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Stellingen

1. The failure in BMT recipients to accumulate somatic mutations in their Vy
region genes in peripheral bleod lymphocytes, correlates with an absence of IgD
negative cells, and is consistent with a maturational arrest at a fairly late stage of

differentiation.
Dit proefschrift

2. The sequence of events that occur during successful BMT can be regarded as
a blueprint for immune reconstitution in other clinical settings. However, in the
description and interpretation of these events, it is important to realize that

immune reconstitution does not appear to recapitulate human fetal ontogeny.
Raaphorst, F.M. 1998. Bone marrow transplantation, fetal B-cell repertoire development, and the
mechanism of ithmune reconstitution [letter].
Blood 92:12, 4873

3. Oligonucleotide hybridizations are a useful tool for identifying a large
number of genes and to determine the occurrence of somatic mutations among

virtually any gene without the need for sophisticated instrumentation.
Dit proefschrift

4. Immunodeficiencies common among BMT recipients are not due to an

abnormal usage of Vy gene segiments,
Dit proefschrift

5. The inability of B cells from BMT recipients to accumulate somatic

mutations appears to be a B cell autonomous deficit.
Dit proefschrift

6. The hematopoietic microenvironment represents a complex network of
inductive signals, regulatory molecules, and cell-cell interactions that permit the
simultancous determination of various hematopoietic cell fates. The interaction
of notch with multiple components of this regulatory network may allow it to
function as a master regulator, integrating various signaling pathways to limit

the number of cells that respond to diverse signals.
Milner, L.A. and Bigas, A. 1999. Notch as a mediator of cell fate determination in hematopoiesis:
evidence and speculation. Blood 93:8 2431

Stellingen behorende bij het proefschrift “ B cell autonomous somatic mutation deficit follewing
bone marrow transplantation” van Annuska Glas, Wageningen, 2000




7. The use of HLA-DRBI genotyping in the early arthritis patient, during the
initial clinical and laboratory assessment, should be a useful tool to identify a
subset of patients with a high risk of early joint erosions and consequent poor

clinical course.
Nepom, G.T. 1998. Major histocompatibility complex-directed susceptibility to rheumnatoid arthritis.
Adv. Immunol. 68:315

8. When everything is coming your way, you are in the wrong lane
Steven Wright

10. Ergert u niet maar verwondert u zich slechts, dan leeft u langer
Don’t be aggravated but be amazed, you’ll live longer.

12. The generation of random numbers is too important to be left to chance.
Robert R. Coveyou

Stellingen behorende bij het proefschrift “ B cell autonomous somatic mutation deficit following
bone marrow transplantation™ van Annuska Glas, Wageningen, 2000
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Chapter 1

Introduction
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The bone marrow consists of a sponge-like reticular framework filled with blood cell
precursors from stem cells through mature cetls of all haematopoietic cell types
(except T cells), and a fair amount of adipose tissue. It is the major haematopoietic
organ and is critically involved in the production of all formed blood elements in
postnatal life. The bone marrow contains rapidly dividing cells from the immune
system and therefore is sensitive to DNA damaging agents. In certain types of cancers
where a high dose of radiation and chemotherapeutic agents are needed, a bone
marrow transplant is necessary to “rescue” the patient from the lethal side effects of

radiation and chemotherapy.

More than fifty years have gone by since the first experiments in mice that lead to the
wide application of human stem cell transplantation. In 1949 Jacobson et al [1] found
that shielding of the spleen of a mouse during otherwise lethal irradiation permitted
survival. Further animal studies ranging from mice to dogs and nonhuman primates
defined the essentials of transplantation biology. The first attempts of bone marrow
transplantation in patients were mostly unsuccessful in the early 1960s. After the
discovery of human leukocyte antigens (HLA), which are expressed on the surface of
essentially all cells, and are held responsible for organ and tissue graft rejection, a
rational approach for the selection of suitable donors could be taken. The first
successful HLA-matched marrow transplant was reported in 1968 [2]. Since the first
grafts in the late 1960s thousands of transplants have been carried out successfully.
According to data compiled by the International Bone Marrow Transplant Registry
approximately 45,000 transplants were performed worldwide in 1997 only, of which
30,000 were autologous transplants and 17,000 were allogeneic transplants, in which
the donor was a closely matched sibling or unrelated donor [3]. However, marrow
recipients who survive the initial post-grafting period do not always become fully
immunocompetent; recovery of immune function takes up to several months for
autologous transplant recipients and 1 to 2 years for patients receiving allogeneic
transplants. The experiments described in this thesis are focused on the recovery of
the B cell compartment following BMT. In order to understand the functional deficits
that occur after transplant, B cell development in healthy individuals will be discussed

first.
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Cells of the immune system.

Throughout postnatal life, all blood cells are derived from pluripotent stem cells in the
bone marrow. These stem cells have the capacity to self-renew, and are able to
differentiate along a number of alternate pathways: the lymphoid, myeloid,
thrombocytic and erythreid lineages (Figure 1). Cells that develop along the myeloid
lineages differentiate into neutrophils, monocytes/macrophages, eosinophils,

erythrocytes, megakaryocytes and mast cells.
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Figure 1, The hypothetical relationship between blood cells of the various
lineages. All cells derive from common stem cells. Uncertainties about early steps
in the process is indicated by dashed lines. The boxed area shows T cell
differentiation in the thymus; the shaded area shows differentiation in peripheral
tissue. All other steps take place in the bone marrow.




Lymphocytes are derived from haematopoietic stem cells that have developed along
the lymphoid pathway. This differentiation process is only partially understood.
Evidence for the existence of a common lymphoid precursor is limited; however, it
seems reasonable to believe that there is a common lympheoid precursor cell that gives
rise to the different classes of lymphocytes. Two broad classes can be recognized: B-
and T-lymphocytes; both classes are part of the specific immune system that is
induced or stimulated by exposure to foreign substances. T lymphocytes can be
further subdivided into two main, functionally distinct, populations: cytotoxic CD8 T
cells that lyse cetls which produce foreign antigens, and CD4 helper T cells that allow
B cells to make antibody responses to proteins and other T dependent antigens,
Further subsets of T cells include ¥8 T cells, which are a rare population in humans
and its function is not exactly known, and suppressor T cells, which can down
regulate the immune response. The other class of lymphocytes, the B cells, is
responsible for the synthesis and secretion of antibody molecules. A unique feature of
B lymphocytes is that all B cells together are pre-programmed to create an enormous
number of antibodies. Each individual B cell creates an antibody that has combining
sites that differ from antibodies produced by other B cells. This is achieved by
creative use of immunoglobulin gene segments, and further fine-tuning by somatic

mutation, which will be discussed below.

B cell development

The early maturation steps of B cell development take place in the bone marrow, and

are accompanied by specific changes in the immunoglobulin structure and mRNA
expression. The first step

in the generation of the
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Figure 2. Sequence of human heavy chain rearrangement. V deletion of the intervening
genes are indicated as V 1-120, D genes as D 1-25, and J
genes as J 1-6. Gene segments and distances between them DNA, followed by the
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variable (V1) segments to D-Jy segments to form the Ig heavy chain V domain in
precursor pro-B cells [4;5] (Figure 2). Cells that have functionally rearranged VDJ
regions move on to the pre-B cell stage, where the VDJ forms a pre-B cell receptor
with a surrogate light chain [6]. In the transition to the immature B cell stage, the pre-
B cell receptor is lost and replaced as surface IgM with a light chain. The cells then
emerge from the bone marrow as IgM-expressing, short-lived transitional B cells [7],
and home to peripheral lymphoid organs where they continue the sequence of
maturational steps that lead to a mature activated B cell stage. However, only a
relatively small fraction of the transitional B cells enter the mature long-lived
compartment. This process is thought to be competitive and dependent on survival
signals that are delivered in secondary lymphoid organs [§;9). Once the cells are
recruited into the long-lived compartment, B cells are subject to an antigen dependent
mutation and selection process that is designed to increase the affinity and functional
efficiency of the immunoglobulin repertoire. This closely regulated process occurs in
a specialized microenvironment, the germinal center, is helper-T dependent and is
thought to be initiated in the T cell rich regions of the secondary lymphoid organs
[10].

Germinal centers (GC) represent a complex interaction between many secreted and
membrane bound molecules and at least three cell types: T lymphocytes, B-
lymphocytes and follicular dendritic cells (FDCs} [10]. In this tightly regulated
microenvironment, the cells undergo the process of heavy chain class (isotype)
switching, and somatic mutation occurs in response to specific signals [11;12]
(reviewed in [13]). Isotype switching allows the production of antibodies that are
capable of mediating distinct biological functions but retain the same antigen-
combining specificity. The final step of germinal center B cell development is the
differentiation of high affinity germinal center B cells towards memory B cells and
plasma cells. Any self-reactive B cells that are created during B cell development are
removed from the repertoire at multiple checkpoints during the B cell maturation

steps (reviewed in [B;14]).

Antibody diversity
Severat different mechanisms contribute to the pre-immune diversity of the antibody

repertoire, such as the random pairing of heavy and light chains, and the use of
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multiple germline gene segments to be used in recombination of V, D and J elements,
The inclusion of a D region in heavy chain gene assembly creates a significant
increase in diversity compared to light chain assembly. Additional diversity is created
by flexibility of the recombination site. For example, imprecise DNA rearrangement
in which nucleotides at the 3’ end of the Vy; gene, both ends of the D segment and the
5’ end of the Jy gene may be deleted during the recombination event. N-region
diversification adds non-germline nucleotides to the junctions of rearranged VJ or
VDI genes, which is catalyzed by the enzyme TdT [15-17]. Less frequently, extra
bases are added that are palindromic to the termini of the rearranging gene segments,
and are called P-nucleotides [18]. These insertions are the result of the opening of
hairpin ends in an asymmetric position during VDJ recombination and contribute to

the diversity.

Somatic mutation

After antigenic stimulation, the Ig heavy and light chain genes undergo another type
of structural alteration, namely somatic mutation, which contributes to the generation
of an even more diverse antibody repertoire. Somatic mutation is a unique feature of
B cells. It is triggered by T cell dependent responses and is characteristic of a
germinal center reaction [19]. In the somatic mutation process, random mutations are
introduced in the variable regions of the immunoglobulin genes to increase the

affinity and functional efficiency of the immunoglobulin repertoire.

The somatic mutants undergo affinity selection by antigens presented by FDCs in the
germinal center. Cells with high affinity immunoglobulin variants pick up antigen
from the FDCs, process and present the antigen to T cells in the germinal center and
differentiate into memory B cells and plasma cells. However, random mutations
introduced in the Vi genes can cripple the Ig receptor by altering its structural
integrity as well. Cells expressing low affinity receptors or crippled receptors fail to

acquire sufficient antigen and die by apoptosis [20].

A number of models have been described that involve DNA repair in somatic
mutation [21], however the exact mechanism of somalic mutation remains unknown.
It is known that the accumulation of somatic mutation is highly focused in rearranged

variable genes [22-24], is primarily composed of point mutations [25;26], and seems

17




to occur without regard to receptor affinity [27]. The rate of somatic mutation in Ig
genes is 10™ to 10 per base pair per generation (reviewed in [28]) and is similar to
the range of intrinsic errors when DNA polymerase proofreading and mismatch repair

are absent (reviewed in [21]).

Several in vitro models have been described that mimic germinal center reactions [29-
33], yet the precise mechanism of activating the somatic mutational process is poorly
understood. These models however, are valuable for analyzing extrinsic signals,
enzymes and regulatory mechanisms that are responsible for the somatic mutation
process. For instance it has been shown that activated T lymphocytes are required for
somatic mutation to occur {11;27], and activated T cell-associated molecules, CD40
ligand {CD40L) and CD86, were shown to be important for the formation of germinal
centers [34-36].

Genomic organization of immunoglobulin genes.

The organization of rearranging lg receptor gene segments is important in the
generation of antibody diversity. The use of multiple germline gene segments creates a
vast number of antibodies with different recombining sites. The human heavy chain
variable region locus contains approximately 120 Vy region gene segments [37-39],
although haplotypes may vary considerably with respect to numbers of gene segments
[40-42]. Approximately 40 Vy gene segments are functional or transcribed [39].
Twenty-five D segments [43] and 6 Jy gene segments [44,43] are located downstream
from the Vi gene segments. The estimated combinatorial diversity is approximately
6000 [39]. This number varies because of allelic variation between individuals. The

constant regions encoding exons are just downstream of the J regions.

The genes encoding the hurnan immunoglobulin heavy chain comprise the most
telomeric locus on the long arm of chromosome 14 (14q32.3) [46-48]. Additional Vg
gene segments, all of which are pseudogenes, are located on chromosomes 15 and 16
[49;50]. The human Vg genes can be grouped into seven distinct families based on
amino acid [51] or nucleotide sequence similarities [52-57]. Generally, sequence
identity is >80% within families, but <70% between families. Gene segments

comprising the human Vy; families are highly interspersed [53-55;58-63]. The genes
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encoding human immunoglobulin kappa light chains and lambda light chains are

situated in multi-gene clusters on chromosomes 2, and 22, respectively.

The expressed repertoire.

The adult repertoire of antibody specificities has been thought to be derived from the
random rearrangement (and subsequent selection) of functional Vg and Vi, gene
segments. The frequency with which members of a gene family were recovered from the
repertoire was thought to reflect the complexity (or size) of the family [64-67).
However, analysis of individual Vi3 and Vy4 genes in unselected B cells shows that
the adult repertoire represents a markedly biased sample of the germline repertoire
[68-80)]. Rather than a random assortment, a small number of Vi segments dominate

rearrangements in peripheral B cells (reviewed in {81]). The V3-23 gene for example
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Figure 3. Frequency of occurence of individua!l V3 and V4 genes among rearrangements
from peripheral blood B cells of healthy adults. Frequencies are calculated independently
for Vy3 and V4 genes. Circles represent individual subjects. Bars represent the mean
percentage of rearrangements for each Vy gene. (From Glas et al, 2000 [81])




is the most commonly expressed Vi gene. Its expression is disproportionate among
randomly assessed B cells and comprises as much as 40% of all Vi3 expressing B
cells [69;70;73;76-78]. V3-30 and V3-33 are also commonly rearranged [73;76;78].
Four V region genes, V3-11, V3-15, V3-20, and V3-74, made lesser contributions to
rearrangements, and the remaining element, V3-64 was rarely represented among
rearrangements in a population of 12 subjects [73]. Despite this clear-cut pattern of
biased utilization seen on a population basis, there is considerable variation between

subjects (Figure 3).

Sirnilar to the utilization of V43 gene segments, the utilized Vy4 repertoire includes
over-expressed and under-expressed elements (Figure 3). Three genes (V4-4b, V4-31,
and V4-34) accounted for more than half of all Vy4 rearrangements in four subjects
(70]. A single gene, V4-34, accounted for more than 25 percent of V4
rearrangements [70;75], and gene segment V4-59 accounted for 20 to 28 % of all V4
rearrangements [82;83]. Three Vy4 gene segments, CH15-8, V4-55, and V4-28 and
its allele V4-28b, are not or rarely found in rearrangements. Of these genes, segment
V4-53, is classified as a pseudogene because of a stopcodon in CDR1, but this defect
should not prevent its rearrangement. It is somewhat surprising, therefore, that V4-535
is not even represented among non-productive rearrangements [70;84]. It is possible
that an additional, previously undetected, defect located in the recombination signal
sequence of this gene precludes rearrangement. Another of these unrearranged gene
segments, CH15-8, is located outside the Vy locus on chromosome 15 [37,50},
indicating that CH15-8 can not be rearranged by virtue of being an orphon. The third
gene (comprised of two alleles, V4-28 and V4-28b) is located approximately 500 kb
5' to Jy and maps between V3-30 and V3-23. The reason why this gene is not
rearranged has not been determined. The sequence of one allele of this locus,
including 5' and 3’ flanking regions, has been reported [39;85] and appears to encode
a fully functional gene. The absence of this gene in the mature B cell pool does not
seem to be due to selection processes, since rearranged V4-28 and V4-28b genes are

absent from the pre-B and pro-B cell pool as welt [82;86].
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Stability of the expressed reperitoire.

The rearranged V) reperioire in peripheral B cells should be reasonably constant,
because most of B cells in peripheral blood are pre-immune cells. To determine if the
repertoire was stable over time, the variability in one donor was assessed by analyzing
rearrangements in B cells obtained 8 months and two years apart. The relative
stability of the utilized repertoire was striking, little change was observed with
representation of most Vy3 or V4 genes increasing or decreasing only slightly

[70;81].

Although one could imagine that in some pathologic circumstances the pattern of Vi
utilization might change, this has not been observed frequently. Some studies have
suggested a bias in the repertoire in autoimmune and neoplastic B celis [64,69,79;87-
91]. In rheumatoid arthritis (RA) patients, certain heavy chain V genes have been
found to be preferentially used for encoding autoantibodies [92-98]. However, while
usage of individual Vy genes was highly biased among RA patients, no evidence of a
distortion in the bias was observed compared to healthy controls [83]. Systemic lupus
erythematosis (SLE) is an autoimmune disease characterized by the production of
anti-dsDNA antibodies. In a recent study by Dormner et al [99], no differences were
found in the repertoire of an SLE patient when non-productive rearrangements were
analyzed and compared to the repertoire in healthy subjects. However, the VA and the
WV repertoires in productive rearrangements were markedly skewed, suggesting that
extreme B cell over-activity drives the initial stages of SLE, leading to remarkable
changes in the peripheral Vg gene usage that may underlie the failure to prevent the

emergence of autoimmunity [99].

Repertoire biases during B cell development,

The developmental stage in which the bias in the repertoire begins was analyzed using
pre-B as welk as immature B cells from the bone marrow. A strong bias in the usage
of certain V3 and V4 family genes was shown [82], similar o that seen in the
peripheral repertoire, In these B cell stages however, the bias may reflect both
rearrangement frequency as well as the contribution of selection occurring at later

stages of development, e.g. efficiency of | chain (surrogate light chain) paring at the
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pre B cells stage or ligand selection at the immature B cell stage. By studying
individual Vi gene segments among out of frame rearrangements from pro-B cells, the
frequencies of the individual rearrangements would reflect only processes before
translation of the |I-heavy chain and should not be biased by selection mechanisms. Rao
et al [86] demonstrated that at the pro-B cell stage some individual Vy gene segments
are more frequently rearranged than others, similar to that seen in mature B cells,
suggesting that the predominant expression of these genes in peripheral mature B cells
is determined to a significant degree by their preferential rearrangement during V-DJ

recombination [86].

It was thought that the Vy; genes used to encode antibodies expressed earliest in
human and murine fetal development comprised a special subset of the total repertoire
of Vi genes available to the adult, e.g. proximal to the D locus [55;100-103]. Several
studies have suggested that the single member V6 family is preferentially used in the
fetal repertoire [103-105). However, we now know that the repertoire is more limited
than previously thought, and the bias seen in the human fetal liver repertoire [35;106-
1097 and fetal bone marrow repertoire [86] is similar to that seen in the adult bone
marrow [82;110] and adult peripheral blood. However, it appears that the fetal bone
marrow repertoire resembles the adult repertoire more closely than the fetal tiver
repertoire does [86]. Chromosomal location does not seem to influence rearrangement
in the fetal repertoire [108;109;111-113]. Nonetheless, analysis of the adult repertoire
does reveal some differences in composition compared to the fetal liver repertoire. For
instance, the Vi element V3-30.3 was found to be the predominant element in the
fetal repertoire [55;106] but is a relatively minor element in the adult repertoire [70].
Among the Vu4 genes, the genes V4-34 and V4-39, which were not or rarely found in
the fetal liver repertoire, are predominant Vy4 genes utilized in the adult repertoire,
‘While the repertoires of the adult subjects differed with respect to a number of genes,
some of these differences have been directly attributed to the presence or absence of
specific elements in the germline. Similar germline analysis is not generally available
for the fetal subjects.

B cell development following bone marrow transplantation.

Shortly after the high dose treatment of chemotherapeutic agents and radiation is
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complete, patients receive the replacement marrow through an intravenous catheter.
Engraftment of the marrow usually occurs within about 2 to 4 weeks following
transplantation. Because BMT recipients have to regenerate their immune system
from the transplanted bone marrow, it is not surprising that patients exhibit
immunodeficiencies during the first three months after transplant. Both natural and
specific immunity are affected. Persistent deficits in patients are often associated with
graft versus host disease (GVHD), which is a frequent complication of allogeneic
BMT. GVHD is the result of an immune reaction of the engrafted lymphoid celis
against tissues of the host, impairing their ability to function and increasing the

patients susceptibility to infection.

After transplant, B-lymphocytes recover slowly in number and function (reviewed in
[114]) and approach normal levels or even supranormal levels by 1-2 years following
transplant [115;116]. Coincident with recovering B cells, serum [gM, 1gG, and IgGs
levels but not 1gG-_1gG, and [gA levels return to normal by 1 year post transplant
[117-124]. Early post-transplant B-lymphopoiesis is mono- or oligocional [125-128],
and restricted clonality is more frequent in patients with chronic GVHD [129]. Some
long-term survivors suffer from opportunistic bacterial infections, especialty with
encapsulated bacteria such as Streprococcus pneumoniae and Hemophilus influenzae
type b [130;131]. Because immune responses to polysaccharides present in bacterial
capsules are typically T-independent, at least a portion of the defect is likely intrinsic
to B cells. The complete reconstitution of B cell immunity in recipients can take

years.

The nature of the B cell defect(s) leading to the specific humoral immunodeficiency in
BMT recipients is uncertain. It has been suggested that B cell development after
transplant resembles ontogenic B cell development [115-117;132-134] in that
similarities are seen in BMT survivors and normal infants. For example recovering B
cell numbers, B celi phenotype, the delay in Ig production, and the wse of certain
immunoglobulin (Ig) genes[114-117;133-137]. But as shall be discussed in Chapter 6,
evidence based on the usage and diversity of the rearranged heavy chains, indicates

that post transplant development is different from ontogenic development.
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This thesis.

In this thesis experiments are described that are aimed at a further understanding of
the nature of the B cell defect(s) that contribute to the immune deficiencies following
BMT. Normal levels of serumn IgM and IgG [122;123] indicate that
immunodeficiency is not due to a general failure to produce immuneglobulin or an
overt lack of T cell help in heavy chain class switching. One possibility that is
addressed in this thesis is that an abnormal usage of the Vy genes may contribute to
the humoral immunodeficiency seen in BMT recipients. The usage of Vy families
following BMT appears to mimic usage during B cell ontogeny [135;136]. Thus, to
account for the observed immunodeficiencies, it might be expected that during the
first year post transplant, BMT patients would utilize a more limited set of V genes

than would healthy adult subjects; this is the subject of Chapter 3.

The results indicated that the utilization of Vy genes was normal after transplant, but
the accumulation of somatic mutations in peripheral blood B cells was much greater
among rearrangements in controls than in BMT recipients. To determine the intrinsic
capacity of transplant recipient naive B cells to acquire somatic mutations, a model
was developed that mimics a germinal center reaction in vitro and is described in
Chapter 4. Chapter 5 details the utilization of this mode] to determine if the somatic
mutation process in B cells from BMT recipients could be activated in vitro, and to
determine if the lack of somatic mutation in BMT recipients in vive is a consequence

of an intrinsic B cell deficit, or a lack of adequate T cell help.

To study the Vy repertoire in multiple individuals, a fast and reliable technique was
needed. Nucleotide sequence analysis is useful but provides a relatively small data set.
To this end, a highly sensitive hybridization technique [41;63;138-140] was adapted
for identification of Vi genes in cDNA libraries and for the analysis of mutation in
these genes. The use of motif-specific probes to identify individual genes and to

detect somatic mutation is the subject of Chapter 2.
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Abstract

This report describes the correlation between motif-specific hybridization and necleotide sequence as an approach to the
identification of individual human Vg penes using motif-specific oligonucleotide probes, complementary to specific motifs within
individual Vi genes. The sensitivity of the hybridization and post washing processes permits discrimination of single nucleotide
differences between probe and target. This feature is used both to identify individual genes, as well as to detect mutations in
genes by sequential hybridization with multiple probes. In addition to the general strategy, specific details are provided for the
identification of 12 ¥y,3 genes and 14 V14 genes. © 1999 Elsevier Science Ltd. All rights reserved.

Kevwords: Oligonucleotide probes; Mutation; Gene detection; Vy; genes; B cells

i 1. Introduction

Analysis of multi-gene families comprised of closely
‘ related genes, and discrimination between germline
variation and somatic mutation can be prohibitively
labor intensive or require sophisticated instrumenta-
tion. We have employed an approach which requires
no specialized instrumentation and can be performed
-in any moderately equipped laboratory. Essentially,
_the method is to hybridize recombinant libraries con-
* taining genes of interest with motif-specific, synthetic
oligonucleotide probes targeted to unique sequences of
individual genes. The use of synthetic oligonucleotides
as probes has been well described (Wallace et al., 1979;
Wallace et al., 1981; Conner et al., 1983; Verlaan-de
Vries et al.,, 1986; Amar et al., 1987; Gitschier et al.,

* Corresponding author. Tel.: +206-223-8840; fax: +206-223-
7543,
E-mail address: emilner@vimme.org (E.C.B. Milner)

1986; Guillaume et al., 1990; Macintyre et al., 1990).
Under appropriate hybridization and washing con-
ditions, single nucleotide mismatches between probe
and target can be readily discriminated from perfect
matches (Wood et al, 1985 Sasso et al, 1990).
Therefore, a sequence motif detected by one probe will
not be detected by another probe targeted to another
gene or another region of the gene. The method is use-
ful for the analysis of any multi-gene family, where
discrimination between highly similar elements is
desired.

Our particular focus has been on the human immu-
noglobulin heavy chain variable region (Vi) genes,
which comprise a complex multi-gene locus containing
approximately 100 haploid elements. We have gener-
ated and used synthetic oligonucleotides corresponding
to human immunoglobulin Yy sequences. By using 21
base pair probes in conjunction with high stringency
hybridization and washing conditions, it has been
possible to unambiguously identify individual germline
Vu genes, based on the occurrence of unique sequence
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motifs, and to identify variation in closely related
germline genes (Willems van Dijk et al., 1989; Sasso et
al., 1990; Willems van Dijk et al., 1991; Willems van
Dijk et al., 1992; Sasso et al., 1992; van der Maarel et
al., 1993; Willems van Dijk et al., 1993). An outgrowth
of these studics was the establishment of diagnostic cri-
teria for identification of specific Vi elements. These
criteria have been used in severa] studies to analyze V-
gene use among peripheral B cells (Suzuki et al., 1995;
Glas et al., 1995; Suzuki et al., 1996; Milner et al.,
1995; Huang et al., 1996; Glas et al., 1997; Hufnagle et
al., 1995; Milner, 1996; Huang et al., 1998; Rao et al.,
1996; Kraj et al., 1997). Similar criteria have been used
in other studies (Guillaume et al., 1990; Stewart et al.,
1993),

Because of the high degree of specificity, the unique-
ness of a motif is determined by single nucleotides.
Probes can be effectively targeted to single nucleotide
substitutions that distinguish otherwise identical
sequences. Many of the Vi genes have multiple unique
nucleotides that can be targeted, permitting the gener-
ation of multiple diagnostic probes, each one of which
detects a distinct motif of that particular gene.

Motif-specific probes can be used not only to ident-
ify individual genes but to detect somatic mutation as
well. By sequential hybridization with multiple oligo-
nucleotide probes, mutations in individual genes can
be detected. For example, if a gene carries three unique
motifs, the sequence of the particular gene can be
detected by a probe directed at any one of the three
motifs. If hybridized sequentially, concordant results
indicate that the germline sequence has been retained
through the target region of each probe. However,
genes that have accumulated mutations in the target
site of one or more of the probes will display a loss of
concordance when hybridized (Suzuki et al, 1996).
Loss of concordance is easily scored and provides an
index of the acquisition of somatic mmutations. In this
report we show the specificity of the oligonucleotide
hybridization and its correlation with nucleotide
sequence. We illustrate the use of the method for iden-
tifying individual Vy gene segments in rearrangements,
and for the detection of somatic mutations.

2. Materials and methods
2.1. Cell preparations

Peripheral blood mononuclear cells (PBMC) were
isclated from a Ficoil-Hypaque gradient. B cells were
stained with fluorescein-conjugated anti-IgM or anti-
IgD {Coulter), phycoerythrin-conjugated anti-CD19 or
CD20 (Coulter), or appropriately conjugated mouse
immunoglobulin isotype contro] antibodies. Viable
lymphocytes were selected on the basis of forward and
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side angle light scattering criteria. A Coulter Epics 750
or a Becton-Dickinson Facstar flow cytometer was
used to sort B cells into positively stained fractions,
The non-B cell (negative) fraction of each sort was
also collected. The purity of the sorted B cells ranged
from 94 to 95%.

2.2. Rearrangement library construction

Purified B cells (CD19% or CD20*) were lysed in
cell lysis buffer (50 mM Tris, pH 8.0, 1 mM EDTA,
0.5% Nonidet P-40, 0.5% Triton X-100, 0.5% Tween
80, and 200 pg/ml proteinase K) and incubated at
50°C for 30 min. Cell lysates were sonicated tor 30 s
using a Sonifier 450 (Branson, Danbury, CT) fitted
with a cup horn, at 50% duty cycle, 50% output to
provide more uniform PCR amplification. Proteinase
K was heat-inactivated by incubation for 10 min at
95°C. The rearranged Vy genes were amplified using
one of the family-specific 5° primers, E68 (Vy3-L), 5’
CTGAATTCCATGGAGTTTGGGCTGAG-3' or E74
(Vid-L), 5-CCGAATTCATGAAACACCTGTGGT-
TCTT-3’, corresponding to the 5’ ends of the leader
sequences of V3 and Vy4 families respectively, and
the 3’ primer E71, 5-GCTCTAGACT(T/C)ACCTG-
AGGAGACGGTGA-3', complementary to the 3’ end
of the & Jy gene sequences. Restriction sites (EcoRI
for 5’ primers; Xbal for 3’ primers) included in the pri-
mers are underlined. An aliquot of lysate containing
15,000-50,000 cell equivalents was amplified by PCR
using AmpliTag DNA polymerase (Perkin Elmer,
Fostercity, CA) and using c¢ycle conditions to obtain
amplification in the linear range; a denaturation step
of 1 min at 95°C, then 30 cycles of 45 s at 94°C, 30 s
at 60°C, | min at 72°C, and a last extension step of
3 min at 72°C. The DNA polymerase has an error rate
of | x 107° per base pair according to the manufac-
turer. The linearity of the PCR reactions has been con-
firmed by electrophoresing {a->2P]dCTP-incorporated
PCR products of different cycle points on a 2.0%
agarose gel and quantifying the bands by phosphor
imaging (data not shown). The PCR products were
cloned into EcoRI/Xbal digested pBS + phagemid vec-
tor (Stratagene, La Jolla, CA) and the recombinant
plasmids were used to transform Epicurian Coli” X12-
Blue MRF’ ultracompetent cells (Stratagene). The
transformants, about 400 per library, were toothpicked
into wells of a 96-well plate containing Luria-Bertani
medium with 75 pg/ml carbenicillin or ampicillin.
Single-stranded DNA  was recovered by adding
(5 x 10° pfu/ml) VCSMI3 Interference-Resistant
Helper Phage (Stratagene). After a 1 h incubation
period at 37°C, kanamycin was added to 75 pug/ml and
the cultures were grown for another 16-20 h.
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Oligonucleotides corresponding to human Vi sequence motifs. The probes are listed in 3'-3' orientation and are oriented in the sense direction

with respect to the coding sequence of the Vyy gene segment

Oligonucieotide Sequence Gene Location
E?7 TCCATCAGTAGTTACTACTGG V4-59, V4-¢ CDR1
E8 TCCATCAGCAGTGGTAGTTAC V4-61b CDRI1
El3 TCCGTCAGUAGTGGTAGTTAC V4-61 CDRI1
E22 GCAGTTATATCATATGATGGAAGC V3-30.3 CDR2
E3i5 AGTGACTACTACATGAGCTGG V3-11 CDRI1
E36 AGTGGTAGTACCATATACTAC Vi-11 CDRZ
E¥ GAAATCCATCATAGTGGGAGC V4-55p CDRZ
E4] GAAATCAATCATAGTGGAAGC V434 CDR2
E42 AGTATCTATTATAGTGGGAGC v4-39 CDR2
F43 TATATCTATTACAGTGGGAGC V4-59, V4-61 CDR2
Edd CGTATCTATACCAGTGGGAGC V4-61b CDR2
Es3 TCAGCTATTGGTGCTGGTGGT HCl6-11 CDR2
E54 TCAGCTATTGGTACTGGTGGT V3i-47p CDR2
E56 TACATCTATCATAGTGGGAGC V4-30.2 CDR2
E37 GAAATCTATCATAGTGGGAGC V4a-4, Vd-ab, CH15 CDR2
E3s& TACATCTATTACAGTGGGAGC V4-31, V4-31b, V4-30.4 CDR2
E83 AGTAGCAACTACATGAGCTGG ¥3-53 CDR1
E87 TCAGCTATTAGTGGTAGTGGT V3-23 CDR2
Hi10 CGTATTAAAAGCAAAACTGAT V3-15 CDR2
HI13% TACATCTATTATAGTGGGAGC V4-28, V4-28b CDR?2
Ms AGCAGCTATGCCATGAGLTGG ¥3-23 CDKI
M4 AGTAGCTATGGCATGCACTGG ¥3-30 CDRI
Mig GTGAAGGGCCGGTTCACCATC ¥in3 CDR2FR3
M19 GGAAGCAATAAATACTACGCA Y3303 CDR2
M20 GGAAGTAATAAATACTATGCA V3-30 CDR2
M24 GOTGGTAGCACATACTACGCA ¥3-23, ¥3-53 CDR2
" M25 TACGCAGACTCCGTGAAGGGC V323, ¥3-53 FR3
Mdl GGAAGTAATAAATACTACGCA Vi-30b CDR2
M42 AGCTGTTGGAGTCTGGGGGAG V323 FRI
M69 TGGTGGAGCTGGGTCCGCCAG CHI5 CDRIFR2
M76 GCAGTTATATGGTATGATGGA v3-33 CDR2
Mg4 AGTAGCTACTGGATGCACTGG V3-74p CDRI
M35 AGTAGCTACGACATGCACTGG V3-13 CDRi
i M86 GGTGGTTACTCCTGGAGCTGG V4-3).2 CDR}
M91 GATGATTATGGCATGAGCTGG V3-20 CDR1
- M9%3 GTCCGCCAGGCTCCAGGCAAG Vi FR2
M93 AGTGGTGGTTACTACTGGAGC V4-31, V4-3lb CDRI1
MS9 AGTAGTAGTTACTACTGGGGC V4-39 CDR1
M100 AGCAGTAGTAACTGGTGGGGC V4-28, V4-28h CDR1
Mlol AGCAGTGGTAACTGGTGAATC V4-55p CDR1
M105 AGTGGTGATTACTACTGGAGT ¥4-30.4 CDRI1
M09 AGTGGTTACTACTGGAGCTGG V4-34 CDRI1
M112 AAGCCTTCGGAGACCCTGTCC V4-39, Va-80, CHI15, V4.34, V4.4, V4-55p, Vd-61, V4-59 FR1
Mi122 GGTAGTTACTACTGGAGCTGG Va-61, Va-61b CDRI1

© 2.3, Germline Iibrary construction

Vu family-specific germline libraries were similarly
© generated as above from either the nepative fraction
- collected from the cell sorts or unsorted PBMC. PCR
. reactions used for constructing V3 libraries were car-
. ried out using the 5’ primer E68 and either the 3’ pri-
mer E46, 5-GACTCTAGACAATGACTTCCCCTIC-

ACT-3¥, which is complementary to the 3’ flanking

. recombination signal sequence of Vy3 genes, or EBg,
5'-GACTCTAGATCTCAGGCTGTTCATTTG-3',
which is complementary to a conmserved Vy3 FR3

sequence. PCR reactions used for constructing Vyd
libraries were carried out using the 5’ primer E74 and
either the 3’ primer E45, 5-AATTCTAGACTGGG-
CTCACACTCACCTCC-3', which is complementary
to the 3’ flanking recombination signal sequence of
Vud genes, or EB9, 5-AATTCTAGACACAGAGC-
TCAGCTTCAG-3’, which is complementary to a con-
served Vg4 FR3 sequence.

2.4. Library screening

Multiple replicate filters were prepatred by dot blot-
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