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The goal of this research was to investigate the role of Ig transgenes (Tgs) in

plasma cell tumor development as a useful means of examining potential antigen-specific

B cell precursors.  The Ig Tg M167mk (V1 mu plus Vk24) on a genetically PCT-

susceptible BALB/c background was used to determine if B cells expressing anti-

phosphorylcholine (PC) B cell receptors are more susceptible than non-Tg littermates to

pristane induction of plasma cell tumors.   The M167mk Tg mice, which express the anti-

PC M167 BCR on >97% of B cells, developed a higher percentage of plasma cell tumors

(63%) compared to non-Tg BALB/cAnPt littermates (35%), p<0.01, and had a reduced

latent period from 240 to 200 days.  Serologic and nucleic acid analysis of Igs expressed

by Tg tumors revealed co-expression of the M167-id V1-mu/Vk24 transgenes and a

rearranged endogenous VH-alpha/Vk Ig.  In an attempt to learn something of the natural



history of the PCT precursor B cell, the M167mk transgene and endogenous VH/VL Ig

mRNA from Tg PCT cells were sequenced for evidence of somatic hypermutation, a

hallmark of T-cell dependent germinal center activity.  M167mu and k Tg mRNA

transcripts revealed no evidence of mutation of the transgenes;  however, sequencing of

endogenous Ig mRNA from M167mk Tg PCTs showed that 80% contained somatic

hypermutation (SHM) and 20% had germline Ig genes.  PCTs from control groups,

BALB/c non-Tg littermates and C.B20 mice, also contained 80% SHM and 20%

germline Ig genes.

M167mk Tg mice have an increased (MZ) B cell population (15-25% B220+), a

hyper-activated TI responsive B cell phenotype, compared to non-Tg WT mice (5-10%

B220+).  These data suggest that PC-responsive M167mk B cells are a PCT-susceptible

subset, as the M167mk Tg BCR generates B cell clones that are responsive to bacterial

PC antigen that likely enhances overall proliferation of B cells during PCT development,

thereby increasing the chances of a neoplastic B cell clone to expand and increasing the

susceptibility of M167mk Tg mice to the induction of PCTS.
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CHAPTER 1

Introduction

Plasmacytomas

A plasma cell tumor (PCT), such as multiple myeloma in humans or a

plasmacytoma in mice, is an immunoglobulin-secreting, neoplastic plasma cell that

represents a megaclonal expansion of one plasma cell, and ultimately, of one selected B

cell clone.  B lymphocytes each express a unique antibody molecule on the plasma

membrane that acts as a receptor for antigen.  Interaction with antigen triggers the B-

lymphocyte to differentiate into a plasma cell that secretes soluble antibody molecules

(Error! Reference source not found.).  Like normal plasma cells, PCTs secrete large

amounts of monoclonal immunoglobulin (Ig), the same antibody that their precursor B

cell clone rearranged and expressed on its cell surface.  Unlike normal plasma cells, the

majority of which are short-lived and die within several days of activation, PCT cells

continue to divide indefinitely in an unregulated fashion.  They expand to fill the various

microenvironments where they are supported, e.g., the bone marrow in humans and the

peritoneal cavity in mice.

Plasmacytomas can be induced in genetically susceptible mice by intraperitoneal

injection of non-metabolizable light white mineral oils, of which the chemically defined

alkane, pristane (2, 6, 10, 14-tetramethylpentadecane), is a frequent component (1).

While pristane is not thought to be a DNA damaging carcinogen that directly causes
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Figure 1. Clonal selection of B lymphocyte.  B-lymphocytes are antigen selected to
form monoclonal Ig secreting plasma cells.  Once a primitive B cell has rearranged its Ig
genes and expresses a complete H+L chain antigen-binding B cell receptor (BCR) on its
cell surface (explained in following section), it circulates throughout the body, “looking”
for antigen.  Within the total pool of heterogeneous B cells, only a small number of B
cells will have a BCR that recognizes a specific antigen.  Therefore, clonal expansion of
an antigen-selected B cell becomes important during an immune response.  Ag selection
stimulates cell proliferation and subsequent differentiation into a plasma cell that secretes
antibody that was originally expressed as the antigen receptor on the B cell.  During the
clonal expansion stage, numerous molecular changes to the Ig genes occur to make the
antibody have a higher affinity for antigen, and adopt different effector functions by
switchin its constant region from IgM to IgA, IgG, or IgE.

oncogenic mutations in maturing plasma cells, the current hypothesis is that the

phagocytic neutrophils of the oil granuloma produce large amounts of reactive oxygen

radicals that can potentially cause chromosomal damage (2, 3). In response to pristane,
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large numbers of macrophages and neutrophils are recruited to the peritoneal space where

they surround the oil droplets of various sizes in an attempt to clear this foreign substance

from the body.  The complexes of oil, macrophages, and neutrophils adhere to peritoneal

surfaces and become an oil granuloma (OG), a chronic inflammatory tissue that persists

in the peritoneum and is vascularized by out growth of mesenteric blood vessels.

Plasmacytomas arise within the peritoneal oil granuloma tissue, which provides a source

of essential factors, such as IL-6, that are important in supporting tumor growth and

survival (4-6).  IL-6 is a macrophage-derived soluble factor required for survival and

proliferation of PCTs in vivo (7).

Consistently occurring oncogenic mutations in peritoneal plasmacytomas are the

Myc-activating chromosomal translocations t(12;15) and t(6;15) that are found in over

95% of pristane–induced PCTs.

B Cell Receptor

Development and maintenance of B cells depend upon surface expression and

constitutive signaling through the IgM B cell receptor (BCR) (Figure2a) expressed on

the B cell’s surface (8).  B cells are generated in the BM and progress through several

stages of development, from pro-B to pre-B to the immature B cell stage, depending on

the status of the IgM receptor expressed on the surface of the cell.  The IgM BCR is made

from pairing two heavy and two light chain Ig polypeptides, joined together with

disulfide bonds.  Each chain has a constant region and a variable region.  The heavy
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A.

B.

Figure 2. B Cell Receptor.  The B cell receptor is a rearranged immunoglobulin (or
antibody) molecule displayed on the surface of the cell, where it can to bind antigen.  A)
An example of an IgM molecule.  An Ig molecule is made from pairing 2 heavy (H) and
2 light (L) chains, joined by disulfide bonds.  Antibody molecules are made up of various
gene segments - each chain has a constant region (blue) and a variable region (purple).
The H and L chain variable regions make up the antigen-binding site.  Each B cell
produced in the bone marrow generates a unique Ig molecule from a different
combination of V region genes The idiotype of an antibody is the unique structure made
by the pairing of the H+L chain variable region. Each V region has 3 hypervariable sites
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(called complementary determining regions, or CDRs).  These regions have the greatest
impact on antigen binding ability of the antibody.  During affinity maturation of the Ig
molecules, amino acid changes resulting from somatic hypermutation have the greatest
affect in these regions.  Newly formed B cells express IgM (mu) constant region with a
transmembrane region allowing it to be inserted on the cell surface. B) The B cell
receptor is comprised of the surface IgM molecule and the Igα/β heterodimer.  Igα/β is
responsible for cytoplasmic signal transduction through its ITAM sites, which are
phosphorylated by tyrosine kinases (PTKs).  Figure of BCR complex is a modified
version based on diagram from Immunology, Kuby.

Once a complete surface IgM receptor is displayed, immature B cells leave the

bone marrow and enter the peripheral lymphoid system.  The immature B cells travel

through the blood/lymph to the spleen, where they receive further positive selection to

become mature B cell lymphocytes.  Basal levels of signaling through the BCR is

necessary to for the survival and maintenance of mature B cells in the periphery.

Further, activation and differentiation of a B cell begins with the binding of

antigen to the BCR.  Physiological and transgenic BCRs are both made up of membrane

IgM paired with the Igα/Igβ heterodimeric signal transducing molecule (9) (Figure 2b).

Transmission of signals from the BCR to the nucleus is mediated through the long

cytoplasmic tails of the Igα/β heterodimer that contain immunoreceptor tyrosine-based

activation motifs (ITAM) and depends on activation of cytoplasmic protein tyrosine

kinases (PTKs), their adaptor molecules and various secondary messengers that activate

intermediary signaling pathways (Figure 3).
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Figure 3. BCR Signaling. The Src family tyrosine kinases (Blk, Lyn, Fyn) and Syk
tyrosine kinase are all associated with the resting BCR and become activated upon
ligation of the receptor.  These kinases phosphorylate the tyrosines in the ITAM motifs
and the non-ITAM tyrosine 204 on Igα, which in turn recruits adaptor molecules to the
cytoplasmic tails of the receptor.  Syk kinase and BLNK (B-cell linker protein), an
important B-cell adaptor protein, bind the phosphorylated Igα tail.  Multiple pathways
are activated: the Src kinases activate the nuclear factor NF-κB; Btk activates
phospholipase C(PLC)γ2, leading to calcium flux and PKC activation; the GTPase, VAV,
is important in JNK activation and cytoskeleton remodeling, and the linker molecule,
Grb2, activates the extracellular signal-regulated kinase (ERK) pathway.  Figure and text
are reprinted with permission from Wang, 2003 (10).

Antigen stimulation through the BCR also results in the formation of a membrane

signaling complex that includes the BCR (mIgM/Igα/αIgβ) and a co-receptor complex

(CD19, CD21/CR2, CD81/TAPA-1).  The B cell co-receptor complex modulates B cell
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receptor signaling.  CD21 recognizes complement fragment C3d bound to antigen and the

antigen activates the BCR.  Antigen that binds the IgM receptor is internalized and

processed in specialized cytoplasmic compartments for presentation as peptides to helper

T cells by an MHC class II molecule located on the surface of a B cell.

B cell development, survival, migration and differentiation require constant

signaling through the B cell antigen receptor.  Through activation of its BCR, a B cell is

signaled to perform one or more of its effector functions: (1) Ag processing and

presentation, (2) antibody production, (3) cytokine secretion,  (4) formation of a memory

B cell and/or (5) differentiation to an Ig secreting plasma cell.

Mature B cell compartments (B-1 and B-2: FO, MZ)

There are two major B cell compartments, B-1 and B-2 cells, based on phenotypic

and functional characteristics, as well as different developmental and maintenance

requirements.  B-2 cells make up the majority of the B cell population in the mouse and

can be found in all lymphoid compartments:  spleen, lymph nodes, peyers patches in the

gut, peritoneal cavity, and peripheral blood.  B-2 B cells can be further divided into

follicular (FO) and marginal zone (MZ) B cell phenotypes. FO B cells are resting, naïve

B cells that recirculate throughout the body and are found in B cell follicles. MZ B cells

are non-recirculating B cells found only in the marginal zone of the spleen.  The marginal

zone is a distinct compartment found only in the spleen around the marginal sinus,

surrounding the B cell follicles and the periarteriolar T cell area.  MZ B cells typically

make up about 5% of splenic B cells, but are of great importance in early immune

responses to blood-borne pathogens.  The other major B cell compartment, B-1 cells, are
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found predominantly in the peritoneal and pleural cavities of the mouse and make up only

a very small percentage (1-5%) of splenic B cells.  B-1 cells are fetally-derived, self-

renewing B cells that produce low affinity, autoreactive natural IgM antibodies.

B cells are selected through ligation of their BCRs into the B-1 and B-2 subsets.

It had been unclear whether the antigen specificity of the BCR may play an role in

selecting B cell subsets (11) or whether the signaling strength through the BCR

ultimately influenced the B cell subset selection (12).  However, a recent publication by

S. Casola et al. (13) supports the conclusion that B subset selection depends primarily on

the strength of signaling through the BCR.  The major characteristics of each of these B

cell phenotypes are listed in the appendix (see ‘Summary of B Cell Subtypes’ on page

178, as reviewed by Vinuesa and Cook (14), and also by Martin and Kearney (12, 15)).

Functionally, B1 and MZ B cells appear to be close relatives.  It has been

suggested that B1 and MZ B cells have evolved to provide first line responses for

gut/peritoneum (B1) and blood-borne antigens (MZ).  Restriction of their BCR repertoire

helps to ensure rapid development of short-term antibody responses to a limited number

of conserved antigens.  MZ and B1 B cells are a part of the host’s natural immune

memory and are considered to be part of a bridge between the rapid responses of innate

immunity and the slower responses provided by adaptive immunity.

Relationship of Ig Producing PCTs to Ab Formation (Response to Ag)

The induction of paraffin oil-induced plasmacytomas in mice provided the first

source of large quantities of monoclonal Igs.  Laboratories with monoclonal Ig libraries

questioned what relationship these proteins had to “antibody”, and this led to a search for
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antigen binding activities of these homogeneous Igs.  Antibody was defined at the time as

a molecularly heterogenous collection of Ig molecules that bound to the same antigenic

macromolecules.  Binding activity for chemically defined antigens and haptens were

identified in only about 5% of these paraffin oil induced antibody proteins (16).  Many of

the haptens identified were oligosaccharides, α1-3 dextrans, β2-1 and β2-6 fructofurans,

β1-6 D galactan, phosphorylcholine and nitrophenyl (Table 1).  These antigenic

‘determinants’ are widely available on macromolecules in plants and animals.  Finding

several PCT proteins, generated independently in different mice, that bind the same

haptenic determinant (e.g. phosphorylcholine) suggests that antigens carrying these

haptens may be biologically active in the pathogenesis of the tumor.

Table 1. Hapten Binding of PCTs (16).

Associated hapten binding Plasma Cell Tumor
β1-6 D galactan J539, XRPC24, XRPC44, TEPC601
PC Choline TEPC15, HOPC8, MOPC167, MOPC511, McPC603,

CBBPC3, W3207
β2-1 and β2-6 fructofurans UPC61, ABPC64, ABPC47N, EPC109
α1-3 dextrans MOPC104E, J558, HDEX1-10;
DNP MOPC315
Arsonate ARS1, H9367, H124E1
NP (4-hydroxy-3-nitrophenylacetyl) B1-8, S43

Natural Antigens are an Important Factor in PCT Development

There are several lines of evidence that suggest that PCTs are derived from Ag-

selected B cells.  First, previous PCT induction studies in several types of defined

antigenic environments suggest the need for antigenic stimulation for development of

plasmacytomas.   Animal colonies are classified based on the status of the
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microorganisms present within the colony.  The animals in a conventional mouse colony

are raised and maintained under standard conditions, with an undetermined

microbiological status.  Animals in a specific pathogen free (SPF) colony are free of

disease-causing microbes or pathogens and are maintained in a special environment that

prevents exposure to or transmission of pathogens.  Germ-free animals are completely

free of all microorganisms, including natural gut flora, and are maintained under sterile

conditions.  In 1969, K.R. McIntire et al. showed that the incidence of plasmacytomas

was drastically reduced in mineral oil- treated germ-free mice (17).  Byrd et al. later

compared the incidence of PCTs induced in genetically susceptible BALB/c mice in both

conventional and SPF mouse colonies (18) and found a very low incidence of PCTs in

SPF mice.   The low incidence of PCTs (5%) that occurred in SPF mice compared to 58-

60% of mice in conventional colonies suggested that natural antigens provided by

microorganisms from natural gut flora and food contaminants are important sources of B

cell clone stimulation (18).

Second, a large percent (60 to 70%) of the Ig protein produced by pristane-

induced tumors are IgA class immunoglobulins (19-21).  IgA-secreting plasma cells are

infrequently found in spleen or lymph nodes, but abound in the lamina propria and

respiratory tract mucosal membranes, where they make up ~80% of the plasma cell

population (22, 23).  When the primary antigenic stimulation occurs across mucosal

surfaces of the gastrointestinal or respiratory tracts, B cells are not only activated and

selected by the antigen, but differentiate selectively to produce IgA (through a process

called isotype switching).  In the lamina propria of the gut, the primary function of these

IgA antibodies is to be secreted across the intestinal epithelium into the lumen of the gut
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where the IgA antibodies bind to potential invasive microorganisms and impedes their

entry into the internal environment of the host.  Although close in proximity, PCTs

develop in the peritoneal oil granuloma, a tissue that is not vascularly connected with the

lamina propria.  IgA committed B cells presumably respond to antigens of normal gut

flora that migrate or circulate and are diverted to the peritoneal cavity, where they

become precursors to plasmacytomas (24).

And lastly, in order to establish a link between the plasma cell tumors, their

secreted immunoglobulins, and microbial natural antigens, the homogenous Igs produced

by PCTs were screened against various antigens.  Antigen-binding specificities for about

5% of the tumors were determined.  A 1970 paper published by Potter (25) reported that

precursors of the neoplastic plasma cells were actively forming antibodies that bound

polysaccharide antigens originating from gastrointestinal microorganisms.  One recurring

Ag that was detected by Igs from several PCTs was phosphorylcholine (PC).  In early

studies, eight independently induced PCTs produced structurally and genetically related

Igs that bound PC: H8, S63, S107, T15, M167, M299, M511, and M603.  Three

subclasses of PC binding antibodies were devised based on the unique antigenic

specificities of the murine PC-reactive myeloma proteins studied: class I M167, class II

M603, and class III T15 (Table 2) (26, 27).  All three families share the common

germline VH1 heavy chain (28, 29).  In each of these tumors, the VH1 heavy chain

combines with a different light chain, Vk24 (M167), Vk8 (M603), Vk22 (T15), to form

distinct anti-PC binding antibodies with different antigenic specificities.
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Table 2. Three classes of PC binding antibodies.

PC antibody
H chain
(VDJ)H

L chain
(VJ)κ

Unique PC binding
activities

I. M167 VH1 Vk24 PC on lipoproteins

II. M603 VH1 Vk8 PC on morganii LPS

III. T15, H8, M299 S63, S107 VH1 Vk22 PC on bacterial Ags

MOPC 167

The PC antibody of particular interest in this research project is M167.  M167 is

an IgA/kappa myeloma protein from a BALB/c MOPC tumor, originally described by

Potter and Leon (30).  The authors showed the M167 IgA myeloma protein was one of

several related monoclonal Igs that could specifically bind to and precipitate the

pneumococcal C polysaccharide (PnC).  Leon and Young (27) later reported that the

relevant hapten for M167 and its related myeloma proteins was phosphorylcholine found

within the structure of PnC.

Phosphorylcholine

Phosphorylcholine (PC) is a naturally occurring haptenic antigen found in many

potentially disease-causing pathogenic organisms, including bacteria such as

Streptococcus pneumoniae, Lactobacillus, and Haemophilus influenzae, as well as in

fungi, protozoa, tapeworms, and in the cuticle of certain nematodes (31, 32).  PC is

associated with teichoic acid (33), a polysaccharide constituent of bacterial cell walls, and
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lipoteichoic acids (34), a polysaccharide in cell membranes.  In both of these

polysaccharides, PC is attached directly to the sugar residues (Figure 4), usually N-

acetylgalactosamine (GalNAc).  PC is involved in the maintenance of normal shape, size

and physiology of a cell and plays an important role in normal cell growth and cell

division in Streptococcus pneumoniae (35).  Studies have also shown that PC mediates

persistence and invasiveness of certain pathogens within host organisms.  One such study

demonstrated that PC on S. pneumoniae is important for allowing the bacteria to invade

human endothelial cells through a receptor for platelet-activating factor (PAF) (36).  In

normal unimmunized mice, IgM and IgG3 antibodies directed against PC are found in

naturally high levels (that vary depending on mouse strain) in the serum (31).  The

presence of these natural PC antibodies demonstrate the important role these natural

antibodies play in targeting PC antigen in host immune responses against bacterial

infection.   Immunization with Streptococcus pneumoniae is a well-studied mouse model

demonstrating the importance of natural PC antibodies in host protection against bacterial

infection (32).



14

Figure 4. Phosphorylcholine hapten attached to a sugar ring.

Autoantigen Origin of PC: oxidized lipoproteins and apoptotic membranes

It has recently been shown that apoptotic cells are a source of PC-antigen.  Shaw,

et al (37) demonstrated that PC-antibodies, and specifically the M167 antibody, bind both

microbes as well as “neo-self” antigens linked to apoptotic cells, atherosclerosis and

autoimmune disease.  These studies have demonstrated an enrichment of PC-containing

phospholipids in apoptotic blebs (38).  Further, oxidatively modified low density

lipoproteins (oxLDLs) also display PC hapten that can be recognized by anti-PC

antibodies, whereas normal LDLs do not (38).  The OG tissue is made up of
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inflammatory macrophages and neutrophils, many of which are undergoing apoptosis,

thus creating a potential and persistent source of autogenous antigen to promote

proliferation of anti-PC specific B cells present in the peritoneum.  Further studies to

show that the oil granuloma tissue is in fact a rich source of apoptotic cellular PC antigen.

Immune Responses to PC Antigen

The innate immune system produces natural IgM antibodies that recognize PC

determinants primarily associated with the early stage of apoptosis, while the higher

affinity, hypermutated PC antibodies that are generated during T cell dependent immune

responses recognize determinants found at the late stages of apoptosis (37).  In addition

to the PC-binding natural antibodies, C-reactive protein (CRP) is another part of the

innate tier of the immune system that recognizes PC determinants. C-reactive protein has

been shown to bind PC found on microbrial pathogens, apoptotic cells (39), and

oxidatively modified low density lipoproteins (OxLDLs) (40).  PC-antibodies and CRP

are both thought to be important in protecting against microbial pathogens and clearance

of apoptotic cells and oxidatively modified moieties found in inflammatory lesions.

Ig Transgenes in Pristane-Induced Plasmacytoma Studies

To our knowledge, no one has studied pristane induction of plasmacytomas in

immunoglobulin transgenic (Ig Tg) mice.  Further, no one has studied the Ig production

in plasmacytomas generated in Ig Tg mice.  The antigen specificity of the majority of B

cells in these Tg mice is dictated by the specific Ig transgenic BCR, which can be used to
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address the role of antigen as a critical factor in plasmacytoma development.

Specifically, are there certain antigens that are more influential in promoting tumor

development in BALB/c mice?

As previously discussed, a small percentage of PCT myeloma proteins have been

shown to bind bacterial antigens.  In particular, a well-studied group of PCT tumors bind

PC in bacterial polysaccharides and apoptotic cells.   In this study we specifically ask the

question: are phosphorylcholine (PC)-specific Tg B cells more likely to cause an

increased incidence of plasmacytomas when stimulated by antigen?  For example, if the

Ig transgene forms a functional BCR, then the presence of specific antigen can stimulate

preferential survival and proliferation of the B cells that contribute to generation of

oncogenic mutations.  The net effect of pristane may be to create an inflammatory

environment that provides factors, such as IL-6, that aid in the maintenance and survival

of PCT cells.

Transgenes and Immunoglobulin Transgenes

Transgenes are genes that are introduced into an organism by microinjection of

DNA into newly fertilized eggs.  Transgenic positive animals that develop from the

injected eggs carry the foreign gene(s), which have been randomly incorporated in the

genome, and are then passed on to their progeny.  A single copy or multiple copies of the

transgene(s) are usually integrated in tandem into a single insertion site (41).  Expression

levels of the transgene are dependent upon the number of copies integrated into the

genome, as well as the site of integration within the chromosome and are heavily

dependent upon the regulatory sequences (promoters and/or enhancers) that are included
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with the transgene.  The regulatory sequences control tissue specificities of transgene

expression.

Immunoglobulin transgenes (Ig Tgs) are heavy (H) or light (L) chain Ig genes that

have had their variable regions (VDJHCH or VJLCL) previously rearranged so that they

form a productive H or L chain.  Some Ig transgenic mice carry both H and L chain

transgenes (and are referred to as double Ig Tgs).  Functional transgenic Ig molecules can

be generated using a combination of both endogenous Igs and transgenic Ig products.

When only one Tg Ig chain is introduced (i.e. IgH-only or IgL-only), the Tg can bind to

endogenous H or L chains to generate a limited antibody repertoire. The microinjected Ig

transgenic cDNA constructs can be expressed specifically on the surface of B cells as B

cell receptors (BCR) and/or as secreted Ig molecules.  In order to be expressed on the cell

surface of developing and mature B cells, the antibody molecule must have a constant

region containing a transmembrane domain so that it can be inserted into the membrane

and act as an antigen receptor.

Ig Transgenic BCR Influences B Cell Phenotype

Ig Tgs have not only been shown to be influential in designating the specificity of

the expressed BCR on the surface of B cells, but also in determining the phenotype of the

B cell on which they are expressed.  An accumulating body of evidence shows that

certain B cell clones appear to be uniquely selected into a particular mature B cell

compartment, such as B1, marginal zone (MZ) or follicular (FO) B cell populations based

upon its BCR.  For example, it has been demonstrated that M167-id and VH81X-id B

cells localize to the marginal zone of the spleen (42).  The current dogma states that the
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specificity of the BCR as well as the strength of selective positive signaling through the

receptor determine what mature B cell subset the precursor cell enters (11).  Table 3

highlights a few of the known VH/VL clones that influence a particular B cell phenotype.

Table 3. BCR influences B cell phenotype.  The table lists specific examples of B cell
receptors that have been shown to determine B cell phenotype.  NP = anti-4-hydroxy-3-
nitrophenyl acetyl, HEL = hen egg lysozyme, PC = phosphocholine, PtC =
phosphatidylcholine.

B cell clone
B cell

phenotype
Antigen

Specificity
Ig Genes Ref

T15 B-1 PC
VHS107 (VH1)-Dfl16.1-JH1

Vk22
(43)

VH12/Vk24 B-1 PtC
VH12
Vk24

(44)

M167 MZ PC
VHS107 (VH1)-Dfl16.1-JH1

Vk24
(42)

81x
(35-1+

clone)
MZ

VH7183 (VH81x)-Dfl16.1-JH1
Vk1C

(42)

MD2 FO/B2 (42)

HEL FO/B2 HEL (42)

VHB1-8f FO/B2 NP (8, 45)

VHglD42i FO/B2 DNA
unmutated germline
VH11-Dsp2.3-JH1

(46)
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Project

I used the BALB/c M167µk transgenic mouse (C.M167µk Tg) to determine if B

cells expressing the M167 anti-PC natural antibody as a B cell receptor are more

susceptible to pristane induction of plasma cell tumors.  The M167µk transgenic mouse,

originally made in Ursula Storb’s lab (47) and well-studied as reported in the literature,

expresses the M167µk (heavy and light chain) receptor on >97% of B cells in these mice,

making it a good model in which to attempt the induction of plasmacytomas from

phosphorylcholine-specific B cells.  I will further investigate the effects of the transgene

on peripheral B cell populations in the spleen and peritoneal cavity using flow cytometry

to test for transgene expression and for B cell characterization.

Since one of the main characteristics shared by a PCT and its precursor B cell is

the Ig it produces, I will characterize the Ig genes produced by the M167µk Tg PCTs.

Will the Tg PCTs secrete a monoclonal M167 Ig or will other Igs be expressed?  What

will the mutational status of the expressed Igs be? How will the M167µk Tg affect

expression of endogenous Ig genes?  Tracing the natural history of in a PCT using a

known sequence marker such as the M167µk Ig transgene would allow us to determine

whether antigen selection is indeed important in plasmacytoma development.  Somatic

hypermutation (SHM) of the Ig variable (V) region genes expressed by a B cell is a T cell

dependent process induced upon antigen stimulation of the B cell receptor and

CD40/CD40L interactions in germinal centers (GCs) and is necessary in generating high-

affinity antibodies during an immune response.  Therefore, seeing an accumulation of

somatic hypermutations in the hyper-variable regions (or CDRs) of Igs is considered a

classic hallmark of GC activity and indicating that the B cell underwent antigen selection.
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And finally, because the M167µk Tg BCR has to be able to respond to PC

antigens in order to affect the incidence of tumors, I want to investigate the functional

ability of the Tg BCR to respond to physiological, PC antigens, such as the PC-

containing bacteria S. Pneumoniae.  Does immunization with this bacterial antigen

stimulate an anti-PC antibody response and are Tg B cells stimulated to proliferate upon

activation of the M167 BCR?
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Specific Aims

To study the effects of immunoglobulin (Ig) transgenes (Tgs) on the induction of

plasma cell tumors (PCTs) by pristane in BALB/c mice and the characterization of Igs

produced by PCTs that have been induced in these M167µk Tg mice

1. Compare the incidence of C.M167µk Tg mice and C.VH12µ Tg mice to wild-

type BALB/c littermates in a pristane plasmacytoma study.

2. Use flow cytometry to evaluate the B cell subpopulations in the spleen and

pertioneal cavity of C.M167µk Tg mice.

3. Sequence the immunoglobulin genes produced by PCTs derived from C.M167µk

Tg mice.

4. Determine if the M167µk Tgs or other expressed immunoglobulin genes have

undergone SHM, as an indication of antigen selection of the precursor B cell

clone.

5. Test the functionality of the M167µk Tg BCR and show that it can respond to PC

antigen.
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CHAPTER  2

Plasmacytoma Studies in C.M167µk Tg mice

The original experiment using Ig transgenics was to determine if mice that

produce an expanded population of B-1 cells were more prone (susceptible) to PCT

induction by pristane than parental BALB/c mice.  This was instigated by the finding that

BALB/c xid/xid mice, which lack B-1 cells, were refractory to PCT induction by

pristane.  Also certain monoclonal Igs produced by pristane-induced plasmacytomas, e.g.

TEPC 15, come from B-1 cells (43), and therefore led us to believe that B-1 cells could

be the primary B cell  precursors of pristane-induced PCTs.  Accordingly, transgenic

mice with the VH12 gene were imported for this purpose.  VH12 is a VH gene that is

almost exclusively expressed on B-1 cells and the VH12µ transgene generates a dominant

B-1 phenotype in VH12 Tg mice.  Due to technical difficulties in backcrossing the VH12

transgene onto BALB/c, results were delayed.  BALB/c M167µk Tg mice were also

imported and used as a control for Ig Tg mouse.  A pristane induction experiment was

underway when a substantial difference in PCT incidence between the M167µk Tg and

non-Tg littermates was noted.  I decided to further investigate this intriguing model.

Several questions emerged: 1) would M167µk Tg mice be susceptible to PCT-

induction, 2) would plasma cells derived from these mice secrete large quantities of

monoclonal M167µk antibody, and 3) would the M167 Ig transgenes carry any marks of

somatic hypermutation?  Since >95% of M167µk Tg B cells carry the M167-idiotope B
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cell receptor and can bind PC (48, 49), the targeted B cell population of interest includes

almost every B cell in the Tg mouse.

M167µk Tg BCR Increases Incidence of Pristane Induced PCTs

Figure 5 describes the protocol used in pristane induction of plasmacytomas in

M167µk Tg mice.  Induction studies in M167µk Ig Tg mice were carried out to

determine whether B cells with an anti-PC specific B cell receptor would be more

susceptible to developing plasma cell tumors.  Results of the PCT induction study

surprisingly showed that M167µk Tg mice have a consistently increased susceptibility to

developing pristane-induced peritoneal PCTs (Figure 6), with PCTs developing more

rapidly than in non-Tg (WT) littermates given pristane.  Results were confirmed in two

independent PCT induction studies, with a total of 80 Tg+ mice and 74 non-Tg

littermates.  M167µk Tg mice had a 63% PCT incidence while non-Tg littermate mice

only had a 35% incidence. Further, this was associated with a decrease in the mean latent

period from 240 days in WT to 200 days in the Tg mice.  Chi squared (χ2) analyses of the

combined results showed a significant difference (p < 0.01) in PCT development between

Tg+ and non-Tg mice.  For all PCTs from both M167µk Tg and non-Tg mice, either

ascites cells or diced tissue from solid primary (g0) tumors were transplanted into

pristane primed BALB/c mice for further analysis.
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Figure 5. Schedule of pristane (i.p.) injection for PCT induction.  M167µk Tg+ and
non-Tg littermate mice (2-3 months) were intra-peritoneally (i.p.) injected with 0.2ml, 0.5
ml, and 0.5 ml pristane on day 0, 60, and 120.  Plasmacytoma positive mice were
diagnosed by screening peritoneal ascites fluid.  Beginning at around day 125, cytospin
slides were made every 21 days in order to detect the presence of abnormal PCT cells in
the ascites.  Mice with >10 large atypical plasma cells on a slide were considered to have
a PCT.  Subsequent cytospins revealed the mice had progressively expanding numbers of
PCT cells.  Autopsy results indicated widespread PCT in the OG.
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         ↑d0        ↑d60     ↑d120     pristane injections

Figure 6. Pristane Plasmacytoma Study in C.M167µk Tg Mice.  C.M167µk Tg+ (207-
4) mice have increased incidence of PCTs.  The results of the plasmacytoma pristane
induction showed that the C.M167µk Tg mice develop a significantly (p < 0.01*) higher
percentage of plasma cell tumors (63%) as compared to non-Tg (Tg-) littermates (35%).
There was an associated decrease in the mean latent period from 240 days in non-Tg
mice to 200 days in the Tg mice.  The latent period is defined as the number of days at
which 50% of the total tumors within a group had developed.  Two independent study
results are combined, totaling 80 Tg and 74 non-Tg C.M167µk mice.

C.VH12µ Tg Pristane Plasmacytoma Induction Study

The mice used in this study were received from Steve Clarke and backcrossed

from C57/B6 to BALB/c.  Accelerated backcrossing was done using MIT chromosomal
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markers to selectively eliminate C57/B6 genes and the PCT pristane study was done on

generation (n5) BALB/c mice.  The VH12 Cµ founder line 6-1 used contains 15-20 copies

of the IgM Tg.  The construction of the VH12 Cµ transgene is specified in Table 4.

Table 4. VH12µ Tg cDNA construct.  B cells expressing the transgene have VH12
heavy chain that selectively pairs with the Vk4 light chain.  Mice with the VH12
transgene make primarily PtC binding B cells that express the CD5+ B1 phenotype (50).  

GENE ORIGIN

The VH12 Cµ Tg produces high numbers of PtC-specific peritoneal and spleen B

cells, due to VH12µ Tg heavy chains selectively pairing with endogenous Vk4 light

chains.  Exclusive segregation of the PtC specificity to the B-1 phenotype in all

peripheral B cells.  The peripheral PtC B1 cells have the following cell surface

characteristics:  most are CD5+, all are IgMhigh, B220low, CD23neg (and peritoneal B cells

are also MAC-1/CD11b+).

Several breeder lines of N5 C.VH12µ Tg mice were tested in pristane induction

of PCTs in case genetic background effects from C57/B6 genes still remained.  Figure 7

demonstrates that the VH12µ Tg did not cause any change in PCT incidence.  Tg and

non-Tg (WT) littermates developed the same number of plasma cell tumors in both

VH12-DSP2.9-JH1 segment
3.3-kb EcoR1 fragment

CH27.LX (CD5+ B1 cell lymphoma) of
B10.H-2aH-4bp/Wts origin

Cµ-µM segment
12.8-kb EcoR1 fragment

HyHEL10-µ-δ   (C. Goodnow)
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studies shown.  Other studies not reported here on further generations of C.VH12µ Tg

mice also support these findings.

Discussion

Finding an increased incidence of PCTs with shorter latent period in C.M167µk

Tg mice was a novel result.  Why are the PC-specific C.M167µkTg mice developing

more plasmacytomas than BALB/c non-Tg littermates?

The chromosomal integration site of the transgenes is an important factor to

consider when discussing the influence of the M167µk transgenes upon increased

plasmacytoma development.  The transgenes may have inserted into an oncogenic locus

and are deregulating a gene important in plasma cell tumor development.  Susceptibility

of mice to plasmacytomas is a complex genetic trait involving multiple loci.

Resistance/susceptibility genes have been identified on chromosomes 1, 4, and 11 (51,

52).  Previous reports of M167µk (207-4) mice in the literature have not identified the

chromosomal insertion point of the transgenes.  However, I have preliminary studies that

show the Tg M167k light chain is located on either chromosome 2 or 3 (see Figure 39
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Figure 7. Pristane Plasmacytoma Study in C.VH12µ Tg Mice.  Induction curves for 2
different breeder lines or "families" of VH12 BALB/c mice are shown.  Although PCT
incidences in non-Tg control mice were generally lower than seen in pure BALB/c mice,
the VH12µ Tg did not significantly affect the number of PCTs that developed.
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in Appendix), and I think disruption of an important gene is an unlikely probability.

Further studies need to be done to isolate the exact location of the M167µk transgenes.

Alternatively, the M167µk Tg could be causing changes in the B cell repertoire

that effect immune responsiveness and influence the ability of the B cells to become

plasmacytomas.  The abundant presence of environmental PC (or other related antigen)

found in the diet or on commensal bacteria is a likely source of antigen that is stimulating

many of the C.M167µk Tg PC-specific B cells to divide and differentiate into plasma

cells.  The inflammatory pristane OG generates a rapid turnover of cells and there are

many apoptotic cells that potentially become a source of phosphorylcholine-containing

autoantigens.

Another possible factor affecting the enhanced PCT development in these

M167µk mice if they have an increased MZ B cell population because of the M167 BCR

expression on their cell surface (see Table 3).  A high surface density of M167-id B cell

receptor confers the MZ B cell phenotype.  The MZ B cells, strategically located at the

marginal sinus of the spleen where they can filter blood born antigens, are more rapidly

activated by T-cell independent antigens and differentiate into plasma cells at a faster rate

than the follicular splenic cells (see ‘Summary of B Cell Subtypes’ in appendix on page

178).   The hyper-activated marginal zone B cells may be more susceptible to obtaining

oncogenic mutations under the pressure of inflammatory conditions peritoneal OG tissue.

My hypothesis is that the M167µk Tg changes the immune response of the B cell

repertoire, based on the antigen-specificity of the Tg B cell receptor, allowing the B cell

population as a whole to respond to the widely available environmental PC antigen.
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Chapter 2 conclusions:

• The M167µk Tg increases the incidence of plasmacytomas (PCTs) and

shortens the latent period in conventional BALB/c An mice induced with

pristane.

• Two independent studies confirmed that there is a significant increase

(p<0.01) in PCT incidence from 35% PCTs in WT controls to 65% PCTs in

C.M167µk Tg mice (Figure 6).

• The mean latent period of PCT development decreased from 240 days in WT

controls to 200 days in Tg mice

• Pristane induction in anti-PtC C.VH12µ only Tg mice did not induce the

dramatic increase of PCTs seen in C.M167µk Tg mice

These findings led to studies designed to explain why the M167µk Tg mouse is

more prone to developing PCTs.  This was approached by studying the immunology of

the M167µk Tg mouse.
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CHAPTER 3

Characterization of B cell Subpopulations

in C.M167µk Tg Mice

Background on M167µk (207-4) Tg Mice

The M167 µ and k transgenes utilize the VH and Vk genes from a well-studied

mineral oil-induced PCT antibody (MOPC 167 or M167).  The monoclonal

immunoglobulin produced by this PCT is an IgA molecule that binds with low affinity

phosphorylcholine groups found in various antigens.

The original M167µk transgenic mouse (line 207-4) was produced in the lab of

Ursula Storb (47).  Storb et al. produced two cDNA transgenes: one of the M167 Vk L

chain and the other of a modified M167 H chain of IgM isotype.  The kappa light chain

contains the functional variable  (Vκ24-Jk2) region of the M167 gene (obtained from P.

Gearhart, Johns Hopkins University, Baltimore) ligated to the BALB/c MOPC21 kappa

constant gene (Ck a) created by Brinster et al. (53).  The heavy chain contains the VDJ

(VH1-DFL16.1-JH1) region of the rearranged plasmacytoma M167-IgA gene recombined

with a BALB/c germline IgMa (µa) constant region (Figure 8).  The M167 kappa and

M167 IgM transgenes were co-injected into (C57BL/6 x SJL)F2 ova and both genes

inserted themselves into the chromosome at the same integration site.  Integration of the

transgene was not targeted to the IgH locus but occurred at a random (and undetermined)

site
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Figure 8. M167µ and M167k transgene constructs (line 207-4).  Multiple copies of the
M167 µ heavy chain and M167 kappa light chain transgenes were tandemly integrated
into a single site in the chromosome of M167µk Tg mice.  The chromosomal integration
site is unknown.  Original estimates of copy numbers were 60 copies of the M167µ gene
and 15 copies of the M167k transgene.  Figure of M167µk transgenes are as described by
Storb et al. (47).

within the genome.  The original ratio of µ:k was 4:1 (60 copies µ and 15 copies κ),

tandemly inserted in the chromosome as determined by quantitative slot hybridization

using tail DNA of offspring (47).  The transgene-encoded M167-idiotype (VH1 plus

Vk24) IgM B cell receptor is expressed on >97% of B cells (48) and high levels of
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background anti-PC antibodies have been reported in the serum of unimmunized

transgenic mice (54 321).  Expression of the M167µk transgene was reported to be tissue

specific as high levels of µ and k RNA were detected in spleen, but not in heart, kidney

or liver tissues (47).  B cell specificity is due to the presence of Ig specific promoters and

enhancers present in the Ig gene segments used in the transgenic construct.

The BALB/c IgM constant region gene contains the transmembrane domain

sequence that allows the heavy chain to be inserted into the membrane.  Alternate mRNA

processing of the M167µk Tg heavy chain transcript allows the production of both the

membrane and secreted forms of the Tg-IgM antibody, as both RNAs are detected in

spleen (47).  In a B lymphocyte, the M167 µ heavy chain transcript is inserted into the

cell surface membrane.  Further tests have shown that RNA processing favors the

secreted form of M167µ RNA in plasma cells as demonstrated when the M167 µ gene

was transfected into the J558L myeloma (47).

No IgD constant region gene included in the rearranged M167 IgM Tg heavy

chain construct and, therefore, transgenic M167 VHDHJH-IgD expression on B cells is not

possible.  Furthermore, there is no IgM switch region (Sµ) included in the M167µ cDNA,

so isotype switching of the heavy chain transgene with the endogenous IgH constant

region on chromosome 12 would be an unlikely event.

Kenny et al. (48, 55) previously reported expression patterns of transgenic and

endogenous Ig antibodies on C57BL/6.M167µk Tg (207-4) B cells.  In the M167µk Tg

mice studied by these researchers, the transgenic BALB/C IgM a could be distinguished
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serologically from endogenous C57BL/6 IgMb using allotypic1 determinants found on the

C region.  Allotypic anti-IgM antibodies (anti-IgMa mAb and anti-IgMb mAb) were used

to determine transgenic IgM (µa) versus endogenous IgM (µb) expression in splenic B

cells.  Most B cells, 97-99% from Storb’s M167µκ Tg mice (Ig µa/µb), expressed high

surface densities of transgenic IgMa on their cell surface (48).  Only 2-11% of total

spleen cells in Tg mice stained positive for endogenous IgMb and 2-4% stained for IgD

isotype expression.  These results indicated that the expression of endogenous µb Ig

heavy chain had been suppressed, although not completely eliminated, by the presence of

the productively rearranged M167µ Ig transgene.  Co-expression of endogenous and

transgene receptors occurred on 4 to 30% of the splenic Tg B cells.  Kenny reported that

Tg+ mice typically had half the number of B cells of non-Tg littermates. Tg spleens

contain ~25% B cells, whereas non-Tg spleens are ~50% B cells.  There were also fewer

total splenic cells in Tg mice compared to non-Tg mice (3 to 4 x 10^7 Tg+ vs. 1x 10^8

non-Tg spleen cells).  My research with BALB/c.M167µk Tg mice supports these data.

Naïve M167µk Tg mice produce 10-100x more PC antibodies than normal wild-

type mice (47, 54).  Pinkert et al. conducted immunization studies in both germ-free

(described as caesarian-derived pups maintained under sterile conditions in a gnotobiotic

environment, i.e. with a carefully defined natural gut flora to aid in digestion) and

conventional mice (exposed to many environmental antigens) to investigate whether

                                                  

1 Allotypic determinants (or allotopes) are created by polymorphic differences in

the amino acid sequence of a conserved Ig constant region between strains of mice and

can be detected by anti-allotypic antibodies.
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environmental antigen was important to the spontaneous production of anti-PC serum

antibodies in Tg mice.  Sources of PC contaminants due to dead microorganisms in diet

and bedding were significantly limited in the gnotobiotic environment in order to

maintain a sub-threshold level of PC contamination.  Because PC is an abundant

environmental contaminant found in many antigens both dietary and microbial,

conventional wild type (WT) BALB/c mice have naturally high levels of anti-PC serum

antibodies.  However, germ-free BALB/c WT mice normally express very little to no

anti-PC serum antibodies (54) in the absence of immunization.  Results showed that

M167µk Tg germ-free, as well as conventional, mice spontaneously secreted elevated

levels of anti-PC antibodies (54).  Elevated levels of anti-PC antibodies were detected in

sera of these Tg mice as early as 16 days of age, at a time when normal non-Tg mice are

not fully immunocompetent (summarized in Table 5).  In vitro studies also showed that

Tg B cells, in contrast to non-Tg B cells, spontaneously secreted PC-antibodies without

the presence of antigen.  Therefore, the authors concluded that a triggering antigenic

stimulus was not necessary to evoke production of the anti-PC antibodies in M167µk Tg

mice (54).

Table 5. Reported levels of PC Ab in M167µk Tg mice.  Levels of PC Ab in germ-free
gnotobiotes and conventionally housed mice at 16 days of age (54).

Germ-free (gnotobiotes) Conventional
M167µk Tg very high very high
Non-Tg littermates low to none high
BALB/c WT low to none high
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Several reports indicate that M167µk Tg mice can respond to T cell dependent PC

antigens.  Pinkert et al. (54) reported that M167µk Tg B cells of mice pre-immunized

with T-cell dependent PC-hemocyanin (Hy) antigen had an increased frequency of PC-

responsiveness by using in vitro splenic fragment cultures.  In this experiment, recipient

F1 mice were injected i.p. with 100 µg of T-cell dependent PC-Hy antigen in IFA,

boosted i.p. with 100 µg Hy in saline at 4 weeks.  Another 4-8 weeks after the boost,

these recipient mice were whole body irradiated 1-4 hours before receiving M167µk Tg

B cell transfers.  Fragment cultures were prepared from the spleen of recipient mice and

stimulated with PC-Hy for 3 days.  Culture medium tested for PC antibody production

over a period of 28 days determined that the Tg B cells were responsive to PC antigen.

Kenny (48) reported that M167µk Tg mice can respond to PC-KLH in vivo.  In

addition to PC, M167µk Tg mice can respond normally to other antigens and are not

immunocompromised by conventional conditions.  The M167µk Tg mice can respond to

endemic pathogens when reared in a conventional colony (54).  These mice also have the

ability to produce endogenous antibodies to such antigens as the KLH protein carrier and

FITC molecules (48), as well as to DNP, or dinitrophenol  (54).

BALB/c.M167µk Tg Mice

The original M167µk Tg (207-4) line was maintained and studied on a C57BL/6

genetic background, a strain resistant to PCT induction by pristane, where the transgene

could be detected using specific antibodies against the allotypic µa marker on the IgM

heavy chain (BALB/c µa vs. C57BL/6 µb).  The M167µk transgene needed to be

expressed in conventionally raised PCT-susceptible BALB/c mice in order to conduct
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plasmacytoma induction studies.  BALB/c.M167µk (207-4) Tg mice were a gift of Dr. J.

Kenny (National Institute on Aging, GRC, NIH, Baltimore) and had been previously

backcrossed to BALB/c at least 20 generations.  The mice used in the studies reported

here are maintained in a conventional mouse facility at the NIH, Bethesda.  C.M167µk

Tg+ male mice were backcrossed to female BALB/cAnPi mice at least 4 more

generations (N24) before beginning PCT induction studies.

Peripheral blood lymphocytes (PBL) from progeny were typed for presence of the

transgene by flow cytometry using anti-B220 and an anti-VH1-specific antibody.  Non-Tg

mice have <1% VH1 expression on PBLs, whereas almost all B220+ B cells are VH1+ in

Tg mice (Figure 9).  The rat anti -VH1 antibody (56) from hybridoma T68.3 specifically

recognizes the transgenic VH1 heavy chain, in combination with various light chains, was

a gift of Dr. J. Kenny, originally obtained from Dr M. Scharff, Albert Einstein College of

Medicine, Bronx, NY.
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Figure 9. Transgenic Typing of PBL.  Flow cytometry is used to type C.M167µk mice
for presence or absence of the transgene using peripheral blood cells.  Cell staining with
antibodies against anti-B220 (FITC) and anti-VH1 (PE) heavy chain.

The T15 subfamily (currently classified as S107 VH family) contains four gene

segments, designated V1, V3 (defective), V11, and V13 (57).  The four genes have a 75%

nucleotide homology with each other and all are structurally very similar.  V1 (VH1) is

the VH gene family found in most PC antibodies.  VH1 can pair with 3 different L chains

to form 3 different families of PC-binding antibodies: T15, M167, and M603 (Table 2).

The anti-VH1 antibody used for typing the Tg mice can recognize the VH1 gene product

used in any of the PC-antibodies.  An antibody’s idiotype refers to the collection of

idiotopes (or determinants) created by a particular H+L chain combination.  Three
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idiotypes found in PC antibodies are T15-id (VH1/Vk22), M167-id (VH1/Vk24), and

M603-id (VH1/Vk8).  Anti-idiotypic antibodies can recognize idiotypes.

VH1 and M167 BCR expression levels

Splenic B cells were screened from our C.M167µk Tg mice to determine whether

the expression levels of the Tg VH1 heavy chain were comparable with previous reports.

Flow cytometry analysis shown in Figure 10 confirms that the transgene is expressed on

most splenic B cells in Tg mice.  The anti-VH1 antibody (56) specifically recognizes the

transgenic VH1 heavy chain (clone T68.3) used in the M167µk Tg.  As seen in Figure

10a, the VH1 heavy chain Tg is highly expressed on most B cells (> 95%) in the spleen,

whereas non-Tg (WT) littermates have only a small population of VH1 B cells (< 3%).

These expression levels agree with previously reported levels (48).  The VH1 histogram

in Figure 10a, however, shows two distinct levels of heavy chain surface expression on

Tg B cells.  An anti-M167 antibody (rat, clone 28-6-20) that recognizes the Vk24 light

chain was utilized to determine levels of M167 idiotype expression (49, 58).  Figure 10b

show that the Tg-encoded M167 B cell receptor is expressed at low to high surface

densities on splenic B cells in Tg mice.
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Figure 10. Transgene expression in C.M167µk Tg mice.  Splenic B cells were gated on
using either CD19 (a B cells surface marker) or B220. (A) The rat anti-VH1-id
hybridoma, T68.3, recognizes all antibodies utilizing a VH1 heavy chain. VH1 is highly
expressed on B cells in Tg+ mice.  (B) The rat anti-M167-id hybridoma, 28-6-20,
recognizes only the M167 Vk24 light chain, which can be paired with various heavy
chains. The Tg-encoded M167 Vk24 light chain is expressed at low to high surface
densities on B cells in M167µk Tg mice.

Anti-PC antibody Sera Titers in M167µk Mice

To determine whether anti-PC antibodies sera levels of C.M167µk Tg study mice

used in the plasmacytoma studies were elevated, comparable to previously published

levels, their sera were compared to BALB/c non-Tg littermates as well as from

conventional C57BL/6 M167µk Tg mice from J. Kenny’s colony.  BALB/c WT mice are

known to naturally produce PC antibody in serum (59).  We show here that conventional

BALB/c (non-Tg littermates) mice have high levels of natural PC antibodies, as can be

seen in Figure 11.  Because PC is an abundant environmental antigen, conventional
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BALB/c titers are equivalent to the M167 protein (ascites) positive control.  However,

both C57BL/6 and BALB/c M167µk mice have naturally higher levels of anti-PC

antibodies in the serum of unimmunized mice than their WT controls as they are elevated

~10 fold over non-Tg mice (Figure 11).  The conventional C.M167µk Tg mice that were

rederived by caesarean section into an SPF colony also have elevated sera titers

comparable to their conventional counterparts (data not shown).  I conclude that anti-PC

sera titers in our conventional and SPF Tg mice are spontaneously elevated due to the

presence of the PC-specific M167µk Tg and are comparable to previously published

reports.
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Figure 11. Serum titers of anti-PC antibodies in conventional M167µk Tg mice.
High levels of background anti-PC antibodies are detected in the serum of unimmunized
transgenic mice compared to WT BALB/c mice in a conventional colony.  C57BL/6 sera
(n=3) from another facility and BALB/c sera (n=3) from our conventional colony were
tested and have comparable titers. RPC5 (a non-PC binding myeloma protein) was used
as a negative control.  M167 ascites (1:100) was our positive control. (Titers are from
n=3 mice in each group, sera dilution factor x 100.)
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Expression of Endogenous sIgD on M167µk Tg B cells

Expression of the M167µk transgenes does not prevent VDJ rearrangement of

endogenous H chain genes and their subsequent expression on the surface of Tg B cells

in our conventional BALB/c M167µk mice.  As described earlier, the M167µ transgenic

construct does not include the IgD gene (47) and therefore cannot produce an IgD heavy

chain protein.   Kenny et al (48) originally reported that the majority of B cells in

M167µk Tg mice do not express IgD on their cell surface, and co-expression of

endogenous IgM occurs on only 4 - 30% of the Tg B cells (48, 55).  Our BALB/c

conventionally housed M167µk Tg mice clearly express cell surface IgD on all B cells,

shown in the flow cytometry profile of B220+ spleen cells in Figure 12, indicating that

endogenous Ig is being expressed on the cell surface of Tg B cells.  The two IgD+ groups

gated are the mature B cells (IgMlow IgDhigh) and the immature and marginal zone B cells

(IgMhigh IgDlow).  Unfortunately, after backcrossing the M167µκ Tg from C57BL/6 to

BALB/c, easily distinguishing surface expression of transgene from endogenous IgM on

B cells is no longer possible using IgM allotypic markers as Kenny’s laboratory had

done.  The transgenic IgMa is now allotypically indistinguishable from the endogenous

BALB/c IgMa allele.  However, knowing that IgD is not included in the transgene, this

observation leads me to conclude that most of the IgM+ B cells in these Tg mice are co-
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Figure 12. Expression of IgD on mature and immature/marginal zone B cells in
C.M167µk Tg mice. Splenic cells were stained with B220 PerCp, IgM-FITC and IgD-
biotin/SAV-APC.  Unlike previously published reports, our conventionally housed
BALB/c M167µk Tg mice express IgD on the surface of splenic B cells, indicating heavy
chain VDJ rearrangement and expression of endogenous IgM/IgD genes.  There are two
IgD+ populations of splenic B220+ B cells shown above.  IgDhigh/IgMlow B cells are
mature (M) follicular B cells, whereas IgDlow/IgMhigh B cells are immature (Imm)
follicular B cells or marginal zone (MZ) B cells.  Note the increased percentage of
IgMhighIgDlow B cells seen in the Tg+ mice (26.9%) compared to non-Tg littermate mice
(13%).  This difference is examined in the following section.



45

expressing endogenous IgM and IgD genes in addition to the M167µ and k Tgs2.  These

results are one of the large differences between my study mice and their C57BL/6

M167µk Tg counterparts, which have little to no IgD expression on their B cells.

Increased Marginal Zone B cell population in M167µk Tg Mice

Upon examining IgM/IgD B220+ populations in Tg and non-Tg mice in Figure

12, we noticed a significantly enlarged IgMhighIgDlow population in the Tg mice.  In order

to further define which type of B cells were increased in the M167µk Tg mice, Tg and

non-Tg B cells were stained with CD21-FITC, B220-PerCP, and CD23-biotin/SAV-APC

and analyzed by flow cytometry.  As seen in Figure 13, the phenotypic CD21highCD23low

MZ B cells are significantly expanded in Tg spleens.  MZ B cells make up 15-25% of the

B220+ cells as compared to 5-10% of B220+ cells in non-Tg littermates.

The Ig BCR displayed on B cells plays an important role in determining the

phenotype a mature B cell will eventually adopt (such as a B1, MZ or FO phenotype).   It

has been demonstrated in some Ig transgenic mice that the specified VH/VL BCR

generated by the Tg dictates such a B cell phenotype (as discussed in

                                                  

2 If IgD is expressed on the B cell’s surface, then it is due to an endogenous

IgM/IgD allele being rearranged and expressed.  IgD is formed from alternate splicing of

a primary RNA transcript that includes the rearranged variable region VHDHJH and both

the IgM and IgD gene segments.
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in the introduction).  B cells utilizing the M167-idiotype B cell receptor in normal mice

and in M167µ only transgenic models are selected into the MZ B cell compartment

where they are more adept at responding rapidly to blood-borne T cell independent

particulate antigens (42).  I have shown here that the double transgenic C.M167µk Tg

(C.207-4) mice also have an increased IgMhigh, IgDlow, CD21high, CD23low MZ B cell

population compared to their non-Tg littermates, providing more confirmatory evidence

that M167-id drives development of the MZ phenotype.

Figure 13. Increased MZ B cell Population in C.M167µk Tg mice.  Flow cytometry
analysis of B220+ splenic cells show an increase in the CD21high CD23low MZ population
of M167µk Tg+ mice compared to non-Tg littermates.   Data are representative of five
mice in each group.
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High Surface Density of M167-id BCR Produces MZ B cell phenotype

Differences in surface density of Tg receptor on the surface of B cells were first

observed when examining VH1 heavy chain expression in splenic B cells (Figure 10).

Two distinct peaks were clearly seen in the M167µk Tg spleen cells that indicated the

presence of two populations of B cells with different levels of Tg VH1 expression:

low/intermediate VH1and high VH1.  To determine the phenotype of the VH1high and

VH1low B cells, spleen cells were stained with anti- CD21-FITC, VH1-PE, B220-PerCP,

and CD23-biotin/SAV-APC.  The FO (CD21low, CD23high), MZ (CD21high, CD23low), and

NF (CD21low, CD23 low, newly formed) B cells compartments were compared between

the VH1 low and high populations.  As shown in Figure 14, B cells with lower surface

levels of VH1 contain mostly FO and NF B cells, but lack the MZ cells.  Tg B cells with a

high density of VH1 surface expression contained the MZ B cells (14-17% VH1high B cells

are MZ) and distinctly lack the NF population.  This evidence led me to conclude that a

high receptor density of VH1 Tg is driving B cells to develop into MZ B cells.

As demonstrated, the VH1high population contains the CD21high, CD23low MZ B

cells.  The M167 VH1 is only one of the two Ig transgenes expressed in Tg B cells; the

M167 Vk24 Tg is also expressed.  The VH1 heavy chain pairs with Vk24 to make the

M167-id antibody.  However, endogenous heavy chains and possibly endogenous light

chains, are also present on the surface of B cells.  Also, the VH1 may be pairing with any

endogenously expressed light chains
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Figure 14. VH1 expression on M167µk Tg splenic B cells.  Tg+ spleen cells have two
distinct densities of VH1 Tg (low/intermediate vs. high) surface expression on their cell
surface.  Spleen cells were stained with CD21-FITC, VH1-PE, B220-PerCP, and CD23-
biotin/SAV-APC and their FO (CD21low, CD23high), MZ (CD21high, CD23low), NF
(CD21low, CD23 low) B cell compartments are shown.  The VH1high B cells contain the
MZ B cell population (shown in the 14% and 16.6% gates in the two bottom dot-plots.
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present, and therefore, not creating as high a density of M167-id BCR on the cell surface.

Because the density of M167-id receptors could be diluted by the presence endogenous

Ig, the levels of M167 idiotype expression on FO and MZ (CD21/CD23) B220+ splenic

B cells, as well as on the mature and immature/MZ (IgM/IgD), were examined.  In both

instances, B cells with M167-idhigh were found in the MZ compartments (Figure 15 and

Figure 16), supporting the hypothesis that M167high receptor density plays role in

selecting a MZ phenotype.  B cells with M167low receptor density were found in FO

compartment.

Tg MZ B cells have higher expression of M167 receptor than the Tg FO B cells

(Figure 15).  Although almost all of the B cells in the M167µκ Tg mice express the

M167 receptor, those with the highest densities of M167 adopt a marginal zone

phenotype rather than a follicular phenotype.  In non-Tg WT mice, the M167 positive B

cells are found strictly in the marginal zone B cell compartment.  These results agree with

the data published by Martin et al. (42) where M167 idiotype positive (Id+) B cells are

shown to localize in the MZ compartment of normal mice as well as in M167µ only Tg

mice.
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Figure 15. High surface expression of M167 BCR in Tg MZ B cells.  Marginal zone B
cells express higher levels of cell surface M167 BCR than follicular (FO) B cells in both
Tg and non-Tg mice. M167-id positive B cells in non-Tg WT mice are strictly found in
the MZ compartment, not in the FO B cell compartment.  Data are representative of five
mice in each group.

In Figure 16, the enlarged IgMhighIgDlow fraction, which includes both the

immature as well as MZ B cells, also contains the M167high B cells.  Taking the evidence

as a whole, I believe that Tg B cells with the higher cell surface densities of VH1 were

able to pair with Vk24 light chain to make higher levels of M167-idiotypic receptor, and

are directed by a receptor-mediated event to become marginal zone (MZ) B cells.
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Figure 16. B cells with high expression of M167 BCR are found in the IgMhigh/IgDlow

compartment of spleen in M167µk Tg mice.  A subgroup of IgMhigh/IgDlow B cells has
higher expression of M167-idiotype on their cell surface (dotted line, Mature B cells;
solid line, immature and marginal zone B cells). This population includes the MZ B cells
and supports the previous observation that the high VH1 receptor density on Tg+ B cells
results in the MZ phenotype.

Peritoneal B Cell Populations in C.M167µk Tg Mice

Peritoneal cells were analyzed to determine if the M167µk Tg caused any changes

to occur in the B cell repertoire, particularly in the B1 compartment.  Figure 17 shows

that Tg and non-Tg (WT) littermates did not have any significant differences in the size

of the various peritoneal B cell populations, except where the presence of the VH1 Tg was

concerned.  VH1 was expressed on 88% of Tg peritoneal B cells, whereas only 2% of the

non-Tg peritoneal B cells carried the VH1 heavy chain.  CD5+ IgM- T cells were similar

(13% and 12.2% of PEC lymphocytes in Tg and non-Tg, respectively.)
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Tg+    non-Tg   Tg+           non-Tg

Figure 17. Peritoneal B cells from C.M167µk Tg and non-Tg mice.  In our
conventional colony mice, Tg and non-Tg mice have the same size populations of B1 and
B2 cells in their peritoneal cavities.  B1 cell surface markers, CD5 and MAC-1, have
similar expression profiles on peritoneal B1 cells in both Tg+ and non-Tg littermates.
The two IgM/IgD fractions, B1 and B2 cells, are the same size in both Tg and non-Tg
mice.  The main difference between the peritoneal B cells is the expression of VH1. (SPF
mice, not shown, give similar peritoneal B cell profiles as the conventional mice shown
above.)
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Chapter 3 Conclusions:

• The BALB/c M167µk Tg mouse expresses the transgenic M167-id B cell

receptor on the cell surface of 97-99% of splenic, peritoneal and MLN B cells.

• Confirming the observations of Jim Kenny in C57BL/6 M167µk Tg mice, I

found a striking reduction in the peripheral B cell population in the BALB/c

M167µk Tg mice.

• M167µk Tg induces a shift in B cell population - the marginal zone (MZ) B

cell population in spleen is expanded in M167µk Tg mice (Figure 13).

• There is variation in surface density of Tg VH1 heavy chain on B cells

o Figure 10 shows two distinct population of VH1+ B cells

o VH1 low/intermediate and VH1 high (Figure 14) and M167-id (µ+k) B

cell receptor (Figure 15).

• Contrary to previous reports in the literature, IgD was found to be expressed

on >90% of peripheral IgM+ B cells in M167µk Tg mice (Figure 12).
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CHAPTER 4

Analysis of the Immunoglobulins Produced by PCTs from

C.M167µk Tg mice

One of the main characteristics shared by a PCT and its precursor B cell is the Ig

they produced.  This chapter examines the immunoglobulins produced in PCTs derived

from M167µk Tg mice in order to learn which type of B cells give rise to PCTs.

Analysis of the PCT immunoglobulins is divided into two sections: (I) secreted Ig

proteins and (II) expressed Ig gene sequences.

I.  Analysis of the Secreted Immunoglobulin Proteins

Electrophoretic Analysis of Secreted Ig Proteins from C.M167µk Tg PCTs

Do PCTs generated in M167µk Tg mice secrete large quantities of monoclonal

M167-IgM transgenic protein?  Plasma cell tumors, such as the original MOPC167 (IgA),

typically secrete a monoclonal “myeloma” protein.  One of the side effects of pristane

injection in mice is the generation of ascites fluid in the peritoneal cavity.  This fluid

contains the immunoglobulins secreted from the plasma cell tumors.  Electrophoresis of

ascites on polyacrylamide gels was done to determine whether a monoclonal M167

immunoglobulin protein was being secreted by plasma cell tumors generated in M167µk

Tg mice.

The Potter lab has observed for many years that the ascites from a primary PCT

may not have an unequivocal Ig band, but ascites from the transplanted tumor usually
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does.  Therefore, PCTs from M167µk Tg mice were transplanted into pristane-primed

WT BALB/c mice, although not all transplanted tumors successfully grew.  Ascites from

mice carrying first generation (g1) of transplanted Tg PCTs were compared to normal

ascites on Paragon serum protein electrophoresis (SPE) gels (top panel, Figure 18A.)  Tg

PCTs that did not grow in transplant are presented in the second panel of Figure 18B as

primary ascites (g0).  Ascites from WT PCTs (either primary and transplanted) are shown

in Figure 18C.

It appeared that the Tg PCTs were not secreting large quantities of M167µk Ig, as

an IgM monoclonal (M) component could not be identified in the SPE profiles of Tg

ascites.  If the Tg-derived PCTs were secreting a large amount of monoclonal transgenic

product, we would expect to see a large Ig band of M167 IgM transgenic product running

at or near the origin (center).   However, each of the Tg tumors had a unique Ig banding

profile.  The presence of the monoclonal (M) components of different mobilities indicates

that many PCTs were secreting Ig other than the one controlled by the transgene.  Many

of the M components had gamma (γ) mobility that suggested that the tumors were

producing M proteins from endogenous Ig genes.  It was not possible to distinguish

M167µk protein product from endogenously produced Ig protein on the SPE gels.
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A

B

C 

Figure 18. SPE gels of PCT ascites.  Serum protein electophoresis in a non-reducing
polyacrylamide gel.  (A) Tg g1, (B) Tg g0, and (C) WT g1 and g0 ascites.  Ascites (1 µl)
from M167µκ Tg and non-Tg WT primary (g0) and transplanted (g1) PCTs were run
beside normal ascites from a pristane mouse with no PCT.  Black dots (•) indicate Ig
proteins bands detected in some of the PCTs.  The anode (+) is at the top and the cathode
(–) is at the bottom of the gel.  Ascites was loaded at the center (origin, indicated by
arrows).
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Of those PCTs analyzed by SPE, 18 Tg and 3 WT PCTs had detectable

monoclonal Ig bands located below the origin, as indicated by black dots in Figure 18.

Eight Tg PCTs appeared to have monoclonal bands at or near the origin that could be the

IgM transgenic product (49, 53, 61, 65, 70, 136, 153 and 157), also notated by black dots.

Only 6 of the PCTs induced in Tg mice (51, 56, 61, 70, 125, 153) and 2 of the PCTs from

the WT mice (40 and 109) produced very large amounts of monoclonal Ig protein.  Even

though the IgM, IgA, and IgG often have characteristic electrophoretic patterns, it was

not possible to determine isotype with the banding patterns produced here.3

Are the Ig proteins being secreted by M167µk PCTs from the M167 transgene or

from endogenous Ig?  The next step was to determine by an ELISA whether the tumors

were secreting PC-binding antibodies (reflecting antigen-specific stimulation of the Tg

anti-PC receptor on precursor B cells) and if those PC antibodies were using the

transgenic M167 idiotope.  Further, the Ig isotypes produced by the PCTs were examined

by an ELISA to determine whether the transgenic IgM isotype was present or if other

isotypes were being expressed.

                                                  

3 In the SPE gel shown in Figure 18, there is a strong albumin protein band at the top

(anode) and another distinct band at the origin, both of which can be seen in the normal

ascites control lanes.  IgM is known to run around the origin (at the center of gel where

ascites is loaded).  IgG runs toward the negative electrode (below the origin) and IgA

towards the positive (above the origin).
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Tg+ PCTs Secrete anti-PC, M167-id Antibodies

The primary question regarding the M167 Tg plasma cell tumors was whether

they secrete monoclonal anti-PC antibodies, and specifically, whether the PC-binding

antibodies have the M167 (µ+k) idiotype.   If precursor B cells were initially activated

through the transgenic B cell receptor (M167µk) by PC antigen, it could be expected that

the plasma cell tumors would produce monoclonal Ig of transgenic origin.

The Tg and non-Tg WT tumors were tested for PC-specific antibodies using

ELISA to screen ascites fluid.   PC antigen (PC-BSA) was used to capture anti-PC

antibodies from ascites on a 96-well plate, and an HRP-labeled secondary antibody

detected any mouse (H+L) immunoglobulin that could bind PC.  The ELISA results show

that every PCT derived from M167µk Tg mice secreted anti-PC antibodies (Figure 19).

Only one of the 12 non-Tg PCTs (#40WT) produced antibodies with specificity for PC

antigen.

Because the Tg-derived PCTs were secreting PC-specific antibodies, ascites from

these tumors were further screened for PC antibody containing the unique (idiotypic)

specificity of the M167 protein.  J. Kenny prepared such a M167 specific antiserum

(clone 28-6-20), which he kindly donated.  Once again using the PC-ELISA assay to

capture secreted PC-binding antibodies, the ascites was screened for M167-idiotopes

using the anti-M167-id antibody.  Figure 20 shows that the Tg tumors did indeed secrete

PC-binding M167-id antibodies, while the non-Tg (WT) tumors were negative for M167

idiotopes.  Although the Ig protein from #40WT PCT binds PC (Figure 19), this WT

tumor does not secrete an M167-id antibody.  (This tumor will be analyzed further in

later sections).
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Figure 19. M167µk Tg PCTs are secreting anti-PC antibodies.  Peritoneal ascites
fluid was analyzed by ELISA for presence of secreted anti-phosphorylcholine (PC)
antibodies.  ELISA plates were coated with PC-BSA antigen.  Anti-PC antibodies are
detected in ascites from all Tg+ PCTs (n=27), and in only one of the non-Tg (WT) PCTs
(n=12).  Positive and negative controls were ascites from M167 (IgA, anti-PC) and 4081
(IgG2b, unknown specificity), respectively.  OD reading reported at 1/400 dilution of
ascites.
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Figure 20. M167µk Tg PCTs are secreting M167-id Antibody.  Peritoneal ascites fluid
was analyzed by PC-ELISA for presence of secreted Tg M167-id antibody.  ELISA
plates were coated with PC-BSA antigen to capture PC-specific antibodies from ascites.
M167-idiotypic antibody is detected in ascites from Tg PCTs (n=27), but not in non-Tg
(WT) PCTs (n=12).  Positive and negative ELISA controls were the anti-PC binding
idiotypic antibodies, M167 and T15, respectively.  OD reading reported at 1/400 dilution
of ascites.

The 28-6-20 Ab was provided and used as an anti-idiotypic Ab for M167.

However, it is not truly an anti-idiotypic antibody as its specificity is for determinants

found on the Vk24 L chain.  This antibody can detect Vκ24 L chains in combination with

any type of heavy chain, including VH1 and non-VH1 heavy chains.  Evidence thus far

indicates that Vk24 is rarely found paired with other heavy chain genes and appears to be
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the unique light chain partner for VH1 in anti-PC antibodies. Therefore, for it serves our

purpose as a detector of M167 antibody.

Isotyping of Igs from M167µk PCTs: IgM, IgA, IgG ELISA

The isotypes produced by the Tg PCTs were initially examined to determine

whether the transgenic IgM isotype was being utilized.  The Tg PCTs were shown to

secrete M167-id PC-specific Ig, which should have an IgM constant region as dictated by

the transgenic construct.   Additionally, the presence of monoclonal bands with different

mobilities seen on the SPE gels indicated that the Tg PCTs were also secreting Igs other

than the one controlled by the transgene.

Using an ELISA, I screened ascites for the presence of IgM, IgA, and IgG

isotypes secreted from Tg PCTs.   Murine Ig proteins were captured on a 96-well plate

using a goat anti-mouse (H+L) antibody.  The individual isotypes present in ascites fluid

were identified with HRP-labeled anti-IgM, anti-IgA, and anti-IgG (a mix of anti-G1, -

G2a, -G2b, and -G3) antibodies.  All of the PCTs generated from Tg mice had IgM

antibodies present in their ascites (Table 6).  Secreted IgM antibodies were expected in

Tg PCTs because the transgene has an IgM isotype.  Significantly, most of the Tg

positive PCTs (90%) also secreted IgA antibodies in addition to the IgM antibodies.  The

remaining 10% secreted IgG in addition to the Tg IgM, but these two tumors were not

able to be further analyzed.  Unlike the IgM antibodies, the presence of secreted IgA (or

IgG) from the Tg PCTs was a surprise.  The presence of possible IgA Igs being secreted


