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“...but the stars are burnin’ bright like some mystery uncovered
I’ll keep movin’ through the dark with you in my heart...”

Bruce Springsteen, Blood brothers

To Olivia, Hugo and Emil



ABSTRACT

The aim of this thesis was to study B-cell function and the regulation of specific
antibody (Abs) production in immunocompromised individuals. As models, we have studied children
with acute lymphoblastic leukaemia (ALL) and patients with HIV-1 infection. In the first group,
leukaemia by itself causes immunosuppression due to impaired haematopoiesis. In addition, the
subsequent treatment with chemotherapy affects the immune system. In the latter group, the viral
infection causes immunosuppression and deterioration of immune functions.

Hypergammaglobulinemia is a common finding in autoimmune disease, chronic
infections and in lymfoproliferative disorders. The regulation of specific Ab production in HIV and
childhood ALL was studied in relation to hypergammaglobulinemia. When analysing anti-measles Abs in
these two patient groups an important difference was noted. Specific Ab levels were decreased in HIV-1
infected subjects even in presence of high total immunoglobulinG (IgG) levels whereas the high serum
IgG levels in the children with ALL reflected elevated levels of specific Abs. This indicates that the
memory B cell compartment in children with ALL is conserved at diagnosis and activated by the disease,
while the memory B cell compartment is compromised during HIV-1 infection.

HIV-infected subjects with a reduced memory B-cell pool showed reduced titers of
specific Abs compared to HI'V-infected subjects with a normal memory B-cell pool and healthy controls.
This indicates that long-term immunity is maintained by memory-B-cells. However,
hypergammaglobulinemia is present in both groups of HIV subjects irrespectively of the number of
memory B-cells. The high total [gG contains high levels of polyspecific Abs in the HIV-infected subjects
compared to healthy individuals. The source of the polyspecific Abs in HIV is naive CD70+ B-cells
containing intracellular [gG and secreting [gG in vitro.

During chemotherapy plasma cells as well as memory B cells are reduced and in
approximately 40% of the ALL children the levels of vaccination induced specific Abs have declined.
Memory B-cells and plasma cells in the bone marrow (BM) decreases during therapy but are rapidly
restored after treatment. Although the Ab producing cells are regenerated, specific Ab titres remain
low at follow up in the ALL children.

Memory B-cells are defined in peripheral blood as being CD27+ B-cells. The soluble
form of CD27, sCD27, has been described as an immune activation marker in many different diseases
such as HIV and rheumatoid arthritis. The expression of the membrane bound CD27 and its natural
ligand CD70 on leukaemic cells was significantly increased as compared to healthy controls and
correlated to the levels of sCD27 in serum.. In ALL children with the translocation, t(12;21), in the
leukaemic pre B-cell clone, sCD27 was significantly higher compared to other leukaemic subtypes.
Blocking CD27-CD70 interaction on the leukaemic cells reduces proliferation, which indicates that
expression of CD27 and CD70 on these cells is beneficial for the leukaemia.

The survival of memory B-cells and plasma-cells is mediated by different growth
factors, cytokines and cell-to-cell contact through different receptors. Many of these factors are
produced from stromal cells and other immune cells in the microenvironment. Nerve growth factor
(NGF) regulates B cell activation and differentiation and is an autocrine survival factor for memory B-
cells. Since memory B-cells are prone to apoptosis during HIV-1 infection, the plasma NGF level was
studied and found to be lower in HIV-1 subjects compared to controls. The addition of recombinant
NGF to cultures of purified B cells reduced cell death of memory B cells from HIV-1-infected
subjects. Stromal cell-derived factor-1 (SDF-1/CXCL12), a chemokine produced by stromal cells,
plays an important role in normal B-cell lymphopoesis, migration and homing of pre-B cells and
plasma cells to the BM. At diagnosis of pre-B ALL, serum level of SDF-1 is elevated in children with
ALL compared to healthy children. SDF-ImRNA is present in leukaemic cells derived from children
with ALL and might be the source of the elevated SDF-1. In addition, recombinant SDF-1 enhances
pre-B leukaemic cell proliferation in vitro. Cell-to-cell contact between the stromal cells and leukaemic
cells regulates the secretion of SDF-1 in our in vitro model indicating the importance of the
microenvironment for the pathogenesis of childhood leukaemia.
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LIST OF ABBREVIATIONS

Ab/s Antibody/ ies

ADCC Antibody-dependent cellular cytotoxicity
Ag Antigen

AIDS Aquired immunodeficiency syndrome
ALL Acute lymphoblast leukaemia

BCA-1 B-cell attracting chemokine-1

BCR B-cell receptor

BM Bone marrow

CTL Cytotoxic T-lymphocytes

CXCR4 C-X-C chemokine receptor 4

GC Germinal centre

IL Interleukin

HAART Highly active anti-retroviral therapy
HIV-1 Human immunodeficiency virus-1
MFI Mean fluorescence intensity

MIP-3a Macrophage inflammatory protein 3-c.

NGF Nerve growth factor

PBMC Peripheral blood mononuclear cells
PSA Polyspecific self-reactive antibodies
sCD27 Soluble CD27

SDF-1 Stromal cell-derived factor-1

TdT Terminal deoxynucleotidyl transferase
TNF-o Tumour necrosis factor-o

TLR Toll-like receptor

WBC White blood cell count



1 INTRODUCTION

In 1796, Dr Edward Jenner succeeded in preventing smallpox in a small child, and
probably without understanding it he had performed the first active immunisation
against a life-threatening disease. Two hundred years later, childhood immunisations
are part of standard health care. The focus of this thesis was to study the regulation of
specific antibody (Ab) production in immunocompromised individuals and to study
maintenance of serological memory in these patients. Life-long protection against many
pathogens is dependent on serological memory comprising high affinity antibodies that

are induced by disease or immunisations.

As models of immunoincompetent individuals, we have studied children with acute
Iymphoblast leukaemia (ALL) and patients with HIV-1 infection. In the first group,
leukaemia by itself causes immune suppression due to impaired haematopoiesis. In
addition, the subsequent treatment with chemotherapy affects the immune system both
during treatment and after completed chemotherapy. In the latter group, the viral
infection causes immunosuppression and deterioration of immune functions. Our

studies have focused on the B-cell compartment and antibody production.



2 BACKGROUND

B-CELL DEVELOPMENT

Antibody production and establishment of humoral immunity during B-cell ontogeny
The main function of B cells is to produce Abs against proteins and polysaccharide
antigens (Ags). Five major immunoglobulin (Ig) isotypes (IgA, D, M, G and E) are
ultimately expressed on the cell surface of B cells or secreted by plasma cells. From
infancy and during childhood there appears to be an orderly progression in the
development of immunoglobulins. IgM is the first one to be produced as early as in
uteri by infected foetuses and adult levels of IgM are reached by 1 year of age, while
IgG levels are not reached until the age of 5 years (1). Serum IgA develops late and

adult levels are reached during puberty.

Memory B cells are absent in cord blood and there is an expansion of the memory B
cell pool in blood until adult levels are reached (>12 years of age)(2). In infants and
children below 2 years of age, memory B cell are not present in the marginal zone of
secondary lymphoid organs. Lack of memory B cells in the spleen may explain why the
immune system in small children does not iniate an Abs response after a secondary
encounter with an antigen (3). In infant mice, the same pattern is observed with the
additional finding that plasma cells fail to migrate to the bone marrow (BM) due to a

limited homing capacity of the BM (4).

Antibody effector functions

The Ab comprises of the Ag-binding site and the constant region (Fc). Abs can mediate
protection against infection by several mechanisms. Firstly, binding of the Fc region to
receptors on macrophages or NK-cells mediates Ab-dependent cellular cytotoxicity

(ADCC). Secondly, Ag-Ab complexes induce opsonization and thereby facilitate



phagocytosis of the Ag by neutrophils and macrophages. Thirdly, in one of the simplest
effector systems, Abs combat pathogens just by binding to them, and thereby is binding

and infection of the host cells prevented.

Early stages of B-cell development occurs in the BM

B-cell development in humans is represented by several checkpoints centred around
commitment to B-lineage and the production of a functional Ig gene rearrangement
leading to the expression of the B-cell receptor (BCR) on the cell surface (5). The BCR
is a complex consisting of an antigen-recognition structure and a membrane-bound Ig.
During foetal life human B-lineage cells develop in the liver, but by gestation week 30

the B-lineage development is transferred to the BM (6).

The first checkpoint for B cell development is the commitment of the haematopoietic
stem cell to the B-lineage, which occurs in the BM. To date, three transcription factors
have been identified as essential for this commitment. Two of them, E2A and EBF, are
required for initiation of B-lymphopoesis (5, 7) although they do not definitely
determine B cell commitment. The third factor, Pax5, appears to be essential for B-cell
commitment, which is illustrated by the fact that Pax5 * deficient mice have an

absolute block in B cell development at an early stage (8).

Pro-B cells represent the first B-cell precursor and can be identified by the surface
expression of CD19 (5). During this stage, rearrangement of the Ig heavy chain locus is
initiated by the transcription factors E2A and EBF. Dy-Jy rearrangements occur early in
this stage and the subsequent V-DJ rearrangement starts in the late pro-B stage
resulting in the surface expression of pre-BCR. The differentiation process of B cells
can be followed by the expression of different phenotypic cell surface markers during

the different stages (9).



The second checkpoint is when signalling via the pre-BCR induces cell proliferation
and differentiation into the pre-B stage. Appropriate signalling via the pre-BCR results
in allelic exclusion at the heavy-chain locus and allows the cell to begin the process of
light chain rearrangement with the kappa locus and finally the lambda locus (10).
However, the mechanism by which pre-BCR signalling mediates B-cell development is
unclear. One hypothesis is that aggregation of pre-BCR occurs in lipid rafts at the cell
surface and thereby maturation is promoted (11). If the process of V-DJ rearrangement

or signalling via the pre-BCR does not occur, the pre-B cell will be deleted.

When heavy and light chain rearrangement is completed, the heavy and light chains are
co-expressed on the cell surface to form an antigen-specific surface receptor. The
immature B-cells then undergo receptor-mediated negative selection whereby auto-
reactive B-cell receptors will undergo apoptosis. In mice, B-cells are produced at a rate
of 2x10 cells/ day, but only 2x10° cells are selected for further maturation (7) and these

immature B-cells then leave the BM and emigrate primarily to the spleen.

The role of stromal cells in B-cell development

The BM microenvironment consists of stromal cells, haematopoietic cells, vascular-
endothelial cells and extra-cellular matrix and it is the site of production of a wide
range of cytokines and growth factors. Early B-cell development is not only intrinsic,
but is also dependent on the cell-bound and soluble factors, such as interleukin (IL) -7
and stromal cell-derived factor —1(SDF-1), provided by the BM microenvironment.
Stromal cells also express many surface antigens important for cell contact and cell-to-
cell regulation such as adhesion molecules and MHC class I molecules (12). Fas has

also been reported to be expressed on murine BM stromal cells and it is possible that



Fas™ stromal cells may be involved in selection and regulatory functions in the BM

(13).

[L-7 was initially isolated as a growth factor for B-cell precursors, but has also been
shown to induce viability and expansion of T-cells (14). Pro-B cells are capable of
proliferation in response to IL-7 alone and the IL-7 receptor (IL-7R) is present on the
cell surface up to the pre-B stage (15). In vitro studies have shown that cells expressing
the pre-BCR have an advantage in proliferation at low concentrations of IL-7 and that
these cells will survive and outgrow cells without a functional pre-BCR (16) thus being
a mechanism for positive selection of B cell progenitors with a productive rearranged
BCR. IL-7 is produced from stromal cells, but the mechanisms regulating IL-7
production has not been clearly defined. The release of IL-7 by stromal cells requires

cell-to-cell contact with the B precursor cells (17).

Another interesting molecule is SDF-1, a chemokine produced from stromal cells,
which has been shown to be crucial for B-lymphopoesis. SDF-1 was first identified as a
factor with predominantly chemotactic activity inducing migration. SDF-1 differs from
other chemokines as it is highly conserved between species; human and murine SDF-1
differs only by one amino acid (18). Also in contrast to other chemokines, SDF-1
interaction with its receptor, CXCR4 (19), appears to be specific without any cross-
reactivity with other chemokines or chemokine receptors. CXCR4 is highly expressed
on the cell surface of B-cell precursors and also on mature B-cells, however the
chemotactic activity is shown to be higher in early stages of B-cells (20, 21). CXCR4
has attracted a lot of interest, as it is one of the co-receptors for HIV-1 (22) in addition
to the major receptor, the CD4 molecule. Gene knockout experiments with mice

deficient in either SDF-1 or CXCR4 result in a similar phenotype characterised by



deficient haematopoiesis, abnormal neuronal development in cerebellum, abnormal
cardiac development and defective vascularisation in the mesenteric vessels (23 , 24).
Both SDF-1 and CXCR4 deficient mice have impaired B-lymphopoesis with a high
proportion of immature B cells in the peripheral blood (20, 25), indicating a crucial role
for SDF-1 in B-lineage development and homing to the BM. SDF-1 has also been
implicated in cell trafficking and tissue micro environmental localization of various

lymphocyte classes and subsets such as plasma cells (26).

B-CELL MATURATION WITHIN SECONDARY LYMPHOID TISSUE

The germinal centre reaction

When the immature B-cell leaves the BM, the antigen-specific BCR is assembled and
expressed as a low affinity [gM and IgD receptor on the cell surface. These naive B-
cells can differentiate into low affinity Abs-secreting plasma cells following a primary
Ag encounter (27). However, in order to produce specific high-affinity Abs, the naive
B-cell need to undergo a series of developmental genetic events leading to the
emergence of memory B-cells. These genetic events take place in the secondary
lymphoid organs and include the formation of germinal centres (GC) within the
follicles of the lymphoid organs. In the antigen-primed B-cell, expression of genes
regulating cell cycle control will be altered leading to a clonal expansion of the antigen-
specific B-cell (28). During this expansion, somatic hypermutation occurs in the Ig
variable gene region creating a high-affinity receptor for the Ag (29, 30). There is also
an isotype switch in the constant region of the heavy chain genes with subsequent
production of IgG instead of IgM (27). Within the GC, changes in the expression of
survival/death genes lead to a negative selection of the somatically mutated cells unless

they are selected by their respective Ag (31, 32).



Differentiation towards memory B-cells and plasma cells

The final step of GC B-cell development is the differentiation of high affinity B cells
towards memory B-cells or plasma cells (33). In this process, molecules of the TNF
receptor family (TNFR) and their respective ligands play a crucial role for

the regulation of humoral immune responses (34). Figure 1 summarizes the events

leading to memory B-cell or plasma cell formation.

Expression of the cell surface molecules CD40 and CD27 are important in regulating
the cognate-dependent contacts with T helper cells during the GC reaction (35-38).
After antigen-presentation, CD40L-expressing T-cells initiate the GC-reaction by
interaction with CD40 on the naive B-cell (39) and after somatic hyper mutation and

class switch the B cell differentiate into a memory B-cell. Memory B cells are

Primary follicle Secondary follicle formation Germinal centre
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Low afficity Abs

— = High affinity Abs

Figl. Schematic figure of helper T-cell regulated B-cell differentiation to memory B cells and plasma
cells. Dendritic cells present the antigen to naive cells in the T- or B-cell zone and following clonal
expansion of Ag-specific T-helper and B-cells, they migrate to the T-B borders to initiate cognate contact
with each other. During the formation of the secondary follicle, B-cell differentiation is driven either
towards short-lived plasma cells or towards the germinal centre reaction (GC). The GC reaction results in
the formation of memory cells that can either differentiate to plasma cells, which produce a high amount
of high affinity antibodies, or remain as non-secreting memory cells



characterised by the expression of CD27 (40, 41), which is a molecule commonly
expressed by naive T-cells (42) and NK-cells (43). The ligand for CD27 is the CD70
molecule, which is expressed on activated T helper cells (44), as well as on activated B-
cells (45). Interactions between CD27 and CD70 together with withdrawal of CD40L
(33, 46 )have been shown to promote Ig production and plasma cell differentiation (2,
47-49). The newly generated plasma cells leave the lymphoid organ and migrate to the
BM where they complete their differentiation and produce large quantities of specific
Abs. Memory B cells are resting cells capable of recirculation between the periphery
and the lymphoid tissue and upon re-infection they promptly respond with the

production of specific high-affinity Abs.

The microenvironment of secondary lymphoid organ

Formation of memory B-cells and plasma cell differentiation do not only depend on
receptor interactions, but also on growth factors and cytokines supplied from immune
cells and stromal cells in the microenvironment. The cytokines interleukin —10 (IL-10)
and interleukin-4 (IL-4), produced from activated T helper cells, are important
cytokines linked to the differentiation of plasma cells from B-cells (50, 51) in
secondary lymphoid organs. These cytokines also affect immature cells in the BM. IL-
10, together with IL-7, has been shown to induce proliferation of pre-B cells (52) and
interestingly, [L-4, together with activated T helper cells has been shown to promote

the differentiation of pre-B cells to Ig-secreting plasma cells in vitro (53).

Stromal and epithelial cells are also major components of secondary lymphoid tissue in
the same manner as in the BM compartment. SDF-1 is present in lymphoid tissue (54)

together with several important chemokines such as MIP-3a and BCA-1. These



chemokines together with their respective ligands (CCR7 and CXCRS, respectively)
recruit cells of the immune system to the lymphoid tissue and retain them within the
appropriate supportive microenvironment. Activation of B-lymphocytes with CD40
ligation and [L-4 results in enhancement of migration in response to chemokines
expressed within lymphoid tissues, among them SDF-1 (55). During formation of the
plasma blast there is an increase in the chemotactic response towards SDF-1, which
facilitates homing of the plasma blast to the BM and the red pulp of the spleen (56). It
has also been shown that after a secondary immunisation and in the course of a memory
immune response, plasma blasts in the spleen change their responsiveness and increase
migration in response to SDF-1 (57). In addition to having a role in chemoattraction,
SDF-1 acts as a co-stimulator for activated T helper cells and thereby increases the
production of TL-4 and IL-10 (58). Altogether this indicates a role for SDF-1 in

promoting plasma cell differentiation, migration and Ig synthesis.

MAINTENANCE OF HUMORAL IMMUNITY AND SEROLOGICAL
MEMORY

Memory is a hallmark of immunity and production of Abs can last for a lifetime.
Memory represented by Abs is responsible for protection against re-infection for many
lethal infectious agents (59) and it is also the basis for the majority of successful
vaccines. The mechanisms leading to long-time serological memory are poorly

understood and three major hypothesises have been presented over the past decade.

Dr Zinkernagel and colleagues suggested that long-term Abs memory is driven by a
constant differentiation of memory B-cells to plasma cells in the presence of antigens
(60). Antigen-driven proliferation and differentiation induces high levels of protective

Abs; however, this hypothesis would require persistence of infectious antigens within



the human body. Dr Ahmed and colleagues have on the other hand shown that mouse
plasma cells can be long-lived and are able to produce Abs for several months in the
absence of memory B-cells or antigens (61). It is, however, less likely that a human
long-lived plasma cell would sustain Ab production over a human lifespan since that

would require plasma cell survival for many years (>70 years).

Dr Lanzavecchia presented an alternative mechanism for maintenance of serological
memory in 2002, when his group showed that human memory B-cells proliferate and
differentiate into plasma cells in response to polyclonal, non-cognate stimuli (62, 63).
The polyclonal stimuli that can activate memory B-cells are of two origins; those which
activate B-cells via TLR-4 or TLR-9 (64) such as microbial products (LPS) (65) and
single-stranded DNA motifs (CPGs) or secondly, activated T-cells stimulating the B-
cells via CD40L and cytokines without the presence of antigen-activation. The in vivo
data provided indicate a correlation between specific Abs level and the frequency of
antigen-specific memory B-cells under steady-state conditions. Figure 2 summarises

the hypothesis by Dr Lanzavecchia.

1oL A
i

High affinity Abs

Fig 2. Maintenance of serological memory adapted from Bernasconi et al (62). Memory B cells are
activated in a non-cognate fashion by T-helper cells through the CD40-CD40L or through activation by
Toll-like receptor 9 by LPS or CpGs. Activation of the memory B-cell leads to the production of high
affinity antibodies.
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CHILDHOOD ALL

Leukaemia is the most common form of childhood cancer in Sweden and in the western
world. Each year, approximately 70 children in Sweden are diagnosed with ALL. The
survival of childhood ALL has dramatically improved over the past 30 years and the
current chemotherapy protocols results in a high cure rate. The overall survival in

childhood ALL is today approximately 80% (66).

Clinical characteristics for stratification of patients into risk-groups

The treatment protocols used today are based on a patient classification into different
risk-groups. The improvement of survival has been achieved by tailoring the intensity
of treatment to the risk of relapse in each patient. So a child with many poor prognostic
factors will have a more intense treatment. In the current chemotherapy protocol four
major risk-groups are identified; standard intensity (SI), intermediate intensity (II), high

intensity (HI) and very high intensity (VHI) treatment groups.

Age is an important factor for classification into the different risk-groups. The
incidence of ALL has an age-peak in early childhood between 2-3 years of age (67).
Children between | year and 10 years have a favourable prognosis and infants < 1 year
have the worst outcome. Girls tend to have a slightly better outcome than boys (68).

However, gender is not part of the classification.

Another important clinical parameter used for classification is white blood cell count
(WBC) where a high WBC at diagnosis, place the child in a higher intensity group (69).
Other markers of high tumour burden such as enlarged lymph nodes, enlarged liver and

spleen also correlate inversely to prognosis (70). Infiltration of leukaemic cells in the
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CNS is present in approximately 5 % of ALL children at diagnosis and is a poor

prognostic factor (71).

Phenotype and genetic alterations in the leukaemic clone

At the diagnosis of ALL, a diagnostic BM aspiration is performed with phenotypic
and genetic analysis of the leukaemic clone. In childhood ALL, pre-B phenotype
account for 80% of the patients while 20% have a T-cell phenotype. Children with T-
cell leukaemia receive a more intense treatment due to the association with adverse
prognostic factors like high WBC (72). The intensified treatment protocol for T-ALL
has improved the outcome for T-ALL and outcome is now similar to pre-B ALL.
Childhood pre-B ALL is characterised by a high expression of CD10 and terminal
deoxynucleotidyl transferase (TdT) in the leukaemic cells. In infant ALL (<lyear),

CD10 is absent from the cell surface of the leukaemic blasts.

Genetic alterations have been shown to be associated with biologically distinct
subtypes of ALL (73). The main genetic alterations occurring in childhood ALL are
hyperdiploidy in 35% of the cases and the t (12; 21) translocation occurring in 25% of
the children. Hyperdiploidy is associated with favourable risk features such as age
between 1 and 10 years, a low white blood cell count (WBC) and a pre-B phenotype.
The chromosomal gains in hyperdiploidy are restricted to certain chromosomes and

the good prognosis has been linked to chromosomes 4, 10 and 17 (74).

The t (12; 21) translocation has also been associated with a good outcome and is
mainly found in children in the 3-6 year age group, also with a pre-B phenotype and
with the expression of myeloid antigens. The t (12; 21) translocation results in the

formation of a hybrid gene involving the Tel gene on chromosome 12p and the AML
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gene at 21q22 (73 , 74). The resulting protein acts as a putative transcriptional
repressor. An important secondary event in t (12; 21) translocation is the deletion of
the normal Tel allele from the chromosome 12 not involved in the translocation. This

loss of function may also contribute to leukaemic transformation (74).

There are several other genetic alterations in pre-B ALL with known poor prognosis
such as the 11q23 translocation with MLL-rearrangement in infant ALL, the
Philadelphia chromosome t (9; 22) translocation in approximately 5% of patients and
t(1; 19) translocation also affecting 5% of the ALL population (74). Recent data has
also shown that deletion of the INK-4 locus on chromosome 9 is associated with

increased risk of relapse (75).

Treatment of ALL

The majority of children with ALL in Sweden are treated with the Nordic Society for
Paediatric Haematology and Oncology’s (NOPHO) chemotherapy protocol (76).
Only children with known poor prognostic factors (t 9; 22) at diagnosis or children
who respond poorly to the initial chemotherapy are scheduled for BM transplantation
in first remission. Children with early relapses during or soon after the end of

treatment are also transplanted.

The NOPHO protocol consists of three major parts (76); an induction phase over 6
weeks followed by a consolidation period of 2 months and subsequently maintenance
treatment until 2-2.5 years after diagnosis. During the induction phase patients in all
risk-groups are treated with doxorubicin and vincristine intravenous and high doses of
corticosteroids orally. Consolidation therapy with methotrexate is given with 5 g/m’ for

SI and 1I leukemia and 8 g/m” in HI patients. Il and HI patients are treated with a re-
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induction periods where additional doxorubicin, vincristine and steroids is administered.
In the protocol in use today, HI patients are also treated with 2 courses of high-dose

cytarabinoside (ara-C).

Immunodeficiency during and after ALL

The immunosuppressive effect of chemotherapy is well known. In childhood ALL,
chemotherapy induces severe neutropenia, B- and T-cell depletion which results in
clinical complications related to immune incompetence. Infections are the major
cause of morbidity during treatment, although the mortality from infections has
decreased dramatically the last decade due to improved supportive care with
prophylactic antibiotics, anti-fungal and anti-viral drugs (77). Neutropenia (<1.0 x10°
cells/mL) is often present at diagnosis as a consequence of the leukaemia infiltration
and disruption of haematopoiesis in the BM. Prolonged periods of neutropenia (> 7
days) increase the risk for invasive bacterial infections (78, 79). T-cell depletion in
children with ALL increases the risk of opportunistic infections and in particular
Pneumocystis carinii (80), however reactivation of viral infections (e.g. herpes zoster
virus) also occurs (81). The role of B-cell depletion with low levels of specific Abs
and the risk for secondary infections in this patient group is not well defined. There
are reports on deficient neutralisation of bacterial toxins and low levels of protective
Abs towards specific bacteria (e.g. enterobacteriae) (82, 83). When chemotherapy
ceases, the WBC normalises within months and the total B- and T-cell counts resolve
quantitatively 6 months to 1 year after cessation of therapy (84-87). Severe infectious

complications in ALL children after cessation of therapy have not been reported.

HIV-1 INFECTION
The infection with HIV causes a severe acquired immunodeficiency syndrome (AIDS)

affecting approximately 44 million people worldwide and among them an increasing
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proportion of children. The introduction of highly active anti-retroviral treatment
(HAART) has dramatically improved clinical management of patients, with improved
survival and life expectancies as a result. Unfortunately, this is true only for HIV
infected subjects in developed countries and not for the majority of infected patients

living in Africa and Asia.

HIV establishes a chronic infection in the host

The primary infection with HIV can either be asymptomatic or cause mild
mononucleosis-like disease with generalised lymphadenopathy. After the primary
infection a period of clinical latency (<10years) will follow where there will be an
ongoing virus replication in the lymphoid organs (88). HIV-I infects primarily CD4+ T
helper cells and cells of the macrophage/monocytic lineage including macrophages,
monocytes and dendritic cells. A decrease in peripheral CD4+ T helper cells occurs
during the acute infection. T helper cells have a central role in the immune system
through mediating differentiation of B- and T- cells and thereby controlling bacterial
and viral infections. The immunodeficiency associated with HIV-1 results from loss of
T helper cells and an increasing susceptibility to opportunistic and secondary infections

(88).

HIV-1 and B cell dysfunction

HIV-1 induces perturbations in B-cell function early in the time course of infection
with hypergammaglobulinemia in patients and high spontaneous secretion of Ig in vitro
(89) as hallmarks of B cell dysfunction. There is also an increased incidence of B cell
malignancies in HIV-1 infection compared to uninfected controls (88, 90). At the same

time, hyperactivation is accompanied by refractory B cell response to stimulation in
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vitro by T cell dependent (e.g. pokeweed mitogen, PWM) and T cell independent

mitogens (e.g. Stafylococcus aureus-Cowan strain, SAC) (91).

Several mechanisms, both direct and indirect, may account for B cell dysfunction
during HIV-1 infection. There have been reports of HIV-1 infecting primary B cells
after CD40-ligation and the resulting up-regulation of the HIV-1 receptors CD4 and
CXCR4 on B cells (92). The virus itself and several viral proteins (Nef, Tat and gp41)
induce proliferation and differentiation of B cells in vitro (93-95). The viral protein
gp120 has on the other hand an inhibitory effect on normal B cell function in vitro (96).
Viral gp120 is also associated with the selective deletion of memory B cells expressing
the Vy3-gene (97). Since the Vi3 family encodes for 50% of all Abs, this may

represent one mechanism for loss of antigen-specific Abs (98) during HIV-1 infection.

T-cell activation may induce B-cell dysfunction

B cell dysfunction is an early event in the infection and is detected before any
significant loss of T helper cells can be detected (91). This suggests that B cell
dysfunction is intrinsic, however, several investigators have reported that T helper cells
have a role in driving B cell activation. CD4+ T helper cells have been shown to
stimulate IgG secretion through a non-cognate, contact-depend mechanism (99). There
have also been reports on a higher percentage of CD40L+ and CD70+ T cells in HIV-1

infected subjects that may contribute to hypergammaglobulinemia (100, 101).
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Impaired humoral immunity in HIV-1

HIV-1 infection can induce both virus-specific and poly-specific B cell responses with
the production of Abs not only against the virus but also high amounts of polyspecific
auto Abs. Among these are IgG known as polyspecific self-reactive Abs (PSA) directed
against self-antigens and lymphocyte antigens (102). The production of specific Abs is
impaired which is demonstrated by a poor response to vaccination with new and/or
recall antigens. Low levels of specific Abs against pneumococcal polysaccharides,
pneumocystis carinii, measles and tetanus toxoid have been found (103, 104) and these
low levels persist after attempts to re-immunise (105-107). Impaired humoral immunity
with loss of protective and specific Abs may lead to secondary infections that are

normally controlled by the host.
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3 AIM OF THE THESIS

The primary aim of this thesis was to investigate B-cell function in children with ALL
and to study whether these children need re-immunisations after chemotherapy in order
to maintain immunity to the childhood immunisations currently used in Sweden.
Secondly, we wanted to study the mechanisms involved in the regulation of long-term
serological memory. The effects of leukaemia and chemotherapy, as well as the effect

of HIV-1, on B-cell function and antibody production was analysed in relation to:

e The relationship between total IgG and specific antibodies

e The maintenance of specific antibodies and memory B-cells

e Survival factors for memory B-cells and plasma cells

e Production of growth and survival factors from stromal cells in the bone
marrow

e Ab response after re-immunisation with measles, mumps and rubella (MMR)

vaccine in children treated for ALL
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4 PATIENTS

Children with ALL

All children (n=105) included in these studies were admitted to the Paediatric Cancer
Unit at Astrid Lindgren Children Hospital at Karolinska University Hospital, for
diagnosis and treatment of ALL. In paper I children (n=43) treated between 1986-1996
were included for retrospective analysis of antibodies against viral vaccination antigens.
The cohort in this study consisted of 5 children with T-ALL and the remaining 38
children all had pre-B ALL. In the following studies (paper 3 and 5), children with pre-
B ALL, diagnosed between 1996 and 2003, were included. Patient characteristics are
summarized in table 1. Eighty healthy age-matched children undergoing minor surgery
at Astrid Lindgrens Children Hospital were included in the studies as healthy controls

(Table 1).

Table 1. ALL-patients characteristics in the thesis.

Risk-groups  Gender (m/f) Age (years) WBC (1 0 )

Thesis SR=47 20/27 4 (2-8.5) 4.8 (0.8-14)

N=105 IR=42 2517 4.5(1-17.5) 13.7 (2.5-44.5)
HR=21 10/11 7 (0.5-16) 32 (2.2-255)

Paper 1

N=43 SR=27 6/21 3.5(2-9) 39(1.2-13.2)
IR=8 4/4 4 (1.5-15) 12.6 (2.9-39.4)
HR=8 2/6 8 (4-15) 64.5 (6.5-255)

Paper 3

N=70 SR=27 10/17 5 (2-8.5) 3.2(0.7-12.5)
IR=31 17/4 7(1.5-17) 15(2.5-44.5)
HR=12 6/6 6(0.5-16) 11(2.2-123)

Paper 5

N=37 SR=14 9/5 3.5(2.5-8.5) 8(1.9-12.5)
IR=23 15/8 4.5(1.5-15) 17.5(3.7-44.5)
HR=0

Controls

N=80 34/48 5(1.5-13) n.d
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HIV-infected patients

In paper 2, 72 HIV-1-infected subjects and 23 blood donors of similar age were
included. The median CD4+ T cell count in the HIV-1 subjects was 400 cells/uL (range
40-1130). In the patients’ cohort, 13 subjects were treatment-naive, 5 were treated with
reverse transcriptase inhibitors and 54 were undergoing highly active antiretroviral
therapy (HAART), a combination therapy containing inhibitors of the viral protease

and reverse transcriptase.

In paper 4, a total of 131 HIV-1-infected and 108 uninfected age-matched blood donors
were included. The median CD4+ T cell count among the patient population was 320
cells/ul (range 16-869). One hundred subjects were undergoing antiretroviral treatment

while 31 patients were drug- naive.

Ethics

The ethics commiittees at the Karolinska Institutet North or the Karolinska Institutet
South approved the studies. All samples were collected after informed consent from
the patients and controls. For children, informed consent was obtained from the

parents.
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5 METHODS

SEROLOGY

Determination of specific antibodies and toral IgG

The amount of plasma IgG in patients and controls was measured by nephelometry and
the amount of IgG secretion in vitro was measured by sandwich IgG ELISA (108).
Measles Ab concentrations were analyzed using a standard in-house indirect
quantitative enzyme immunoassay as previously described (109). For quantitative
measurement the World Health Organization (WHO) 2™ International Standard for
Anti-Measles Serum was included. The cut-off for protective levels was set to > 200
mlIU/mL (109). Avidity for measles Abs was tested using the Enzygnost Measles virus
IgG detection ELISA kit (Dade-Behring, Behringwerke, Germany) (110) and avidity
(%) was calculated as the ratio of the absorbance values with and without urea

treatment.

For detection of rubella Abs, an automated micro particle enzyme immunoassay
(Rubella IgG 2.0 IMx, Abbott, Abbott Park, IL) was carried out in an IMx Analyzer
according to the manufacturers’ instructions. The cut-off for protective levels was set to
>10 IU/mL (111). Antibody levels to tetanus toxoid were evaluated by an accredited

modified Delfia test previously described (112).

Determination of anti-HIV-1 Ab titres was performed by using the Enzygnost ® HIV

1/2 ELISA (Dade-Behering, Behringwerke, Germany) following the manufacturers

instructions.
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ELISA

Quantification of plasma nerve growth factor( NGF)

The amount of plasma NGF was measured by sandwich ELISA following the
manufacturer’s recommendations (Boehringer Mannheim, Germany). Samples were
tested in triplicate and reconstitution experiments were performed on 10 control
samples by adding known amount of recombinant NGF to plasma samples in order to
test for the sensitivity and reproducibility of the assay. The detection limit of the ELISA
was 10 pg/ml and samples with NGF below the threshold were considered negative

(arbitrary value of 5 pg/ml).

Soluble CD27 ELISA

Quantification of sCD27 was performed with a commercially available sandwich-
ELISA kit (CLB, Amsterdam, Netherlands) as previously described (113). All patient
samples were tested in duplicates and the sCD27 concentration in sera was calculated
by using the mean value of the optic density (OD value) plotted against the standard

curve.

SDF-1 measurements in serum and culture supernatants

The SDF-1 serum concentration in children with ALL was quantified with a
commercially available sandwich ELISA (R&D, Minneapolis, MN, USA) as
previously described (114). Culture supernatants were analyzed using the human
SDF-1o Quantikine ® kit (R&D Systems, Abingdon, UK) according to the

manufacturers instructions.
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FLOW CYTOMETRY

Phenotyping of lymphocyte populations

Using two- or three-color flow cytometry, phenotyping of peripheral blood and BM
cells was performed with a FACScan Instrument (Becton-Dickinson, Mountain View,
CA) using the CellQuest software (Becton-Dickinson). At diagnosis of childhood
ALL, the expression of cell surface molecules such as CD27, CD70 and CXCR4 on
leukaemic cells was analysed on CD 19" cells without using any additional pre-B
leukaemic marker as there was a high leukaemic cell infiltration of the BM, with an

average infiltration of > 93% (70-100%) blasts.

Cell death

Apoptosis was measured by flow cytometry (115) using an Annexin V staining kit
(Pharmingen, San Diego, Ca) according to the manufacturers recommendations.
Lymphocytes were detected by forward and side-scatter and parameters were collected

for 20,000 live gated cells/sample.

Determination of poly-specific self-reactive antibodies (PSA)
Measurement of PSA was performed as previously described (116). Binding of PSA to
target lymphocytes obtained from buffy coats was analysed by flow cytometry and the

reactivity was expressed as mean fluorescence intensity (MFI).

SDF-1 REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION
(RT-PCR)

Cellular RNA was extracted using the Rneasy Mini kit (Qiagen Sciences, Maryland,
USA) according to the manufacturers instructions. The RT-reaction was performed

using Ready to go You-Prime First-Strand-Beads (Amersham Biosciencies, New
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Jersey, USA), containing the necessary reagents. The PCR reaction was performed
with primers for SDF-1 and actin published previously (117, 118). Detection of the
amplified PCR-product was performed by electrophoresis on a 2% agarose gel (Gibco)

followed by ethidium bromide staining.

BIOLOGICAL ASSAYS

Vaccination
All children without protective immunity after chemotherapy were offered
revaccination (1 booster). Fourteen children received one booster dose of vaccine
against MMR and 3 children refused vaccination. The children were immunized with
MMR II (Pasteur Merieux MSD, Copen-hagen, Denmark), a live attenuated vaccine
containing the Edmonton measles strain (=1000 CCID 50), the Jeryl Lynn mumps
strain (>2000 CCID50) and the RA 27/3 rubella strain (=1000 CCID 50). Sera were

collected prior and 3 months after vaccination for analysis of specific Ab titres.

Proliferation assay

Proliferation of cells, measured as thymidine incorporation, was evaluated by adding
1uCi/well *H-labeled thymidine (Nordic Biosite, Sweden) into the cultures for the last
18 hrs. All cultures were performed in triplicate wells and a mean value for

proliferation was calculated.

Transwell culture system

To evaluate whether polyclonal B-cell activation is dependent on cell-to-cell contact
the following model system was studied. Un-fractionated PBMC were cultured at a
cell concentration of 0.5 x 10° cells/mL. Purified B cells were cultured in Transwell

plates (Corning Incorporated, NY) with polycarbonate membrane with pore size 5.0
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pm as follows. B cell-depleted PBMC were layered in the bottom chamber and in the
upper chamber purified B cells were added at the same proportion as in the un-
fractionated PBMC. In parallel, a similar number of purified B cells as in the total
PBMC were cultured alone. Supernatants for measurement of IgG secretion were

collected after 7 days in culture.

STATISTICS

Statistical analysis was performed with the software GraphPad Prism® (GraphPad
Software Inc, San Diego, CA). Normal distribution of the data was tested by the
Kolmogorov-Smirnov test. The differences within patients at different time-points
were analyzed using Wilcoxon signed rank test for matched pairs. Differences
between the patients and controls were analyzed using Mann-Whitney test and data in
the text are shown as median (range), if not otherwise stated. Differences between
more than three groups were analyzed by one-way ANOVA followed by Dunn’s or

Bonferronis post-hoc test.
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6 RESULTS

Hypergammaglobulinemia and specific antibodies

One of the aims of this thesis were to analyse how maintenance of specific humoral
immunity in immunosuppressed patients, i.e. children with pre-B ALL and HIV-1
infected subjects, is regulated. In children with ALL, samples for analysis were taken at
diagnosis as part of a longitudinal study and before any treatment with blood products
or chemotherapy was given. In some patients, samples were also taken at follow-up (>
6 months) after completed chemotherapy. In the studies on the chronically HIV-1
infected patients, samples were collected at different time-points during disease

progression as a cross-sectional study.

We started by analysing the relationship between the total amount of IgG and anti-
measles IgG in these two patients groups. In the ALL children, total IgG was elevated
at diagnosis compared to the normal controls [8.7 g/L (3.40-20.3) vs. 5.9 g/L (2.0-
13.1), p<0.0001]. The HIV-1 infected subjects also had higher levels of total IgG than
the controls [13.8 g/L (8-25.6) vs. 9.25 g/L (7.1-13.7), p<0.0001], which are in

accordance with previously published studies (119) (120) (Fig 3).

254 p<0.0001 p<0.0001

304 T

251 Fig 3.Total IgG in children with ALL (n=
20+ 61) was significantly higher than in

IgG (g/L)

154 | | healthy age-matched controls (n=80).
104 é Hypergammaglobulinemia was also
A present in HIV-1 subjects (n=72)

compared to the adult controls (n=23).

ALL Controls HIV Controls
children adults
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The levels of specific measles Abs were also elevated in the ALL children compared to
the age-matched controls [2 985 mIU/mL (390-13 900) vs. 2 150 mIU/mL (320-9 000),
p<0.02]. There was a significant correlation between the level of total IgG and the titre
of specific measles Abs (1=0.43, p<0.05) in the ALL patients, but not in the age-
matched controls. In contrast, the HIV-infected patients had lower measles Ab levels [4
480 mIU/mL (1 100-10 990) vs. 6 875 mIU/mL (1 465-20 090), p< 0.02] compared to

the age-matched controls (Fig 4).

Specific Ab production is maintained from memory B-cells

In paper 1, the effect of chemotherapy on specific Abs levels was studied. During
treatment there is a significant decrease in Ab levels against several vaccination
antigens. Specific measles Ab titres before and 2 years after treatment were compared
in 16 patients and the titres of anti-measles Abs declined in all patients [7 580 mIU/mL
(600-20 000) vs. 440m IU/mL (0-8 600); p< 0.001]. All children who had retained
protective levels of antibodies showed high avidity (>30%)Abs against measles. There

was also a decline in specific anti-rubella Ab titres in all patients after chemotherapy.
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Serological memory is dependent on Abs generation and production from memory B-
cells and terminally differentiated plasma cells. In paper 1, we demonstrated that
plasma cells in the BM are deleted during chemotherapy; however, the plasma cell pool
is rapidly regenerated within 6 months after treatment (0.3% vs. 1.3 %, p<0.01) and at
this time-point the levels of plasma cells are comparable to the controls. Memory B-
cells are also depleted during chemotherapy and at follow-up 6 months after completed
treatment patients still have a significantly lower proportion of memory B-cells in
peripheral blood compared to controls [14.6%(4.1-41) vs. 22% (7.6-41.8), p<0.01](Fig
5). Although the Ab producing cells are regenerated specific Ab titres remain low at

follow up in the ALL children.

Memory B-cells in HIV-infected patients were analyzed in relation to specific anti-
measles Ab titres. In paper 2, we demonstrated that memory B lymphocytes are primed
for apoptosis and that the percentage (and number) of memory B-cells are reduced
during HIV-1 infection, compared to uninfected controls [20% (6.8-43) vs. 34.3%
(21.1-60.7), p< 0.001]. The HIV-1-infected subjects were grouped with regards to the
median percentage of memory B cells into subjects carrying normal (NM, >20%) or

low (LM, <20%) memory B cells. Among the infected individuals, anti-measles Ab
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titres in HIV-1 LM subjects [3 300 IU/mL (1120- 6 680)] were significantly lower
compared to the HIV-1 NM subjects [5 610 IU/mL (1 060-13 360), p< 0.05] and
healthy controls (p < 0.01). This was also shown for the anti-tetanus toxoid Abs. In
addition, the anti-measles Ab titres were positively correlated to the percentage of
memory B-cells in the HIV-1 subjects. The BM plasma cell population was not
quantified in these patients, but previous studies have shown that BM plasmacytosis

occurs in HIV-1 infection (121, 122).

Naive CD70" B-cells as a source of IgG

Although hypergammaglobulinemia are present in HIV-1 patients, they have low
specific Ab titres as compared to the ALL children. Thus, we attempted to better
characterize the nature of the IgG in HIV-1 and analysed the amount of poly-specific

self-reactive Abs (PSA) in HIV-1 subjects and controls.

Human PSA from HIV-1-infected subjects had a higher reactivity (defined as mean
fluorescence intensity (MFI)) compared to healthy subjects [11.8 (4.6-53.9) vs. 7.8
(4.1-12.6), p< 0.01]. In the HIV-1 population, the MFI of PSA correlated with the
plasma IgG (r = 0.547, p<0.001). However, the PSA reactivity was similar between
HIV-1 NM subjects and HIV-1 LM subjects [15.9 (10.3-23.8) vs. 7.5 (7-21.6), p=
0.226]. Interestingly, the PSA reactivity was positively correlated to the percentage of

CD70+ naive B- lymphocytes (r = 0.36, p< 0.05).

To determine whether naive B-cells are activated in vivo and thus are a source of IgG
production, B-cells were purified from 3 untreated patients and 3 donors. The
intracellular content of IgG in naive B-cells in relation to the expression of CD70 (an

activation marker) and LAIR1 (a differentiation marker) was analyzed. Naive B cells
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from HIV-1-infected patients more often expressed intracellular [gG and in the
population of CD70" naive B-cells the fraction of I[gG" cells was higher in HIV-1-
infected compared to uninfected subjects (47.6+2.4% vs. 13.1+1.9%). HIV-1-infected
persons had a similar proportion of IgG" cells in the LAIR 1" naive B-cells compared to
healthy donors (7.8+3.5% vs. 9.2+0.9%). These observations indicate that activated
naive B-cells from HIV-1-infected patients might have undergone an IgM-IgG class-

switch process.

CD27 and CD70; two important molecules for antibody production

Interactions between CD27 on B-cells and CD70 on T-cells are important for memory
cell differentiation after antigen-stimulation of the B-cell. Therefore, the expression of
CD27 and CD70 on the cell surface of B- and T-cells in children at diagnosis of pre-B

ALL was studied similar to the HIV-1 patients. In

1004

p<0.01
paper 3, we showed that there is an aberrant
] expression of CD27 and CD70 in ALL (Fig 6). The
60
percentage of B cells in peripheral blood expressing
40
CD27 and CD70 [43.5% (1-94) and 6.7% (0.1-83)]
20
was significantly higher in these patients compared to
pe0.01 controls [22% (7.6-42) and 5.5% (1-14.3), p<0.01).
1
80-
60
40
20 Fig 6. The proportion of CD27* and CD70* B-cells is higher in
é the ALL children (n=21) at diagnosis than in the controls
0 ALL Controls (n=43).
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The expression of CD27 and CD70 molecules on leukaemic cells in the BM correlated
to leukaemic cells in blood (r=0.78, p<0.001 and r=0.90, p<0.001) and to the levels of

soluble CD27 in serum at diagnosis (r=0.78, p<0.001 and r=0.61, p<0.05).

The expression and release of CD27 was different within the different genetic subtypes
of childhood ALL (Table 2). Children with the translocation (t 12; 21) involving
chromosome 12p, presented with significantly higher levels of sSCD27 compared to
those without the translocation [1275 U/mL (199-2177) vs. 424 U/mL (131-2005)
respectively, p<0.01]. The breakpoint of the translocation is located on the same
segment as the CD27gene and the up-regulation of CD27 occurs most likely as an
epigenetic phenomenon. We found that CD4, also located on chromosome 12p, is

present on leukaemic cells carrying the t (12; 21) translocation.

The biological importance of the CD27-CD70 interactions on leukaemic cells was
studied in vitro through blocking of the receptor-ligand pair. When blocking the
CD27-CD70 interaction with a monoclonal anti-CD70 Ab, the leukaemic cell
proliferation was reduced, which suggests that the up-regulation of CD27 and CD70 is

beneficial for these cells.

Table 2. Soluble CD27 in the different genetic sub-types of childhood ALL.

Genetic subtype Number of patients SolubleCD27 (U/mL)
Hyperdiploidy 20 352(131-1814)
Translocation 12; 21 16 1275 (199-2177)
Normal karyotype 14 620 (185-1649)

Other genetic alterations 16 584 (144-2005)
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CD27 and CD70 are also expressed on T-cells. Upon T-cell activation, CD70 is
expressed on the cell surface (123) and CD70" T-cells have the ability to stimulate
memory B cells into IgG secretion and plasma cell formation (124, 125). Our group
has previously shown that HIV-1 patients have a high expression of CD70 on T-cells
(101) as a result of chronic activation. In children at diagnosis of ALL, there was an
increase in the percentage of CD70" T-cells compared to healthy age-matched controls
[5%(0.3-58.7) vs. 1.2%(0.4-11.1), p<0.02] (Fig 7). However, there was not a significant
correlation between the CD70+T-cells and IgG in the limited number of patients

investigated (n=20) (p=0.21).
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Fig 7. At diagnosis of ALL, patients (n=21)
have a higher proportion of activated T-cells
in peripheral blood than controls (n=43).
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Soluble factors mediating survival of Ab producing cells

The survival of memory B-cells and plasmacells is mediated by different growth
factors, cytokines and cell-to-cell contact through different receptors. In ALL children,
chemotherapy significantly reduces the memory B-cell compartment. In HIV-1
infection the memory B-cells pool is decreased compared to normal controls as
demonstrated in paper 2 and paper 4. Several mechanisms have been suggested for the
depletion of memory B-cells during HIV-1 infection. B-cell activation leads to a higher

susceptibility to apoptotic stimuli in B-cells (126) with a concomitant up-regulation of
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Fas and Fas L on memory B-cells (101). B-cell activation may also lead to an increase

in differentiation into plasma cells (124).

In paper 4, the effect of NGF on the survival of memory B-cells in HIV-1 patients and
controls were studied. NGF is an autocrine survival factor for memory B-cells and
NGF also inhibits apoptosis in memory B-cells (127, 128). We found a lower median
plasma NGF in HIV-1-infected subjects [5 pg/ml (5-112)] compared to healthy controls
[14 pg/ml (5-175)] (p=0.003). The frequency of NGF detection in plasma was also
decreased in the HIV-1 infected subjects compared to healthy controls (33.6% vs.
63.6%, p<0.001). In addition, when recombinant NGF was added to purified B-cells
from HIV-1 subjects cultured over-night, a low but statistically significant reduction of
apoptosis of memory B cells was induced. The highest concentration of NGF (1000
ng/ml) induced a 20% reduction of memory B cell death compared to cells cultured in
the absence of NGF [(mean + SEM) 24.0£3.0 vs. 17.4+1.3 %, p=0.001]. In contrast, the

addition of NGF did not have any significant effect on cell death of naive cells.

SDF-1 was first identified as a pre-B cell growth factor (19, 24) with a predominantly
chemotactic activity; however, SDF-1 has recently also been shown to mediate plasma
cell survival (129) and an increase in IgG production from activated B-cells in vitro
(130). In paper 5, we analysed the SDF-1 levels in children at diagnosis of pre-B ALL
and the ALL children have elevated levels of SDF-1 in serum compared to controls [4.8
(0-32) ng/mL vs. 0 (0-3.2) ng/mL, p< 0.0001]. In twentysix (70.2%) children with
ALL the SDF-1 serum concentrations were above 3.5 ng/mL (mean=+ 2SD of SDF-1
levels in the control group), whereas 11 (29.8%) had values below 3.5 ng/mL. In the

controls, there were no samples with an SDF-1 concentration above 3.5 ng/mL (Fig 8).
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SDF-1 induced proliferation of leukaemic pre-B cells, but not in normal pre-B cells,
when added to the leukaemic BM cultures in vitro. This suggests that SDF-1
contributes to maintenance and possibly expansion of the leukaemic clone and not only

to migration of leukaemic cells.

Stromal cells BM may function as important regulators of B-cell fate

In the BM, stromal cells produce growth factors, cytokines and chemokines important
for haematopoiesis and maturation of early progenitors. The regulation of cytokine
production from stromal cells has not been extensively studied but in vitro studies
indicates that cytokine production is induced from stromal cells (131, 132) by different
stimuli such as cell-to-cell contact and inflammatory cytokines. Human BM stromal

cells have been found to produce NGF (133) as well.

Our findings of elevated levels of SDF-1 in serum at diagnosis of ALL prompted us to
study the interaction between leukemic cells and stromal cells in vitro. In paper 5, we
present a model for cell-to-cell interactions in the BM that results in increased SDF-1

production from the human BM stromal cell line HS-27. When cultured together with
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increasing amounts of the human pre-B leukemic cell line Nalm-6, SDF-1 in the culture
supernatants is increased. The increase in SDF-1 is not mediated by soluble factors but
is dependent on cell-to-cell contact. To test whether the up-regulation of SDF-1
production is mediated via the receptor, CXCR4, a monoclonal anti-CXCR4 Abs was
added to the culture system. When the Nalm-6 cells were cultured together with an

anti-CXCR4 Abs there was no up-regulation of SDF-1 production (Fig 9).

The cellular source of the elevated SDF-1 remains to be identified as SDF-1 mRNA
can be detected in stromal cells and in primary leukaemic cells, derived from children
with ALL, and from the leukaemic cell line Nalm-6 . However, there is no release of

SDF-1 when Nalm-6 is cultured alone.

Re-immunisation of children treated for ALL

One of the aims for this thesis was to investigate whether children after treatment
against ALL needed to be re-immunized against measles, mumps and rubella. We have
shown that Ab production and maintenance of humoral immunity is impaired in these

children.
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In paper 1, 14 children without immunity against measles were revaccinated and serum
Ab levels were analyzed after 3 months. The median Ab level was somewhat increased
compared to before the booster, however not statistically significant. Eight children
responded with increased Ab titres after one booster of vaccine however 6 of the 14

without immunity failed to achieve protective levels of specific Abs.

To further study the type of vaccination response, an additional ELISA with
concomitant measles IgG avidity tests was performed on sequential samples after
treatment and after revaccination. In responders, avidity and Ab titres indicated a
primary immune response in 4 children and in 2 children a secondary immune
response. In the non-responders, avidity and Ab titres were unchanged in spite of the

booster.

Eleven children were also non-immune against rubella and they were given a booster
vaccination. Compared to before the booster the Ab level was significantly elevated
[47.8 IU/mL (3.2-150) vs. 12.4 IU/mL (1.2-150); p<0.01]. However, despite he

revaccination 3 children failed to achieve protective levels of Abs against rubella.
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7 DISCUSSION

The primary aim of this thesis was to study B-cell function and long-term immunity in
children who had undergone chemotherapy for treatment of ALL and in HIV-1 infected
subjects. By studying specific Abs at diagnosis and after treatment, it became evident

that the regulation of Ab production is altered already at diagnosis of these diseases.

Hypergammaglobulinemia is a common finding in autoimmune disease (134, 135),
chronic infections (136, 137) and in lymfoproliferative disorders (138). In this thesis,
we have studied the regulation of specific Ab production in two different disorders
(HIV and childhood ALL) in relation to hypergammaglobulinemia. When analysing
anti-measles Abs in these two patient groups an important difference was noted.
Specific Ab levels were decreased in HIV-1 infected subjects even in presence of high
total IgG levels whereas the high serum IgG levels in the children with ALL reflected
elevated levels of specific Abs. This indicates that the memory B cell compartment in
children with ALL is conserved at diagnosis and activated by the disease, while the

memory B cell compartment is compromised during HIV-1 infection.

Maintenance of serological memory has been under debate for many years (60, 61,

139) and one of the current hypothesis is that non-cognate activation by T-cells via
CD40-CD40L interactions with memory B cells sustains specific Ab titres in the host
(62). In peripheral blood at diagnosis of childhood ALL, there is an increase in the
proportion of CD70+ activated T-cells that may be responsible for triggering specific
Ab production from memory B cells and thus contributing to hypergammaglobulinemia

(45).
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HIV-1 establishes a chronic infection (88) in the host characterised by immune
activation (140). Recently, it was proposed that hypergammaglobulinemia in murine
viral infections is induced by activated T helper cells stimulating naive B cells,
independently of the BCR, to switch and produce polyspecific IgG antibodies. In this
murine model, activation of naive B cells requires CD40-CD40L interaction (via B-T
helper cells) and presentation of viral peptides in conjunction with the MHC class II on
B cells (141). In paper 2 we present evidence of a similar polyspecific IgG production
from naive B cells in HIV-1 infection. The phenotype of these naive B cells indicate
recent activation with subsequent up-regulation of CD70 (45) and a decrease in LAIR-1
expression (142). The correlation of IgG levels to the proportion of CD70+ B cells in
the HIV-1 infected subjects further strengthens our observation of I1gG secretion from

naive B cells during chronic HIV-1 infection.

The cellular mechanisms leading to isotype switch of naive B cells have only partly
been characterised (143). Interactions between CD40-CD40L are crucial for isotype
switch and CD40L- deficiency leads to the hyper-IgM syndrome without the
production of IgG, IgA or IgE (144-146). Whether the activation and switch to IgG
production from HIV-1 naive B cells is followed by differentiation to plasma cells has
not been extensively studied. However, there are several reports on plasmacytosis in the
BM of HIV-1 infected subjects (121, 122, 124) but it is not characterised whether the
plasma cells produce high affinity versus low affinity Abs. If HIV-1 naive cells
differentiate to plasma cells it would be of interest to characterise the chemokine
receptor profile of these plasma cells. This could implement our knowledge on whether
these cells may home to the BM compartment. In fact, homing to the BM (57, 147) is

dependent on SDF-1 induced migration via a functional and responsive CXCR4.
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The hypergammaglobulinemia and loss of specific Abs during HIV-1 is accompanied
by a decrease in the proportion and numbers of memory B cells. Memory B cells are
more prone to apoptosis in HIV-1 (paper 2) and there is also a lack of growth factors
during HIV-1 infection (paper 4) resulting in a reduction of the memory B cell
compartment. The concomitant decrease of memory B cells and antigen-specific Abs in
HIV-1 indicates a crucial role for memory B cells in maintaining a specific serological
memory. In Fig 10, our current understanding of the mechanisms of

hypergammaglobulinemia in childhood ALL and HIV-1 infection are summarised.

A
A%y
ALL LA A
A 1 A
High affinity Abs
HIV @
Apoptosis

Fig 10. A proposed model for the relation between specific, high affinity antibodies,
hypergammaglobulinemia and the memory B-cell compartment. In children with ALL, memory B-cells
are activated by the disease to produce high amounts of specific antibodies that accounts for the high total
IgG present in sera at diagnosis. In HIV-1 infection, memory B-cells are prone to apoptosis and the
immune activation leads to production of poly-specific, low affinity antibodies from naive B-cells.
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During chemotherapy plasma cells as well as memory B cells are reduced and in
approximately 40% of the ALL children the levels of vaccination induced specific Abs
have declined (paper!). In our cohort, young age (< 7 years) at diagnosis of ALL was
associated with a reduction of specific Ab titres below levels considered being
protective. The humoral arm of the immune system is still evolving during infancy and
early childhood (1, 3, 4) and it is likely that the memory B cell compartment in the

young child is less developed and therefore more vulnerable during chemotherapy.

Our study and a recent study by Ek and co-workers (148) indicate that children after
completed chemotherapy have lost protective levels of vaccination induced specific
Abs. When re-immunising the ALL children, the specific Ab response measured as At
titres and avidity remains poor in approximately 50% of the children. Further studies
are needed where specific Ab titres are measured one week and one month after re-
immunisation including quantification of specific Abs-secreting cells in order to better
characterise the specific Ab response in these children. Several mechanisms such as
sub-optimal Ag-presentation or deficient T cell help with perturbations in B-T cell
interactions may explain the poor Ab response after immunisation in the former ALL
patients. If our current data are reproduced, new strategies for re-immunisations in

children treated with chemotherapy need to be set in place.

Immune responses after immunisations in the HIV-1 infected population are also
impaired with rapid loss of Ag-specific Abs following in vivo immunisations (103,
105) and this phenomena is not corrected for with HAART (149). Considering that the
majority of HIV-1 infected individuals live in areas with a high incidence of infections
per se successful immunisations of children and adults would decrease overall

morbidity in infections (150, 151).
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In normal B lymphoid development, the expression of CD27 and CD70 is tightly
regulated (40, 45) and represents memory B cells (CD27) (41, 152) and recently
activated B cells (CD70) (45). In contrast to this restricted and tightly regulated pattern
of expression, we found a high proportion of CD27* and CD70" B-cells in the blood
and BM of children with pre-B ALL (paper 3). The soluble CD27, sCD27, mirrored
the cell bound expression of CD27 and CD70 on the leukaemic cells in the BM and we
found a significantly higher level of sCD27 in children with the t (12; 21) translocation.
When CD27-CD70 interaction in cells from ALL is blocked, the proliferation of the
leukaemic cells in vitro was reduced indicating a possible role for CD27-CD70

interactions in the pathogenesis of ALL.

It is not clear whether the expression of CD27 and CD70 in different malignancies
supports the expansion of the tumour or whether it represents a mechanism for immune
surveillance or immune escape. The expression of CD70 (ligand) on brain gliomas
induces apoptosis of cytotoxic T-cells through the CD27 receptor thus preventing an
effective immune response against the tumour (153). In CD70+ nasopharyngeal
carcinomas, CD27+ T-cells are present in the infiltrating stroma of the tumours
indicating that tumour and T-cell interactions via CD27-CD70 occur and may be of
importance in tumour development (154). Several studies have shown that pre-B
leukaemic cells express CD40 and also CD40L indicating that these cells can interact
with other immune cells (155, 156) Other members of the TNFR-family have also been

associated with tumour immune escape such as Fas and TNFR (157).

On the other hand, CD27-CD70 interactions have emerged as an important mechanism
for NK-cell mediated tumour rejection and induction of tumour specific T cell memory

(158). NK cells express CD27 constitutively and when activated through this receptor,
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IFN-y production increases and perforin-mediated cytotoxicity is enhanced (159, 160).
It would be interesting to investigate whether the increased expression of CD27 and
CD70 in the t (12; 21) ALL elicit a stronger innate immune response or an increased

cytotoxic T-lymphocyte (CTL) response (161) via CD27-CD70 interactions.

NK-cells function as a link between innate and adaptive immunity in participating in
the regulation of Ab responses (162). It has also been suggested that NK-cells can
program B cells for switching to IgG2a production (163) independently of CD40-CD40
ligand interactions. In HIV-1, NK-cells promote immunoglobulin production and

plasma cell differentiation (164) involving CD27-CD70 interactions.

B-cell differentiation, from the early stages in the BM to the terminally differentiated
plasma cells, require receptor-signalling, adhesion molecules, soluble growth factors
and chemokines for the localisation to the appropriate environment for further
maturation. Many of the growth factors, cytokines and chemokines important for B
lymphoid development such as IL-7, SDF-1, NGF (165) are produced by stromal cells
(17, 166). In this context, it would be interesting to study the establishment of long-
lived serological memory in relation to structural changes in secondary lymphoid

organs occurring during ontogeny.

In HIV-1 infection a gradual destruction of the secondary lymphoid organs by the virus
has been described (167) and the architecture of lymph nodes is only partly restored by
HAART (168). Tonsils from HIV-1 infected subjects are characterised by a general
cellular depletion, accumulation of plasma cells and absence of germinal centres. A
dysfunction in the interplay between immune cells and stromal cells in secondary

lymphoid organs could be one of the explanation behind the low levels of NGF
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associated with HIV-1 (paper 4). In normal lymphopoesis, NGF induces
immunoglobulin production (169) and promotes differentiation of B cells into plasma
cells (170). NGF has also been associated with malignant lymphomas of B cell type
(171) in adults. In this context, it is interesting that NGF regulates the production of
neuropeptide Y (NPY), a peptide shown to be elevated in plasma of children with ALL

(172).

It is not completely understood how the production and secretion of cytokines and
chemokines are regulated from stromal cells. Apparently, cell-to-cell contact is
necessary for the induction of SDF-1 production (paper 5) and this holds true also for
other soluble factors (131, 132, 173) . The production of the chemokine, SDF-1, from
stromal cells affects migration within the microenvironment and may facilitate organ
infiltration in ALL as well leukaemic cell proliferation. It is also conceivable that the
elevated SDF-1 might influence immunoglobulin production and homing of plasma
cells to the BM and thereby contribute to the hypergammaglobulinemia seen at
diagnosis of ALL. The interaction between stromal cells and immune cells is also a
possible target for immunotherapy in childhood ALL. Inhibitors of CXCR4 reduce
leukaemic cell proliferation in vitro (174) and prevent BM metastasis from other solid

tumours (175, 176).
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8 FUTURE PERSPECTIVES

My PhD project started with a very basic and clinically relevant question whether
children with ALL maintained protective levels of vaccination induced Abs or not after
chemotherapy. By addressing that question my interest in immunology, on receptors
and ligands, growth factors and chemokines has increased. And now, after five years,

there are still more questions that need to be answered!

We have shown that the concept of hypergammaglobulinemia is different depending on
the cellular mechanisms triggering naive or memory B cells in different diseases.
Present studies in the laboratory are focusing on the possible differentiation of plasma
cells from these HIV-1 naive B cells and the chemokine repertoire of these cells. The
high production of low affinity Abs in HIV-1 is detrimental to the host since many of
these auto Abs are directed against CD4+ T helper cells and other cells of the immune
system. To revert this process, would be of benefit to the host and potentially increase

the level of specific Abs production as well.

By the initial studies of CD27 and CD70 on B cells we became aware of the
deregulated expression of these molecules on leukaemic cells, especially in t (12; 21)
ALL. In the future studies, we want to focus on the generation of cytotoxic cells (NK-
cells or CD8+ T cells) via CD27-CD70 interactions in ALL. The aberrant expression of
CD27 and CD70 is also a possible target for therapy — and in this context it is important
to remember that so far the most successful immune therapies are the antibody-

mediated therapies against cell surface molecules.
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Stratification of patients into the different treatment groups is based on clinical
characteristics and biological properties of the leukaemic cells. To increase our
knowledge on tumour biology and factors regulating proliferation and survival of
leukaemic cells (such as SDF-1 or CD27- CD70) could be of benefit when stratifying
children into the treatment groups based on biological features of the leukaemia. This
should be done by including more patients and perform prospective studies in relation

to these molecules in the future.
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