provided preliminary evidence for the occurrence of receptor 

revision in human germinal centres (46). Three human tonsil specimens were soned by 

flow cytometry and RAG- 1 and RAG-2 expression was found in the dg-, non-dividing, GC 

B cells. Furthemore, to determine if the iight chain was k i n g  edited in humans, Giachino 

et al. (46) sequenced the A and a rearrangements of A+ peripheral blood B cells b a t  had 

functional K rearrangements. These cells had significantly fewer mutations in their h locus. 

With the assumption that mutations accumulate at a steady frequency over time, it was 

suggested that the hnctional K remangement occurred first and was replaced by a new 

remangement. 

1.9 The Ernbedded Heptamer 

Because of the arrangement of the RSS at the heavy chain locus (Fig 1.2A), it is not 

possible for upstream VH genes to recombine with downstream .iH genes, as they do in the 

K IOCUS. However, secondary remngements at the heavy chah locus are made possible by 

the presence of the embedded heptamer. The embedded heptarner is a con'erved 7 bp 

sequence (TACTGTG) located in the 3' end ûf most VH genes (20) (Fig. 1.4). It is also 

found frequently in light chain V genes, as well as in TCR V genes, in both the human and 

murine immune system. Its sequence encodes a consewed cysteine important for the 

immunoglobulin superfamily domain. As long as the cysteine codon (TGT) is followed by 

a G, the most important part of the embedded heptamer (GTG) is present. 

The embedded heptamer is similar to the heptarner of a canonical RSS, although 

anything resembling a consensus nonamer is lacking. A recent study used an in vitro 

recombination substrate assay to determine whether the embedded heptamer is able to 



mediate recombination and concluded that this sequence cannot recombine at a significant 

frequency (47). However, the substrate used the embedded heptarner of VH8 LX and the 

RSS of a VK gene, which would not normally recombine in vivo. It is also possible that 

their substrate was affected by flanking sequences that may play a role in recombination 

with the embedded heptamer. There is also evidence that, despite the lack of a nonamer. the 

embedded heptamer is capable of mediating recombination events in vivo, particularly a type 

of secondary rearrangement termed VH-gene replacement. 

1.10 VH-gcne replacement 

VH-gene replacement is a recombination event by which an already rearranged 

heavy chain cm be altered. This occurs by replacing an already rearranged VH gene with 

an upstream, germline VH gene (Fig. 1.4). VH-gene replacement is sirnilar to normal 

V(D)J recombination; however, instead of using two RSS, VH-gene replacement is 

mediated by the RSS of the upstrearn VH gene and the embedded heptarner of the 

downstrearn, rearranged VH gene (48,49). Therefore, VH-gene replacement cm result in a 

new VDJ combination which is either non-functional and inactivates the previous 

rearrangement or is functionaI and creates a new BCR specificity. 

VH-gene replacement was first identified in the murine system in an Abelson line 

(50) and in a B ce11 lymphoma (5 1). Because the embedded heptamer is only 5 bp 

upstream from the end of the coding region of a VH gene, only these few bp remain after 

VH-gene replacement has occurred. It can be detected in ce11 lines by cornparison to 

parental Iines but it is difficult to detect such events in vivo in a normal rnouse. 
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Fig. 1.4 VH-gene replacement 
VH-gene replacement is mediated by the RSS of an upstream MI gene (V2) and the embedded 
heptarner of a rearranged VH gene (VI). This results in a new VDJ combination using the same DI 
as the previous rearrangement. Also, a few base pairs of the original VH (VI) that are downstream 
of the embedded heptarner remaiii in the new VDJ segment. 



Studies in knocked-in H chain transnenic - mice 

Mice with knocked-in (KI) heavy chain transgenes are a useful tool for studying 

VH-gene replacement. Because the transgene is in its natural position in the heavy chah 

locus, endogenous VH genes are upstrearn, providing the potential for VH-gene replacement 

to occur. The VDJ transgenes are knocked-into the JH region leaving the D region intact 

(in normal mice. they are deleted dut-ing V(D)J recombination). VDDJ rearrangements are 

observed at a high frequency in KI mice most likely because of this genomic structure (52- 

54). VDDJ segments appear to be the result of a D replacing a VH gene using the 

embedded heptamer followed by a normal V-D remangement using two canonical RSS. 

This is supported by the detection of DDJ segments in a KI mouse (52). 

Tt is not clear how a heptamer alone c m  mediate recombination when, as mentioned 

above, the nonamer is required for RAG binding. Chen et al. (52) proposed a conserved, 

non consensus nonamer (TCTGAGGAC) located 12 bp upstream of the embedded 

heptamer. However, the importance of this nonamer in VH-gene replacement has not been 

established, especially considering that the essential nucleotides of a nonamer are Iacking. 

AIso, if this nonamer is indeed functiond, frequent remangement to the 12 RSS of a D 

gene violates the 12/23 nile. 

Interestingly, a study with one KI mouse (53) with a heavy chain specific for 

phosphocholine (PC) demonstrated that, although secondary rearrangements do occur, chey 

do not use the embedded heptamer. The VH gene in the KI msgene  had 53 GTG 

sequences and only two of these were used for recombination, neither of which were the 

embedded heptamer. Another KI mouse with an anti-DNA specificity characteristic of 

systemic lupus erythematosus (SLE) seemed to use secondary rearrangements to a 

heptamer in the leader sequence, resulting in inactivation of the transgene, allowing 

remangement and expression of an endogenous H chah (55). 



The Possible Roles of VH-Gene Re~iacement 

VH-gene replacement has not been as extensively studied as light ch in  editing. As 

a result, its role in the normal immune response is still unclear. Based on the studies in KI 

rnice and the work on light chah editing and RAG re-expression, severai hypotheses have 

k e n  proposed. First of dl, VH-gene replacement was thought to eliminate autoreactive 

receptors in the bone marrow. The evidence for this arises from a KI transgenic mouse that 

encodes an au toreactive receptor (52). This autoreactive receptor is large1 y deleted by VH- 

gene replacement. However, another KI mouse with a monocionaî specificity that is not 

autoreactive still undenvent VH-gene replacement (54,56). This led to the the idea that VH- 

gene replacement could be important in the diversification of the B ce11 repertoire. Because 

VH-gene replacement is difficult to detect in normal mice, it has not k e n  possible to 

establish the extent to which it contributes to diversity in the normal immune system. 

Another possibility is that VH-gene replacement is simply a by-product of the presence of 

the embedded heptamer, which is conserved due to the arnino acids it encodes (20). 

Recent reports dernonstrating the re-expression of the recombinase machinery in 

mature splenic B cells and in germinal centre B cells (30, 3 1) has led to the hypothesis that 

VH-gene replacement could be occun-ing in mature B cells in the spleen. At this time it 

could be used to eliminate autoreactive receptors derived from somatic hypemutation or to 

generate a new specificity that would be functional in an immune response. 

1.12 The quasi-monoclonal mouse 

The purpose of this thesis is to examine the role of VH-gene replacement. In 

particular, is VH-gene replacement involved in an immune response or in the generation of 

diversity? To answer this question, 1 am using the quasi-monoclonal (QM) mouse (54). 

The QM mouse has the heavy chain transgene 17.2.25 (57) knocked-into the JH region of 

one allele and the JH region of the other allele is deleted (Fig. 1.5). Upstream of the VDJ 

segment of the transgene is a neo cassette. The heavy chain encoded by the transgene is 
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Fig 1.5 The IgH locus of the quasi-monoclonal (QM) mouse. 
The QM mouse has a knocked-in heavy-chah transgene (17.2.25) inserted into the JH region of 
one allele. Upstream V and D genes are present. A neo cassette is present between the 3' D gene, 
DQ52, and the VDJ segment. The other IgH allele of the QM mouse lacks a JH region; therefore, 
it  is not functional. 12 RSS are shown as dark grey triangles, 23 RSS are in light grey. The 
embedded heptamer (EH) of the knocked-in transgene is shown in black. 



specific for the hapten NP in combination with a light chain. The QM mouse is also a K 

knock-out; therefore it only expresses h light chains. As a result, its primary repertoire is 

specific for the hapten NP. 

QM mice have a normal number of B cells and B ce11 compartments also appear to 

be normal. The QM mice also have a normd number of T cells, although these have not 

been exarnined in much detail. Because it is a KI mouse with a primary repertoire that is 

rnonospecific but has an essentially functional immune system, the QM mouse provides a 

useful tooi for studying the functional role of VH-gene replacement in generating diversity 

and responding to antigen, 

Based on the studies of RAG expression and Iigh chain editing, I have hypothesized 

that VH-gene replacement is able to contribute to the generation of Ig diversity and that it 

can occur in response to antigen in mature, splenic B cells. To test this hypothesis, I have 

generated hybridomas from imrnunized QM rnice and detennined whether the QM mouse 

uses VH-gene replacement to generate new specificities. 1 have also exarnined the bone 

marrow and spleen of QM mice for VH-gene replacement intermediates to determine the B 

ce11 stage at which it is oçcurring. 



CHAPTER 2: 

MATERIALS & METHODS 



2.1 Generation of QM mice 

QM mice were generated by Cascalho, et al (54) and maintained in the Ontario Cancer 

Institute animal coiony. Mice homozygous for the QM KI transgene were bred with 

homozygous JH-/- mice. Both the QM and the JH-/- mice are derived from 129 embryonic 

stem cells and bred ont0 a C57B U 6  background. Offspring from QM+/+ and JH-/- 

breedings were used for al1 experiments unless otherwise specified. 

2.2 Irnrnunization of mice 

QM or C57/BL6 mice between the ages of 6 and 16 weeks were injected i.p. with IOpg of 

TNP-KLH (a kind gift from M. Julius, U.Toronto) or 10' sheep erythrocytes (SRC) 

(Sheep Blood in Alseviers, Lot 327, Cedar Lane Laboratories) in 250pl of phosphate- 

buffered saline (PBS). Before injection, SRC were washed twice with PBS and centrifuged 

at 3000 rpm for 5 minutes. At least three weeks later, rnice were given a second injection 

i-p. of 5p.g of TNP-KLH or 105 SRC in 250p1 PBS. 

2.3 ELISA 

ELISA plates (Costar) were coated with 5- IOpg/d of antigen in 0.05M Tris, O, 1 S M  NaCl 

(pH 9.5). Antigens used were TNP-BSA (a gift from M. Shulman, U-Toronto), 3-nitro4 

hydroxy-5-iodophenylacetic acid (NP)-BSA (a gift from M. Wabl, UCSF) (the QM 

primary repertoire has a higher affinity for NIF' than for NP) and SRC antigen (see below). 

To detect antigen-specific Ig, ELISA plates were developed with polycIonal peroxidase- 

conjugated goat anti-IgG, A, M Ig (Sigma), Diammonium Salt (Sigma) and Hz02 in 

0.05M citric acid, 0.1M dibasic sodium phosphate. Positive controls for TNP, N P  and 

SRC ELISA were supernatants from the SP6 hybridoma line (Sa), purified 17.2.25 

antibody (Dr. T. Imanishi-Kari, Tufts University) (57) and monoclonal anti-SRC antibody 

(Cedar Lane Lriboratories), respectively. Titration of positive controls revealed that 

antibodies could be detected by ELISA at a minimum concentration of - IOng/d. To 



determine the Ig class of hybridoma clones, ce11 culture supernatant was used in ELISA 

plates coated with goat mi-IgM or goat anti-IgG (Sigma), as described above. In al! 

ELISAs. several dilutions of the sera or culture supernatant were used. 

To compare levels of antigen-specific Ig in the serum of imrnunized and unirnmunized rnice. 

serum was diluted 2ûû-fold in PBS and then serially diluted 8 times in PBS in 2-fold 

dilution steps. The standards (SP6 supernatant and anti-SRC antibody) were diluted in a 

similar fashion. 0D4sonm readings for the semm were plotted against l/dilution to ensure 

that differences (or lack of differences) in OD450fim.at different timepoints were consistent 

at various dilutions. To further aid cornparison, sera from one mouse obtained at differerit 

timepoints were tested on the sarne ELISA plate, avoiding variations between plates. 

2.4 SRC antigen preparation 

To extract membrane proteins from SRC, ghosts were prepared as described in Marchesi & 

Palade (59) and membrane proteins extracted as described in Van Loveren et al. (60). Al1 

steps were perfonned at 4°C. In brief, whole blood was centrifuged for 10 min at 3000 rpm 

then suspended in 0.9% NaCl. Cells were washed three times in 0.9% NaCl and lysed in 

10 volumes of 5mM Tris-HCI, O. 1 mM EDTA (pH 7.0). After 15 min of continuous 

stirring, the suspension was centrifuged for 30 min at 25,000 g. This step was repeated 

twice and the pellet was resuspended in O-OSM Tris-HCI, 0.5M NaCl, 1rnM EDTA 

(pH7.0). After 15 min of stimng, the suspension was centrifuged as before. The pellet of 

SRC ghosts was washed twice with 5rnM Tris-HCI, O. 1 mM EDTA (pH7.0) then suspended 

in 5 volumes of 3M KCI. This was rotated end over end for 48 hours then centrifuged for 

1 h at 25,000 g. The supernatant was dialysed against PBS for 2 days, d u h g  which time 

the dialysis solution was renewed 3-4 times. The dialysate was centiifuged again for 1 h at 

25,000 g and the supernatant was used as SRC capturing antigen in the ELISA. This 

antigen was titered with the anti-SRC antibody on an ELISA plate to determine the optimal 

coating concentration. SRC antigen was diluted IO-fold to coat ELISA plates. 



2.5 Generation of hybridomas 

QM mice were sacrificed 5 days after secondary irnrnunization with antigen and 

hybridomas were prepared according to a standard protocol(61). SPUO cells were thawed 

severai days before fusion and grown in Opti-MEM (Gibco) containing 8-azaguanine. 

Spleens were removed and splenocytes were suspended in GKN buffer w m e d  at 37°C 

(0.0 1 M glucose, 5mM KC1, O. 1 M NaCI, 0.0 1 M Na2HP04,5mM NaH2P04,0.00 1 % 

phenol red). SpIenocytes and SPuO myeloma cells were washed twice in GKN buffer, 

separately, before mixing together for a final wash. The ratio of SPuO cells to splenocytes 

was at least 2: 1. The rnixed cells were resuspended in 0.8mL of polyethylene glycol (PEG) 

solution (2g PEG 4000 (Merck), 1.2 rnL GKN buffer, 0.8mL H20,7.5~1 IN NaOH) and 

kept at 37'C for 90 sec. Cells were then centrifuged and resuspended in Opti-MEM 

containing HAT and plated in 96-well plates at a concentration of l@ cells/well. After 5 

days of selection in HAT media, resulting hybridomas were screened by ELISA for Ig 

secretion. One week after fusion, cells were switched to Opti-MEM containing HT. 

Selected lines were subcloned on soft aga. 

2.6 RT-PCR and sequencing 

Cells that were positive for TNP or SRC specific Ig secretion were subcloned on Opti- 

MEM containing 0.3% Bacto-Agar (Difco Laboratories). 10 subclones were picked for 

each line and these were screened for secretion of antigen-specific Ig by ELISA as 

described above. To ampli@ the VDJ region of the heavy chah locus, RNA was extracted 

using Trizol reagent (GibcoBRL) according to the manufacturer's protocol. Superscript II 

reverse transcriptase and oligo dT (GibcoBRL) were used to transcribe cDNA, which was 

subsequently used for K R  amplification. A 5' VHALL primer SIAGGT(C/G)(A/C)A 

(A/G)CTGCAG(G/C)AGT C ( m ) G G  3' and a 3' M 4  primer S'GAGGAGACGGT 

GACTGAGGTTCCITG 3' were used in a 1 ûûpl reaction in K R  buffer (1 0x- 100mM 

Tris, 18mM Mg*+, 500mM KCI, pH8.3), 250pM (LNTP, 0.5w of each primer and Taq 



polymerase (62) These primers amplified a product of -450 bp, using an amplification 

protocol of I min at 94"C, 1 min at 60°C and 1 min at 72°C for 30 cycles. To amplie the ic 

locus, a S'LAM IN primer S'TTCCCAGGCTGnGTGACTCAGGAATCTGC 3' and a 3' 

LAM primer were used in a similar 1 0 0 ~ 1  reaction but using 15mM Mg2+ PCR buffer (62) . 

An amplification protocol of 1 min at 94"C, 1 min at 65°C and I min at 72°C for 30 cycles 

yielded a product of -350 bp. 

2.7 FACS anafysis and cefl sotting 

Single-cell suspensions of bone marrow and spleen were prepared from QM mice and stained 

as described in Bertrand et al. (63) . In brief, celt suspensions were spun down and 

resuspended in ACK (O. 155M N a C l ,  O. 1 m M  EDTA, 0.0 1 M KHC03) to lyse erythrocytes. 

Cells were washed three times with PBS+3% Fetal Calf Serurn (FCS) and stained in a 2004 

volume. Antibodies used were IgM-biotin (33.60), IgD-FlTC (Pharmingen), B220-FITC or 

FE (Pharrningen) and CD43-PE (Pharrningen). Biotin- labelled antibodies were conjugated 

to Streptavidin-Quantum Red (Sigma). Cells were analysed on a FACSCalibur using Cell 

Quest software and sorted on a FACStar Plus equipped with a Turbo Son using Lyses 2 

software (Becton-Dic kinson). 

2.8 Ligation-mediated (LM)-PCR 

To detect VQM signal ends, representing VH-gene replacement intermediates, a modification 

of the LM-PCR technique of Schlissel et ai. (64) was used (Fig. 2.1). Cells were lysed in a 

PCR lysis buffer (l0rnM Tris pH8.3, 1.8mM MgCI, 50mM KCI, 0.45% NP40,0.45% 

Tween-20, SOpg/mL proteinase K) at a concentration of 1 6  celldl5pl and the DNA was 

Iigated to th$ BW Iinker [formed from the two oligos S'GCGGTGACCCGGGAGAT 

CTGAATTC 3' + 5' CTAGACITAAG 3'1 overnight at 16°C. This results in ligation of the 

replaced VH-gene with the linker (see Fig. 2.1, legend). A semi-nested PCR was perfomed 

using two different 5' primers, VHA S'GGACiTGGACTGACTCAGG 3' and VHB 
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Fig.2.1 Ligation mediated (LM) - PCR 
LM-PCR is a technique used to detect the signai ends that are intermediates in VH-gene 
replacement. A linker was added to ceIl lysate that ligates to double-strand breaks. Among the 
products formed, this ligation generates a product that consists of the VH gene k ing  replaced (VI) 
and the linker. This product can be amplified by a semi-nested PCR using the primers VHA, VHB 
and BW- 1 H. 



5'GCTGGAATGTCmATGTAAG 3', with the sarne 3' primer, BW-1H S'CCGGG 

AGATCTGAATTCGTG 3', which recognizes the linker. The PCR protocol involved 10 

cycles of 1 min at 95°C 1 M n  at 57'C and 1 min at 72°C followed by 10 cycles at an 

anneaiing temperature of 5S°C and 10 cycles at 53'C. In some cases, only one round of 

PCR, using VHA and BW- IH, was perfomed. Southem blots using a probe specific for 

VQM S'GCACTGGGTGAAGCAGAGGCC 3' confirmed the presence of the QM VH 

pene. 



CHAPTER 3: 

RESULTS 



3.1 TNP-specific Ig in QM mice 

Trinitrophenol (TNP) was the antigen selected for immunization of QM rnice 

because of its close structural similarity to NP. We reasoned that few changes in the heavy 

or light chain genes would be required to pmduce Ig specific for TNP. The similarity 

between NP and TNP would also allow us to uncover the mechanisms used by a B cell to 

change i t s  receptor to recognize a similar antigen. 

The senim of unimmunized QM mice was tested by ELISA for TNP-specific Ig 

(Fig.3.1); these levels were 4 to 6-fold higher than the levels observed in contro1 C57BU6 

rnice. The finding of increased levels of antibody specific for TNP implies that the pnmary 

repertoire of QM mice includes Ig specific for TNP even in the absence of overt 

immunization. 

Upon immunization with TNP-KLH, C57BU6 mice displayed an increase in TNP- 

specific semm Ig from day 5 to day 8 after injection (Fig 3.1 A), suggesting that they 

mounted an immune response to the antigen. However, not al1 QM mice displayed an 

increase in antigen-specific Ig (Fig. 3.1 A). When the 0D4sonm for several dilutions are 

compared between day 5 and day 8, there appears to be no difference in the levels of TNP- 

specific Ig (Fig. 3.1 B). It is unclear whether this observation reflects an inability of QM 

mice to generate an immune response against TNP-KLH or an inability to detect this 

response due to the elevated baseline levels of TNP-specific Ig before immunization. 

3.2 QM mice have Ig that cross-reacts with NP and TNP 

Hybridomas were generated from the spleen of a QM mouse (QM3, Fig. 3.1) 

injected twice with TNP-KLH. Clones were screened for Ig secretion by ELISA; of the 62 

hybridoma clones genented, 30 secreted Ig at a concentration detectable by ELISA (see 

Chapter 2). Limit of ELISA sensitivity was estimated at lOng/rnl using various standards. 

Al1 clones positive for Ig secretion were tested for specificities for TNP, KLH and NP. 
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Fig. 3.1 TNP-specific serum Ig in mice immunized with TNP-KLH 
Levels of TNP-specific serum Ig was determined by ELISA. A) Relative 0D450n, at a single 
dilution of semm from unimmunized QM and C57BU6 mice (gray bars) are shown compared to 
day 5 (hatched bars) and day 8 (black bars) after immunization with TNP-KLH. B) 0D45hrn at 
al1 dilutions for QM3 at day 5 (open circles) and day 8 (closed circles) after immunization. Data is 
plotted as a second-degree polynomial. 



Seven hybridoma clones producing Ig specific for either TNP or KLH were isolated 

and subdoned. Two of these clones, 132-D 1 and 134-A3 were cross-reactive with NP, 

whereas the other five clones were specific for TNP or KLH but did not recognize NP (Fig. 

3.2). It is possible that, in the case of the cross-reactive clones, two different antibodies are 

being secreted as a result of fusion of two different B cells with the SPuO cell. However, 

sequencing of three different cloned PCR products for both 132-D 1 and 134-A3 revealed 

the same VDJ (Fig. 3.2) and h sequences (Fig 3.7). This result suggests that QM mice can 

generate antibodies with dual specificities for TNT and NP but aIso generate Ig specific 

only for TNP or KLH. 

3.3 VH-gene replacement is used to generate TNP- and KLH-specific Ig 

To determine how these new specificities were produced by the QM mouse, RT- 

PCR was used to isolate RNA and arnplify the VDJ region of the heavy chain locus of the 

hybridornas that recognized TNP or KLH. The entire VDJ regions of these clones were 

sequenced (Appendix I); V-D junctions are shown in Fig. 3.2. VDJ segments that were 

products of VH-gene replacement events were determined by aligning the sequence 

obtained from the hybridoma with the sequence of the QM transgene. Those that had the 

same 3' end (DJH genes) but had a different VH region were considered VH-gene replaced. 

This was further supported by the presence of end processing between the new VH and the 

original DJH. 

As can be seen in Fig. 3.2, four out of five of the clones specific only for TNP or 

KLH had undergone VH-gene replacements. Two of these clones, 132-D3 and 13 1 -A3, 

had identical heavy and light chains. Since these clones were isolated individuaily, they 

likely represent two different members of an expanding B ce11 clone. The clones 133-A 1 

and 134-D2 had an endogenous D gene inserted between the new VH gene and the DM of 

the transgene (Fig. 3.2, underlined), producing a VDDJ rearrangement. These D genes 

were identified by comparing to previously published sequences of murine D genes (65). 
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1 QM VDJ tattactgtg ctagatactataggtacccttactatgctatggactact 

tattactgtgctaga tactataggtacccttactatgctatggactact 

tattactgtgctaga tactataggtacccttactatgctatggactact 

tattac tgtgctaga tactataggtacccttactatgctatggactact 

tattactgtaccagc tgggtgggtttt tataggtacccttactatgctatggactact 

tattactgtaccagc tgggtgggtttt tataggtacccttactatgctatggactact 

tattattgtgcaaga ttccctgggtaaggatactatggccgcgcttatttgagtc tgqac tac t 

tattactgtgcaaga catacaactgggacgccc tactataggtacccttactatgctatggactact 

Fig. 3.2 Sequences frorn hybridomas specific for TNP 
VDJ regions of clones specific for TNP were amplified by RT-PCR and sequenced in full. V-D 
j unc tions are shown here; full sequences are in Appendix 1. Insened D genes are underlined. The 
QM transgene is shown on the top hie. Specificity of clone is shown in bold (T=TNP, ,=NP, 
K=KLH). 



The fifth clone, specific for TNP, 134-A5, had undergone somatic mutation which 

resulted in an antibody with a new specificity (Table 3.1A). 

3.4 QM mice are capable of developing an immune response against other antigens 

lmmunization with TNP-KLH allowed me to study the response of QM mice to a 

cross-reactive antigen. To  determine whether QM mice can respond to irnmunization 

with a foreign, non-crossreactive antigen and to understand how they diversify their Ig 

repertoire in response to such an antigen, QM mice were injected wiih sheep erythrocytes 

(SRC). When ELISA was used to test for levels of SRC-specific Ig in the senim of 

unimmunized mice, Q?d mice had only slightly elevated levels compared to control mice 

(Fig.3.3A). This observation is consistent with previous results showing that QM mice 

have approxirnately 2-fold more serum Ig than C57BU6 mice (56) . 

Importantiy, QM mice demonstrated an increase in SRC-specific semm Ig upon 

i mmunization which is comparable to C57B U6 mice (Fig.3.3A). Secondary injection 

revealed a secondary response that is, once again, comparable to wild-type responses 

(Fig. 3.3B). These results suggest that immunized QM mice are capable of generating an 

immune response specific for SRC with kinetics similar to that observed in a wild-type 

mouse. 

3.5 QM mice immunized with SRC used VH-gene replacement to generate SRC- 

specific Ig 

T o  determine the mechanism used by QM mice to diversify their repertoire and 

respond to SRC, hybridomas were generated from a QM mouse immunized with SRC 

(QM2, Fig. 3.3). Ig secreting clones were screened for specificities for SRC antigens as 

described in Chapter 2. From 94 hybridoma clones, 40 Ig secreting clones were isolated. 

Six SRC-specific clones were isolated; these were subcloned and the VDJ regions were 

sequenced in full (Appendix II). The V-D junctions of these sequences, compared to the 



I ame 3.1 rrorire or anrigen-speciric nyariaorna ciones 

A) Clones specific for TNP-KLH 

VH 
family 

QM 

QM 

QM 

J606 

J606 

clone lg class 

6) Clones specific for SRC 

VH 
family 

QM 

QM 
QM 

JS58 

J606 

J558 

# of 
mutations* clone 

SI  -D2 

SI -C6 

SI -D6 

SI -O3 
SI -B2 

S2-62 

lg class h chain 

ND 

Vhl Jhl 

VA1 Jhl 

VX1 Jhi 

VA1 JÂ1 

Vhl Jhl 

QM=clones that retained the VQM of the transgene 
?=cannot detemine precisely which DH has been used 
ND=not determined 
*=mutations are counted from 50bp after the sequencing primer site on the chain 
*'=there were no mutations in the heavy chain 
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Fig.3.3 SRC-specific serum Ig in mice immunized with SRC 
Levels of SRC-specific Ig were determined by ELISA. A) Relative O D ~ ~ O , ,  of QM and C57BU6 
mice before immunization (white bars) and day 8 after primary imrnunization (black bars) are 
shown. QMpBs represents a control mouse injected with PBS. B) SRC-specific semm Ig after 
secondary immunization in one QM and one control mouse. 0D4sonm at day O (black). day 8 after 
pnmary injection (grey) and day 5 after secondary immunization (white). C) 0D450n, for 
different dilutions of serum from QM2 on day O and day 8 after irnmunization, and day 5 after 
secondary i mmunization. 



original QM transgene, are shown in Fig. 3.4. Three of these clones had undergone VH- 

gene replacement events whereas the other three had maintained the germline QM VDJ 

tnnsgene. The three clones that had not undergone VH-gene replacement appeared to use 

variability in their )i light chains to generate a new specificity (see below). 

3.6 VH-gene replacement can be used to generate Ig with unknown specificities 

When hybridomas were screened for specificities for either TNP, KLH or SRC and 

NP, we found many hybridoma clones that had lost their specificity for NP but were not 

specific for the injected antigen. Eight hybridoma clones from a QM mouse immunized 

with TNP and four from the SRC immunization were identified as having new, unknown 

specificities. To determine how they changed their specificity, the VDJ region of these 

clones were also amplified and sequenced (Fig. 3.5). 

From the TNP immunization, seven of the eight clones identified had undergone 

VH-gene replacement to generate a new specificity and the eighth was neither replaced nor 

somatically mutated (Fig 3.5). The mechanism to diversify used by this eighth clone, 13 1 - 

A l ,  is discussed below. Five of the VH-gene replaced clones had fragments of endogenous 

D genes between the new VH and the DJH (Fig.3.5). 

The four clones of unknown specificity generated from an SRC-immunized QM 

mouse were also sequenced. In contrast, al1 of these were found to contain the unreplaced 

17.2.25 transgene without any somatic mutations (not shown). 

3.7 Diversity in the h light chain also produces new specificities 

Because the endogenous gents of the QM mouse are from strain 129, and the 

genetic databases do not contain many VH sequences from this strain, it is difficult to 

distinguish mutations of VH-gene replaced VDJ regions from strain differences. However, 

the h- locus has fewer V genes, therefore h light chains could be used to determine the extent 

of somatic mutation. Therefore, light chains of al1 clones were sequenced. The use of VÂ 



clone 

QM VDJ 

SI -D2 

SI -CG 

SI -D6 

SI -D3 

SI -62 

52-82 

tattactgtg ctagatactataggtacccttactatgctatggactact 

tattactgtgctaga tactataggtacccttactatgctatggactact 

tattactgtgctaga tactataggtacccttactatgctatggactact 

tattactgtgctaga tac tataggtacccttactatgctatggactac t 

tattactgtacaaga cgcgaactggracggagc tatgggtacccttactatgctatggactact 
. 

tattactgtacca ggagggaagggggcqgtagtagc tactataggtacccttactatgctatggactact 

tattactgtgcaaga gggggattacgacgt tataggtacccttactatgctatggactact 

Fig. 3.4 Sequences from hybridomas specific for SRC 
VDJ regions of clones specific for SRC were amplified by RT-KR and sequenced in full. V-D 
junctions are shown here; hl1 sequence is in Appendix II. hserted D genes are underlined. 
Mutations are in bold. The QM transgene is shown on the top line. 
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clone 

QM VDJ 

131 -A1 

134-D4 

1 34-A4 

132-D5 

134-03 

134-B3 

133-85 

133-04 

tattactgtg 

tattactgtg ctagatactataggtacccttactatgctatggactact 

tattactgtgtaag ggggga actataggtacccttactatgctatggactact 

tattactgtgcaaga tacgggag ctataggtacccttactatgctatggactact 

tattactgtaca aaaggggaccgggacgaataaacaatat gtacccttactatgctatggactact 

tattctgtgcaaga ggaactgggag ctataggtacccttactatgctatggactact 

tattactgtac cggaactgggaaarcc tataggtacccttactatgctatggactact 

tattactgtacaaga cgcgaactgggacggag ctatgggtacccttactatgctatggactatggactact 

ttccctggcaaaggatactatggccgctcttatttgagtc tggactact 

Fig.3.5 Sequences from hybridomas with unknown specificity 
VDJ regions of Ig-secreting clones generated from a QM mouse immunized with TNP-KLH that 
lack specificity for TNP, KLH or NP were sequenced in full. V-0  junctions are shown here; full 
sequences are in Appendix III. Inserted D genes are underlined. Mutations are in bold. The QM 
transgene is shown on the top line. 



and JX genes and the presence of mutations in clones specific for TNP and SRC are shown 

in Table 3.1 A and 3.1 B, respectively . 

The clones with dual specificities for TNP and NP, 132-D 1 and 134A3, used a 

mechanism other than VH-gene rephcement to achieve their specificity for TNP. These 

clones used V U  recombined with J h 2  (Table 3.1 A). Using the rarer A2 light chain 

produced an Ig that will recognize TNP in addition to NP, whereas the QM antibody, which 

uses a hl light chain, does not recognize TNP (Fig.3.1). One clone, 134A4, expressed a 

light chain consisting of VXI and JA3 (Table 3.2). The majority of h light chains involve 

rearrangements between Vhl and Jhl or Vh2 and Jk2; the combination 

used by 134-A4 is relatively rare. This suggests that the QM mouse is able to use, in 

addition to VH-gene replacement, rare recombination events at the h locus to further 

diversify its repertoire. 

Several clones had generated a new specificity but were not replaced and not 

somatically rnutated. The only differences in these clones was the end processing in the h 

light chah (Fig. 3.6). The variation in end processing allowed for different CDR3 regions, 

an important site in deterrnining antigen binding and specificity. From these results, it 

appears that the QM mouse is able to diversify its repertoire by creating and/or selecting for 

varied h light chains. 

3.8 VH-gene replacement can produce VDDJ segments that encode functional 

heavy chains 

Of the 14 VH-gene replacement events detected, 9 of these had fragments of an 

endogenous D segment between the new VH and the DJH of the original transgene (Figs 

3.2,3.4 & 3.5, underlined). This result is consistent with previous descriptions of VH-gene 

replacement in K I  mouse models, which have shown a large number of VDDJ 

reax-rangements (52). It should be noted that the D gene used is variable and c m  be from 

either the 3' or 5' end of the D region (Tables 3. IA, 3. lB, 3.2). Nucleotide additions are 



Table 3.2 Profile of hybridoma clones with unknown specificity 
from mice immunized with TNP-KLH 

clone 

131 -A1 

1 34-04 

1 34-A4 

l32-D5 

134-D3 

134-B3 

133-85 

133-D4 

VH 
farnily 

- 
none 

none 

DSP 2.1? 

DQ52 

DQ52 

DQ52 

DSP 2.? 

lg class 

VA1 3x1 

VA1 Ji1 

Vki Jh3 

VA1 Jhl 

VA1 Jhl 

Vkl Jhl 

VAi J?J 

Vhi Jht 

QM=ciones that retained the VQM of the transgene 
?=cannot determine precisely which DH has been used 

# of 
mutations' 

*=mutations are counted from 50bp after the sequencing primer site on the h chain 



clone 

clone 

tggtacaacacccatt atgttttcggcggtaggaacc 

W Y N T H  Y V F G G R N  

tggtacagcaaccattt ggtgttcggtggaaccaagg 

W Y S N H L  V F G G T K  

tggtacagcaaccattt 

W Y S N H F  

tgttcggtqgaaccaagg 

V R W N Q  

tggtacaacacccattt cgttttcggcggtaggaacc 

W Y N T H F  V F G G R N  

tggtacacgtaccatt tgggtgttcggtggaaccaagg 

W Y T Y H  L G V R W N Q  

tggtacaccaaccc ctgggtgtacggtggaggaacc 

W Y T N P  W C T V E E T  

tggtacagcaaccac ctgggtgttcggtggaggaacc 

W Y S N H  L G V R W R N  

tggtatagcgaccattt ggtgttcggtggaggaacc 

W Y S D H L  V F G G G T  

tggtacagcaaccattt ctgggtgttcggtggaggaacc 

W Y S N H F  W V F G G G T  

tggtacagcaacca ctgggtgttcggtggaggaacc 

W Y S N H  W V F G G G T  

Fig 3.6 V-J junctions of loci 
The h locus of clones specific for A) TNP and B) SRC were sequenced in full. V-J junctions are 
shown here. 



found at both the V-D and D-D junctions in dl clones except S 1-B2; in this clone, N 

additions are only found at the V-D junction (Fig 3.4). These VDDJ segments, in 

combination with the extensive N additions, results in Ig with CDR3 regions, ranging from 

13- 18 a, that are larger than what is usudly found in functional heavy chains. 

3.9 VH-gene replacement may be occurring before B ce11 activation 

Isotypes of al1 clones that had altered their specificity were determined by ELISA 

(Table 3.1 & 3.2). Only four of the clones that used VH-gene replacement to change their 

specificity had undergone class switching to produce IgG. The remaining clones were of 

the IgM class. There were aiso several clones that had undergone VH-gene replacement but 

were not mutated. The frequent occurrence of VH-gene replaced clones that are IgM and 

unmutated suggests that VH-gene replacement occurred before the B ce11 underwent c las  

switching and somatic mutation. 

3.10 VH-gene replacement occurs in unimmunized and immunized mice 

We have pi-eviously demonstrated that VH-gene replacement intermediates can be 

detected in the spleens of naive mice (63). As mentioned in Chapter 1, several reports have 

established that B ce11 activation and BCR stimulation can modulate RAG expression (30, 

3 1,66). To determine whether antigen can affect VH-gene replacement, I used ligation- 

rnediated (LM) - PCR to detect double-stranded breaks at the embedded heptarner (Fig.2.1). 

This technique allows the detection of ongoing VH-gene replacement events, rather than 

final products. LM-PCR was used to examine the spleens of unimmunized and SRC- 

immunized QM mice for VH-gene replacement intermediates (Fig. 3.7A). A PCR of actin 

DNA was used to standardize for the ceIl numbers in the reaction. In addition, FACS 

analysis using B220 staining was used to normalize for the number of B cells in each 

spleen (Fig 3.7B). To be certain that this expriment was detecting uue intermediates of 

VH-gene replacement, PCR products from unimmunized QM rnice were cloned and 



unimmunized " = 1  O immunized 
E q  

Fig. 3.7 VH-gene replacement intermediates in unimmunized and immunized QM 
mice 
A) Ligation-mediated (LM) - PCR and Southem blot techniques were used to detect double- 
stranded breaks at the embedded heptarner in the spleens of unimrnunized (lane 1) and SRC- 
immunized (lane 2) QM mice. Amplification of actin is shown in the lower box. 
B) An aliquot of the ce11 suspension of the spleens used above were stained with B220-PE Ab. 
Histogram plots show B220+ cells in the lymphocyte gate (determined by forward and side scatter) 
for unimmunized (left) and imrnunized (right) QM mice. 



sequenced. Five out of six of these sequences showed breaks at the GTG of the embedded 

heptamer. Taken together, these results indicate that VH-gene replacement intermediates are 

present in immunized and unimrnunized rnice at similar levels, suggesting that exposure to 

exogenous antigen does not significantly affect the process of VH-gene replacement. 

3.1 1 VH-gene replacement occurs at specific stages in the bone marrow 

The isoIation of hybridomas generated from imrnunized mice that are IgM and 

germline (Figs 3.2, 3.4 & 3.5) suggests that VH-gene replacement events that produce 

specificity for antigen can occur before class switch and hypermutation. In addition, VH- 

gene replacement intermediates do not significantly increase in the spleen upon 

immunization (Fig 3.7). As mentioned in Chapter 1, receptor editing of the Iight chah 

occurs during the immature IgM+ IgD- B cell stage. To determine whether VH-gene 

replacement is also occumng earlier during B ce11 development, before encountering 

antigen, QM mouse bone marrow was sorted by FACS to isolate two B ce11 compartrnents: 

immature (IgM+ IgD- CD439 and mature (IgM+ IgD+ CD43-). Because CD43 is present 

on more immature B cells (Fig. 1. l ) ,  this marker can be used to separate earlier 

developmental populations from later ones. That is, B cells that no longer express CD43 on 

the ce11 surface are generally considered to be past the Iarge pre-B ce11 stage. 

LM-PCR was used to detect VH-gene replacement intennediates in each of the 

sorted populations (Fig.3.8). Intermediates were detected at the mature IgM+ IgD+ stage 

but not at the immature IgM+ IgD- stage. These results indicate that VH-gene replacement 

occurs at distinct stages during development but d m  not occur at the same stage as light 

chain editing, but rather at a Iater stage. 

In this study, 1 have demonstrated that QM mice immunized with an antigen use 

VH-gene replacement to generate Ig specific for the antigen. Although previous reports 

have demonstrated that VH-gene replacement products are expressed, this is the first 

evidence showing that these heavy chains are functional and have a new specificity. 



Fig.3.8 VH-gene replacement intermediates in the bone marrow of QM mice 
Bone marrow of QM mice was sorted by FACS. LM-PCR and Southem blot techniques were 
used to detect VH-gene replacement intermediates in the different B ce11 populations: IgM+ IgD- 
CD43- (lane I ) ,  IgM+ IgD+ CD43- (lane 2), unsorted spleen (lane 3), H20 (lane 4). PCR and 
southern blot of actin DNA is shown in the lower box. 



CHAPTER 4: 

DISCUSSION 



4.1 Are QM mice able to develop an immune response? 

Before immunization. QM mice demonstrated an elevated level of TNP-specific Ig 

in the serum (Fig.3.1). We have isolated hybridoma clones from QM mice that have 

generated Ig with duaI specificities for TNP and NP by using variations in the h light chain 

paired with the heavy chain encoded by the QM VDJ (Fig. 3.2). It is possible that these 

hybridomas originate from two different B cells and are therefore secreting two different 

antibodies, one specific for TNP and one specific for NP. However, the heavy chains were 

amplified by PCR and several cloned PCR products were sequenced, a11 of them reveding 

identicai sequences. Also, only one class of Ig was identified in the supernatant by ELISA. 

To eliminate the possibility that these clones are secreting two antibodies, it would be 

necessary to purify the protein based on affinity for either antigen and examine whether the 

antibodies specific for TNP and NP were the sarne. If these clones are indeed secreting 

antibodies with dual specificities, it may account for the high levels of anti-TNP Ig in 

unimrnunized mice. 

Upon immunization, QM mice did not show a consistent increase in TNP-specific 

Ig, which would have been indicative of an immune response against this antigen (Fig 3.1). 

There are two possibilities: the antigen is stimulating an immune response in the spleen but 

this is not reflected in the senirn; or the antigen does not reach the spleen due to the 

excessive levels of Ig that bind the antigen before it reaches the spleen. 

Since the QM mice did respond to another antigen, SRC (Fig. 3.3), we can exclude 

the possibility that they are not able to generate an immune response. Although the precise 

fold-increase is diff~cult to determine due to the differences in absorbance at different 

dilutions of serum (Fig. 3.3C), there is a consistent increase, suggesting that, after 

immunization, there was an increase in SRC-specific serum Ig and an immune response. 

The presence of Ig specific for SRC in unimmunized mice correlates with the presence of 

non-NP specific Ig in the semm that has previously k e n  demonstrated (56). 



4.2 Does VH-gene replacement contribute to an immune response? 

After QM mice were imrnunized with either TNP or SRC, hybridomas were made to 

identify clones with specificity for the antigen. VH-gene replacement was used by half of 

the clones to generate specificities for antigen (Figs. 3.2, 3.4). This demonstrates that VH- 

gene replacement is used to generate functional Ig, and not only to inactivate functional 

heavy chains, as was previously observed (53.55). 

Clones with unknown specificity were also sequenced; six out of seven of these 

clones from TNP-immunized mice also used VH-gene replacement to generate a new 

specificity (Fig.3.S). In contrast, al1 four clones with unknown specificity from SRC- 

immunized mice had not undergone VH-gene replacement. It has been demonstrated that 

RAG re-expression and light chain editing is tegulated by antigenic stimulation of the BCR 

(26, 36,37). If this is also the case for VH-gene replacement, it is possible that injection 

with TNP-KLH triggered VH-gene replacement by i ts  similarity to NP. However, 

immunization with SRC did not trigger VH-gene replacement because the NP specific 

antibodies of the QM mouse did not have even a Iow affinity for this antigen. 

4.3 The recombination signal sequences involved in VH-gene replacement 

Although VH-gene replacement is correlated with RAG expression in the spleen 

(63), i t  is not clear how the embedded heptarner is recognized by RAG. Cryptic signals 

consisting of heptamers c m  be used for recombination (67) but reports demonstrating that 

the nonamer is required for RAG binding (12) rnake it difficult to understand how a 

heptamer done can mediate recombination. 

Since the few nucleotides of the original VH gene that are downstrearn of the 

embedded heptarner were deleted in al1 cases of VH-gene replacement (Figs. 3.2,3.4,3.5, 

CTAGA), we cannot be certain that these events were mediated by the embedded heptamer 

itself. However, by sequencing of LM-PCR products, we have shown that the VQM is 



mainly cleaved at the GTG of the embedded heptamer in the QM mouse (63)- suggesting 

that the VH-gene replacements observed here are due to the presence of this sequence. 

Chen et al. (52) postulated a conserved, nonconsensus nonamer 12 bp upstream 

from the embedded heptamer with the sequence TCïGAGGAC (compared to the 

consensus nonarner TGTTT?TGG). The QM mouse also contains this nonamer: however, 

there is no direct evidence that it is involved in rearrangement. No other sequence 

resembling a nonamer has k e n  found 12 or 23 bp in either direction from the embedded 

heptamer in the Q1M transgene The sequence 23 bp upstream of the embedded heptarner in 

the QM mouse is GCAGCCTGA, which also bears littIe resemblance to a consensus 

nonamer. If the M G  proteins are involved, as they appear to be judging by the type of 

signal and coding ends that are formed, this suggests that they are able to mediate 

recombination between 3 heptmer and an RSS. Whether this occurs at the embedded 

heptarner at a greater frequency than at any other cryptic heptarner remains to be 

deterrnined. 

Of the 14 sequenced clones ttiat showed VH-gene replacement, 9 had an 

endogenous D gene inserted between the new VH gene and the DJH of the transgene. 

Although in most cases these are only fragments of D genes, they consist of at least 7 bp. 

The probability of such a sequence arising from random N addition is less than 1v. This 

type of VDDJ rearrangement has k e n  previously demonstrated in the QM mice (54-56) as 

well as in other mice with knocked-in VDJ transgenes (52,53). The presence of VDJ and 

VDDJ rearrangements suggests that the embedded heptamer is able to recombine with a 12 

or a 23 RSS. but more frequently with a 12 RSS. However, the nonarner proposed by Chen 

et aI. (52) would form a 12 RSS. Atthough this correlates with VH-gene replacement, the 

fact that we observe frequent recombination with D genes suggests that, if the embedded 

heptamer is part of a 12 RSS, it does not obey the 12/23 rule. 

A consequence of the VDDJ rearrangements is that, in addition to N additions, 

many clones have large CDR3 regions in their heavy chahs, up to 18aa. These are larger 



than what is normally observed in fùnctional heavy chains of adult mice, which, on average, 

have heavy chain CDR3 regions in the range of 7- lOaa (68). However, in rare cases, D-D 

fusions have k e n  observed to generate CDR3 regions of similar size in heavy chains of 

humans (69) and normal mice (70) dthough the recombination mechanism is unclear. The 

extensive N additions observed in VH-gene replacements in the QM rnouse presumably 

allow for greater diversity. Aiso, the insertion of D genes may occur because D RSS are 

more suitable for VH-bene replacement, as mentioned above, or these heavy chains are 

present at a high frequency as a result of selection because they allow for Ig with new 

specificities. 

4.4 What other mechanisms can be used to diversify the B ce11 repertoire? 

In addition to VH-gene replacement, many clones used other mechanisms for 

diversifying the BCR, including somatic hypermutation of the QM transgene (Table 3.1 and 

3.2). However, the clones that had only one mutation were not considered somaticalIy 

mutated, since these could be the result of PCR or sequencing error, particuIarly since most 

clones were oniy sequenced once. If the clones with one mutation are discounted, there are 

several clones that have not undergone VH-gene replacement or somatic mutation. These 

clones relied on variations in the h light chain locus (Fig 3.6). Although N addition does 

not occur at the light chah loci and there are no D genes available to increase the diversity in 

the CDR3 region, some variation can be obtained from end processing of the coding joints. 

In fact, clones that are unreplaced and mutated do vary in the end processing of the coding 

joints which translates into amino acid variability in the CDR3 region of their h locus (Fig. 

3.6). Since this region of the Ig molecule is important for antigen binding, these changes in 

the h light chain presumably dlow for the change in Ig specificity. In addition, some clones 

used rare h gene combinations such as Vh1.W (Table 2). These results demonstrate that 

without V@)J recombination available for generating diversity, other mechanism are able to 

partially compensate. 



4.5 At what stage is VH-gene replacement occurring? 

By detennining the isotypes and the somatic mutations in each clone, we gain an 

understanding of where and when VH-gene replacement might be occumng. Previous 

studies have demonstrated that the recombinase machinery is reexpressed in germinal 

centres (30, 3 l ) ,  where somatic mutation and class switching are occumng. Several 

clones that were identified here had undergone replacement events but were of the IgM 

class and had germline lambda sequences, suggesting that VH-gene replacement is 

occumng before class switching and somatic hypermutation. Further evidence that VH- 

gene replacement is occumng earlier in an immune response is that clones 132-D3 and 

13 1 -A3 are identical but were isolated separately (Fig 3.2). This demonstrates that VH- 

gene replacement occurred before clonal expansion which was perhaps stimulated by 

immunization with TNP-KLH. 

Furthemore, Our results indicate that, although VH-gene replacement is occumng 

in the spleen, the levels of rearrangement intermediates do not increase upon 

immunization with SRC. Previous resuIts have demonstrated that RAG 1 and RAG2 re- 

expression in peripheral B cells depends upon stimulation with LPS and IL-4 (3 1)  and 

that BCR ligation can inhibit the recombination elicited by LPS and IL-4 (36) . It has also 

been demonstrated that this increase in Rag gene expression results in rearrangements at 

the light chain locus (33, 34) , leading to receptor revision. However, it appears that 

immunization, which would activate B cells through the BCR, does not produce a 

significant increase in the level of VH-gene replacement events. It is possible that light 

chain editing is stimulated dunng a germinal centre reaction to improve affinity for an 

antigen whereas heavy chain editing at this time would resuli in a drastic, and perhaps 

undesirable, change in specificity. As a result, VH-gene replacement would be suppressed 

when RAG is expressed in germinal centre B cells. 

In addition to RAG activity in germinal centres, others have demonstrated that 

RAG is expressed in immature B cells, particularly in I ~ M "  IgD- bone marrow cells, and 

the light chain is edited at this stage (27) . To determine whether VH-gene replacement is 



also occumng during B ce11 development, we examined sorted bone mamw populations 

from the QM mouse for VH-gene replacement intermediates in the immature (IgM+ IgD-) 

and mature stages (IgM+ IgD+)(Fig.3.8). These results indicate that VH-gene replacement 

is occurring in IgM+ IgD+ cells in the bone marrow. However, it does not appear to occur 

in the immature IgM+ IgD- stage, when the light chain is k i n g  editing. The IgM+ IgD- 

sorted population contains approximately 35% I ~ M "  B cells. Therefore, the observed lack 

of intermediates at this stage is most likely due to a lack of VH-gene replacement rather 

than a lack of cells at the I ~ M '  IgD- stage. 

Light chain editing in immature B cells is thought to provide an alternative to cell 

death for B celis that produce inappropriate, particularly autoreactive light chains (26) . 

Although VH-gene replacement dms not play a considerable role in eliminating 

autoreactive receptors when the light chain can be edited ( 17) , it is used to eliminate 

autoreactivity when secondary remangements at the light chain locus cannot be used (52) 

. The light chain is first expressed at the immature IgM+ IgD- stage; this is therefore the 

earliest stage at which an autoreactive light chain would be recognized and edited. It is 

possible that VH-gene replacement occurs at an earlier stage in B ce11 development, when 

the heavy chain is first expressed and tested. 

My results have provided the first evidence that rearrangement is occumng in 

mature cells in the bone marrow (Fig.3.8). It is unclear whether these IgM+ IgD+ B cells 

are newly formed or recirculating B cells that have already k e n  to the periphery. It is 

possible that these cells reached the peripheral lymph organs, where they were stimulated 

to undergo VH-gene replacement but, since these are unimmunized mice, were not 

stimulated to proliferate. Therefore, the intermediates of VH-gene replacement would still 

be present upon their return to the bone marrow. This correlates with previous findings 

from our laboratory demonstrating that splenic B cells of the QM mouse contain VH-gene 

replacement intermediates (63) . 



4.6 Does VH-gene replacement occur in normal mice? 

Because VH-gene replacement has been primarily studied in KI mice that usually 

have very limited diversity, the question often anses as  to whether this mechanism has a 

biological role in a normal immune system. There are several aspects of the QM mouse that 

need be considered before applying these results to a non-transgenic mouse. Fint, the 

rearranged VDJ is present during B ce11 development and may be replaced at a time when 

normal VDJ recombination is occumng. However, 1 have isolated several hybridomas 

denved from the periphery chat have maintained the transgene, suggesting that this is not the 

case. In addition, my results also indicate that VH-gene replacement is occuning at later 

stages in B celI development and there is no indication that these stages would be regulated 

differently in a normal mouse. In fact, studies examining the developmental stages of RAG 

expression and secondary light chain rearrangernents have revealed similar results in Ki  and 

normal mice (25, 26). 

Second, the manipulation of the Ig locus rnay affect the recombination at that site. 

In particular, the presence of the D genes may allow for VH-gene replacement to occur. 

The identification of VH-gene replacement events that do not contain an additional, 

endogenous D gene suggests that VH genes are capable of recombining with the embedded 

heptamer without the aid of D genes. Also, in the QM mouse, the presence of the D genes 

means that the VH region is farther from the rearranged VDJ segment than it would be in a 

normal mouse and this distance may affect the ability of the VH genes to recombine. 

Third, because the QM mouse and other KI mouse rnodels have such limited B ceIl 

diversity, it is possible that VH-gene replacement is observed because of the high demand to 

expand the repertoire. As a result, VH-gene replacement may not occur at the same 

frequency in a mouse with a normal B ceIl repertoire. However, even at a low frequency, 

VH-gene replacement could play an important role in generating diversity and eliminating 

autoreactivity. Until better rnethods are developed to detect VH-gene replacement in nomal 

rnice, these issues will be difficult to address. 



4.7 Summary 

The results presented in Chapter 3 have shown that VH-gene replacement can be 

used to generate a new H chah with specificity for an antigen. In addition to VH-gene 

replacement, the QM mouse also uses somatic hypermutation and variability in the h light 

chain to diversify i ts  repertoire. VH-gene replacement occurs in the spleen of both 

unimmunized and immunized mice. This event also occurs in IgM+ IgD+ B cells in the 

bone marrow but not in immature B cells. These results have provided some insight into the 

importance of VH-gene replacement as a mechanism for genenting Ig diversity and into the 

stages of B ce11 development during which this event occurs. 



QM-VDJ 

1 32-D 1 T N  

1 34-A3TN 

1 34-A5K 

l32-D3K 

131-A3K 

134-D2T 

133-AIT 

QM-VDJ 

132-DITN 

134-A3TN 

134-A5K 

132-D3K 

131-A3K 

134-D2T 

133-A 1 T 

QM-VDJ 

132-D1TN 

134-A3TN 

134-A5K 

132-D3K 

13 1-A3K 

134-D2T 

133-A 1 T 

QM-VDJ 

132-D 1 T N  

134-A3TN 

1 3 4 A 5 T  

132-D3K 

131-A3K 

134-D2T 

133-AIT 

M C A T T A A A G A C A C C T A T A T G C A C T G G G T G A A G C A G A ~ C T ~ C A ~ C ~ A G ~ A ~ ~ U G A T  

A A C A T T A A A G A C A C C T A T A T G C A C T G G G T G A A G C A G A C  

AACATTAAAGACACCTATATGCACTGGGTGAAGCAGAGGCCTGAACAGGGCCTGGAGTGGATTGGAAGGAT 

AACATTAAAGACACCTATATGCACTGGGTGAAGCAGAGGCCTGAGCGGGGCCTGGAGTGGATTGGAAGGAT 

A G T A A C T A C T G G A T G A A C T G G G T C C G C C A G T C T C C A G A G T T G A G ~ ~ C T G M ~ A G A T T  

A G T A A C T A C T G G A T G A A C T G G G T C C G C C A G T C T C C A G A G A  

CACGTTCACCAATTACTGGATGAATGAATGGGTTAAACAGAGGCCTGAACAAGGCCTGGAGTGGATTGGAAGGAT 

=GATTCACTTCCAGTAACTTTGGCATGTCTTGGGTTCGCCAGACTCCAGACAAGAGACTGGAGTGCCTCGC 

T T u  

EATCCTGCGAATGGTUTACTAAATATGACCCGAAGTTCCAGGGCAAGGCCACTATAACAGCAGACACAT 

TGATCCTGCG~TGGTAATACTAAATA%ACCCGAAGTTCCA~~GGCCACTATMCAGCAGACACAT 

TGATCCTGCGAATGGTAATACTÀAATACTÀAATATGACCCGAAGTTCCAGGGCAAGGCCACTATAACAGCAGACACAT 

TGATCCTGCGAATGGTAATACTAAATATGACCCGAAGTTCCAGGGCAAGGCCACTATAACAGCAGACACAT 

GMTCTMTAATTATGCAACACATTATGCGGAGTCTGTGAAAGGGAGGTTCACCATCTCAAGAGATGATT 

GARATCTMTAATTATGCAACACATTATGCGGAGTCX~~~A~TTCACCATCTCMGAGATGATT 

T G A T C C T T A C M T G G T A A T A ' i T C A C T A C G A T C C C T  

MCCATTAGTAGTGGTGGAACTTACACCTACTATCCAGGACAGTGTGAAGGGGCGATTCATCATCTCCAGA 

VH 

CCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTAC%TGCTAGA 

CCTCCAGCACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCAAAAGTAGTGTCTACCTGCAAATGAACAACTTAAGAGCTGAAGACACTCGCATTTATTACTGTACCAGC 

CCWGTAGTGTCTACCTGCAAATGAACAACTTAAGAGCTGAAGACACmATmATTACTGTACCAGC 

CCTCCAGCACAGCCTACATGCAAGTCAGCAGCCTGACATCTGAGGACTCTGCCGTCTATTATTGTGCMGA 

GCCAATGCCAAGMCACCCTGTACCTGCAAATGAGCAGTCTGAffiACACAWCGTGTATTACmWMGA 

N, P & Dnew DSP2.10 ,JH4 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TGGGTGGGTTTT TATAGGTACCCTTACTATGCTACGGACTACTGGGGT 

TGGGTGGGTTTT TATAGGTACCCTTACTATGCTATGGACTACTGGCGT 

TTCCCTGGGTACGGATACTATGGCCCGTCTTACTTGAGTC TGGACTACTGGGGT 

CATACAACTGGGACGCCCTATT GGTACCCTTACTATGCTATGGACTACTGGGGT 

Appendix 1 Sequences from hybridomas specific for TNP or KLH 
VDJ sequence of clones specific for TNP or KLH were amplified by RT-KR and 
sequenced in full. D genes are underlined. Specificity of  clones are shown in bold 
(T=TNP, N=NP, K=KLH). 



QM VDJ 

SI-D2 

S 1 -C6 

SI-D6 

S 1-03 

S 1-B2 

S2-B2 

QM VDJ 

S 1 -D2 

SI-CO 

S 1 -D6 

S 1 -D3 

S 1-B2 

S2-B2 

QM VDJ 

S 1 -D2 

S 1 -CO 

S 1 -D6 

SI-D3 

S 1-B2 

S2-B2 

QM VDJ 

S 1 -D2 

S 1 -CO 

S 1 -D6 

SI-D3 

S 1-B2 

S2-B2 

VH 
A A C A T T A A A G A C A C C T A T A T G C A C T G G G T G A A G C A G A G G T  

l Z A C A T T A A A G A C A C C T A T A T G C A C T G G G T G M G C A G A m C X U ~ ~ C T ~ A G W A T T S A A ~ T  

lZACATTAAP.GACACCTATATGCACT~TGMGCAGAGAGGCCXAACAGGGCCTGGAGTGGATT~MffiAT 

MCATTAAAGACACCTATATGCACTGGGTGAAGCAGACGCCTGAACAGGGCCTffiAGTGGATTGCAAGGAT 

A C C T T C A C C A C T T A C T G T A T G T C C T G G G T G A A A C A G A C C  

TGATCCTGCGAATGGTAATACTAAATATGACCCGAAGTTCCAGGGCM-CACTATMCAKAGACACAT 

T G A T C C T T A C T A T G G T G G T A C T A G C T A C A A C C A G T T C T  

VH 

CCTCCAACACAGCCTACCTGCAGCTCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCTCCLACACAGCCTP.CCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

CCTCCACCACACCATACATGCATCTCMCAGCCTGACATCTGA~ACTCTGCGTCTATTACTGTACMGA 

CCTCCAGCACAGCCTACATGCAGCTCAAGAGCCTGAGCCTGACATCTGASACTCTKAGTCTATTACTGTWMGA 

N. P & Dnew DSP2-10 JH4 
-- - -  - - -- 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

CGCGAACTGGAAÇGGAG CTATQGGTACCCTTACTATGTTATGGACTACTGGGGT 

AGGGAAGCXGGCGGTAGTAGC TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

KPJGGATTACGACQT TATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

Appendix II Sequences from hybridomas specific for SRC 
VDJ regions of clones specific for SRC were amplified by RT-PCR and sequenced in full. 
lnserted D genes are underlined. Mutations are in M d .  The QM transgene is shown on the 
top line. 



QM-VDJ 

131-A1 

134-D4 

134-A4 

132-D5 

134-D3 

134-B3 

133-B5 

133-D4 

QM-VDJ 

131-A1 

134-D4 

13 4-A4 

132-D5 

134-D3 

134-B3 

133-B5 

133-D4 

TCTGGCTTCAACATTAAAGACACCTATATGCACTGGGTGAAGCAGAGGCCTGAACAGGGCCTGGAGTGGATTGG 

TCTGGCTTCAACATTAAAGACACCTATATGCACTGGGTGAAGCAGAGGCCTGAACAGGGCCTGGAGTGGATTGG 

GTCTCTGGATTCAGTTTCAGTACTTATGCCAETCTTGGGTTCGCCAGTCTCCAGAGAAGAGGCTGGAGTGGGT 

T C T G G A T A C A C A T T C A C T G A C T A C T A C A T G G A C T G G G T G A  

CTTCTGGCTACACCTTCACCAACTACTATCTTTACTGGGTGAAACAGAGGCCTGGACAAGGCCTTGAGTGGATT 

TCTGGCTACACCTTCACCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGACAAGGCCTTGAGTGGATCGG 

GGATTCACTTTTAGTGACGCCTGGATGGACTGGGTCCGCCAGTCTCCAGAGAAGGGGCTTGAGTGGGTTGCTGA 

TCTGGCTACACCTTCACCAGTTACTATATGTTCTGGGTGAAACAGAGGCCTGGACAAGGCCTTGAGTGGATTGG 

T C T G G C T A C A C G T T C A C C A A T T A C T G G A T G A A T T A  

MGGATTGATCCTGCGAATGGTAATACTAAATATGACCCGAAGTTCCAGGGCAAGGCCACTATMCAGCAGACA 

UGGATTGATCCTGCGMTGGTAATACTAAA-FATGACCCGAAGTTCCAGGGCAAGGCCACTATAACAGCAGACA 

CGCAGmTTAGTCGAAGTGGGAGTTATACCTACTCTTCAGACACTG%ACmCGATTCACCATCTCCAGAG 

ACGTGTTAATCCTTACAATGGTGGTACTAGCTACAACCAGAAGTTCAAGGGCAAGGCCACATTGACTGTTGACA 

GGAGAGATAAATCCTATCAATGGTGGTACTAACTTCAATGACAAGTTCCACAACAAGGCCACACTGACTGTAGA 

AGAGATTGATCCTTCTGATAGTTATACTAACTACAATCAAAAGTTCAAGGGCAAGGCCACATTGACTGTAGACA 

AACTCGAAACAAAGCCAATAATCATGCAACATACTATGCTGAGTCTGTGAAAGGGAGGTTCACCATCTCAAGAG 

AGAGATTAAICCTAGCAATGGTGATACTMCTTCAAEAGAATTTCMGAGCAAWCACACTGACTGTAGACA 

AAGGATTGATCCTTACGATAGTGAAATTCACTACAATCCAAAGTTCAAGGACAAGGCCATATTGACTGTAGACA 

QM-VDJ 

13 1-A1 

134-D4 

134-A4 

132-D5 

13 4 -D3 

134-B3 

133-B5 

133-D4 

VH 

CATCCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCmAGGACACTGCCGTCTATTACTGTXTAGA 

CATCCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGGACACTGCCGTCTATTACTGTGCTAGA 

ACAATGCCAAGAACACCCTGTACCTGGAAATGAGCAGTCTGAaTCTGAGACACSCCAaTATTACTGTGTA 

AGTCCTCCAGCACAGCCTACATGGAGCTCAACAGCTCAACAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTGCAAGA 

Ca4TCCTCCAATACTTCAGACATGCTACTCAGCAGCCTGACATCAGAaACCCTGCaTCTATTACTGTACAA 

AATCCTCCAGCACAGCCTACATGCAGCTCAGCAGCC?Y;ACATCTGAGGACTCTGCGGTCTATTACTGTGCAAGA 

ATGATTCCAAAAGTAGTGTCTACCTGCAA4TGAACAACTTMGAGCTGAAGACACTGGCATTTATTACTGTACC 

TATCCTCCACCACAGCATACATGCATCTCAGCAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTACAAGA 

AATCCTCCAGCACAGCCTACATGCAAGTCAGCAGCCTGACATCTGAGGACTCTGCGGTCTATTATTGTGCAAGA 

N. P & Dnew DSP2.10 JH4 

QM-VDJ 

131-A1 

134-D4 

134-A4 

132-D5 

134-D3 

134-B3 

133-B5 

13 3 -D4 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

TACTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

AGGGGGA ACTATAGGTCCCCTTACTTTGCTATGGACTACTGGGGT 

1 TACGGGAG CTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

~AAGGGGACCGGGACGAATCAA CAATAGGTACCCTTCCAATGCTATGGACCACTGGGGT 

1 G(3uam%AG CTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

GGMCTGGGqAATC CTATAGGTACCCTTACTATGCTATGGACTACTGGGGT 

1 CGCGAACTGGGACGGAG CTATGGGTACCCTTACTATGCTATGGACTACTGGGGT 
1 TTCCCTGGCAAAGGATBCTATGGCCGCTCTTATTTGAGTC TGGACTACTGGGGT 
Appendix III Sequences from hybridomas with unknown specificity 
VDJ regions of Ig-secreting clones generated from a QM mouse immunized with TNP-KLH 
that lack specificity for TNP, KLH or NP were sequenced in full. Inserted D genes are 
underlined. Mutations are in bold. The QM transgene is shown on the top line. 
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