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Agammaglobulinemia was first described in 1952 by Colonel Odgen C. Bruton on
a single male pediatric patient with recurrent invasive infections sustained by encap-
sulated bacteria by utilizing the serum protein electrophoresis that had just been
developed at the Walter Reed Army Hospital in Bethesda, Maryland, USA.
Additional immunological assays (immunoelettrophoresis, Ouchterlony double
immunodiffusion, radial immunodiffusion techniques) allowing for the assessment
of different immunoglobulin isotypes led to the identification of immunoglobulin
deficiency disorders of one or more of these isotypes, named dysgammaglobu-
linemias, with agammaglobulinemia being part of this group. At that time, nothing
was known on T and B lymphocytes, which were only described in the mid-1960s.
This innovative discovery led to a progressive explosion of interest in the field of
immunology and together with the advances in the field of cellular (Ilymphocyte
culture, production of monoclonal antibodies) and molecular biology (linkage anal-
ysis, candidate gene analysis, next-generation sequencing) allowed to better define
the pathogenetic mechanisms of several humoral immunofeficiencies, among them
agammaglobulinemia. Agammaglobulinemia, in its different forms, is the object of
this monograph, in which clinical and therapeutic issues integrate with principles of
basic and molecular immunology, as an effort to offer an updated overview of this
disorder. We hope that this monograph may offer the notions of basic immunology
to clinicians and useful clinical information, to researchers in order for both to inte-
grate their knowledge in this field with the final aim to improve the clinical assis-
tance to patients affected with agammaglobulinemia.

We would like to thank all expert senior and junior scientists and clinicians from
around the world that contributed to this book with their expertise, their time, and
efforts, without which this monograph would not have been accomplished. We
would also like to thank Springer for making this book possible.

Brescia, Italy Alessandro Plebani
Vassilios Lougaris
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Hermann Eibel

1.1 From Hematopoietic Stem Cells to B Cell Progenitors

The homeostasis, maintenance, and differentiation of hematopoietic stem cells
(HSCs) take place within the highly specialized microenvironment of the human
bone marrow. These processes are regulated on the one side by interactions with
stroma cells of non-hematopoietic origin [64, 71] and on the other side by cell type-
specific intrinsic programs controlled by the timed expression of transcription fac-
tors combined with epigenetic changes of the chromatin structure [10, 23, 119].
Since HSCs are multipotent, they can differentiate into cells of the lymphocyte,
monocyte/myeloid, and erythrocyte lineage. Moreover, expressing cytokine recep-
tors such as Flt3 and c-kit, pattern-recognition receptors like TLRs, Rig I-like recep-
tors (RLRs), Nod-like receptors (NLRs), and purinergic receptors [72, 93], HSCs
integrate and respond to various signals generated by their microenvironment.
Therefore, stress, tissue damage, inflammation, and infections may change the com-
position of the HSC pool [22, 86, 89].

Repopulation studies carried out in mice show that HSCs are separated into
subsets with long-, intermediate-, and short-term repopulation capacity ([52]
Benveniste, 2010 #1385). The distribution of HSCs into these subsets is regu-
lated by multiple interactions with osteoblasts, the vasculature, and stroma cells
[18]. In humans, HSCs are mainly characterized according to the expression of
the surface markers CD34, CD133, CD90, and CD49f (integrin a6) and the lack
of CD45RA and CD38 expression [26]. Expression of the latter markers and
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Fig. 1.1 An overview on B cell development. B cell precursors (pro-B, pre-B, and immature B
cells) develop in the bone marrow from common lymphoid progenitors (CLP) that originate from
hematopoietic stem cells (HSC). CLP may also emigrate as early thymocyte progenitor cells from
the bone marrow and home to the thymus where they develop into mature T cells. Immature IgM+
B cells exit from the bone marrow and home as IgM+ IgD+ transitional B cells to the spleen and
eventually also to gut-associated lymphoid tissues (GALT). There they complete maturation as
naive IgM+ IgD+ follicular or marginal zone B cells (mat.). Antigen binding activates B cells
which may in a context-dependent manner either become, together with T helper cells, founders of
germinal centers where they undergo somatic hypermutation of variable regions and class-switch
recombination of their constant parts. In the course of the germinal center reaction, B cells respond-
ing to antigen develop into IgG* or IgA* switched memory B cells (mem) and into long-lived
plasma cells (PC) secreting high amounts of IgG and IgA. If B cells are activated by T-independent
antigens, they may develop outside of the follicles into I[gM-secreting short-lived plasma cells

downregulation of CD90 and CD49f are generally used to identify more differ-
entiated subsets such as common lymphoid progenitors (CLP). CD34+
CD45*CD10* CD7%- expressing CLPs initiate the differentiation of lymphoid
lineage and develop into B, T, and NK cells. However, they may also differentiate
into monocytes although with reduced efficiency [26, 52].

In contrast to the early thymic progenitors (ETPs) that are leaving the bone
marrow to the thymus where they differentiate into mature T cells, B cell
progenitors stay in the bone marrow where they develop into IgM-expressing
immature B cells (Fig. 1.1).
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1.2 A Complex Network of Transcription Factors Regulates
the Commitment to the B Cell Lineage and Pro-B
and Pre-B Cell Development

The different phases of B lymphocyte development are governed by the regulated
expression and activity of proteins that are essential signaling components of cyto-
kine and antigen receptor signaling pathways as well as by enzymes that catalyze
the rearrangement of the immunoglobulin (Ig) VDJ and VJ gene segments.
Combined with the expression of specific cell surface and cytoplasmic markers,
V(D)J recombination is used to distinguish distinct subpopulations of developing B
cell (Fig. 1.2) [9, 54]. The somatic recombination events of the rearrangement pro-
cess that joins the V, D, and J segments of the H chain and the VJ segments of the
immunoglobulin L chain are catalyzed by two recombinases encoded by the
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Fig. 1.2 Phases and markers of early B cell development. The time line shows the expression
levels of stage-specific surface markers and receptors (CD34, c-kit, CD38, CD10, CD19, CD20,
CD22, CD40, CD43, CD72), of components of the pre-BCR and the BCR (A5, Vpre-B, Ig-a, Ig-f,
the cytoplasmic p-chain, surface IgM, kappa and lambda light chains, and IgD) of markers and
receptors expressed by transitional and mature B cells (BAFFR, CD21, CD23), of enzymes
involved in immunoglobulin gene rearrangement (RAG1, TdT), and of the proliferation marker
Ki67. Expression levels are indicated to the right and are compiled from Bendall et al [9] and
Kraus et al. [9, 54]
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recombination activating genes RAGI and RAG2. RAG genes are expressed first in
CD34* early pro-B cells (also called pre-pro-B cells), and their expression coincides
with the phosphorylation of STATS in response to IL-7 binding to the IL-7R [9]. In
mouse CLPs, IL-7R expression seems to be regulated by the transcription factor
Miz-1 as B cell precursors of mice lacking the POZ (poxvirus and zinc finger)
domain of Miz-1 cannot respond to IL-7. Miz-1 has a dual function by acting as
repressor of the JAK inhibitor “suppressor of cytokine signaling 1 (Socs1) and as
transactivator of Bcl-2 expression. Since Miz-1-deficient B cell precursors fail to
induce Bcl-2 expression, these cells are more susceptible to die by apoptosis. As a
consequence of impaired IL-7R signaling, Miz/—/— pro-B cells express very low
levels of two transcription factors that are essential inducers of B cell development:
E2A (Tcf3) and early B cell factor 1 (EBF1). Therefore, in Miz-1-deficient mice, B
cell development is arrested at the pro-B cell stage [53].

Induced by E2A activity, upregulation of EBF1 expression is one of the most
important steps in early B cell development. The central role of EBF1 as an opener
for B cell development becomes readily apparent if EBF1 expression is ablated in
knockout mice as in these animals the loss of EBF1 function arrests B cell develop-
ment before pro-B cells start to rearrange the H-chain gene segments [58]. These
data suggested that EBF1 is a central component of the concerted action of tran-
scription factors that control the expression of Rag genes in mice. In fact, in pro-
and pre-B cells, EBF1 binds to the regulatory sequences of more than 500 genes.
Upon EBF1 binding, chromatin changes allow the transcriptional activation of tar-
get genes or poising of target loci for later expression at subsequent stages of B cell
differentiation [107].

The expression of EBF1 is regulated by two other transcription factors expressed
in HSC and in common lymphocyte progenitors, namely, E2A [77] and RUNX1
[98]. E2A does not only activate transcription of the Ebf] gene but it also cooperates
with this transcription factor by synergistically upregulating the expression of the
recombinases RAG1 and RAG2, of the pre-BCR and BCR-associated signal trans-
ducer protein Ig-a (CD79A), and of PAXS [77]. PAXS, a member of the paired box
transcription factor family, acts as an essential transcription factor during the com-
mitment to the B lineage as well as in all later stages of B cell development [14, 75].

RUNXI1 (also known as AML-1) plays an essential role in normal hematopoietic
development. It recognizes its DNA target sequences as homodimer, but binding is
enhanced more than tenfold if it forms a heterodimer with the core binding factor §
(CBFp) [101]. These RUNX1-CBF complexes regulate expression of EBFI by epi-
genetic mechanisms. In RunxI-deficient pro-B cells, repressive histones surround-
ing the Ebfl promoter carry heavy H3K27 methylation, whereas binding of
RUNX1-CBF complexes to the EbfI proximal promoter supports opening of its
chromatin structure and induces EBF1 expression [98].

In addition to E2A, RUNXI1, Miz-1, and EBF1, factors of the IKAROS family
[70] play a crucial role in early B cell progenitors. Together with histone deacety-
lases (HDAC) and the DNA-dependent ATPase, Mi-2 IKAROS forms the so-called
Mi-2/NuRD (nucleosome remodeling deacetylase) complex. Binding of the Mi-2/
NuRD complex to target genes needs a specific guide that recognizes the target
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DNA. By recruiting Mi-2/HDAC to specific regions of heterochromatin at or close
to regulatory sequences in genes, IKAROS proteins are restructuring the chromatin
at specific loci during lymphocyte differentiation, thus poising lymphocyte-specific
genes—similar to EBF1—for later transcription [50]. If IKAROS is lacking, the
NuRD complex activates other genes that are transcriptionally poised by common
transcription factors and encode many proteins regulating cellular metabolism and
proliferation. As these genes are not targets of IKAROS, mutations or deletions of
the IKAROS-encoding IzkfI gene prevent lymphocyte maturation and promote the
progression to a transformed state and leukemogenesis. Thus, IKAROS plays an
important role in preventing the transformation of B cell precursors by engaging
functionally opposing epigenetic and genetic networks [96]. In the course of normal
B cell development, IKAROS regulates the expression of lambda5 (CD179B, A5)
together with EBF1 [105] and is required to induce the expression of the RAG/ and
RAG?2 genes [91]. Moreover, IKAROS and the closely related transcription factor
AIOLOS bind to the c-Myc promoter and directly inhibit c-Myc expression that is
induced by IL-7 binding to the IL-7 receptor. As c-Myc repression is required for
the upregulation of the cell cycle kinase inhibitor p27¥ and for the repression of the
cyclin-dependent kinase regulator cyclin D3, the IKAROS transcription factors
function as key elements in regulating the expansion of the pro- and pre-B cell pool
[60]. Similar to the other transcription factors playing a key role in early B cell
development, IKAROS1, encoded by the IZKFI gene, is not expressed constitu-
tively but is regulated by another transcription factor called FOXO1. FOXOL1 is a
member of the forkhead transcription factor family. These factors are involved in
many cellular processes including lymphomagenesis, tumor suppression, and cell
death, as well as the long-term maintenance of stem cells [4]. In B cell precursors,
FOXOL1 controls the splicing of Izkfl mRNA [2].

Like EBF1 and IKAROS, the ETS transcription factor PU.1 contributes to the
commitment to the B cell lineage [16]. PU.1 upregulates together with the transcrip-
tion factor SpiB expression of Bruton’s tyrosine kinase (BTK), which in turn acts as
negative regulator of IL-7R-dependent STATS activation. As IL-7R signaling and
STATS activation are needed for the development of mouse B cells, low PU.1
expression levels promote lymphocyte development, whereas high levels of PU.1
foster the development into myeloid cells [19, 61].

Controlled by these transcription factors, PAXS acts as master regulator of B cell
development and of maintaining essential B cell functions [75]. PAXS commits
precursor cells to the B cell lineage by activating the expression of B cell-specific
genes and by repressing non-B lymphoid genes [75, 92]. PAXS is expressed almost
exclusively in B cells with the exception of cells in the testis and in the developing
CNS [1]. In the B cell lineage, PAXS expression starts at the pro-B cell stage and
lasts until B cells develop into plasma cells [20]. Induced by EBF1 [87, 107], PAXS
activity drives the progression of B cell development beyond the pro-B cell stage.
For example, PAXS controls in a positive feedback loop together with EBF1 and
E2A/E47 the expression of CD19, SLP65 (BLNK), and CD79A [13]. PAX5-deficient
pro-B cells remain uncommitted to the B cell lineage, and exposure to the appropri-
ate microenvironment allows the development of Pax5—/— pro-B cells into
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functional T cells, macrophages, osteoclasts, dendritic cells, granulocytes, and natu-
ral killer cells [65, 75, 92]. In mature B cells, PAXS activity is needed to keep the
cells on the B cell lineage track as conditional inactivation of Pax5 in mature B cells
changes the gene expression pattern allowing the expression on non-B lymphoid
genes [41]. Interestingly, the loss of B cell-specific gene expression (e.g., of Bcl6)
is paralleled by upregulation of transcription factors expressed normally in plasma
cells such as Blimp-1 (Prdml) and of Xbpl as well as the secretion of IgM [74].
Thus, PAXS expression prevents the transition of B cells into the plasma cell stage
unless activation of B cells in response to antigen leads to the expression of plasma
cell-specific master genes like Blimp-1 at levels that are sufficient to repress Pax5
transcription and to switch to the plasma cell program [47, 76].

In humans, immunodeficiencies resulting from mutations in PU.I, RUNXI,
MIZI1, EBF1, AIOLOS, PAX5, or E2A (TCF3) were not found so far. A mutation in
the DNA-binding Zn finger of IKAROS caused pancytopenia [36], whereas muta-
tions in PAXS [99] and fusions between E2A [56] or RUNXI [42] and other genes
have frequently been described in acute lymphoblastic pre-B cell leukemia.

1.3  Assembly and Signaling of the Pre-B Cell Receptor
Complex

CD10* pre-pro-B cells start to express CD79A (Ig-a) and CD79B (Ig-p) that are
both essential signal-transducing components of the pre-B cell and B cell antigen
receptor complex [39, 90]. In addition, these cells express CD179A (Vpre-B) and
CD179B (A5) that serve combined as surrogate light chains (SLC) before the “real”
light chains become available after the productive rearrangement of the immuno-
globulin kappa and lambda L-chain gene segments. Before the onset of D-J
H-recombination, the recombination activating genes encoding the RAG1 and
RAG?2 proteins are expressed together with the gene encoding the enzyme terminal
deoxynucleotidyl transferase (TdT) [35, 111, 116]. While the recombinases RAG1
and RAG?2 are indispensable for somatic VDJ gene segment rearrangement [79,
95], TdT adds nucleotides at the joints between rearranged gene segments in a
template-independent manner to increase the variability and the repertoire of the
rearranged p-H chains. After completing VDI rearrangement, human B cell pro-
genitors have developed into CD19* CD20" pre-B I [111]. If these cells express a
functional VDJ-Cp immunoglobulin H chain, the p-H chains form the pre-BCR
complex together with the signal-transducing components Ig-a and Ig-f, the sur-
rogate light chain, CD19, and BCAP ([80] Saito, 2003 #1307). CD179A (Vpre-B)
and CD179B (lambda5 or A5) associate as surrogate light chain that is bound in a
non-covalent manner to the V region and the first constant domain of the p-H chain
[48, 49]. This signaling complex regulates the most critical steps in B cell develop-
ment, namely, an initial shutdown of RAG expression and H-chain rearrangement
(allelic exclusion), proliferative expansion of pre-B cells that express a functional
pre-BCR, and the induction of L-chain rearrangement during a second phase of
RAG expression.
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At the intracellular side of the pre-BCR, the adapter protein SLP65 (BLNK)
[118] plays an essential role in early B cell development as it forms an attachment
site for several key enzymes that regulate B cell differentiation. In Bink-deficient
mice, pre-B cells accumulate and only a fraction of these cells develops into mature
B cells. The latter show reduced Ca** mobilization and impaired responses to anti-
gen [45]. Different from BLNK-deficient humans [55, 68] that have a severe block
at the pre-B cell stage and lack almost all mature B cells, Bink-deficient mice con-
tain mature B cells and accumulate pre-B cells due to the steady expansion of their
pre-B cell compartment. Moreover, Blnk-deficient mice frequently develop pre-B
cell leukemia that can be prevented by reintroducing SLP65 expression in precur-
sor B cells [31] . These striking differences between BLNK-deficient human and
mouse pre-B cells are most likely attributed to the constitutively active JAK3/
STATS signaling pathway in SLP65/BLNK-deficient mouse pre-B cells. This sig-
naling pathway is induced by autocrine production of IL-7 binding to their IL-7R
[73]. Different from mice, IL-7R-dependent activation of STATS in human B cell
precursors occurs before the expression of the pre-BCR [9]. This uncouples the
initial proliferation phase induced in CLP/pro-B cells by binding of IL-7 to IL-7R
from the signaling phase induced in late pro-B and pre-BI cells upon assembly of
a functional pre-BCR and minimizes the risk that mutations in single genes encod-
ing components of the pre-BCR result in uncontrolled proliferation of pre-B cells
and leukemogenesis.

Although it has been found that the pre-BCR binds to galectin [11, 27, 29, 34] or
to heparin sulfates [12]—these molecules are present on the surface of mouse
stroma cells and may serve as external ligands—it also has been clearly demon-
strated that activation of pre-B cells via the pre-BCR is induced in a ligand-
independent manner. Binding of the surrogate light chain to carbohydrates linked to
a conserved asparagine residue at position 46 of the first constant domain of the
p-heavy chain allows homo-aggregation of the pre-BCR and autonomous signaling
by concentrating the intracellular signaling components coupled to the pre-BCR
[109]. As a result of pre-BCR aggregation, Src-related kinases can phosphorylate
SYK, which in turn phosphorylates its substrate proteins including SLP65. This
adapter protein is then recruited to the plasma membrane by its N-terminal leucine
zipper motif [51]. Phosphorylated by SYK, the SLP65 adapter protein provides a
highly specialized scaffold for several key enzymes linked to the signaling path-
ways downstream of pre-BCR and of the BCR. Therefore, B cell development is
arrested at the pro-B/pre-B cell stage in Syk-deficient mice [94].

One of the signaling pathways coupled via SLP65 to the pre-BCR is the activa-
tion of class I phosphoinositide 3-kinases (PI3K). These enzymes catalyze the syn-
thesis of phosphatidylinositol 3-phosphate, phosphatidylinositol (3,4)-bisphosphate
(PIP,), and phosphatidylinositol (3,4,5)-trisphosphate (PIP;). To form a functional
enzyme, the regulatory subunit (p85), which is encoded by the PIK3RI gene, has to
associate with one of the three isoforms (a, 3, or 8) of the catalytic subunit (p110).
The p110a, p110P, and p110d subunits are encoded by separate genes (PIK3CA,
PIK3CB, and PIK3CD). Whereas the p110a and p110f isoforms are ubiquitously
expressed, the p1103 is primarily found in lymphocytes [81] including pro-B and
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pre-B cells [8]. Deletion of the p1108 encoding Pik3cd gene in mice arrests B cell
development at the stage of pro-B cells resulting in decreased numbers of mature B
cells, disturbed Ca* flux, proliferation, impaired immune responses to T-independent,
as well as T-dependent antigens and agammaglobulinemia [44]. Immature B cells
from p1108-deficient mice do not downregulate RAG expression and continue to
rearrange L-chain loci demonstrating that PI3K signaling plays an important role in
regulating allelic exclusion of immunoglobulin L chains [59]. As p110a partially
compensates the lack of p1108 in mice, some of the B cell precursors can develop
up to the mature B cell stage. If both isoforms are lacking, the developmental arrest
is more pronounced while RAG expression is not shut down by pre-BCR signaling.
The third isoform, p110p, does not seem to play a role in B cell development [88].
This is different from mutations in the PIK3RI gene encoding the PI3K structural
subunit p85 that cause a partial block in B cell development with a phenotype that
is similar to p110d or Btk-deficient mice [32].

Phosphorylated PI3K activates AKT (protein kinase B) [81], which in turn leads
to the phosphorylation and inactivation of the transcription factors FOXO1 and
FOXO3A [38]. As FOXO1 is needed for the correct splicing of the IKAROS-
encoding mRNA, homo-oligomerization of the pre-BCR and activation of the
downstream signaling pathways directly regulate in a negative feedback loop the
rearrangement of the heavy gene segments [2].

Another, equally important pathway linked via SLP65 to the pre-BCR involves
activation of phospholipase Cy2 (PLCy2) through phosphorylation catalyzed by
BTK [5, 37, 103]. PLCy2 hydrolyzes phospholipids of the plasma membrane into
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). In mice lacking the
PLCy2-encoding Plcg2 gene, B cell development is blocked like in Blnk-deficient
mice at the stage of pre-B cells. Although the double deletion of Bink and of Plcg?2
has an additive effect by interrupting normal B cell development at the stage between
pro- and pre-B cells, H-chain rearrangement continues in the double-knockout mice
showing that allelic exclusion and VDJ rearrangement occur independently of both
molecules and do not acquire pre-BCR signaling and aggregation [102, 120].

As pointed out above, expression of the pre-BCR and its autonomous signaling
is the first crucial checkpoint in B cell maturation. In humans, mutations abolishing
the function of any of the single components of the pre-BCR [25, 30, 66, 67] and of
its downstream signaling molecules [21, 55, 68, 108, 113] or the rearrangement
of immunoglobulin gene segments [97, 114] block B cell development at the stage
of pro-B or pre-B cells. For example, humans carrying mutations in BTK or SLP65
[68, 108] lack circulating B cells and antibodies of all isotypes.

1.4  Allelic Exclusion and Receptor Editing

As each single B cell should express only one type of antibody composed of a
unique H and L chain, signals created by the assembly of the functionally rear-
ranged VDJ p-H chain in the pre-BCR complex downregulate RAG expression [33,
104]. Allelic exclusion preventing rearrangement of the second H-chain allele also
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limits the critical phase that permits chromosomal translocations caused by the
DNA double-strand breaks introduced into the H-chain locus during the rearrange-
ment process. The potentially dangerous activity of the RAG recombinases is regu-
lated on posttranslational as well as on transcriptional levels. In pre-B cells and
developing thymocytes, RAG2 accumulates during the G1 phase of the cell cycle
but is degraded when cells enter the S and G2/M phase. RAG2 degradation depends
on phosphorylation of the threonine residue 490 by cyclin-dependent kinases. Thus,
DNA double-strand breaks and the intermediates of VDJ recombination accumulate
during the GO/G1 phase and are resolved before the cells start to replicate their
chromosomes [57]. In addition to the regulation by cell cycle-dependent RAG2
degradation, allelic exclusion is controlled directly by the dsDNA breaks that are
introduced by RAG activity at the recombination signal sequences flanking the V,D,
and J gene segments. Rearrangement of one allele recruits and activates the serine/
threonine kinase “ataxia telangiectasia mutated” (ATM) leading to the positioning
of the other allele to pericentromeric heterochromatin. This mechanism prevents
biallelic recombination and recombination-induced chromosome breaks [40]. As a
second safeguard, ATM activates the serine/threonine kinase PIM?2. Its smaller iso-
form acts as cell cycle repressor and prevents pro-B and pre-B cells from entering
the S phase [7]. Nevertheless, RAG-induced chromosomal aberrations can occur
spontaneously leading to the development of acute lymphoblastic leukemia [82].

After having rearranged the H-chain alleles, pre-B cells undergo a few rounds of
replication and start to re-express the RAG genes to allow rearrangement of the
L-chain V and J gene segments. This transition from replicating to differentiating
pre-B cells is regulated by interferences between pre-BCR and STATS signaling
[78] and changes in the activity of PI3K and of its substrate proteins [6, 38, 78]
combined with the upregulation of FOXO [3] and AIOLOS/IKAROS proteins [60]

Similar to allelic exclusion at the pHC locus, rearrangement of the light-chain
loci x and A occurs at consecutive stages. Rearrangement is first induced only at one
allele of one light-chain locus, which is in general the k-locus. If the rearrangement
is successful leading to a functional light chain that pairs well with the heavy chain,
the pre-B cell proceeds to the next stage, the IgM* immature B cell. If the recombi-
nation of L-chain V and J gene segments fails or if the light chain does not pair well
with the H chain, rearrangement starts at the second allele or at the IgA locus [28].
If these rearrangements at the L-chain loci allow the expression of functional k- or
A-L chains, they form together with the p-H-chain IgM that is expressed on the cell
surface of immature CD19* CD10* CD38* CD24* B cells.

At this stage, the B cell is ready to leave the bone marrow through the sinusoids
and to enter the bloodstream that transports the cells into the spleen where they
complete the early stage of development as mature, naive B cells.

The exit from the bone marrow is controlled by two G protein-coupled chemo-
kine receptors: cannabinoid receptor 2 (CB2) and sphingosine- 1-phosphate receptor
1 (S1P1). Activation of CB2 by endocannabinoids and interactions between integrin
oyP; (VLA-4) and VCAM-1 increase the retention time of immature B cells in the
bone marrow [84], whereas S1P1 activation induced by high SIP concentrations in
the bloodstream promotes the exit into circulation [85, 100].
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If immature B cells express autoreactive B cell receptors or H and L chains that
pair not efficiently enough, the increased retention time in the parenchyma and in
the sinusoids of the bone marrow allows secondary rearrangements of the light-
chain loci. The replacement of functional light chains by secondary rearrangements
(“receptor editing”) was discovered first in transgenic or knockin mouse models
expressing rearranged self-reactive H- and L-chain genes [17, 83, 106]. Receptor
editing is based on the continuous expression of RAG proteins that catalyze the
somatic recombination between those V and J segments of the k- or A-loci that are
located either upstream (V) or downstream of the previously rearranged VI gene
segments.

Binding to self-antigen to surface IgM expressed on immature B cells seems to
activate RAP1 GTPases [43]. Their activity may enforce adhesion to parenchymal
cells and retention in the bone marrow. Additionally, sustained RAG expression is
promoted by canonical NF-kB activity that is upregulated by binding of (self-)anti-
gens to the BCR [112]. Therefore, increased NF-«xB activity and nuclear transloca-
tion of p50/relA heterodimers mark cells actively undergoing receptor editing [15].
The same process of secondary light-chain rearrangements is also found in humans
[46, 62, 63].

Compared to binding of cognate antigens to surface IgM and IgD, the BCR sig-
nals induced by binding to self-antigens to surface IgM under physiological condi-
tions seem to be weak, and only very low levels of BCR-dependent signaling seem
to be required to induce secondary rearrangements in immature B cells in the bone
marrow. This was demonstrated by marking immature B cells that were passing the
short phase of transitional B cells while they were entering the spleen before reach-
ing the stage of mature B cells with an inducible GFP gene controlled by Nur77 regu-
latory sequences [121]. Nur77 transcription is activated in B and T cells when these
cells strongly bind to antigen [24, 69]. Therefore, it can be used to label B cells that
were in contact with antigens cross-linking their BCR. Using these Nur77-GFP
reporter mice, it became clear that almost all transitional B cells and mature B cells
in the mouse spleen were contacting (self-)antigen with different binding intensities
[121]. Comparing the signaling properties between IgM and IgD, it became clear that
only IgM is capable of responding to low-valence antigens including monovalent
antigens while activation through IgD needs higher cross-linking levels or presenta-
tion of antigens in the form of immune complexes [110]. Thus, many of the IgM'¥
IgD" mature follicular B cells marked by Nur77-GFP may have downregulated sur-
face IgM after they have been in contact with low-valence antigens. As these cells
still respond to antigen presented as immune complexes, they form a large repertoire
of B cells that have the potential to develop in T-dependent immune responses into
switched memory B cells and plasma cells [110].

Recent data provided evidence that immature B cells may have pass or may
have even developed in the intestinal lamina propria before reaching the stage of
mature B cells. In fact, the lamina propria of the small intestine in mice harbors
RAGe-expressing pro-B, pre-B, and immature B lineage cells. The immature B
cells from the lamina propria expressed different proportions of immunoglobulin
k- and A-L chains than the immature B cells developing in the bone marrow.
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Therefore, not only the “sterile” environment of the bone marrow but also the gut
microbiome with its signals from commensal bacteria shapes the repertoire of the
B cell compartment [117]. In humans it has been shown that a major subset of
immature B cells emigrates from the bone marrow and homes to gut-associated
lymphoid tissues [115]. Most of these cells were found to be activated suggesting
that they were in contact with antigens that were either binding to surface IgM or
to toll-like receptors. Interestingly, immature B cells from systemic lupus erythe-
matosus patients seemed not to be homing to the gut suggesting that gut homing
and encounter with gut-derived antigens have a regulatory function that may pro-
tect against autoimmunity. It is not known so far which of the different primary
antibody deficiencies is linked to defects in gut homing of immature B cells. But
future work may show if changes in gut homing are associated with IgA defi-
ciency and if the so far unexplained autoimmune manifestations found in primary
antibody deficiencies relate to impaired selection of autoimmune B cells in the
bone marrow or in gut-associated tissues.
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2.1 X-Linked Agammaglobulinemia (XLA)
2.1.1 Definition

X-linked agammaglobulinemia (XLA) is a rare form of primary immunodeficiency
characterized by absence of circulating B cells with severe reduction in all serum
immunoglobulin levels due to mutations in the gene encoding BTK (Bruton’s tyro-
sine kinase). The incidence of the disease varies from 1:100.000 to 1:200.000
depending on ethnicity.

2.1.2 Etiology

The first patient affected with agammaglobulinemia was described by Colonel
Bruton in 1952 [1]; however, it was only after four decades that the underlying
genetic defect was identified [2, 3]. The gene responsible for XLA maps on the X
chromosome and encodes for a member of the Tec family of kinases, i.e., Bruton’s
tyrosine kinase (BTK). BTK was found to be mutated in the majority of male
patients [4—7]. B cells express an important receptor complex on their cell surface:
the B-cell receptor (BCR) or pre-BCR in the bone marrow [8]; BTK is an important
downstream kinase of the BCR-signaling cascade. The knockout mouse model for
XLA (xid mouse) was particularly helpful in studying the role of BTK [9]. Normally,
early B-cell development takes place in the bone marrow, where, starting from the
pluripotent stem cells, B cells undergo several steps of differentiation: from pro-B
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to pre-B to immature B cells to mature B cells, ready to enter the periphery [10-12].
Bone marrow analysis of patients mutated in BTK showed a consistent block at the
pro-B to pre-B stage of B-cell development, underlying the important role for BTK
in early B-cell development [13]. In fact, affected patients typically have less than
1-2 % of B cell in the periphery, confirming the almost complete block of early
B-cell development in this disorder [14, 15]. Consequently, immunoglobulin serum
levels are severely reduced, and there is no humoral response to vaccinations. The
lack of B cells results in a significant reduction in size of tissues such as lymph
nodes and tonsils, normally highly populated by B cells.

Mutations in BTK are transmitted in an X-linked manner and may be familiar (in
this case, mothers of affected patients are healthy carriers) or de novo ones.

2.1.3 Clinical Manifestations

Maternal IgGs, transferred through the placenta, play a protective role against infec-
tions in infants for the first 6—12 months of life. In XLLA patients, clinical manifesta-
tions become evident around this period, when maternal IgGs are catabolized and
their protective effect is not present anymore. The hallmarks of the disease are
recurrent bacterial respiratory and/or gastrointestinal infections, although some
patients may remain asymptomatic for the first years of life. In rare cases, diagnosis
of XLA is made in adolescence or even in adulthood due to lack of symptoms until
that age. The typical range of infections in XLA patients includes recurrent otitis
media, sinusitis, bronchitis, pneumonia, and gastrointestinal infections. Although
the incidence of these types of infections varies among the different cohorts so far
reported, it appears that the main type of infections involves the upper and lower
respiratory tract [4, 6, 16, 17].

Encapsulated pyogenic bacteria are the main infectious agents in XLA, both at
diagnosis and upon immunoglobulin replacement treatment. Bacteria such as
Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, and
others are most frequently identified as causative in these patients (Table 2.1). In the
case of invasive bacterial infections, such as septicemia, the main infectious agents
are Pseudomonas species, followed by H. influenzae, S. pneumoniae, and S. aureus.
Bacterial meningitis on the other hand may complicate the clinical history of these
patients, especially before diagnosis, and is caused by the same infectious agents
mentioned before. Before diagnosis, septic arthritis may complicate the clinical his-
tory of affected patients and is mainly caused by H. influenzae and S. pneumoniae,
while once immunoglobulin replacement treatment is initiated, viral agents are fre-
quently responsible.

Recurrent infections of the upper and lower respiratory tract are an important clini-
cal problem for patients with XLLA, both before and after diagnosis [4, 6, 16]. Chronic
sinusitis is reported to be a consistent clinical finding in almost two thirds of affected
patients, even upon Ig treatment. Similarly, recurrent infections of the lower respira-
tory tract, even under Ig replacement treatment, lead to the development of bronchiec-
tasis compromising severely the clinical course of the disease (Fig. 2.1).
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Table 2.1 Most frequently Etiology of pneumonia in XLA
isolated bacterial infectious

. . H ilus i
agents in X-linked aemophilus mﬂuenzae' type b 58 %
agammaglobulinemia Streptococcus pneumoniae 17 %
according to the site of Staphylococcus aureus 17 %
infections Pseudomonas aeruginosa 8 %

Etiology of sinusitis in XLA

Haemophilus influenzae type b 67 %
Streptococcus pneumoniae 14 %
Staphylococcus aureus 10 %
Klebsiella 3%
Moraxella 3%
Pseudomonas aeruginosa 2 %
Etiology of GI infections in XLA

Giardia 60 %
Salmonella 20 %
Campylobacter 8 %
Escherichia coli 8 %
Blastocystis 4 %

Data based on long-term follow-up of 125 XLA patients, courtesy
of the IPINET registry, Italy

Infections of the gastrointestinal tract represent an important clinical burden in
XLA (Table 2.1). One of the most frequently isolated infectious agents is Giardia
lamblia, and unfortunately, its eradication is not always successful, leading to
protracted and/or recurrent diarrhea and malabsorption (Fig. 2.2). A similar clini-
cal picture may be caused by Campylobacter jejuni, and several cases of gastroin-
testinal infections caused by Salmonella have also been reported in XLA.
Helicobacter-like organisms may cause invasive infections with fever and lower
limb cellulitis that may progress to a “woody-appearing” skin lesion (Fig. 2.3)
and require long period of intravenous antibiotics. Finally, Helicobacter cinaedi
bacteremia was recently reported in an adult XLA patient presenting with mac-
ules but without fever [18].

Besides the infectious agents mentioned so far, Mycoplasma species may cause
infections in XLA patients, especially of the respiratory and urogenital tract and in
rare cases the joints. It is not always easy to isolate the infectious agent, and there-
fore, the clinical course may be prolonged and severe. Mycoplasma may coexist
with other bacterial agents during infections rendering the disease more severe.
Bacterial conjunctivitis is relatively frequent in agammaglobulinemia, affecting
almost 6-8 % of patients.

Besides bacteria, also virus may complicate the clinical history of patients
affected with XLA. The most frequently isolated virus in XLA is enteroviruses,
namely, poliovirus, echovirus, and coxsackievirus. Patients with XLLA have been
reported to develop vaccine-associated poliomyelitis in the case of vaccination with
the live attenuated oral vaccine (Sabin) associated with a high mortality rate.
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Fig.2.1 Lung CT scans from XLA patients. While some patients do not develop bronchiectasis
(left panels), many XLA patients tend to develop bronchiectasis (right panels, white arrows) even
when under regular immunoglobulin replacement treatment (Courtesy of Dr. MP Bondioni,
Pediatric Radiology Unit, University of Brescia, Spedali Civili di Brescia, Italy)

Besides the classical manifestations associated with the onset of the enteroviral
infection, XLLA patients may also develop subacute progressive neurological symp-
toms such as ataxia, loss of cognitive skills, paresthesias, and sensorineural hearing
loss; these symptoms should always raise the suspicion of an infection caused by
enterovirus. In fact, XLLA patients may develop enteroviral meningoencephalitis
mainly with a slow, chronic, and progressive pattern, although acute onset with
fever and seizures has also been reported in a limited number of cases. It is not
always easy to isolate the enterovirus from the CSF. In recent years, the application
of molecular biology techniques such PCR was initially thought to be able to over-
come this problem; however, despite this technical improvement, enteroviral detec-
tion is not always successful. Typical findings in the CSF of these patients may
include pleocytosis, elevated protein content, and in some cases hypoglycorrhachia,
suggestive of a viral infection, although most frequently the CSF characteristics in
XLA patients may be almost normal. IVIG treatment radically reduced the inci-
dence of chronic enteroviral infections in XLA patients, although they are not com-
pletely eradicated yet. In some cases, the protective effect of IVIG against enteroviral
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Fig. 2.2 Giardia lamblia gastrointestinal infection in XLA. Histological examination of gastric
biopsy specimen from an XLA patient showing the presence of Giardia lamblia (blue arrows)
(Courtesy of Dr. V. Villanacci, Institute of Pathology, Spedali Civili, Brescia, Italy)

Fig. 2.3 Skin manifestations during Helicobacter-like organism infection in an XLA patient.
Erythemato-squamous lesions of the lower right art during a systemic infection sustained by
Helicobacter-like species
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infections in XLA has been associated to high-dose treatment (and not the usual
dosage applied in replacement treatment), although the limited number of patients
reported does not allow definitive conclusions. The mechanism proposed is based
on the anti-inflammatory effect of high-dose immunoglobulins, although further
data are needed to validate the effective mechanism. Combined treatment with high-
dose immunoglobulins and pleconaril has been reported to be effective in control-
ling enteroviral infection in patients affected with XLA [19-21]. Although reported
data have shown certain efficacy of pleconaril in this type of infection, this drug is
no longer available for compassionate use. Brain imaging such as MRI or CT scans
is almost always normal at the onset of the disease, while chronic enteroviral infec-
tions are progressively characterized by the development of cerebral edema, diffuse
inflammation, and progressive cerebral atrophy [22-25]. Rare cases of leptomenin-
gitis in XL A patients (instead of the classical form of encephalitis) have also been
reported.

Besides neurological involvement, CNS enteroviral infection may also present
with other symptoms such as peripheral edema and erythematosus rash that may
resemble a dermatomyositis-like syndrome [26]. When biopsies are performed
from the skin or the muscle, they evidence inflammation as main feature. Enteroviral
infection may also present with liver involvement including ALT increase and hepa-
tomegaly, with or without fever or rash. The peripheral involvement described here
is characteristic of disseminated enteroviral infection, which is not always charac-
terized by a favorable prognosis.

Immunoglobulin preparations are quite safe nowadays; however, in the early
1990s, hepatitis C contamination was reported in XLA patients. Interestingly, it
seems that XL A patients tolerate better this infection when compared to patients
affected with CVID. Among reported XL A patients with hepatitis C, more than one
third of infected patients cleared the infection or remained asymptomatic, and only
one patient developed hepatic failure, but he was also coinfected with hepatitis
B. Rare manifestations in XL A patients include pneumonia caused by Prneumocystis
Jjiroveci (Fig. 2.4) [27-29], recurrent pyoderma (being the only clinical finding in an
XLA patient) [30], and chronic gingivitis (being the only clinical finding in an XLA
patient) [31].

Joint involvement may be present in XLLA patients in almost 20 % of cases [4, 6,
16, 17]. The typical clinical presentation resembles that of rheumatoid arthritis
(RA) with pain, motion limitation, effusion, and destructive pannus formation.
Although in most cases no isolates are found, a pyogenic cause may be identified in
a limited number of cases. Empirical treatment consists of IVIG treatment, with
frequently beneficial effect, in addition with antibiotic treatment, suggesting a pos-
sible infectious cause. Among the reported isolates, enterovirus and Mycoplasma
species are the most frequent ones. Although B cells have been reported to be asso-
ciated with the pathogenesis of RA, no B-cell infiltrates were found in the synovium
of XL A patients with RA.

The hematologic manifestation that has been mainly reported in XL A is neutro-
penia. The percentage of XL A patients with neutropenia, mainly of secondary
nature, before IVIG treatment is variable, depending on the cohort of patients
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Fig.2.4 Bronchoalveolar lavage from an XLA patient showing Pneumocystis jiroveci. A patient
affected with XLA and respiratory symptoms nonresponsive to classical antibiotic treatment
underwent bronchoalveolar lavage revealing the presence of Pneumocystis jiroveci (black arrow).
This patient was under steroid therapy

reported, ranging from 10 to 25 % [32-36]. However, to date, the precise role of
BTK in neutrophil development/homeostasis is not completely clear yet. XLA
patients have also been reported to develop acute lymphoblastic leukemia [37].
Finally, other manifestations that have been reported in XLA patients include glo-
merulonephritis [38], alopecia, amyloidosis, and von Recklinghausen disease [39].

2.1.4 Diagnosis

The hallmark of XLA is the absence of peripheral B cells (<2 %) in the presence of
very low to absent immunoglobulin serum levels of all classes [40, 41]. In rare
cases, B cells may be detected in the periphery, but additional immunological
workup such as recall antibody responses to specific antigens may be of additional
help. Once the clinical suspicion is confirmed from the immunological examination,
BTK protein expression in cells other than B cells such as monocytes can be a rapid
and economic diagnostic tool allowing both for early diagnosis of affected patients
and identification of healthy carriers (Fig. 2.5). The genetic analysis should always
follow BTK expression testing, being the former considered the gold standard for a
definite diagnosis of XLA. In the case a mutation in BTK is found in the affected
patient, the mother’s carrier status should be examined. Finally, prenatal diagnosis
can also be performed once the mutation in BTK is identified.
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Fig.2.5 Flow cytometric analysis of BTK intracellular expression in monocytes. BTK expression
in human monocytes shown as histogram in a healthy control (/eft panel), an affected patient (mid
panel), and his mother who is a healthy carrier (right panel) (Courtesy of Dr. D. Moratto, Institute
for Molecular Medicine “A. Nocivelli,” Spedali Civili di Brescia, University of Brescia, Brescia,
Italy)

Table 2.2 List of genes associated with autosomal recessive agammaglobulinemia (ARA)

Gene Protein Chromosome OMIM
IGHM Mu HC 14q32.33 147020
CD79A Iga 19q13.2 112205
CD79B Igp 17q23.3 147245
BLNK BLNK 10q24.1 604515
IGLLI AS 22q11.23 146770
PIK3RI p85x 5q13.1 171833

2.2 AR-Agammaglobulinemia (MUHC, IGA, IGB, L5,
BLNK, and p85a)

2.2.1 Definition

Autosomal recessive agammaglobulinemia (ARA) affects both males (in the
absence of BTK mutations) and females and is a rare form of primary immunodefi-
ciency characterized by severe reduction of all immunoglobulin classes and absence
of peripheral B cells [40, 41]. The underlying genetic defect is currently known only
in a limited number of patients (Table 2.2).

2.2.2 Etiology
Early B-cell development takes place in the bone marrow through a highly orches-

trated process with the sequential and highly regulated expression of specific gene
products that regulate the maturation from pro-B to pre-B to immature B cells to
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mature B cells that can entry the periphery [42—47]. An important step in this dif-
ferentiation process is the formation of the pre-B cell that expresses on the cell
surface the pre-BCR (pre-B-cell receptor) complex formed by the mu heavy chain,
Iga, IgP, VpreB, and AS [8]. Pre-BCR is essential for the signaling events that pro-
mote further differentiation of B cells trough kinases such as BTK, BLNK, and
others. Furthermore, kinases dependent on other signaling cascades, such as PI3K
(e.g., downstream of the CD19-CD21-CD81 complex), have a positive effect on the
BCR-signaling cascade [48, 49]. The important role of these molecules in early
B-cell development was demonstrated through both animal models and in vitro
models, rendering therefore the genes encoding for these proteins’ candidate genes
for agammaglobulinemia of unknown genetic origin.

In 1996, the first patients mutated in mu heavy chain with autosomal recessive
agammaglobulinemia (ARA) were described [50]. Two parallel studies in the USA
and in Italy studied the prevalence of mu heavy chain deficiency among patients
affected with ARA which reached around 40-50 % among the studied patients [51].

The surrogate light chains A5/14.1 and VpreB are part of the pre-BCR complex
and are important of the early B-cell development. A single patient with mutations
in the A5/14.1 gene has been reported so far [52].

The two signaling transducing molecules Iga and Igf associate with the pre-
BCR and the BCR and are essential for B-cell development [8, 10, 11]. So far, five
patients have been reported to be affected with Iga deficiency. The mutation in Iga
in the first patient identified resulted in alternative exon splicing of the gene prod-
uct which abolishes the expression of the protein on the cell surface [53]. The
second reported patient, of Turkish origin, carried a homozygous alteration at an
invariant splice donor site of intron 2 [54]. Two additional patients with defects in
the extracellular domain were also reported [15]. Finally, the fifth reported patient,
of Iranian origin, carried a novel homozygous nonsense mutation in the gene
encoding Iga [55].

To date, only three patients with biallelic mutations in Igp have been reported.
The first one is a female patient carrying a hypomorphic mutation in Igf and a leaky
defect in B-cell development [56]. The second patient, a male of 20 years of age,
presented a homozygous nonsense mutation resulting in a stop codon, resulting in a
complete block of B-cell development at the pro-B- to pre-B-cell transition in the
bone marrow, similarly to what observed in the animal model [57]. Finally, the third
patient is a female child that carries a novel homozygous nonsense mutation in the
gene encoding for Igf [58].

Upon BCR cross-linking, various kinases are involved in the downstream signal-
ing cascade. One of these, BLNK (also called SLP-65), was initially found to be
mutated in a single patient with a specific block at the pro-B to pre-B stage in the
bone marrow [59]. Recent experimental data have underlined the important role of
BLNK for B-cell homeostasis and differentiation upon BCR expression on the cell
surface [60]. Other two siblings with deleterious frameshift mutations in BLNK and
agammaglobulinemia were recently reported [61].

PI3K comprises a family of kinases expressed in various cell types that play
important roles in various biological processes such as cell cycle, metabolism cell
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growth, migration, and others. Regarding B cells, a novel homozygous nonsense
mutation in p85a was recently identified in a single female patient with agamma-
globulinemia, leading to an earlier block in B-cell development in the bone marrow,
before the expression of CD19 on the surface of B cells [62]. Interestingly, although
expressed in other cell types such as T cells, dendritic cells, and others, these appear
functionally unaffected from the presence of this mutation.

2.2.3 Clinical Manifestations

Clinical findings in patients affected with ARA resemble those of XL A, although
apparently in a more severe manner. Frequently, the onset of the disease is also
earlier.

Regarding mu heavy chain deficiency, the infectious spectrum at onset is rather
similar to that observed in XL A: recurrent otitis media, bronchitis, sinusitis, pneumo-
nia, chronic enteroviral encephalitis, and sepsis (frequently caused by Pseudomonas
aeruginosa) [50, 51]. As observed in XLA, the clinical picture ameliorated upon
Ig replacement treatment is initiated on a regular basis. Chronic intestinal infection
sustained by Giardia lamblia, resistant to treatment, has been observed in one female
patient (Plebani, personal communication). Neutropenia is a rather frequent hema-
tological finding in this disorder, since it may be observed in almost one third of
patients and usually normalizes upon immunoglobulin replacement therapy.

The limited number of patients affected with the other reported autosomal reces-
sive defects leading to agammaglobulinemia does not allow for conclusive remarks.
The only patient reported so far to be affected with A5/14.1 deficiency presented an
episode of Haemophilus meningitis and recurrent otitis media and was found to be
hypogammaglobulinemic at the age of 5 years. Peripheral B cells were almost unde-
tectable (<0.06 %). Bone marrow analysis confirmed the early block in B-cell
development at the pro-B to pre-B stage.

The clinical spectrum of patients affected with Iga deficiency is variable, even
though a limited number of patients (five) have been reported so far. The first
reported patient presented an early onset with diarrhea and failure to thrive in the
first month of life [53]. She was admitted at the age of 12 months for bronchitis and
neutropenia. Immunological workup showed absence of peripheral B cells and
undetectable serum immunoglobulins; the patients did not have detectable lymph
nodes. Bone marrow analysis showed a pro-B to pre-B block in the early steps of
B-cell development. The second reported patient (male) presented a clinical history
of diarrhea and respiratory infections; he also developed a dermatomyositis-like
phenotype. Unfortunately, the patient died of a pulmonary infection [54]. The
female patient carrying the early stop codon in Iga presented a severe neurological
manifestation resembling initially a febrile seizure that was however not responsive
to classical therapeutic approaches [55]. The continuous worsening of the clinical
status of the patient led to the immunological workup showing agammaglobulin-
emia and absence of peripheral B cells. Clinical data on the other two patients
affected with Iga deficiency are not available.
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Three patients affected with Igf deficiency have been reported so far. The patient
carrying the hypomorphic mutation had a history of recurrent lower respiratory
infections starting from 5 months of age, while diagnosis was made at the age of 15
months [56]. Immunoglobulin replacement treatment ameliorated the patient’s clin-
ical condition. The patient with the first nonsense mutation reported in Igp was
admitted at the age of 8 months for pneumonia and salmonella enteritis [57]. During
this admission, his immunological workup showed indosable immunoglobulin
serum levels for all classes and absence of peripheral B cells (<1 %). Although the
patient was started on IVIG, his clinical history was complicated by recurrent respi-
ratory infections both of the upper and the lower respiratory tract and bacterial con-
junctivitis. The third patient carrying a novel homozygous mutation in Igf presented
a history of respiratory infections; at the age of 15 months, she was admitted due to
echthyma of the left gluteus and neutropenia [58]. Immunological workup showed
lack of serum immunoglobulins of all classes and absence of peripheral B cells.
IVIG treatment was started and the neutropenia resolved within three months.

The clinical presentation of the first patient affected with BLNK deficiency
included, by the age of 8 months, two episodes of pneumonia and recurrent otitis
[59]. Once the diagnosis of agammaglobulinemia was made due to low immuno-
globulin serum levels and absence of peripheral B cells, he was started on IVIG;
however, he continued presenting recurrent otitis media and sinusitis and developed
protein-losing enteropathy during adolescence. Unfortunately, he also developed
hepatitis C related to the immunoglobulin preparations. Another two patients (sib-
lings) affected with BLNK deficiency were recently reported [61]. The male patient
was diagnosed at the age of 6 months with a clinical history of recurrent otitis and
diarrhea [61]. During follow-up he developed arthritis and diffuse dermatitis. PCR
revealed the presence of enteroviral infection in peripheral blood, although the skin
biopsy did not evidence the presence of the virus. The female sister of the above-
mentioned patient was diagnosed at the age of 12 months with a clinical history of
recurrent otitis and sinopulmonary infections. Her clinical history was complicated
by diarrhea, obstructive lung disease, and arthralgia [61].

The female patient affected with p85a deficiency presented an early onset of
symptoms: at the age of 3.5 months, she was admitted for neutropenia, gastroenteri-
tis, and interstitial pneumonia. Immunological workup showed agammaglobulin-
emia in the absence of peripheral B cells [62]. During follow-up and into her
adolescent years, the patient developed erythema nodosum, arthritis, Campylobacter
bacteremia, and inflammatory bowel disease. No metabolic alteration was reported.

2.2.4 Diagnosis

The presentation of ARA is similar to that of XLA: low to undetectable immuno-
globulin serum levels in the almost complete absence of peripheral B cells, as defined
by CD19 and CD20 expression (<2 %). Male patients, once BTK deficiency is
excluded, and affected female patients should undertake sequencing analysis for mu
heavy chain, Iga, Igf, AS, BLNK, and p85a for a definite diagnosis.
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2.3  Autosomal Dominant Agammaglobulinemia (E47/TCF3)

Until recently, X-linked (the more frequent) or autosomal recessive forms of agam-
maglobulinemia were known. However, autosomal dominant E47/TCF3 deficiency
was recently described in four patients with agammaglobulinemia and reduced
peripheral B cells that expressed CD19 but lacked BCR expression on the cell
surface [63].

The broadly expressed transcription factor E47 resulted mutated in the four
patients with TCF3 deficiency. The role of E47 in B-cell development had been
previously highlighted in the animal model [64]. All reported patients harbored the
heterozygous E555K mutation and showed an unusual peripheral B-cell pheno-
type: enhanced CD19 expression with absent expression of BCR. B-cell develop-
ment in the bone marrow was performed in two out of four affected patients and
showed a block of B-cell development earlier than that observed in XLA or
ARA. Affected patients presented a complicated clinical history compatible with
agammaglobulinemia: pneumococcal meningitis, recurrent otitis, vaccine-associ-
ated poliomyelitis, and arthritis. Associated clinical features included eosinophilic
dermatitis and hepatomegaly [63].

24 Management of Agammaglobulinemia (X-Linked,
Autosomal Recessive, and Autosomal Dominant Forms)

Agammaglobulinemia is a humoral immunodeficiency, and as such, patients’ man-
agement is based on immunoglobulin replacement treatment. The introduction of
immunoglobulin replacement treatment has radically changed the prognosis of
affected patients. In the past, the intramuscular route of administration was applied
with the major pitfall of not reaching protective IgG trough serum levels. Current
routes of administration are two: intravenous or subcutaneous. While intravenous
preparations are administered every 21-28 days at a dose of 400 mg/kg/dose, the
subcutaneous ones are administered weekly at a dose of 100 mg/kg/dose. The main
objective of the replacement treatment has been to maintain pre-infusion IgG lev-
els >500 mg/dl. However, in recent years, it is becoming more and more evident
that the dose should be more patient oriented in order to obtain the maximum
benefit.

Considering the rarity of autosomal recessive and even more autosomal domi-
nant forms of agammaglobulinemia, the majority of available data in the literature
is based on XLA. In fact, long-term follow-up studies in patients affected with XLA
have demonstrated that they tend to develop lung complications (chronic lung dis-
ease, CLD), even if Ig replacement treatment is performed regularly. This may
depend on different factors: delayed diagnosis, previous intramuscular route of
administration (reduced IgG availability and therefore lower trough levels), secreted
antibodies cannot be substituted (Ig preparations contain only IgG), and Ig prepara-
tions contain pools of poly-specific IgGs, nonselected on antigen specificity. One of
the major factors affecting XLA patients’ prognosis is the development of CLD [6].
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Since Ig replacement treatment alone is not always sufficient to prevent the develop-
ment of bronchiectasis and consequently CLD, respiratory physiotherapy may have
a beneficial effect on long-term outcome in XLA patients in terms of maintenance
and even improvement of lung function.

Infectious episodes in patients affected with agammaglobulinemia should always
be treated with antibiotics. In some cases, affected patients under Ig replacement
treatment may require brief or long periods of antibiotic prophylaxis, depending on
their clinical conditions. Considering the monogenic defect in XL A, novel thera-
peutic approaches have been proposed in recent years. Gene therapy is one of them
and has been applied in murine models with encouraging results [65], although
clinical application is not under consideration yet. Another recent therapeutic
approach used antisense oligonucleotides (ASOs), compounds that have the ability
to modulate pre-mRNA splicing and alter gene expression, in BTK mutations that
affect normal mRNA splicing [66]. Further experiments are required before consid-
ering this option in patients’ management.

As mentioned before, and although regular Ig replacement treatment and cor-
rect antibiotic therapy have radically modified patients’ clinical history, their
prognosis is still conditioned by the occurrence of complications. In particular,
pulmonary complications such as development of bronchiectasis and CLD still
occur, and so far, it appears that the right therapeutic approach is still to be
defined [6].

Regarding ARA, the clinical data regarding follow-up and clinical complications
is rather limited, due to the small number of reported cases. Nonetheless, so far, the
prognosis for ARA appears similar to that of XLA.

Finally, XL A patients are reported to have an increased incidence of malignan-
cies, including colorectal cancer, gastric adenocarcinoma, and lymphoid malignan-
cies [4, 6, 16, 17, 37, 67-69].
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3.1 Introduction and Clinical Phenotype
3.1.1 Respiratory Conditions Prior to Diagnosis

Deficiency of Bruton’s tyrosine kinase and other genetic defects, which lead to mat-
uration defects of B cells and are summarized as agammaglobulinemias, leads to
clinical conditions primarily related to an increased susceptibility to infections at
multiple organ sites. The airways are the most frequently affected site of infections
with involvement of both the upper and the lower airways. This may not be a matter
of surprise, for airway infections are also the leading cause to seek medical assis-
tance in primary care [1]. However, airway infections in agammaglobulinemias dif-
fer from the usual common cold in that their course is more severe, protracted, and
usually of bacterial origin.

The clinical picture caused by agammaglobulinemias is best characterized by the
description of clinical features before the diagnosis is made and before the course of
the disease is influenced by treatment with immunoglobulins. Data from various
cohorts report affections of the respiratory tract prior to diagnosis in half to three
quarters of the patients [2—7]. Some studies make a distinction between upper and
of lower respiratory tract infections, with a frequency of lower airway infections
between 29 and 65 % [2, 3, 6]. It is, however, likely that patients with agamma-
globulinemia do suffer from upper as well as from lower respiratory tract infections.
This is best described in an Italian cohort, of which only a minority was affected by
upper airway infections alone, while more than half of the cohort suffered from both
upper and lower airway infections [2]. Other reports do not make a distinction
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between the sites of infections but focus on the incidence of pneumonia during the
pre-diagnosis period. In these reports, the incidence of pneumonia ranged between
52 and 82 % [4, 5, 7], a frequency which is much in the same range as that of the
reports on lower airway infections and thus perhaps addressing the same clinical
condition. The fact that several authors prefer to report lower airway infections and
not to pneumonias may, however, be due to the clinical picture of recurrent or
chronic bacterial bronchitis which to our experience is a condition patients also
frequently suffer from.

Upper airway infections appear to be conceived in the various cohort reports
more broadly than by what is used in general practice. Two studies report on sinus-
itis [7] and, more specifically, chronic sinusitis [2] in the period prior to diagnosis at
a sizeable proportion of their patients (37 and 21 %). These frequencies are uncom-
monly high compared to the healthy population and shed another light on the nature
of airway disease in agammaglobulinemias. Although acute sinusitis may develop
in the course of a common viral upper airway infection in healthy children in about
every tenth episode [8], the diagnosis of sinusitis is usually not made before a more
protracted course the infection evolves, because it is difficult to discriminate both
conditions.

Acute bacterial sinusitis is considered in protracted upper airway infection epi-
sodes with nasal purulent discharge and obstruction persisting for more than 10
days [9]. Chronic sinusitis, as defined by nasal secretions and cough for more than
3 months, affected every fifth patient in the Italian cohort, before the diagnosis of
the immunodeficiency was made [2]. This suggests that a sizeable proportion of
patients reported to have suffered from sinusitis in fact had chronic sinusitis [7]. In
the first years of life the size of the paranasal sinuses is minimal [10]. This may
explain why chronic sinusitis is more likely to develop in school aged children in
the general population and in patients with agammaglobulinemia [2, 11].

As probably the most common feature of lower respiratory tract infection, cough
is surprisingly rarely reported in the literature. This does not necessarily mean that
it is a negligible symptom. Given the definition of chronic sinusitis as used in the
Italian cohort [2], it appears justified to assume that at least the same proportion of
patients suffered from chronic cough as from chronic sinusitis. A high prevalence of
chronic cough in undiagnosed patients with agammaglobulinemia is suggested also
by the high proportion of patients who developed bronchiectasis and other structural
lung disease already in the early phase of disease before the diagnosis of the immu-
nodeficiency was made (see below paragraph on structural lung disease). Patients
with structural changes of the bronchi are predisposed to prolonged episodes of
productive cough due to an impaired mucociliary clearance (Fig. 3.1, page 18).

It is important to note that data on the clinical course and airway disease are
almost exclusively available to patients with XLLA. The diagnosis of XLA is usually
straightforward on the basis of genetic testing, allowing for relatively homogeneous
cohorts. Other variants of agammaglobulinemias are more rare and genetically
diverse, or of unknown genetic etiology. The confinement on XLA cohorts does not
mean that patients with autosomal recessive variants of agammaglobulinemia do
considerably differ with their clinical presentation. It is more likely that they have a
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Fig. 3.1 Schematic view of bronchiectasis (c¢) indicating dilation and scarring of the bronchial
wall, frequently accompanied by thickened airway wall and mucus obstruction of the airway lumen.
(a) Shows a cross section of the lungs with normal airways and widened airways. (b) Shows
a cross section of a normal airway (Source: http://en.wikipedia.org/wiki/File:Bronchiectasis_
NHLBL.jpg, Wikipedia Commons)

clinical phenotype close to the XA patients. Also patients with CVID show airway
disease including sinusitis, pneumonia, and bronchiectasis at presentation at com-
parably high proportions [12].

3.1.2 Respiratory Conditions During Therapy

The introduction of immunoglobulin (Ig) replacement therapy and its later refine-
ments have resulted in substantially improved survival rates and better health of the
patients [2, 3, 7]. It seems therefore likely to assume that immunoglobulin replace-
ment ameliorates the incidence and the course of respiratory conditions as the most
frequent group of complications related to agammaglobulinemia. The effect of Ig
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replacement is most obvious in the reduction of the rate of pneumonia once the
diagnosis of an agammaglobulinemia is made. In two follow-up studies on Italian
XLA patients over 10 and 5 years, the proportion of patients who suffered from at
least one episode of pneumonia had fallen to 26 % [2, 13], resulting in an annual
incidence of 0.06 [2]. Pneumonia rates during therapy in other cohorts were also
below the pre-diagnosis levels (Iran 38 % and USA 62 %, [4, 7]). Consistent with
this finding is a meta-analysis of Ig replacement therapy (with approx. 40 % XLA
patients) which showed a negative correlation between the dose or the IgG trough
level and the rates of pneumonia, with an annual pneumonia incidence rate of 0.11
(95 % CI interval 0.04-0.3) at a trough level of 5 g/l and a rate of 0.023 (0.008—
0.068) at trough levels of 10 g/1 [14].

Nevertheless, respiratory tract infections in general remain the most frequent
clinical complication under replacement therapy, although the empirical basis of
this statement is less comprehensive [3]. A meta-analysis of studies with CVID and
XLA patients receiving subcutaneous Ig therapy showed a negative correlation for
IgG levels and the overall rate of infections, the majority of which were respiratory
tract infections, only in a subgroup of studies [15].

The best evidence that upper and lower respiratory tract infections remain a not
completely resolved clinical problem comes from the observation that chronic airway
diseases appear to worsen also during Ig therapy. Prevalence of sinusitis increased by
22 % in a cohort over a mean observation period of 4.5 years and chronic sinusitis by
27 % during a mean follow-up period of 10 years [2, 7]. Concomitantly, the preva-
lence of chronic lung disease rose by 13 % during the same period [2]. The important
issue of structural lung disease is discussed below in a separate chapter.

3.1.3 Structural Lung Disease

3.1.3.1 Bronchial and Parenchymal Disease

Chronic lung disease (CLD) is a term that was used to describe respiratory symp-
toms in conjunction with radiological pulmonary changes (bronchiectasis, bron-
chial wall thickening, or segmental atelectasis) in pioneering studies on lung disease
with several large cohorts of immunodeficiency patients in Italy [2, 16]. CLD in our
context must not be mixed with the condition of infants who require oxygen beyond
the age of 28 days which is also termed CLD or bronchopulmonary dysplasia.
Among the reported radiological changes, bronchiectasis is the key feature of CLD,
by definition an irreversible dilation of a bronchus. Thickening of the bronchial wall
can be a concomitant feature of bronchiectasis, indicating acute inflammation.
Segmental atelectasis is the radiological feature of a collapsed segment of the lung,
usually following obstruction of the related segmental bronchus.

At diagnosis, CLD was present in the Italian XLLA cohort in 23 % of the patients.
The probability of developing CLD during the period before diagnosis rose with
time, for patients with CLD at presentation were on average older than those with-
out [2]. After a mean observation time of 10 years and application of Ig therapy,
however, prevalence of CLD had further risen to 36 %. The risk of developing CLD
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correlated with duration of therapy. The cumulative risk of developing CLD rose
most rapidly in the interval between 10 and 25 years of follow-up from 0.07 to 0.92.
Other studies directly refer to the prevalence of bronchiectasis in cross-sectional
cohorts, i.e., under Ig therapy. Bronchiectasis was reported at proportions of 23-26 %
of the patients [4, 17]. Another Italian landmark study assessed prospectively the preva-
lence of bronchiectasis over a period of 5 years at which it rose from 33 to 39 % [13].
Focusing on radiological features of lung disease in more detail, a single-center study
from Brescia (Italy) reported bronchial wall thickening and air trapping in only 1 of 12
patients with agammaglobulinemia, while 7 (58 %) had evidence of bronchiectasis.
Parenchymal consolidation was present in 6 (50 %) and scaring in 4 (25 %) [18]. These
findings suggest that CLD, as reported in [2], mainly represented bronchiectasis.

3.1.3.2 Functional Lung Disease

Lung function is a relatively easy to perform and inexpensive procedure to assess
the physiology of the airways. However, lung function data of patients with agam-
maglobulinemia are sparse and limited to small cohorts. The high prevalence of
bronchiectasis in agammaglobulinemia would suggest a significant proportion of
obstructive lung disease which is not confirmed in the present data. In a cohort of 11
XLA patients, only 2 had mild reversible obstruction. Of note, spirometry in this
report lead to normal findings, even if chest CT showed radiological changes, for 9
patients had structural lung pathology in CT [19]. In another study, at which CT was
not performed on a routine basis, 9 out of 19 patients (47 %) had evidence of a
restrictive pattern upon spirometry [4].

One study assessed spirometry longitudinally and calculated the annual decline
of key parameters. Forced expiratory volume in 1 second (FEV,) dropped by
65.6+11 mL/year and forced vital capacity (FVC) 58.6+20 mL/year. This decline
was higher than in patients with CVID [20].

The available data is too limited to draw conclusions as to the nature of lung
disease in agammaglobulinemia. There is, however, as yet no indication that spi-
rometry is a sensitive tool for detection of bronchial pathology. It may serve better
for longitudinal analysis based on calculation of the individual decline of FEV, or
other spirometric volumes.

3.1.3.3 Mortality Related to Pulmonary Morbidity

Respiratory conditions, being the most frequent clinical complication prior to and
during therapy, can take a devastating course and lead to lung transplantation or
death. Second to disseminated enteroviral infection, cardiac failure due to chronic
lung disease was the main cause of death reported in XLA cohorts [3, 7]. Lung
transplantation also marks advanced stage pulmonary disease and is discussed in
more detail below.

3.1.3.4 Infection

Although most of the pulmonary complications in agammaglobulinemia are consid-
ered to follow acute or chronic airway infection, data on pathogens are sparse. This
may be due to the fact that there is no such pathogen of singular importance, as
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Table 3.1 Pathogens and Pathogens and their frequency at pneumonia in XLA
their frequency of detection

in 20 out of 125 episodes of Strep tOCOC.CMS p neumonia
pneumonia in a cohort of Haemophilus influenzae type B
XLA patients [7] Pseudomonas spp.

Staphylococcus aureus
Haemophilus parainfluenzae
Haemophilus parahaemolyticus
Klebsiella spp.

Mycobacterium avium

Pneumocystis carinii

— === = W W lw wu|o

Measles virus

P. aeruginosa in cystic fibrosis (CF), but rather a multitude of encapsulated cocci,
gram positive and negative rods, other bacteria, and also viruses. Also, most infec-
tions are located at the lower airways and the paranasal sinuses. Specimens of these
areas are more difficult to obtain and usually not part of routine assessment.
Furthermore, it is likely that microorganisms we consider being pathogens are pres-
ent along with commensal organisms in the areas more easily accessible, as the
throat or the nasal turbinates. Further, pathogens may not come as a single infection,
and it may be difficult for the laboratory to raise all different species growing at one
plate. Finally, many patients already take antibiotics, when they come to medical
attention which may prevent growth of relevant pathogens.

The best available data is from a cohort of XL A patients with documented 125
episodes of pneumonia, 20 of which had pathogens detected [7]. The species and
their frequency is given in Table 3.1, page 18. It is important to note that two thirds
of the pathogens were encapsulated. H. influenzae and S. pneumoniae were also the
most frequently reported pathogens in other cohorts [6, 19]. However, it is equally
of note that among the pathogens isolated in pneumonia there was a range of other
pathogens that are primarily not associated with antibody deficiency, but with neu-
tropenia (P. aeruginosa), T cell deficiency or phagocyte disorders (Pneumocystis
carinii—today assigned as P. jiroveci and M. avium), or rarely pathogenic (H. para-
influenzae and H. parahaemolyticus) [7]. The notion that pathogens other than
encapsulated bacteria are of particular relevance in XLA is further supported by the
compilation of organisms isolated at episodes of septicemia in the same cohort, with
P. aeruginosa as the most frequently isolated pathogen.

3.2 Diagnostic Methods
3.2.1 Chest X-Ray
Plain radiographs of the chest are available in standard settings of care, relatively

cheap, and related to a very low irradiation dose. These advantages make chest
X-ray a candidate for routine evaluation of lung disease in agammaglobulinemia, as
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Fig.3.2 Comparison of radiographs of the lung: plain X-ray (a) and transverse section of com-
puted tomography (b). Bronchiectasis is evident in the middle lobe (ML) and the lingula (L) with
varicose and cystic bronchiectases cut longitudinally (ML) and transverse. Note that bronchiectasis
is barely visible in plain chest radiograph (a) (Images kindly provided from Prof. Berthold.
Paediatric Radiology, Hanover Medical School, Germany, EU)

it is common in other conditions with significant lung disease, such as CF [21].
Scores summarizing the degree of typical CF-related pathology, such as the Chrispin
Norman score, allow to calculate the individual decline upon longitudinal assess-
ment [22]. In agammaglobulinemia, however, chest X-ray has not reached a promi-
nent position in routine care. It is recommended for baseline assessment for non-CF
bronchiectasis and CVID patients in the UK to screen for consolidation and lung
pathology in general, but not for routine follow-up [23, 24]. Chest X-ray is barely
reported in the literature on agammaglobulinemia.

3.2.2 ChestCT

Computed tomography (CT) of the chest produces considerably more detailed
information on pulmonary structures and is considered the gold standard for struc-
tural disease of the lung. CT allows for three-dimensional imaging, thus avoiding
classical areas of “obscurity” of the lung, as the retrocardial parts of the lung.
Bronchial structures can be assessed in detail. A meta-analysis of studies that report
concomitant chest X-ray and CT findings in patients with XLA and CVID shows
that chest X-ray fails to detect bronchiectasis in 31 out of 48 patients (65 %) [25-27].
An example on the poor representation of bronchiectasis in plain X-ray technique
compared to chest CT is given in Fig. 3.2.

3.2.2.1 Bronchiectasis

Bronchiectasis is an irreversible dilation of a bronchus. In radiology, bronchiectasis
refers to dilated bronchi only for bronchi with these changes are unlikely to regain
their original shape. Dilation is measured by various ways (see Table 3.2, page 7,
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Fig.3.3 Comparison of the diameter of the bronchial lumen (BLD) with the outer diameter of the
accompanying artery (AOD). Bronchiectasis is defined as a BLD greater than the AOD (Graph
taken from Frajoli [28])

Table 3.2 Radiological Signs of bronchiectasis in chest CT
criteria of bronchiectasis in

computed tomography of - - — -
the chest Lack of tapering of a bronchus in its course to the periphery

Diameter of bronchial lumen>diameter of accompanying artery

Identification of bronchi within 1 cm of the pleural surface

Fig. 3.3, page 17, and images in [28]). According to its appearance, bronchiectasis
can be described as cylindrical, varicose, or cystic which is, however, not elucidat-
ing the etiology. It is of more importance to quantify the degree of bronchiectasis.
The size of a dilation of a given bronchiectasis can be measured and classified. An
example of bronchiectasis grading is less than a third above the diameter of the
accompanying artery, less than two thirds, or above [28]. It probably matters even
more how much of the lung tissue is affected by bronchiectasis. This can be quanti-
fied in various ways, counting the number of lobes and/or estimating the proportion
of the tissue that is affected. CT scores, such as the Brody score and its variations,
use size and distribution of bronchiectasis a key features for calculation of severity
grades [29, 30] (Table 3.2).

3.2.2.2 Bronchial Wall Thickening

CT severity scores also include other pathologies, such as bronchial wall thickening.
In the healthy individual, the thickness of the bronchial wall is less than a third of the
diameter of the accompanying artery (Fig. 3.4, page 21). Bronchial wall thickening
can also be quantified by severity and distribution. Bronchial wall thickening is not
necessarily associated with bronchiectasis. It is the radiological feature of edema and
inflammation of the bronchial wall and may resolve without scarring or dilation. On
the other hand, bronchiectasis may be the residual state of a dilated bronchus with no
active inflammation, i.e., a bronchial wall with normal diameter, as seen in Fig. 3.4.
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Fig. 3.4 Transverse section of computed tomography of the lung (detail of right lower lobe).
Arrows indicate (/) mild bronchial wall thickening and bronchiectasis, (2) moderate bronchial wall
thickening and bronchiectasis, (3) marked bronchial wall thickening, and (4) mucus plugging
(Images kindly provided from Prof. Berthold. Paediatric Radiology, Hanover Medical School,
Germany, EU)

3.2.2.3 Mucus Plugging

As the term describes, mucus plugging is an obstruction of the lumen of a bronchus
without reference to pathology of the bronchial wall. The plug is an opaque filling
of the bronchial lumen which normally is black due to the low radiodensity of air. If
persisting, mucus plugging results in atelectasis of the downstream compartment of
the lung. If a small airway is affected by mucus plugging, it is difficult to discrimi-
nate between the airway wall and its opacified lumen. This characteristic shape of
mucus plugging in small bronchi is termed tree-in-bud sign.

3.2.2.4 Other Pulmonary Pathologies

Lung pathology as assessed by CT scan is not limited to the bronchi. Other
changes that are considered to be located in the alveoli and in the interstitial tissue
can be detected. Ground-glass appearance of various sizes and shapes indicates
parenchymal or alveolar exudates. Bands and lines indicate fibrotic tissue, bullae
a tissue defect, and emphysema a pathological ventilation. The full CT terminol-
ogy [28, 31] is beyond the scope of this chapter, for it covers a wider range of
pathologies than would be expected in agammaglobulinemia. In our own experi-
ence, however, lines, nodules, and emphysema affect between 10 and 20 % of the
patients with XLA.

3.2.2.5 Present and Future Role of Chest CT

Chest CT is the most sensitive and accurate available technique to assess pulmonary
pathology in agammaglobulinemia and antibody deficiencies. It depicts bronchial
pathology long before spirometry or other lung function measures turn pathologi-
cal. It allows quantifying pathologies which opens the perspective for interventional
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trials. Yet before chest CT finds a place in routine care, several major issues remain
to be resolved.

CT produces images and not quantitative data. Assessment requires trained per-
sonnel and a considerable amount of time. Before CT data can be used meaning-
fully in multicentre studies, a common syllabus and a common catalogue which
features have to be assessed and by which scales graded have to be agreed upon
[31]. A European collaboration, the Chest CT in Antibody Deficiency Syndrome
Group has focused on this issue and proposed a common list of CT findings rel-
evant to patients with primary antibody deficiency in conjunction with a simplified
score which is aimed to be applicable also in routine care (www.chest-ct-group.eu).
Moreover, the Chest CT Group score is also compatible with one of the most fre-
quently used scores for other conditions, a modified Brody score [29]. The Brody
score with its variations is more detailed as it quantifies more in detail singular
pathologies, making it more suitable to detect subtle progress of lung disease,
as would be required in interventional studies. A follow-up study with CVID
patients demonstrated that chest CT is sensitive enough to detect changes over
a period of 5 years [32]. According to our own experience, chest CT scores can
be sensitive enough for detecting even 2-year changes in patients with humoral
immunodeficiencies.

Multicenter studies using chest CT require a common training of raters and qual-
ity control measures to guarantee inter- and intra-rater reliability, before this method
can be successfully applied in interventional studies.

Use of chest CT in clinical practice varies considerably throughout Europe.
Some national guidelines recommend chest CT as routine at regular intervals of 4
or 5 years. Others refer to chest CT only in case of pulmonary conditions which
are difficult to manage. It is currently difficult to estimate the individual benefit of
chest CT as long as there is no evidence which therapy is effective in conditions
that are best detected by chest CT. For the time being, therefore, the decision of
performing a chest CT should include the consideration whether the result would
make a difference in care. A common documentation of any CT performed in a
registry-like fashion would add a further benefit for the international community
of immunodeficient patients. The Chest CT Group presently prepares this
documentation.

Chest CT employs relatively high doses of irradiation compared to conven-
tional chest films. Questions arising for patients with agammaglobulinemia can be
dealt with at comparatively low doses for assessment of the bronchial structures
and the ventilation state allows for a higher background noise and a lower number
of sections than standard indications, like the search for metastases, or the assess-
ment of interstitial lung disease. In most instances, use of contrast medium is
dispensable. Observing these measures, the dose of a chest CT study can be sub-
stantially reduced [33]. Magnetic resonance imaging (MRI) bears no risk of radia-
tion. It is too early to decide whether it will sufficiently substitute for the CT
technique, but promising progress has been made also with patients with primary
immunodeficiency [34].
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3.2.3 Spirometry and Bodyplethysmography

Both methods measure static and dynamic volumes and flows. They have the unsur-
passable advantage to be relatively easily accessible, cheap, and free of irradiation
which makes them almost ideal for longitudinal management. FEV is a key outcome
parameter in numerous studies in other conditions that affect the lung, such as CF,
non-CF bronchiectasis, or COPD. Yet the role of lung function in agammaglobulin-
emia remains to be determined. The available data show no consistent agammaglob-
ulinemia-like pattern and course of lung function pathology. In comparison to chest
CT, spirometry appears to be of low sensitivity to detect pulmonary pathology [19].

3.2.4 Induced Sputum

Induced sputum (IS) is a noninvasive method to achieve specimen from the bron-
chial airways by inhalation of hypertonic saline. It has the advantage that specimen
can be obtained even from individuals who do not have spontaneous productive
cough [35]. Assessment of IS allows for microbiological investigation as well as for
cellular and soluble markers of inflammation. While initially research focused on
the proportion of polymorphonuclear leukocytes as markers for inflammation, today
cytokines such as interleukin 8 or tumor necrosis factor alpha are used as quantita-
tive markers. The levels of these markers correlate positively with the severity of
bronchiectasis in children with non-CF bronchiectasis [36]. IS was only occasion-
ally used for research purposes in patients with agammaglobulinemia [37] and has
not entered routine practice of care. It would, however, be a useful technique for
microbiological assessment in patients aged above 5-6 years who do not produce
sputum spontaneously and would allow a rational choice of antibiotic therapy.

3.3  Pathophysiology

Why are patients with agammaglobulinemia so extraordinarily susceptible to infec-
tions of the respiratory tract and less so at other organ sites, in particular when Ig
replacement therapy is commenced? It is easy to conceive with respect to the immu-
nological mechanisms that antibody deficiency results in susceptibility to pathogens
that require antibodies to be removed from the body. This applies particularly to
encapsulated bacteria which can effectively prevent their phagocytosis by a poly-
saccharide capsule which hides the pathogens under a relatively inconspicuous sur-
face and by which phagocytes are normally not activated. This immune evasion
allows the bacteria to colonize the mucosal surfaces of the body without causing an
inflammatory reaction in a relatively peaceful coexistence as long as the bacteria do
not cross the mucosal barrier. The high rates of pneumonia and invasive infection at
multiple organ sites in agammaglobulinemic patients prior to therapy indicates that
the bacteria do cross the mucosal barrier and that they are able to proliferate within
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the body. It is likely that crossing the barrier occurs in every individual at a low-level
scale, but in health, the immune system is prepared to rapidly clear the pathogen
without signs of disease.

However, it is less easy to conceive why pulmonary disease does not come to a
halt by Ig replacement therapy, while invasive infections and even pneumonia are
successfully prevented. All available evidence shows that bronchiectasis, sequelae
of prolonged infection and inflammation of the bronchial mucosa, advances also
during therapy [2, 13]. Several lines of evidence direct to potential causes of this
disturbing conclusion.

3.3.1 Sinusitis as a Risk for Bronchial Infection

As bronchiectasis, sinusitis appears to advance during therapy. Some mild affection of
the sinus mucosa may be present in almost all patients with agammaglobulinemia
without overt sinusitis [18]. Sinusitis has a higher prevalence than bronchiectasis, and
presence of sinusitis and bronchiectasis appears to correlate [13]. It is thus conceiv-
able that bacteria which infect the nasal mucosa can be aspirated to the lower airways
posing a small but repetitive risk for infection of the bronchi. Serial bronchoscopy
along with microbiology of the nasopharynx shows in CF patients that P. aeruginosa
infection always commences in the upper airways before it proceeds to the lower air-
ways and not vice versa [38]. Molecular studies that compare the P. aeruginosa clones
in the nasal and bronchial airways demonstrate a high concordance in the detection of
pathogen clones in patients with cystic fibrosis, supporting the hypothesis that the
bronchial clones derive from the upper airways [39]. The sinuses may also be a reser-
voir for reinfection in case of a successful clearance of the pathogens in the bronchi,
for instance, by antibiotic therapy [40]. Colonization of the nasal airways can also
explain the rapid infection with P. aeruginosa that follows implanted lungs from non-
CF donors in CF lung transplant patients [41]. The nasal airways, in particular the
paranasal sinuses, may serve also in patients with agammaglobulinemia as a site of
primary infection, before the infection spreads to the lower airways.

3.3.2 Mucosal Antibody Deficiency

Antibody composition at the mucosal surfaces substantially differs to that of the sys-
temic circulation. While IgG is the predominant isotype in plasma, polymeric IgA and
IgM are the main isotypes at the surface of the respiratory mucosa [35, 42]. IgG
reaches the airways by passive diffusion into the alveoli and moves to the central air-
ways by mucociliary transport at decreasing concentrations. IgA and IgM reach the
mucosal surface by active transepithelial transport by which IgA is also assembled to
polymeric molecules with the secretory component. The fact that IgG therapy in
patients with agammaglobulinemia is effective in preventing pneumonia, i.e., infec-
tion at the alveolar site, together with the observation that IgG therapy is less effective
in preventing infections at the bronchial and paranasal sinus site, may be due to the
relative low levels of IgG at the respiratory mucosa afar from the alveoli.
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However, this hypothesis is not sufficient to satisfactorily explain the pulmonary
phenotype in agammaglobulinemia. IgG levels at the respiratory mucosa might rise
with the serum levels achieved by Ig replacement therapy and result in a better protec-
tion. Patients treated at higher IgG serum levels would have lower rates of bronchiec-
tasis. Published data does not support this hypothesis well. Patients with bronchiectasis
have similar or even higher serum IgG levels in XLA and CVID [13, 43]. Indeed,
there may not even be a deficiency of IgG at the respiratory mucosal surface. Nasal
washings of CVID patients show IgG at comparable or even higher levels than healthy
controls [44]. A local inflammatory reaction, as shown in this study with elevated
proinflammatory cytokines, may enhance local diffusion of systemic IgG to the muco-
sal surface also at the bronchial site. It is conceivable that IgG even augments the
inflammatory response by its classical activation pathways on phagocytes and com-
plement eventually leading to tissue damage by a long-term inflammatory response.

Other factors, therefore, may be more relevant for protection. In CVID patients,
IgA deficiency is one of the few independent risk factors associated with bronchiec-
tasis in multiple regression analysis [13]. CVID patients whose immunological phe-
notype includes intrinsic IgA production are better protected against chronic
sinusitis, bronchiectasis, and pneumonia. It is likely that mucosal IgA is also present
in these patients for primary antibody deficiency does not include deficiency of the
secretory component. The role of IgA was frequently challenged by the observation
that the most frequent humoral deficiency, selected IgA deficiency, commonly is not
associated to a clinical phenotype [45]. Other factors might substitute for IgA defi-
ciency at the mucosal surface, such as mucosal IgM. The role of IgM for mucosal
protection, however, is less clear. Deficiency of systemic IgM in CVID and XLA is
apparently less indicative for a pulmonary risk than IgA deficiency [13]. As to XLA,
that most frequently includes IgA and IgM deficiency, it may be more a matter of
surprise that not all patients are affected by bronchiectasis. But development of
bronchiectasis may be only a matter of time, with a cumulative risk to developing
CLD calculated as 92 % after 25 years of treatment [2].

It may be seen as discouraging that lung disease progresses during therapy in all
XLA cohort studies that assessed this process. The view that we haven’t done
enough today by treating our patients with Ig replacement therapy can also stimu-
late our efforts, because much remains to be gained [46].

3.3.3 TheVicious Cycle of Infection and Inflammation

Different to CVID, patients with XLA and other variants of agammaglobulin-
emia have no indication for autoimmune inflammation of the lung in addition to
their increased susceptibility of infections. The systemic and mucosal antibody
deficiency in agammaglobulinemia is sufficient to explain the pattern of pul-
monary infections with increased frequency, higher severity, and prolonged
duration as characterized above. Bronchiectasis is not specific for antibody defi-
ciency. The sequelae of an intense and/or prolonged inflammatory response at
the bronchi are comparable at a number of conditions that are related to local
infections with a pathological course [47]. The fact that bronchiectasis can also
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Fig. 3.5 Schematic diagram of bronchial infection and inflammation leading to bronchiectasis,
termed as “vicious cycle” after [48]

evolve at conditions with no infectious etiology, such as idiopathic arthritis or
celiac disease, directs to the understanding that the structural damage is caused
by the inflammatory response and not be the pathogens directly. In agamma-
globulinemia, as in every other condition, presence of bacteria at the mucosal
surface activates resident macrophages and the respiratory epithelium to pro-
duce proinflammatory agents, such as interleukin 8 that recruits and activates
neutrophils which migrate along the chemoattractant gradient to the site of
infection. At the bronchial mucosa site, this universal mechanism of the immune
response has several distinctive features. First, it is outside the body, and the
supply of the cellular and humoral response is slower than at the tissue site.
Second, inflammation leads to an excess of mucus production which can com-
plicate the mucociliary clearance. Third, toxic agents, such as elastase or oxy-
genradicals, released by apoptotic neutrophils, can cause injury to the respiratory
epithelium, resulting in a loss of the columnar ciliated cells and ulceration. This
damage further compromises the mucociliary clearance which in turn prolongs
the presence of bacteria and facilitates bacterial growth. If the epithelial injury
is deep enough to result in airway remodelling and formation of scars, irrevers-
ible changes such as bronchiectasis are made. This concept, termed the vicious
cycle of bronchiectasis (Fig. 3.5, page 23, [48]), is assumed for most conditions
related to bronchiectasis [49].
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This vicious cycle is an exception in the healthy individual and may occur fol-
lowing serious or unusual infections, such as pertussis, or atypical mycobacteria
[50], while it occurs frequently in agammaglobulinemia.

The etiology as to why agammaglobulinemia has such a propensity to bronchi-
ectasis may even extend beyond the deficiency in mucosal immunoglobulins. BTK
is known to be expressed not only in B cells, but also in myeloid cells, attenuating
the inflammatory response upon activation by several toll-like receptors (TLR) [51].
The response of BTK-deficient myeloid cells varies in vitro, showing no clear phe-
notype, but may be related to a more pronounced inflammatory response to bacterial
antigens, such as LPS. The wide range of pathogens, patients with agammaglobu-
linemia are susceptible to despite Ig replacement therapy, would be compatible with
a pathogenic role of BTK beyond B cell maturation.

3.4 Therapy

All patients with agammaglobulinemia are being treated with Ig replacement ther-
apy. Its benefits and limitations are discussed in the above chapters. Here, we look
at other therapies, their evidence, and their potential.

3.4.1 Oral Antibiotic Therapy

There is some limited evidence that antibiotic treatment is effective in patients with
non-CF bronchiectasis. Short courses of antibiotics reduce sputum volume and
purulence [52]. Studies on long-term antibiotic therapy gave conflicting evidence
with two studies showing an overall improvement, but other studies could not con-
firm that long-term antibiotics either reduce the risk of exacerbations or improve
lung function [53]. There is no study with patients with agammaglobulinemia.
Considering the frequency of bacterial growth in microbiologic evaluation of
XLA patients, with the majority of specimen showing encapsulated bacteria, it
appears however justified to use beta-lactam antibiotics as a first-line therapy in
case of acute exacerbations. In contrast to standard care of otherwise healthy indi-
viduals, several authors suggest an early start of a treatment course of respiratory
tract infections that are in healthy individuals most frequently of viral origin.
Antibiotic treatment of agammaglobulinemic patients in these instances may serve
to prevent bacterial superinfection that is more likely to occur once the integrity of
the respiratory epithelium is compromised by the viral infection [54]. Early antibi-
otic therapy in patients with agammaglobulinemia may as well serve as a strategy
to prevent proliferation of bacteria already prevalent at the airway surface. Since
viral infections can be a frequent occurrence also in patients beyond early child-
hood, and since the patients are commonly aware of the early phase of respiratory
tract infections, some guidelines suggest to providing patient-held antibiotics in
order to facilitate an early start of therapy. On the same grounds of common sense,
guidelines also suggest prolonged courses of 10 to 14 days [55]. Although the
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benefit of the prolonged treatment courses is not proven, it is not without consider-
ation. The respiratory epithelium takes 2 to 3 weeks to recover its integrity after
viral infections. During recovery, molecules, such as gangliosides, which serve
bacteria for adhesion are exposed and increase the risk of a prolonged bacterial
infection [54, 56].

Long-term antibiotic therapy appears less well supported by evidence and is not
recommended in most guidelines. However, it may be considered in patients with
chronic productive and purulent cough and the detection of bacteria sensitive to oral
drugs. In our experience, the most frequent pathogen, H. influenzae, is rarely treated
effectively with amoxicillin despite a fully sensitive pattern. It may be better treated
with cefuroxime, or amoxicillin and clavulanic acid. Long-term treatment with anti-
biotics requires a careful monitoring of adverse effects. Patients need advice on the
occurrence of enteritis with C. difficile and monitoring of hepatic function.

Following reports on substantial improvement by treatment with long-term low-
dose macrolides of patients with diffuse panbronchiolitis, a condition that is related
to the formation of a P. aeruginosa biofilm at the airway epithelium [57], azithro-
mycin was proven effective to ameliorate the course of lung disease in cystic fibro-
sis [58] and, more recently, in patients with non-CF bronchiectasis. Although the
latter patient group is likely to be heterogeneous, macrolide treatment resulted in
reduction of frequency of exacerbations and improvement of spirometry values and
in quality of life in both adults and children [59]. A reduction in frequency of exac-
erbations by maintenance macrolide therapy was also seen in patients with COPD
[60]. However, there is currently no proof that macrolide therapy reverses more
advanced stages of disease as shown by a lack of improvement of the 6-minute walk
test distances or hospital admission rates in patients with non-CF bronchiectasis.
Other conditions are currently being investigated for macrolide therapy, such as
primary ciliary dyskinesia (PCD).

Numerous modes of action have been described by which macrolides exert
their surprising efficacy in conditions which are to some extent resistant to con-
ventional antibiotic therapy. Long-lived macrolides, such as azithromycin,
achieve intracellular drug levels that reach the minimal inhibitory concentrations
(MICs) of normally resistant pathogens, such as P. aeruginosa. Accordingly,
drug concentrations several orders of magnitude above serum levels can be found
in sputum of CF patients, for the sputum contains to a major proportion the cel-
lular debris of phagocytes [61]. Moreover, sputum of CF patients treated with a
3 months course of azithromycin shows considerably improved rheological prop-
erties which is in the order of other mucolytic agents such as DNAse [61]. An
important part of the effects of long-term low-dose macrolide therapy, however,
applies to an attenuation or at least modulation of the host immune response to
bacteria. Macrolides inhibit the synthesis of proinflammatory agents, such as
interleukin 8, possibly by inhibition of NF-kappaB activation, and reduce the
expression of adhesion molecules, such as ICAM-1. Subsequently, recruitment
of neutrophils to the airway epithelium is reduced. Macrolides inhibit degranula-
tion of neutrophils and reduce the activity of myeloperoxidase, nitric oxide, and
malondialdehyde (summarized in [62]).
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While macrolide therapy has proven successful in randomized controlled clinical
trials with several conditions, important questions remain for use in standard prac-
tice. The maximum length of studies was 12 months. It is unclear whether the ben-
efit of this treatment continues and whether adverse effects remain under control.
Recently, an increased risk of acquisition of non-tuberculous mycobacteria for
patients with CF receiving long-term macrolide therapy was discussed [63].

Attenuation of the inflammatory host response upon bacterial infection in
patients with agammaglobulinemia may not necessarily be as beneficial as shown in
other conditions which do not appear to have an intrinsic immunodeficiency but
rather an augmented inflammatory response [64]. Use of long-term low-dose mac-
rolides in agammaglobulinemia should, therefore, be reserved to randomized clini-
cal trials.

3.4.2 Inhaled Antibiotic Therapy

Inhaled antibiotics, namely, tobramycin, colistin, aztreonam, and ciprofloxacin, are
effective in reducing of rate of exacerbations and respiratory symptoms in patients
with CF. They reduce sputum bacterial density of P. aeruginosa and increase the
rate of eradication before a chronic airway infection is established [65, 66]. The
efficacy of this approach is largely based on the impact on P. aeruginosa infection
which explains the selection of the antibiotics used. Also in non-CF bronchiectasis,
evidence is based on antipseudomonal effects of tobramycin, gentamicin, and
colistin. Recently, a dry powder formulation of ciprofloxacin inhaled over a period
of 4 weeks reduced the number of exacerbations and the total bacterial load in
sputum. Interestingly, the reduced numbers of bacteria applied to S. pneumoniae,
H. influenzae, and M. catarrhalis, but not to S. aureus [67]. Again, no studies are
available on the use of inhaled antibiotics in patients with agammaglobulinemia.
For P. aeruginosa is not a regularly detected pathogen in the airways of patients
with agammaglobulinemia, it appears unlikely that the findings of trials in CF and
non-CF bronchiectasis can be transferred to agammaglobulinemia easily. The dif-
fering range of pathogens, mainly encapsulated bacteria, such as H. influenzae,
S. aureus, and S. pneumoniae, argues for the use of either fluoroquinolones or beta-
lactam antibiotics. Experience with inhaled beta-lactam antibiotics is limited [68]
and raises safety concerns on the development of allergic reactions. Thus, fluoro-
quinolones appear the first choice for trials in XLA and other conditions with
hypo- or agammaglobulinemia. Due to the relatively low threshold in the develop-
ment of antibiotic resistance, however, the issue of duration of therapy and of
patient selection has to be resolved.

3.4.3 Inhaled Hyperosmolar Agents

Hypertonic saline and mannitol powder are thought to bind free water which subse-
quently improves the rheological properties of sputum present in the bronchial
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airways. This would facilitate sputum expectoration which in turn would reduce
both bacterial load and the amount of host proteases. Bronchial damage by host
proteases and oxygen radicals is considered the main pathophysiological mecha-
nism that causes structural pathology of the bronchi, i.e., bronchiectasis [49].

Hypertonic saline is frequently used in CF. It is shown to reduce pulmonary
exacerbations and improving the subjective feeling to have a clearer chest, but evi-
dence for improvement of FEV, beyond the time of 4 weeks is weak [69]. With a
small number of patients studied, there is as yet no proven benefit in patients with
non-CF bronchiectasis [70].

In two phase III clinical trials, mannitol, a dry powder sugar alcohol, improved
FEV, and reduced exacerbation rates in patients with cystic fibrosis over periods
of up to 52 weeks [71, 72]. However, therapeutic strategies effective in CF are
not necessarily effective in other chronic pulmonary conditions. Recently, man-
nitol inhalation failed to reduce the exacerbation rate in patients with non-CF
bronchiectasis [73]. This trial does not exclude an effect of mannitol for the
patients that suffered from a relatively mild disease, and it is possible that a
therapeutic effect is more evident in patients with a higher burden of bronchiec-
tasis and sputum production.

There are no studies on hyperosmolar agents in agammaglobulinemia patients.
The relatively small costs and the good safety profile make both agents study candi-
dates for XLA and ARA despite their failure in non-CF bronchiectasis patients.

3.4.4 Mucolytic Agents

DNA is a major contributor of sputum viscosity. The DNA derives from polymor-
phonuclear cells that succumbed after activation and release of proteases, in most
instances following local bacterial infection. DNAse hydrolyses DNA polymers by
shortening DNA fragments. Inhaled human recombinant DNAse (dornase alpha) is
effective in reducing the frequency of exacerbations and improving spirometry in
patients with CF under therapy for up to 2 years [74]. Since patients with non-CF
bronchiectasis similarly suffer from recurrent or chronic bacterial infection and also
have purulent sputum, it seemed likely that DNAse is beneficial in this patient
group. However, transfer of this therapy was not straightforward. Several trials
found no beneficial effect [74], and a larger trial even resulted in a greater decline of
FEV, and a higher rate of exacerbation in the treatment group [75]. Thus, DNAse is
commonly avoided in non-CF bronchiectasis.

Other mucolytic agents, bromhexine and erdosteine, were assessed for non-CF
bronchiectasis in small trials only, demonstrating no consistent benefit [67].

There is no data on the effect of mucolytic agents in agammaglobulinemia. It is
unclear whether DNAse would equally lead to adverse treatment outcome as in the
non-CF bronchiectasis trial. DNAse may exert its action not only by a mucolytic
effect, but may have also anti-inflammatory properties [76].
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3.4.5 Airway Clearance Techniques

In CF, a broad range of techniques have evolved aiming to improve sputum expec-
toration. This comprises particular manners of breathing, coughing, postures, and
percussion of the chest by a therapist (chest physiotherapy). Several tools can be
used to produce an oscillating pulse wave of the air in the bronchi which is supposed
to widen the airways and to open areas of bronchial collapse by a positive airway
pressure. Oscillating devices are thought to improve the rheological properties of
the sputum by exerting sheer forces on the molecules that keep the mucus tight with
an oscillating change in pressure and airflow. A number of small studies have shown
an increase in sputum expectoration. However, improvement of spirometric mea-
sures has occasionally been shown [77], but not as a long-term benefit [78]. In direct
comparison, oscillating devices were as good as conventional chest physiotherapy
in enhancing sputum expectoration [79].

Data on airway clearing techniques outside CF care are limited. Only few stud-
ies investigated the effect of various techniques in patients with non-CF bronchi-
ectasis showing an increase in sputum volume or a decrease in functional residual
capacity (FRC) by body plethysmography, considered as an improvement of
hyperinflation [80].

While again there are no studies investigating airway clearance techniques with
agammaglobulinemic patients, physicians in care of this patients frequently include
chest physiotherapy into their therapeutic regimen and strongly recommended to do
so in treatment recommendations [55]. This may be surprising at a time in which
evidence-based recommendations are uniformly expected. The patients’ experience
of how rewarding it is to see a sizeable amount of sputum expectorated and how
easy it can be to breathe after thorough chest physiotherapy perhaps explains better
why a considerable number of patients and physicians favor this therapy.

3.4.6 NasalIrrigation and Nasal Drug Deposition

The potential role of upper airway infections as a risk factor for lower airway infec-
tion is discussed above. It is conceivable that limiting the bacterial load of the nasal
airways including the paranasal sinuses would reduce the risk of bacterial infection
in the bronchial airways also in patients with agammaglobulinemia. Although none
has been applied to agammaglobulinemia patients systematically, several therapeu-
tic options could be beneficial for this purpose.

Nasal irrigation is a technique that originates from traditional Indian medicine
and is used for treatment of acute and chronic sinusitis with some evidence of effi-
cacy [81, 82]. The effect of nasal irrigation on bacterial infection at the lower airway
is not investigated. Nasal irrigation is likely to reduce the amount of immunoglobu-
lins on the epithelial surface. It remains to be seen whether the effect of bacterial
(and viral) clearance outweighs the reduction in mucosal Ig concentration.
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Topical deposition of drugs in the nasal airways is another approach aimed at
reducing bacterial load and potentially relieving symptoms of sinusitis. A major
obstacle, however, is that nasal irrigation, application of spray, or inhalation by con-
ventional nebulizers bypass the paranasal sinuses. Nebulizers that superimpose an
oscillating pulse wave upon the aerosol achieve high deposition rates in the paranasal
cavities in vivo [83]. Nasal inhalation of tobramycin conveyed by a vibrant aerosol
reduces the bacterial load of P. aeruginosa in patients with CF and improves clinical
symptom scores of sinusitis [84]. Inhalation of DNAse with the same device also
alleviates symptoms of sinusitis in CF. Moreover, these patients showed an improve-
ment of vital capacity and of mean expiratory flow of mid-size airways (MEF;5_,5)
[85]. If this effect is not reached by bronchial inhalation of exceeding aerosol during
nasal inhalation, treatment of the upper airways may indeed have indirect beneficial
effects at the lower airways. There is still a long way to go until it becomes clear
whether or not nasal pulse wave inhalation and paranasal drug delivery is beneficial in
patients with agammaglobulinemia. Following the negative results of DNAse in non-
CF bronchiectasis patients, other drugs would be preferable, in particular antibiotics
that reduce the bacterial load of encapsulated bacteria at the nasal mucosal surface.
Again, aminoglycosides or colistin do not appear ideal against the spectrum of patho-
gens predominant in the airways of patients with agammaglobulinemia.

3.4.7 LungTransplantation

Only few reports exist on patients with XLA who underwent lung transplantation
due to advanced stage lung disease [86, 87]. These patients exemplify the degree of
lung disease that may be caused by the underlying disease. It is worth to look at these
reports in more detail, for they not only report on end-stage lung disease that may
develop in XLA and other agammaglobulinemias, they also make clear that lung
transplantation is not straightforward in this group giving room for hypotheses as to
why XLA patients fared worse than patients with other end-stage lung disease.

XLA patients who received lung transplant almost uniformly suffered from
severe bronchiectasis in conjunction with infections by multiple species of encapsu-
lated bacteria. Notably, no restrictive pattern, interstitial or granulomatous lung dis-
ease, as reported in CVID [88], or with bronchiolitis obliterans syndrome, a
condition with a potential infectious etiology, were described. In a series of 6
Australian XL A patients, spirometry values and CO diffusion capacity were as low
as in other patient groups considered for lung transplant (FEV, and DLCO 15 to
28 % and 34 to 58 % [pred.], respectively) [86]. All patients suffered from chronic
productive cough and advanced stage bronchiectasis. In sputum cultures grew
H. influenzae (3/6 patients), Candida spp. (2/6 patients), and P. aeruginosa
(1 patient), presumably despite appropriate antimicrobial therapy.

The most remarkable detail of the Australian report is the ill-fated outcome of this
small cohort. 5 out of 6 patients died within 4 years [86]. The other report on 2 patients
from Spain had a follow-up for a maximum of 12 months which precludes conclusions
as to the survival rate [87]. Four of the 5 deceased Australian patients died from



3 Pulmonary Pathology in Agammaglobulinemia: Diagnosis and Treatment 55

intractable bacterial pneumonia and septicemia with a diverse spectrum of pathogens,
including encapsulated gram-positive, gram-negative and intracellular bacteria, viruses,
and fungi (S. aureus, K. pneumoniae, S. pneumoniae, P. aeruginosa, M. avium,
S. aureus, Giardia intestinalis, RSV, A. fumigatus, Zygomycetes). Three patients also had
evidence of bronchiolitis obliterans or graft rejection which did, however, not appear to
be the leading cause of death, as it is common to other conditions after lung transplant.
The critical role of infections that complicated the post-transplant course while Ig
replacement was continued at pre-transplant levels suggests that immunosuppression
in BTK-deficient patients may increase the risk for uncontrolled infections more pro-
foundly than in patients with other conditions, such as CF. The observation that most
patients died from multiple infections including mycobacteria and fungi argues for a
compromise in host defense mechanisms which is not necessarily restricted to
Ig-dependent pathways. As discussed earlier, BTK is involved at the inflammatory
response upon TLR stimulation, such as in formation of reactive oxygen species and
other proinflammatory metabolites in myeloid cells of mice [89, 90]. The BTK defect
in XLA may, therefore, affect the immune response beyond Ig formation and becom-
ing clinically more relevant in the situation of immunosuppression. This would be
consistent with the clinical observation of an increased susceptibility of immunosup-
pressed XLA patients to organisms which are normally cleared by phagocytes [7].

3.5 Outlook

The introduction of Ig replacement therapy substantially improved life expectancy
and quality of life of patients with agammaglobulinemia. However, respiratory con-
ditions, in particular chronic sinusitis and structural lung disease, continue to prog-
ress. New strategies for an improved treatment of airway disease are warranted. As
long as corrective gene therapy is not available, topical antibiotic therapy, mucolytic
agents, physiotherapy, and other measures that address the vicious cycle of infection
and inflammation at the respiratory mucosa need to be studied for their potential to
improve the life of the patients. Prerequisites of interventional trials are standard-
ized and sensitive diagnostic procedures, such as chest CT, and microbiological and
lung function monitoring, which is shared by a network of immunology centers.
The Italian IPINET collaboration has demonstrated that much can be gained with
this approach. Today, collaborations across Europe and beyond take shape in order
to reach what still lies ahead of us: the challenging and rewarding goal to confine
pulmonary complications and eventually to enable our patients to lead a healthy life.
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4.1 Introduction

At the beginning of the twenty-first century, prescribers and users of serum
immunoglobulin (Ig) derived from large pools of human plasma have a choice of
multiple preparations that underwent testing for efficacy and safety, were shown
to have an acceptable half-life, and to be well tolerated by antibody-deficient
patients if given as recommended, either intravenously or subcutaneously, daily,
weekly, or once a month. While there are still debates as to optimal dosing,
mechanisms leading to adverse events and breakthrough infections in spite of
IgG trough levels that exceed recommended values, there is consensus that Ig
replacement therapy improves quality of life and saves lives. To arrive at this
state of success, the concepts of immunity, protective antibodies, and serum ther-
apy had to be developed. The introduction of rigorous experimentation in the
second half of the nineteenth century led to the discovery of pathogenic microbes
and provided proof that infectious diseases are caused by different types of
microoganisms. The concept of germs causing disease, developed in the late
nineteenth century, was rationalized by Robert Koch: “On many occasions, I
examined normal blood and normal tissue and there was no possibility of over-
looking bacteria. Thus, I conclude that bacteria do not occur in healthy human or
animal tissue.” Louis Pasteur, by introducing the concept of biogenesis (Omne
vivum ex vivo, “all life from life”), refuted the century-old belief in “spontaneous
generation” and set the stage for using attenuated microbes such as anthrax
(1881) and rabies (1885) to induce active immunity [1].
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Emil von Behring, who in 1889 joined Robert Koch’s Institute in Berlin, devel-
oped, together with Shibasaburo Kitasato, the experimental basis of serum therapy
and of active or passive immunization [2, 3]. Using rabbits and mice, Behring and
Kitasato discovered that blood and serum from animals that were rendered immune
to tetanus neutralized or destroyed tetanus toxin. This property of serum was stable
and could be transferred to other animals, which became protected from the toxic
effects for a limited time. For this discovery, Behring received the first Nobel Prize in
Medicine in 1901. This activity, observed only in sera from immunized animals, was
heat stable (60 °C), in contrast to the bactericidal substance present in fresh blood
from non-immunized animals, first recognized in 1889 by Buchner and subsequently
named complement, which was heat labile [4]. Based on Behring’s seminal experi-
ments, Paul Ehrlich developed his “side chain” theory [5, 6]. Ehrlich proposed the
presence of “antigen” receptors (side chains) on the surface of cells, which upon
stimulation by antigen produce and secrete large quantities of “side chains” (antibod-
ies) that bind to and mop up toxins. Thus, Ehrlich predicted the present concept of
antigen-receptor-bearing B cells that upon activation produce high affinity antibody,
an idea that was honored in 1908 with the Nobel Prize in Medicine. Behring and
Ehrlich subsequently collaborated in the production and standardization of diphthe-
ria-anti-toxin containing serum generated in cows, and created a company in Marbug
now known as Behring Werke. The standardized serum was sold successfully in
Europe and the USA. Serum therapy, as it was known, became widely used as anti-
infectious and anti-toxin therapy [7]. Because of serious complications such as serum
sickness and anaphylaxis, therapeutic sera generated in different animal species were
required. It was soon discovered—as early as 1896—that these problems could be
avoided by using convalescent human serum for the prevention of measles in exposed
children [8, 9], by producing extracts from human placenta [10] or by isolating the
globulin fraction of immune serum [11]. The separation and systematic analysis of
serum proteins were made possible by the discovery in 1938 of serum electrophore-
sis by Tiselius and Cabat, proving that antibody activity was present in the gamma-
globulin fraction of serum [12]. In response to the request of the National Research
Council on behalf of the US Army, biochemists Edwin Cohn and John Oncley
designed a method by which all major components of human plasma could be iso-
lated as more or less homogeneous fractions, while the different components, includ-
ing those known to be labile, were functionally preserved [13]. By using different
concentrations of ammonium sulfate, increasing percentages of cold ethanol and by
manipulating the pH, Cohn and Oncley obtained six fractions, with fraction II con-
taining the gammaglobulin/antibody portion [14]. In a single volume of the Journal
of Clinical Investigation (Volume 23, February 17, 1944) a series of reports were
published that characterized the six protein fractions [15], and demonstrated that the
gammaglobulin containing fraction II includes specific antibodies [14], and that con-
centrated gammaglobulin derived from normal adult serum was highly effective in
preventing or attenuating measles when given within a week of exposure [16, 17].
These studies were extended to treat a long list of viral diseases with fraction II,
including hepatitis A, respiratory syncytial virus, parvovirus B 19, and enteroviruses
(summarized by Keller and Stiehm, 2000) [18]. When Ogden Bruton discovered
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agammaglobulinemia in 1952, he elected to try this new product in his 8-year-old
patient who had suffered from multiple episodes of invasive pneumococcal disease,
and demonstrated that subcutaneous injection of Cohn fraction II at a dose of 100 mg
per kilogram per month, as suggested by Janeway, completely prevented the recur-
rent infections [19].

4.2  Early Use of Gammaglobulin
as Replacement Therapy for PID

Following Bruton’s report, similar patients with agamma-/hypogammaglobulinemia
were identified [20, 21] and were treated with Cohn fraction II, available as a 16 %
gammaglobulin solution in glycine buffer. While Bruton and Janeway preferred
subcutaneous injection, in subsequent years, the material was given intramuscularly
until intravenous formulations became available in the 1980s. Although intramus-
cular injections were effective, the shots were painful, the material was slowly and
incompletely absorbed, and the quantity that could be injected at one time was
severely limited.

Attempts were made to give unmodified gammaglobulin intravenously, but when
infused into acutely ill children or hypogammaglobulinemic patients, severe vaso-
motor reactions or anaphylactic shock were frequently observed. Such reactions
occurred occasionally even in healthy volunteers, receiving as little as 2 ml of
unmodified fraction Il intravenously [22]. To better understand the mechanisms that
caused these reactions, Silvio Barandun and colleagues performed a series of daring
in vivo experiments [23]. Working at the Tiefenau Hospital in Bern, Switzerland,
they injected up to 10 ml of diluted standard IgG preparation (1.45 % gammaglobu-
lin) into normal controls and patients with the diagnosis of antibody deficiency. Of
the 55 normal controls receiving this material, seven (12.7 %) developed symptoms
of flushing, chills, fever, and lumbar pain, while 14 of 15 patients with antibody
deficiency (93 %) developed adverse events, including anaphylactic shock. A sub-
stantial decline in complement was detected in those individuals who developed
symptoms. Interestingly, these investigators noticed that when the symptoms,
caused by the initial infusion, had disappeared, the patients (and controls) became
“refractory” to subsequent gammaglobulin infusions for up to 5 days [23].

Possible explanations of these anaphylactoid reactions considered by Barandun
and colleagues included direct activation of complement by aggregated IgG (which
in Cohn fraction 1II is estimated to be 5-10 % of the total IgG) or the formation of
complexes between the infused IgG and antigens that, because of the lack of anti-
body, had accumulated in the patients’ circulation, causing a “phlogistic reaction”
[24]. Based on these clinical observations, the group in Bern explored innovative
formulations that would be suitable for intravenous use. One strategy was to remove
IgG aggregates using ultra centrifugation or nanofiltration; another was exposure to
low pH and treatment with pepsin at low concentration insufficient to cleave peptide
bonds in the native monomeric IgG molecule but sufficient to degrade the IgG
aggregates. The resulting preparation, Sandoglobulin®, underwent nanofiltration,
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was exposed to pH 4, contained pepsin (1:10,000) and sucrose (1.676 g/1 g protein),
was lyophilized, and could be reconstituted as 3-12 % IgG concentrations with
osmolalities of 192-1074 mOsmol/L. Extensive clinical studies demonstrated
excellent safety and efficacy as replacement therapy for patients with antibody defi-
ciency [24]. In the USA, Cutter Laboratories decided to find a marketable use for
the material contained in Cohn fraction II (other than selling it as fertilizer), a by-
product of albumin fractionation from pooled human serum. Realizing that the
demand for 16 % gammaglobulin that had to be injected intramuscularly was lim-
ited, Cutter approached the problem of aggregated IgG by employing reduction
(dithiothreitol) and alkylation (iodoacetamide) to get rid of the aggregates. In a con-
trolled crossover study, 34 patients with antibody deficiency were treated for 1 year
with either 16 % immune serum globulin given intramuscularly or 5 % modified
(reduced and alkylated) IVIG, both at a monthly dose of 100 mg/Kg. Disappointingly,
those patients receiving Cutter-IVIG had a slight but statistically significant increase
in the incidence of acute upper respiratory infections and twice as many episodes of
adverse events [25]. During this clinical trial, two relevant observations were made:
(1) If the lyophilized material was diluted in 5 % glucose instead of normal saline,
the solute became clear and the infusions were tolerated better. (2) A small dose of
the material (1-2 ml), given intravenously the day before the monthly infusions,
prevented most of the clinical side effects such as flushing, headache, fever, and
muscle ache. Based on the results of the 2-year crossover study, a follow-up double-
blind crossover trial was designed to compare the 5 % reduced and alkylated formu-
lation used previously with one to which 10 % maltose had been added. Each patient
received three monthly IgG infusions of 100-250 mg/kg before being switched to
the alternate preparation. Only 3 of 29 patients had adverse reactions when on the
maltose-containing IVIG, compared with 22 of 29 having adverse events when
receiving IVIG without maltose [26]. In vitro studies supported these clinical obser-
vations: fraction II, incubated for 24 h at 61 °C, formed extensive aggregates with
increased optical density (OD =0.92); addition of 10 % maltose prevented aggregate
formation during exposure to 61 °C and showed a similar low OD (0.05) as the non-
heated material, while the Cutter preparation containing 10 % maltose maintained a
low OD (0.02) under the same conditions (Fig. 4.1). As a result, the maltose-
containing Cutter product became the first FDA-approved IVIG preparation in
the USA.

These clinical trials demonstrated that it was possible to modify Cohn fraction II
and obtain formulations that could be given safely in large doses intravenously,
opening a new era of immunoglobulin therapy, not only as a substitution for patients
with antibody deficiency, but also immunomodulatory treatment for those with
autoimmune disorders. Recognizing the importance of IVIG, the Bureau of
Biologics (FDA), in conjunction with the National Heart, Lung and Blood Institute
(NIH) sponsored an immunoglobulin workshop which took place during October
1979 in Bethesda, MD. At this consensus meeting, an international group of bio-
chemists, immunologists, and clinicians as well as representatives from industry
discussed the role and benefit of IVIG in the treatment of antibody-deficient patients,
other potential indications, the prevention of adverse reactions, and methods to
improve the safety of immunoglobulin products [27].
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Fig. 4.1 Effect of sugar (10 % maltose) on heat-induced aggregation of IgG. Cohn fraction II
(CFII) at room temperature (20 °C) remains clear with an optical density (OD) of O (bottom tube);
if incubated for 24 h at 61° C, the solution turns cloudy with an OD of 0.92. This heat-induced
aggregate of CFII is almost completely prevented when 10 % maltose is added (OD 0.05). The 5 %
modified IgG (MIG) formulation (reduced and alkylated in 10 % maltose, developed by Cutter
Laboratories), when exposed to 61° C for 24 h, does not form aggregates (OD 0.02)

In subsequent years, the goals established at the Bethesda meeting were reached
and a number of highly effective, standardized, well-tolerated preparations are now
available (Table 4.1). All FDA-approved formulations use highly purified biologi-
cally active (native) IgG, which are free of aggregates (<1 %), preservatives, and
infectious agents. These preparations are produced from large donor pools, guaran-
teeing a broad spectrum of antibody activity and have normal distribution of IgG
subclasses. With the exception of two products that are lyphoized, the preparations
on the US market are available as 5 %, 10, or 20 % solutions; some preparations
have added sugars for stabilization, others do not; most are slightly acidic with a pH
of 4.0-6.0. Depending on the sugar content, the osmolality may reach unphysio-
logic levels.

To be licensed, each preparation had to be vigorously tested in clinical trials for
safety, half-life, and therapeutic benefits.

Several incidences of transmission of hepatitis C occurred, either in lots of not-
yet-licensed preparations that were in clinical trials [28] or in approved IVIG prod-
ucts [29, 30], but none occurred after 1994. No other pathogen transmissions such
as HIV or prions have been reported. This excellent safety record has been attrib-
uted to the fractionation process, solvent/detergent (S/D) treatment, low pH (pH4)
exposure, addition of octanoid acid (caprylate), pasteurization, nanofiltration, strin-
gent donor screening, quarantine (hold back) programs, and the use of PCR-based
testing.

In spite of these efforts to generate IVIG preparations with improved tolerability,
episodes of adverse events (AE) still occur, including serious AEs [31]. Immediate
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infusion-related reactions are usually mild to moderate, occurring in 5-15 % of
infusions overall and are experienced by approximately 20 % of patients over time
[32]. These reactions, consisting of fever, chills, flushing, malaise, myalgia, flu-like
symptoms, nausea, vomiting, and/or diarrhea, are experienced by up to 50 % of
adult CVID patients receiving their first IVIG infusion. Therefore, the first and sec-
ond IVIG infusions should be given in an infusion center by experienced staff.
Infusion-related AEs can be prevented/treated by slowing or temporarily stopping
the infusion, or by using anti-inflammatory drugs (Tylenol, ibuprofen, or hydrocor-
tisone (50-100 mg)). Increasing the dose or reducing the interval between infusions
(e.g., from every 4 to every 3 weeks) often eliminates these unpleasant AEs.

More serious anaphylactoid reactions resulting in bronchospasms, wheezing,
and changes in vital signs are rare and may require stopping the infusion or initiat-
ing pretreatment with antihistamines or steroids. The role of IgG/IgE anti-IgA anti-
bodies in those reactions is controversial and of minor significance.

The tendency to infuse large volumes of IVIG at a rapid rate has created “organ-
specific”’ AEs. The most common reactions include “aseptic meningitis” syndrome
beginning up to 72 h post-infusion and may be associated with stiff neck and spinal
fluid leukocytosis [31, 33]. Acute renal failure has been observed, often in older
patients receiving high doses of an IVIG preparation that contains sugars, mainly
sucrose or maltose, as stabilizers, increasing the osmolality to unphysiologic levels.
Preexisting renal disease is a frequent facilitator [34]. Other risk factors include
diabetes, vascular disease, and dysproteinemia such as multiple myeloma or cryo-
globulinemia [31]. Thrombotic events are predominantly arterial, causing myocar-
dial infarction within hours or a few days following IVIG infusions. Venous
thrombosis generally occurs days to weeks post-infusion and may affect deep veins,
causing pulmonary embolism, CNS thrombosis, or jugular thrombosis [31].
Suspected mechanisms include indwelling venous catheters (e.g., Portacath), hyper-
viscosity, hypercoagulation due to autoantibody, or the presence of contaminating
coagulation factors not removed during the fractionation process. In 2010, a sudden
increase in thromboembolic events occurred following infusion of Octagam 5 %,
resulting in the recall of the product. A change in the fractionation process had
allowed the passage of activated FXI into the final product, which was identified as
the major biological root cause of the thromboembolic events [35]. The presence of
anti-A or anti-B IgG-isohemagglutinins may cause a positive direct Coombs test but
rarely results in hemolysis [31, 36]; in rare instances, significant hemolysis can
occur [37].

4.3 |G Replacement Therapy

The goal of Ig replacement is to ensure adequate passive immunity by providing
physiologic levels of antibodies to protect deficient patients from common serious
infections. It is recommended that the plasma pool collected for the production of
IVIG consist of at least 1000 individual donors, preferably from the region where the
product is intended for use. The final product must contain a broad spectrum of
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specific antibodies with titers to selected microorganisms, such as measles, that
conform with the FDA requirement; The IgG has to be biologically active (native),
with a physiologic half-life of 20-30 days, free of aggregates, and should represent all
IgG subclasses proportionally. Unfortunately, antibody titers to commonly encoun-
tered microorganisms may vary not only between preparations, but also from lot to
lot. This variability makes a treatment regimen a guessing game and supports the idea
of individualizing immunoglobulin dose and delivery in order to optimize outcomes
and costs [38, 39]. When first approved for clinical use in the 1980s, the recommended
replacement dose for IVIG was 100-200 mg/kg per month, not enough to increase the
trough level much above the base line (Fig. 4.2). In subsequent years, the dose require-
ment was increased to 400-600 mg/kg or higher, resulting in substantially higher
trough levels (Fig. 4.2) and improved outcomes [40—42]. A meta-analysis of 17 clini-
cal trials provided evidence that pneumonia risk can be progressively reduced by
higher trough IgG levels, up to at least 1000 mg/DL [43]. Based on this meta-analysis,
it was estimated that the risk of pneumonia is reduced by 27 % for each 100 mg/kg
increase in trough IgG level. On average, trough IgG levels increase by 100-200
mg/DL for each 100 mg/kg increase in the IgG dose [38, 43, 44].

200 mg/kg/4 weeks (1V) 400 mg/kg/4 weeks (1V)

A A A A A AN \L100mg/kg/1week
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Fig.4.2 IgG peak and trough levels depend on monthly dose, interval, and route of injection. At
low monthly intravenous infusions (200 mg/kg), peak levels are low, trough levels barely above the
base line, and patient protection is marginal. Higher monthly dosing results in increase in both
peak and trough levels, eventually reaching equilibration. A switch from monthly intravenous infu-
sions (400 mg/kg/months) to weekly subcutaneous injections (100 mg/kg/week) results in an IgG
trough level that remains stable
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While some patients remain infection free at lower monthly IgG doses and lower
trough levels, others do not, demonstrating a need to optimize therapy for individual
patients to avoid recurrent infections and progression to chronic lung disease. The
consensus is that there is not a “magic” monthly dose or trough level that keeps a
patient infection free. Variables include the “base IgG level” (determined before
starting therapy), the interval between infusions, the route of infusion (IVIG versus
SCIG), the presence of bronchiectasis, protein loss, or increased catabolic destruc-
tion, and other factors.

IVIG as replacement therapy requires venous access that is often painful and dif-
ficult to maintain. However, most treating physicians agree that IVIG should not be
given by a central line (e.g., Portacath) that is maintained only for IVIG therapy.
The usual starting dose is ~400 mg/kg/months, but may have to be increased up to
800-1000 mg/kg/months. Because adverse events are more frequent when the inter-
val between infusions reaches 4 weeks, a 3-week schedule is preferred. Most
patients who self-infuse IVIG at home prefer a 2-week interval to avoid “pre-infu-
sion blues” and post-infusion discomfort. The rate of infusion tolerated differs from
patient to patient and may depend on the preparation and the health status of the
patient. “Rapid” infusion (over 400 mg/kg/h) is associated with increased AEs [45]
and may lead to serious complications if preparations with high osmolality are used
[34]. A select group of patients, who tolerated the infusions well and were hemody-
namically stable, had been taught how to self-infuse intravenously or be infused by
a family member at home, or receive IVIG at home by a trained infusion nurse,
improving quality of life and patient health perception [46, 47].

SCIG replacement had a slow start [48-51], when, in the early 1980s, a few
patients received Cohn fraction II by slow subcutaneous infusion. Presumably due to
an outbreak of non-A non-B hepatitis [29] following treatment with an IVIG prepa-
ration produced in Stockholm (KabiVitrum) and its abrupt withdrawal, Gardulf and
co-investigators enrolled 25 patients in a clinical trial using a pump to infuse rapidly
up to 20 ml/h per site of a 16 % “intramuscular” preparation with excellent accep-
tance by the patients [52]. As a result, SCIG became the preferred Ig treatment in
Sweden and other European countries. More recently, following clinical trials in the
USA [53-55], the FDA approved several preparations for subcutaneous injection,
resulting in the rapid increase in the use of SCIG in North America, especially for
pediatric patients. As of 2015, a total of four preparations have been approved and
are available for subcutaneous infusion (Table 4.1). Two of these, Gammagard and
Gamunex, both 10 % IgG, are also licensed for intravenous use. Hizentra is a 20 %
Ig preparation exclusively produced for subcutaneous injection. Most recently, the
FDA licensed HyQvia, a “dual vial” preparation consisting of a vial of recombinant
human hyaluronidase and a vial of 10 % IgG in glycine buffer, which is injected
locally via the same needle as the subcutaneously injected hyaluronidase [56].

SCIG is ideally suited for self-infusion at home [57], can be given weekly, every
other week, or in the case of HyQvia, every 3—4 weeks, using a pump or by push.
SCIG can be given in one or multiple sites, using the abdomen, lateral thighs, or
arms. Infusing 1 ml/min per site is tolerated well by most patients, including infants,
who might benefit from a cream-based local anesthetic, such as EMLA cream. Self-
infusion at home provides individualized therapy that may consist of injection by
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push once weekly if the volume is small (as for infants), or more often (in older
children or adults), or injection by pump. Frequent SC infusions result in high
“trough levels” that remain relatively stable (Fig. 4.2). At any rate, self-infusion at
home by IV or SC provides patients with more control of therapy and improves
quality of life [46, 47, 55, 58].

Conclusion

Cohn fractionation of plasma, developed as part of the Second World War efforts,
has provided the starting material for safe and effective immunoglobulin prepa-
rations which are available, after decades of development, for intravenous or
subcutaneous injection, providing antibody-deficient patients with multiple
choices to stay free of infections. Some will opt for periodic visits at infusion
centers, while others may prefer self-infusion at home—preferably every 2-3
weeks if using IVIG, or weekly, daily, or monthly if using SCIG. There are those
who prefer a simple spring-loaded pump (Freedoms-60) and those who cannot
resist using complex electronic pumps. Some follow the Swedish model and use
a $0.55 butterfly needle that can be bent to ensure the tip is in the subcutaneous
compartment; others prefer expensive tubing, with the needle mounted at a 90°
angle to a plastic circle (at $12.00 a set). Some learn the hard way that if the
needle is too short, part of the material leaks and goes into the intradermal space,
hurting locally, or if the needle is too long, the material is injected intramuscu-
larly, resulting in local soreness that can last days, similar to gammaglobulin
preparations designed to be given intramuscularly. Experienced self-infusers
have learned that a “wet” needle, resulting from priming the tubing, causes intra-
dermal deposit of IgG—and pain, some have learned to adjust the dose as
needed—more when sick or during the cold season, less when healthy or during
summer. And, unfortunately, some tend to postpone or forget to infuse—demon-
strating that they are not well suited for self-infusion.
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5.1 Introduction

Bruton agammaglobulinemia tyrosine kinase (BTK) variations lead to X-linked
agammaglobulinemia (XLA, MIM# 300300), a hereditary primary immunodefi-
ciency [26, 29]. XLA is caused by a block in B cell differentiation resulting in
severely decreased numbers of B lymphocytes and an almost complete lack of
plasma cells and very low or missing immunoglobulin levels of all isotypes. The
patients have increased susceptibility to mainly bacterial infections because of vir-
tually absent humoral immune responses. The frequency of XLA has been esti-
mated to be 1:200,000 live births. The disease is considered to have full penetrance.
Female carriers are healthy but display nonrandom X-chromosome inactivation in
their B cells. Only a few female patients have been identified.

The BTK gene (LRG_128, reference sequence used U78027.1) contains 19
exons (Fig. 5.1) and codes for a protein of 77 kDa. Exon 1 is outside the coding
region. BTK is expressed in all hematopoietic lineages except for T lymphocytes
and plasma cells [23]. BTK belongs to the Tec family of related cytoplasmic protein
tyrosine kinases (PTKs) formed by BMX (BMX non-receptor tyrosine kinase), ITK
(IL2-inducible T cell kinase), TEC (tec protein tyrosine kinase), and TXK (TXK
tyrosine kinase). Except for TXK, they have the same domain organization, from
the N-terminus pleckstrin homology (PH) domain, Tec homology (TH) domain, Src
homology 3 (SH3) domain, SH2 domain, and catalytic tyrosine kinase (TK) domain.

The three-dimensional structure has been determined for the PH domain and the
first half of the TH domain [7], the SH3 domain [4], the SH2 domain [6], and the
kinase domain [12]. For the full-length BTK, there is a low-resolution structure in
an extended conformation [13]. BTK interacts with several partners [15].
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Variations in BTK account for about 80 % of agammaglobulinemia cases. Several
other genes can lead to a failure of B cell development and agammaglobulinemia
[1]. These genes encode components of the pre-B cell receptor or proteins that
are activated by cross-linking of the pre-B cell receptor. Defects in these genes
lead to a block in B cell differentiation at the pro-B to pre-B cell transition. Other
forms of agammaglobulinemia appear with growth hormone deficiency or as auto-
somal recessive diseases. Some autosomal recessive agammaglobulinemias
have been identified involving pre-B cell receptor (pre-BCR) or BCR component
genes p-heavy chain (IGHM), A5/14.1 (IGLLI, immunoglobulin lambda-like
polypeptide 1), Igae (CD79A), and IgP (CD79B). Variations in the B cell linker
protein (BLNK), which is essential for Igp signal transduction, and PIK3RI
(phosphoinositide-3-kinase, regulatory subunit 1 (alpha)) for phosphoinositide
3-kinase regulator are downstream of BCR.

5.1.1 BTKbase

BTKbase is the first immunodeficiency variation database (IDbase) founded in
1994 [32]. Subsequently more than 130 immunodeficiency variation databases
(IDbases) have been released [19]. BTKbase contains public variation entries for
1362 patients from 1198 unrelated families (total number of variants in these unre-
lated families is 1209) showing 742 unique molecular events.

BTKbase aims at collecting all published variations. Data are either directly sub-
mitted or derived from more than 100 publications. The database format has been
previously published [31, 34]. The data are presented as individual entries, each
carrying a unique patient identification number (PIN) and accession number, sys-
tematic names according to the Human Genome Variation Society (HGVS) varia-
tion nomenclature, a short verbal description of the variation, submission information
(submission and update dates, version numbers, and submitter details), literature
citations, and annotation in detail at DNA, RNA, and protein levels. In addition, the
most important clinical parameters and laboratory findings are included, provided
they are available.

IDbases, including BTKbase, follow a number of standards including the use of
HUGO Gene Nomenclature Committee (HGNC) gene names (www.genenames.
org), HGVS variation nomenclature [3], and IDRefSeqs (reference sequences for
primary immunodeficiency genes and proteins). Currently, IDbases are in the pro-
cess of changing to Locus Reference Genomic (LRG) reference sequences, which
are already available for some 100 immunodeficiency genes (www.lrg-sequence.
org). BTKbase follows the recommendations for locus-specific variation databases
(LSDBs) [33] and their curation [2].

BTKbase is freely available at http://structure.bmc.lu.se/idbase/BTKbase/. The
website contains information related to XLA and BTK. The bioinformatics pages
include several tables for statistics of BTK variations. The variation distributions are
shown along sequences in illustrative ways. The submission page provides variation
checking facilities and electronic submission services. The variation browser allows
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visual means for browsing variations along the protein sequence. The reference
information for variation publications and related protein structures are included in
their own sections.

5.2  Analysis of BTK Variations

XLA arises as a block in B cell development. BTKbase contains information in
many entries for the immunological status of patients. These properties have been
extensively discussed in a previous publication [28]. The majority of the reported
patients have significantly reduced numbers of B cells and Ig levels. A large portion
of patients with X-linked diseases have de novo variations.

5.2.1 Variation Statistics

Extensive statistical analyses of variations at the three molecular levels, DNA, RNA,
and protein, were performed. Since data per unique families are considered the most
representative regarding, e.g., mutational effects and prevalence, the discussion
about variation statistics mainly relates to these.

Variations appear throughout the BTK domains as well as in exons and introns
(Fig. 5.1, Table 5.1); however, the distribution is not even. Some exons contain more
variations than expected. The PH and SH2 domains contain approximately the expected
number of variations, whereas there are less than expected in the TH and SH3 domains
and more than expected in the kinase domain (Table 5.2). The TH domain has two
structural elements [31, 35], an N-terminal BTK motif and a C-terminal proline-rich
region which contains two proline-rich regions capable of intra- and intermolecular
interactions [4, 17]. The reason for under-representativeness of the TH domain may be
that it likely has a partially intrinsically disordered structure in the C-terminal half of
the domain, and therefore, variations do not have a major effect. On the other hand,
XLA-causing variants do appear in the Zn**-binding BTK motif.

We have recently investigated the putative effects of all possible amino acid sub-
stitutions due to single nucleotide changes in the BTK TK domain [27]. Altogether
67 % of the 1495 substitutions were predicted to be harmful. Although this number
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Fig.5.1 Distribution of all variations to BTK gene regions and BTK protein domains. Variations
in exons are indicated by green numbers in exons which are numbered in red. Variations in introns
are in black below the domain chart. Domain borders are above the chart and numbers of variations
in the domains above them
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Table 5.2 Spectrum of variants in the structural BTK domains

Length/total | Normalized

Domain | Length | length expected Observed 1 P

PH 414 0.209 242 253 0.47384 0.49122
TH 231 0.117 135 74 27.69467 <1 Q-6
SH3 194 0.098 114 75 13.07900 0.00030%**
SH2 292 0.148 171 192 2.60845 0.10630
TK 846 0.428 495 563 9.31070 0.00228%**
Total 1977 1 1157 2257

aSignificance levels: ** p<0.01 *** p<0.001

seems very high, it is considered to be realistic because the kinase domain contains
so many conserved regions and has several functions. The situation is likely very
different in the SH3 and TH domains.

The variants are classified in Table 5.1 based on their effects on DNA or RNA
level. The largest group of the variants is amino acid substitution causing missense
variations (41 % of independent families). The SH3 domain is the only one where
amino acid substitutions do not occur. Although SH3 domains are abundant in the
human proteome, no disease-causing amino acid substitutions have been reported in
any of them.

Nonsense variations account for 17 % of all variations, frameshift variations
19 %, and intronic variations 14 %. The proportions of deletions (4 %) and inser-
tions (0.7 %) are very low and different from those reported in previous publications
[10, 28] where proportions of 20 % (deletions) and 7 % (insertions) were given.
These differences are due to the way the variants were counted, e.g., a variant with
a DNA name “deletion” and an RNA name “frameshift” has been considered here
as a frameshift variation. In the future we will avoid this kind of issues by adopting
variation naming according to the Variation Ontology [30].

The distribution of variation types is very similar compared to the other
IDbases [19]. The ratio of missense/nonsense variations, 2.5, is slightly higher
in BTKbase compared to IDbases (1.5). Multiple variants in BTK have been
identified in 17 families, complex variations in 9 families, and miscellaneous
cases in 15 families.

There are altogether 341 unique amino acid substitutions. The theoretical maxi-
mum is 4151: thus, until now we have 8.2 % of the total variation; however, just a
fraction of them is harmful and thus identifiable from XL A patients. In the case of
nonsense variations, a larger portion has been seen in patients. There are 94 (28 %)
of all the possible (n=297) variants in the BTKbase. According to y? statistics, there
is highly significant overrepresentation (p <0.0001).

When we are looking at the changes at amino acid level, it is apparent that argi-
nine, as previously indicated, harbors the largest number of variants (Table 5.3).
However, the most common outcome at protein level is protein truncation due to
incorporation of a stop codon to the coding region. Altogether 29.5 % of single
nucleotide changes lead to protein truncation.
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Table 5.3 Amino acid substitutions indicated in percentages

Hydrophilic
Hydrophobic Acidic Basic Polar Special

> Al F| I| L|M| VIW| Y| D| E| HH K| Rfl N Q] S| T| C| G| P| X|Total
A 0 1 0.6| 0.4 0 O 0/0.8) 0] 2.8
F 0 0]0.4 0.1 0.3 1 0.1 01| 2.1
| 0.1 0| 0/0.1] O 0 0 1] 0/0.10.6 0 2
L 1.3/0.3] 0] 0/0.3/0.1 0 0.6 0.1/ 0.6 3.8 0.6 7.6
M 1.1]0.1] 0[0.4] 0.4/ 0.1 2 0 4.2
\ 0.4/0.7, 0 0O 0]0.1 0.4/0.1 0.3 0 0.1 22
W 0.1 0.8 0.3 0.3 0 41| 5.6
Y 0 0/0.7 0.6 0.6 0.8 1.3 4.8/ 8.7
D 0 0.4 0.1 0/0.1]0.1 0.3 0.3 0 1.4
E 0 0 0.7] 0 0.3 0 0.4 1.8/ 3.2
H 0 0.1/ 0.1 0 0.4 0/ 0.1 0.3 0 1.1
K 0.1 0 1.1 0/0.4/0.3 0 0 1.4] 3.4
R 0/0.3] 0 6.3 4.1/ 0.6/ 0.1 4.5 103125 2/1.1|] 8.3 31
N 0 0.1 0 0| 0.1 0 0 O 0.1 0.4
Q 0 0 0/0.3 0]0.1 0] 0.1] 6.2 6.7
S 0/0.7/0.1/0.1 0/0.4 0.1 0 0 0 O 007 1 3.2
T 0.1 0.4 0 0 0 O 0 O 1.1 0 1.7
C 0.7 0.3]1.7] 0.4 0.3 0/0.4 0.7] 45
G 0.1 0.1/0.1 1.1]2.1 1.5 0 0/0.1 0.3| 5.6
P 0.3 0.6 0 0 0.3 0/ 0.7/ 0.7] 0| 0] 2.5
Total| 1/3.5/2.1|1.7|0.1]2.5/6.9/2.8/3.6/3.9] 5/ 1.4 5/2.1/4.8/4.8/3.5{4.2/3.5| 8/29.5 100

Arginine is by far the most frequently substituted amino acid (31 %). This has
not only been observed in BTK before [28] but also in variant datasets extracted
from dbSNP [21], and this overrepresentation of arginine is known to be due to the
high mutability of the codons containing CpG dinucleotides. Arginine is coded by
six codons, four of which have a CpG dinucleotide in the first and second codon
position [18]. The overrepresentation of arginine as the most frequently substituted
amino acid also leads to the enrichment of tryptophan as the residue other amino
acids are substituted to; arginine was replaced by tryptophan in 6.3 % of all amino
acid substitutions (Table 5.3).

Proline is the amino acid to which most amino acids have been substituted to
(8 %) closely followed by tryptophan (6.9 %), histidine (5 %), arginine (5 %), glu-
tamine (4.8 %), and serine (4.8 %).

The G>A and C>T substitutions form the largest classes of changes, ~24 %
(Table 5.4). The types of base changes were investigated more closely. The changes
from amino to keto base and vice versa are much more frequent than substitutions within
these groups. There is clearly a higher frequency of transitions (purine to purine and
pyrimidine to pyrimidine, 66 %) than transversions (34 %). The higher rate of transi-
tions agrees with the higher rate (~70 %) of transitions found to be typical for human
genes [25]. The strong to weak base substitutions are by far the biggest category, con-
taining 60 % of the variations. This was also found in the VariSNP variant datasets [21].



5 Genetic Variation in Bruton Tyrosine Kinase 81

Table 5.4 Nucleotide substitutions All

in unique families (%) > a c g t Total
a 0 3.5 83 28 14.6
c 5 0 2.1 23.5 30.7
g 23.7 5.5 0 7.8 36.9

t 36 10 42 0 17.8
Total 32.3 19 146 34.1 100

Summarized into amino and keto categories

> Amino Keto Total
Amino 8.5 36.7 45.2
Keto 42.8 12 54.8
Total 51.3 48.7 100

Summarized into weak and strong categories

> Weak Strong Total
Weak 6.4 26 32.4
Strong 60 7.6 67.6
Total 66.4 33.6 100

Summarized into purine and pyrimidine categories

> Purines Pyrimidines Total
Purines 31.9 19.6 51.5
Pyrimidines 14.9 33.6 485
Total 46.9 53.1 100

5.2.2 Structural Consequences

BTK consists of five domains which, except for the SH3 domain, contain amino
acid substitutions (Fig. 5.2). The effects and consequences of the variations vary
widely. A recent study revealed that about two thirds of all kinase domain varia-
tions originating from a single nucleotide change likely lead to XLA [27]. This
is not to say that two thirds of all possible amino acid changes were harmful
since the majority of them do not originate from single base changes (because of
the organization of the genetic code). Numerous variants affect functional sites,
such as ligand- and substrate-binding regions at the domains. Stability-affecting
changes are common. There are putative explanations available for the conse-
quences of all the 1495 substitutions studied. These results are well in line with
previous studies and predictions of BTK variants [5, 7-9, 11, 12, 14, 16, 20, 22,
24,28, 32, 35-41].

Minor changes can be accommodated without major structural alterations. As
has been seen in especially the PH domain, changes to electrostatics are common
[16]. When the charge is reversed, added, or removed, the properties of the site are
modified. If this happens on the protein surface of the binding site, then the interac-
tions with partners are impaired or weakened.

Structural variations appear frequently in secondary structural elements.
Although there are some variations at loops connecting these elements, the a- and
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Fig. 5.2 Distribution of amino acid substitutions to BTK domains. Affected amino acids are
shown in yellow. PH domain is on top left (PDB code 1BTK [7]). The first part of the TH domain
including the BTK motif binding Zn** (magenta) is on the top of the domain. In the SH3 (1AWX
[4]), top right, and SH2 domain (2GE9 [6]), bottom left, an in-frame deletion of 21 residues is
indicated. The kinase domain (1K2P [12]) is at bottom to the right. Amino acid substitutions
appear throughout all the domains except the SH3 domain where there are none

B-structures are more sensitive for substitutions. Structural variants are frequent
on the protein core where there is no space for larger side chains due to tight pack-
ing. Further, introduction of charged or polar residues to the protein core, even if
sterically possible, is usually harmful. Much more variation is allowed on the
protein surface in areas not involved in intra- or intermolecular interactions. Some
of these interactions are known; however, we do not even know the three-dimen-
sional organization of the entire BTK. The domains are independently folding and
connected by loops, which can be quite long. It is likely that the domain interac-
tions are different in different folds of the entire protein. There is structural infor-
mation for the entire BTK in elongated conformation [13]; however, this
conformation is not likely the only one.
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BTK variation information has been collected already for two decades into

BTKbase, which has been a central resource for research and diagnosis. The data-
base is constantly growing; however, the recent explosion in sequencing activities
has not contributed much to the increased numbers in the database. That is presum-
ably because many cases remain in laboratories and are never published or submit-
ted to a database. It is in the interest of the entire community to share information
about variations, especially in rare diseases such as XLA.
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6.1 Introduction

A complex set of monogenetic diseases, known as primary immunodeficiencies
(PIDs), are characterized by lack of functional immune cells or immune-cell-derived
proteins [1-3]. PIDs are inherited disorders of the immune system, which as a group
comprise more than 150 different monogenic conditions which predispose affected
individuals to infections, allergy, autoimmune reactions, and cancer. Among the
approximately 150 genes associated with PID that have been identified, two major
categories are defects in B and/or T lymphocytes:

* Antibody deficiencies due to problems in B cell differentiation in the bone mar-
row or peripheral effector cell maturation (the so-called agamma-/hypogamma-
globulinemias, in the case of peripheral B cell defects).

* Severe combined immunodeficiencies (SCID), constituting either isolated T cell
or NK and B cell defects. In isolated T cell deficiencies, B cell function is ham-
pered due to the lack of T cell help.

Among the B cell disorders originating in the bone marrow, the agammaglobu-
linemias are the most common, and among these, 85 % is covered by X-linked
agammaglobulinemia (XLA). Other B cell disorders include the hyper IgM syn-
dromes and some more rare deficiencies (Table 6.1). Taking all PIDs into account,
X-linked agammaglobulinemia (XLA) is one of the most common primary immu-
nodeficiencies in man and caused by mutations in Bruton’s tyrosine kinase (BTK)
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Table 6.1 B cell defects and identified genes affected

Disease category Known defects Unknown
Genes involved Percentage Percentage
Agammaglobulinemia BTK 85 5-8 %
IGHM 3-5
IGLI4.1 <l
CD79A <1
CD79B <1
BLNK <1
Hyper IgM syndromes CD40L ~50 25-35 %
CD40 <1
AID ~15
UNG <1
NEMO ~5
Other BCR signaling defects CDI9 ? ?
CD21 ? ?

Percentages are based on the European Society for Immunodeficiencies (ESID) database
(www.ESID.org)

gene [4-12]. There are forms of common variable immunodeficiency (CVID) in
which subclasses of IgGs and IgAs are deficient, which also are very common, but
in many of these cases, the underlying gene defect is unknown. Although common
variable immunodeficiency (CVID) is more common, this disease constitutes a
spectrum of diseases underlying various genetic causes, many of which still are
unknown. In contrast, the defective gene in XLA has been identified as a non-
receptor protein tyrosine kinase, BTK, named after Dr. Bruton who first described
the disease in boys lacking humoral immune responses. The BTK protein is homol-
ogous to the Src family of protein tyrosine kinases in that it contains Src homology
domains. The major blockade caused by BTK mutations in human B cell differentia-
tion is at the transition of pro-B cells into large pre-B1 cells. This results in accumu-
lation of pro-B cells and severe reduction of pre-B1 cells in the bone marrow. In this
transitional stage, pre-B-cell receptor signaling regulates clonal expansion. As BTK
is associated with the pre-BCR signaling pathway, absence of BTK due to mutation
leads to disruption of the pathway. In mice, absence of BTK will lead to X-linked
immunodeficiency (Xid) phenotype. The Xid mice have a missense mutation at a
conserved arginine residue within the pleckstrin (PH) domain of BTK, which results
in conformational changes of the protein and subsequently lack of the ability to bind
to the cell membrane [13]. In comparison to human XLA, the Xid phenotype is less
severe due to redundancy of other Tec kinases, which apparently can compensate
for the lack of BTK in murine B cells [14-17].

In this chapter, I will review the current therapeutic approaches used to treat
XLA and the new possibilities offered for curative treatment through gene and cel-
lular therapy.
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6.2  Clinical Picture and Current Therapy

Patients with XLA usually present with a marked susceptibility to infections with
encapsulated bacteria, particularly pneumococcus and Haemophilus influenzae type
b. In addition to their increased susceptibility to these infections, patients with XLLA
have an elevated risk of infection with giardia, mycoplasma, and enteroviruses.
Most infections are in the respiratory and gastrointestinal tract. Other bacterial
infections, like cellulitis, arthritis, meningitis, and sepsis, have also been described,
but are less common [5, 18, 19]. Giardia infections are associated with the develop-
ment of inflammatory bowel disease. Infections with mycoplasma can result in
chronic pneumonitis and/or arthritis. Viral infections do generally not cause unusual
problems in patients with XLA as their T and NK cell number and function are
normal; however, the enteroviruses, including echovirus, coxsackievirus, and wild-
type and vaccine-associated poliovirus, can cause chronic, devastating enteroviral
meningoencephalitis, arthritis, or enteritis [20].

XLA patients are unable to mount specific antibody responses and are lifelong
and fully dependent on the specificity of the antibodies from the supplemented
immunoglobulin preparations from healthy blood donors. Intravenous preparations
became readily available in the late 1970s and mid-1980s. Nowadays, both intrave-
nous and subcutaneous infusion allowed patients to receive higher doses of immu-
noglobulins that keep their serum IgG levels at, or near, that of normal individuals.
Immunoglobulin supplementation in home care setting has become routine practice
in many countries.

Affected boys generally begin to have frequent and protracted episodes of otitis
and airway infections by 4—8 months of life after the passively transferred maternal
antibodies declined. The average age XLA patients are recognized to have a defect
in their immune system has fallen significantly over the last few decades, to the age
of around 3 years nowadays [20, 21].

Earlier diagnosis allowed for earlier replacement therapy and increased attention
to the diagnosis and therapy of their infections. Despite antibiotic prophylaxis and
regular immunoglobulin substitution therapy, severe infections can emerge even in
XLA patients with IgG trough levels within the normal ranges, possibly due to the
fact that (secretory) IgA and IgM antibodies cannot be supplemented and remain
absent. Higher IgG trough levels during immunoglobulin supplementation may lead
to better protection [22, 23]. Nevertheless, even with optimal immunoglobulin sup-
plementation, pediatric mortality remains high, with reported rates of 8.5-30 %
depending on the length of observation [20].

Most boys with XL A remain well during the first § months of age by virtue of
maternally transmitted IgG antibodies [6]. Female carriers of XL A are healthy and
demonstrate no abnormalities of the immune system as B cells expressing the
mutated gene are selected against [24].

Current treatment cannot be regarded as curative and will fail in case of serious
infections that need highly specific antibodies. This results in severe life-threatening
complications in young adulthood, but often also in children. In the older patients with
XLA, progressive and irreversible organ damage develops. Particularly chronic
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respiratory tract infections may lead to debilitating lung disease, eventually making
them candidates for lung transplantation. The hypogammaglobulinemia after lung
transplantation confers an increased risk of infections and poorer survival. In addition,
chronic ear infections leading to hearing impairment, increased risk of acquiring
chronic infection with gastrointestinal parasites, and chronic enteroviral meningoen-
cephalitis may all lead to poorer life quality. Chronic inflammatory reactions in muco-
sal surfaces predispose to an increased incidence of colorectal cancer [18].

Because of improvements in initial diagnosis, immunoglobulin replacement
therapy, and treatment of infections, patients with XLA are less likely to develop
long-term pulmonary insufficiency early in life and are expected to survive into
early adulthood. Therefore, patients usually have to cope with this chronic disease
during their further life span, which can severely reduce quality of life. Knowledge
of the status of adults with XLA is important for caring for those patients, but is
currently underdeveloped. However, less than 50 % of patients have been reported
to reach the age of 45, often with very low quality of life due to severe lung compli-
cations [25] .

6.3  Introducing Gene Therapy

Gene therapy, using modified stem cells, is a possible curative lifelong treatment for
XLA. The hematopoietic stem cell (HSC) is an adult-type, tissue-specific stem cell
that gives rise to all blood cell lineages. Due to its long-lived nature and the key
characteristic of self-renewal, the HSC is seen as an ideal cell for cell-based thera-
pies aimed at reconstitution of the blood and immune system [26]. While most
efforts have thus far been directed toward therapy with gene-corrected stem cells for
SCID, XLA also is a good candidate.

Gene therapy uses autologous stem cells that have been treated ex vivo to replace
or correct a deficient gene. For SCID, the current treatment of choice is allogeneic
bone marrow transplantation (allo BMT). Although allo BMT carries significant
risks, including mortality due to conditioning, graft failure, poor T cell immune
reconstitution, and graft versus host disease (GvhD), this type of treatment has been
tried in XL A patients before [27]. The fact that allo BMT has been tried underscores
the severity of the disease. Unfortunately, the reported efforts were largely unsuc-
cessful, most likely due to the lack of conditioning or minimal conditioning [27].
This most likely would not yield sufficient space in the bone marrow for proper
donor reconstitution. It is conceivable that besides stem cell niches, also pre-B cell
niches that are occupied by host BTK-deficient pre-B cells need to be cleared for
this type of approach to be successful. Nevertheless, these attempts are important
and point to the need for cellular replacement therapies in XLA, for instance,
through gene therapy.

Several gene therapy trials have been conducted for different types of SCID,
starting in the early 2000s [2, 3, 28-32]. In short, cells are harvested from the BM
of the patient, in which a correct copy of the affected gene is inserted ex vivo
and then given back to the patient. These studies used a mouse leukemia virus
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(MLV)-based y-retroviral vector to drive expression of the transgene by the long
terminal repeat (LTR). A retrovirus reverse transcribes its RNA into DNA which
then uses the enzyme integrase to integrate the DNA into the host genome. Due to
this integration, the gene will be passed on to every daughter cell. Initially, there was
restoration of functionality and patients demonstrated presence of cells from differ-
ent lymphoid cell lineages in their peripheral blood together with improved immune
functionality. Patients were able to go home and live in a normal environment and
had normal growth and development. Unfortunately, thereafter it was reported that
four patients in the X-SCID trial conducted in Paris and one patient in the London
X-SCID trial out of the 20 total treated patients did develop T cell acute lympho-
blastic leukemia (T-ALL) [31, 33, 34]. In the trial for ADA-SCID, which had used
a similar vector [35], and in another ADA-SCID gene therapy trial conducted in
London [36], no T-ALL development was observed. The T-ALLs in the X-SCID
trials did result from insertional mutagenesis leading to ectopic expression of onco-
genes. Below, the mechanisms of insertional mutagenesis and T-ALL development
will be described in more detail. Due to the occurrence of these adverse side effects,
new viral vectors were designed for delivery of the transgene (reviewed in [37, 38]).

The discovery that the therapeutic vector used for X-linked SCID gene therapy
trial resulted in lymphoproliferations resembling T-ALL intensified discussions
about the safety of gene therapy. More effort was put into improving safety of gene
transfer procedures. Despite being a more complex virus, HIV-based vector systems
might be more suitable for gene therapy. MLV and HIV have been shown to inte-
grate in distinct regions within genes [39]. The tendency of MLV to integrate toward
transcription start sites was seen as less favorable than the integration pattern of
HIV, which does not display this partiality. Combined with built-in safety features,
HIV-based vectors are thought to be a good alternative to MLV-based vectors for
gene transfer.

6.4  GeneTherapy for XLA

Initial gene therapy efforts for XLA using the above-described mouse models made
use of Moloney murine leukemia virus (MoLV)-based retroviral vectors (so-called
y—retroviral vectors). Of note, Yu and colleagues demonstrate that retroviral-
mediated targeting of hematopoietic stem cells resulted in sustained correction of
B cell development, rescue of serum immunoglobulin levels, and normalized B cell
receptor-dependent proliferative functions in the BTK/Tec double-deficient mouse
model, which reproduces the features of human XLA [40, 41]. Given the high risk
of genotoxicity, the use of these vectors for PID gene therapy has been largely dis-
continued (reviewed in [38]). Instead, SIN LV vectors have been used. Three recent
reports demonstrated that such vectors can be successfully used to develop gene
therapy for XL A and demonstrated efficacy and safety in mouse models [42—44].
The principles of such gene therapy efforts are outlined in Fig. 6.1. In short, hema-
topoietic stem cells from the patient are transduced ex vivo with a lentiviral vector
encoding the BTK gene. The gene is expressed either in all progeny of the stem cells
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Fig. 6.1 Principle of stem cell-based gene therapy for XLA. HSCs from XLA patients are har-
vested from the bone marrow or mobilized peripheral blood and are transduced ex vivo with lenti-
viruses containing full-length human BTK gene. These gene-modified HSCs are transplanted back
into the patients and the BTK gene is now correctly expressed, leading to alleviation of the block
in pre-B cell development, maturation of B cells, and production of specific antibodies. Depending
on the promoter used, the BTK gene can either be only expressed in the B cell lineage or also in
other blood cells, for instance, in T cells, if broader promoters are used

or depending on the promoter used only in B lineage cells. The restored expression
of the BTK protein rescues the pre-B cell development, resulting in normal B cells,
which can differentiate into antibody-secreting plasma cells.

The successful production was reported in self-inactivating (SIN) lentiviral vec-
tors expressing a codon-optimized version of the human BTK gene under control of
three different ubiquitous or B cell-specific promoters [44]. These vectors were
capable of restoring BTK protein levels in B lymphocytes to nearly normal levels.
BTK™ mice which were engrafted with transduced cells showed correction of both
precursor B cell and peripheral B cell development. No correction was observed
using the native BTK sequence, indicating the importance of codon optimization for
clinical success. All treated mice exhibited the recovery of a special population of
B cells, the B-1 cells in the peritoneal cavity. This B cell subpopulation with innate-
like features is responsible for the formation of natural antibodies and is specifically
absent in BTK-deficient mice [9, 15, 45, 46]. Importantly, serum IgM and IgG3
were restored to levels comparable to wild-type mice. Immunization of mice treated
with corrected stem cells with the T cell-independent antigen TNP-Ficoll resulted in
production of TNP-specific IgM and IgG3 antibodies, demonstrating the restoration
of in vivo B cell responses. Calcium mobilization responses upon B cell receptor
stimulation were restored indicating the B cell receptor signaling via tyrosine
kinases was normal. Transplantation into secondary BTK™" recipients resulted in
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full restoration of the peripheral B cell compartment and IgM levels. Moreover, no
vector-related tumors were observed in secondary recipients when using the CD19
or EFS promoter [44].

Rawlings and coworkers used other B cell-specific promoters containing the GFP
protein to identify and track transduced cells [42]. These investigators used a lentivi-
ral vector (LV) containing the immunoglobulin enhancer (Ep) and Igp (B29) mini-
mal promoter to drive B lineage-specific human BTK expression in BTK7-Tec™~ mice,
a strain that reproduces the features of human XLA. Similar to our study, B cell-
specific calcium fluxes were restored, and absolute numbers of mature B cell subsets
in the PB, BM, and spleen and levels of Ig and B1 cells were found in nearly normal
levels [42]. Again, secondary transplantations showed restored B cell development
and lack of adversary effects as have been reported in the X-SCID trials [47].

In addition, Moreau and colleagues used a LV vector containing the CD19 promoter
to drive BTK expression in human CD34+ cell B lymphoid progeny ex vivo [43].

An interesting point is to compare the studies by Ng et al. and Kerns et al. as both
use LV vectors but with different promoters and different designs. In both studies
BTK levels near wt levels (or at least more than half of wt) were required to obtain
functional restoration. The Ng et al. study used codon optimization to obtain suffi-
cient levels in the BTK-/- single-deficient mouse model, whereas in the Kerns et al.
study, codon optimization was not required, most likely because the BTK-Tec
double-deficient mice have a stronger block in precursor B cell development with an
almost complete block at the pre-B cell stage, similar to human XLA. This will lead
to a stronger positive selection of transduced B cells; therefore, codon optimization
may not be required in these mice. On the other hand, initial attempts in the Ng et al.
study also used the very strong SFFV promoter which showed substantial side
effects due to development of erythromyeloid leukemias, most likely due to
extremely high tyrosine kinase activity. As the expression levels with SFFV were
several hundredfold higher than wild-type levels, the risk of development of these
side effects is expected to be minor with the B cell-specific promoters used.
Nevertheless, given the effects of vector variegation, there is still the risk that such
extreme high BTK levels could occur in vivo in XL A patients treated with lentiviral
vectors.

In conclusion, three different laboratories, two in Europe and one in the USA,
have demonstrated the feasibility of using lentiviral vectors to restore BTK expres-
sion in murine models of XLLA using gene-modified stem cells.

6.5 Gene Therapy by Splicing Correcting Oligonucleotides

In 15-20 % of the XLA patients, mutations in the BTK gene result from splice site
mutations, in which the correct splicing of one or more exons is disrupted resulting in
truncated or instable proteins [48]. In XLA, this can happen by mutations that intro-
duce a new splice site that normally does not exist, leading to aberrant splicing.
Several groups have taken the interesting approach of correcting these defects through
splice site correction by administering short (15-25 nt) antisense oligonucleotides
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(ASOs). ASOs are used to block the aberrant splice site in order to restore correct pre-
mRNA splicing (reviewed in [49]). This has been demonstrated in mouse models in
which BTK-deficient pre-B cells that carry conserved splice site mutations were
treated with ASOs ex vivo and re-transplanted or in which the ASOs were deliv-
ered via transgenesis. A major challenge for this approach is how to target human
pre-B cells in vivo or devise a strategy that would lead to long-term correction of
BTK-deficient pre-B cells in vivo. The approach is also only amenable to the
group of patients that have splice site mutations. Nevertheless, this constitutes a
very elegant approach similar to approaches clinically tried in Duchenne muscu-
lar dystrophy [50].

6.6 Caveat: Risk Benefit Assessment for XLA Treatment
via Gene Therapy

Current treatment for XLA includes subcutaneous or intravenous immunoglobulin
(IVIG) infusion and prompt antibiotic administration to combat infections, which
are only partially effective and not curative. IVIG and supportive treatment of XLA
seem to be favorable for most patients during childhood. However, the patients are
fully dependent on the specificity of the antibodies in the IVIG infusions and are
unable to mount specific antibody responses. Therefore, current treatment cannot be
regarded as curative. This explains why progressive and irreversible organ damage
develops in these patients, resulting in severe life-threatening complications in
young adulthood, but often also in children.

The complications lead to strongly reduced quality of life and are difficult to
manage. Life expectancy for adults remains very poor. Given the high cost of IVIG
treatment (>50,000 euros per year) and the high incidence of complications, gene
therapy is clearly favorable. The risk-benefit ratio is always an important consider-
ation for any new therapy. As SCID is a fatal disease whereas XLA is not, safety
issues require more attention for this disease. The current state of the art with LV
vectors however indicates a safety profile that allows for other PIDs to be consid-
ered as target diseases for gene therapy, as insertional mutagenesis risks are lower
than with traditional non-SIN vectors, as recently demonstrated. Considering XLA,
from a risk evaluation point of view, the pediatric cases with only initial and mild
clinical signs of complications are among the first candidates for experimental ther-
apy, in order to block the otherwise irreversible process of progressive organ dam-
age. However, extreme overexpression of BTK which is difficult to reach with most
viral vectors is associated with the risk of leukemogenesis. This is a disease-specific
risk as BTK is an active tyrosine kinase which when expressed too high poses prob-
lems. As many precursor B cell leukemias are successfully treated with novel BTK
inhibitors [51-56], the risk of BTK-induced leukemias by overexpression rather
than xeno-toxicity should be considered. The risk is less with B cell-specific pro-
moters, and indeed no such effects have been reported. To be on the safe side, novel
developments in the gene-editing field, in particular using CRISP-CAS 9 system,
are very encouraging. In such a system rather than adding an extra copy of the
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affected gene to the genome of patients (gene addition), the endogenous locus is
repaired through homolog recombination. While such techniques for a long time
were impossible due to the lack of proliferation of bona fide HSCs, important work
by Naldini and coworkers [57] has demonstrated the feasibility of gene editing
using such target-specific nucleases and novel ways to expand or proliferate HSCs
ex vivo. For mutations in the IL2RG gene, the causative gene defect in X-SCID,
HSCs could be corrected. In similar ways, the BTK gene or exons thereof could be
replaced in XL A patients. This offers the advantage of controlled expression by the
endogenous promoter. For BTK this would, for instance, also allow expression in
the myeloid cell lineage, in which BTK also plays a functional role.

In conclusion, gene therapy for BTK deficiency has been proposed by various
groups, but the currently used lentiviral vectors may pose too much of a risk for
XLA gene therapy. However, encouraging new developments in gene editing offer
high hopes for curative treatment for XLLA through combination of stem cell-based
gene therapy with gene-repaired HSCs.
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7.1 Introduction
7.1.1 TheTec-Kinase Family and BTK Activation

BTK belongs to a well-studied family of tyrosine kinases known as Tec family
kinases (TFKs), which comprises five members: (a) IL-2 inducible T cell kinase
(Itk, also identified as Emt or Tsk), (b) Bruton’s tyrosine kinase (BTK), (c) tyrosine
kinase expressed in hepatocellular carcinoma (Tec), (d) resting lymphocyte kinase
(RIk, also known as Txk), and (e) bone marrow kinase (Bmx). Interestingly, these
proteins are differentially expressed by hematopoietic cells, as depicted by previ-
ously reported proteomic approaches (Fig. 7.1). Most TFKs are associated with
human diseases. Homozygous mutations in /7K are associated with a susceptibility
to Epstein-Barr virus infection [1], and linkage studies have shown that Tec/Txk
locus association with rheumatoid arthritis [2] and mutations of BTK are well known
to be the cause of X-linked agammaglobulinemia (XLA).

G. Lopez-Herrera
Unidad de Investigacion en Inmunodeficiencias, Instituto Nacional de Pediatria-SSa.
Cuicuilco, Coyoacdn, México City, D.F., México

J.L. Maravillas-Montero

Red de Apoyo a la Investigacion, Instituto Nacional de Ciencias Médicas y Nutricién
“Salvador Zubiran”-Universidad Nacional Auténoma de México,

Tlalpan, México City, D.F., México

J.C. Rodriguez-Alba

Departamento de Biomedicina, Instituto de Ciencias de la Salud,
Universidad Veracruzana Campus Xalapa,

Xalapa, Veracruz, México

L. Santos-Argumedo (D<)

Departamento de Biomedicina Molecular, Centro de Investigacién y de Estudios
Avanzados-IPN, Zacatenco, México City, D.F., México

e-mail: lesantos @cinvestav.mx

© Springer International Publishing Switzerland 2015 99
A. Plebani, V. Lougaris (eds.), Agammaglobulinemia,
Rare Diseases of the Immune System 4, DOI 10.1007/978-3-319-22714-6_7


mailto:lesantos@cinvestav.mx

100 G. Lopez-Herrera et al.

Fig.7.1 Expression of BTK TEC ITK TXK BMX
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Fig.7.2 BTK structure. The functional domains of BTK, from the N-terminus: Pleckstrin homol-
ogy (PH); Tec homology (TH), formed by the proline-rich region (PRR); and the BTK motif, the
SH3 and SH2 domains, and the kinase domain. Y223 and Y551 are the tyrosine residues that are
phosphorylated for BTK activation. The PH domain is important for membrane localization with
PIP3, and the TH domain is important for protein folding and activity regulation. SH3 and SH2 are
involved in protein-protein interactions, and finally, the kinase domain is the catalytic domain
involved in target phosphorylation

BTK is a 77-kDa protein containing 659 amino acids that can be divided into five
different functional domains: the pleckstrin homology (PH) domain is proximal to
the N-terminus, followed by the Tec homology (TH), Src homology 3 (SH3), SH2,
and SH1 or tyrosine kinase (TK) domains (Fig. 7.2). The PH domain is important
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for membrane localization of the protein, as it has an affinity for phosphatidylinosi-
tol [3—5]-trisphosphate (PIP3). The TH domain contains a proline-rich region (PRR)
that is responsible for intramolecular interaction with the SH3 domain, which is
important for regulation of BTK activity, as this interaction prevents the phosphory-
lation of Tyr223, a tyrosine important for mediating full activation of BTK [3]. The
SH2 domain of BTK is crucial for cell signaling, as this domain is responsible for
interactions with the adaptor protein BLNK (B cell linker protein), which links
BTK with Ca** and MAPK signaling [4]. Additionally, several BTK interacting/
regulating proteins have been identified (for a comprehensive review, see [5]). The
TK domain is the catalytic domain of BTK; it contains Tyr551, which is phosphory-
lated by upstream signaling molecules. Once phosphorylated Tyr551, Tyr223 is
phosphorylated and BTK becomes fully active [6, 7].

BTK, like most TEC kinases, is preferentially expressed in hematopoietic cells.
In particular, BTK is expressed in platelets, erythrocytes, osteoclasts, mast cells,
eosinophils, monocytes, macrophages, neutrophils, and in dendritic, NK, and B
cells. BTK expression is downregulated in T lymphocytes and plasma cells [8]. This
chapter focuses on summarizing the receptors through which BTK is activated in
non-B cells and the consequences of BTK deficiency for these cells. Essentially,
most of the receptors involved in BTK activation, including the BCR, contain
immunotyrosine-based activation motifs (ITAMs), i.e., glycoprotein VI (GPVI) in
platelets and RANKL in osteoclasts. Consequently, Src kinases such as Lyn or Fyn
are also involved in the initial signaling pathways for BTK activation, leading to
activation of phospholipase C (PLC) isoforms and Ca** release. BTK deficiency in
different cell types alters cellular function in various ways, which will be reviewed
below. Furthermore, as indicated in some of the cell types reviewed, the function of
BTK in several signaling pathways is being studied for its potential use in therapy
of various diseases.

7.2 BTK Function in Non-B Cells
7.2.1 BTKin Platelets

BTK is expressed by megakaryocytes and platelets; these cells are activated by col-
lagen through the receptor GPVI, which is associated with the Fcy receptor (FcyRI).
FcyRI contains ITAMs [9]. Activation through GPVI leads to initiation of signaling
events (similar to BCR activation), such as Fyn and Lyn activation, which in turn
activate SYK, BTK, and PLCy2 [9] (Fig. 7.3). Activation of platelets by collagen-
related peptide (CRP) triggers overproduction of PIP3 in SH2 domain-containing
inositol 5-phosphatase (SHIP)-deficient mice, which is correlated with BTK hyper-
phosphorylation and Ca?* release [10]. The participation of BTK in collagen-
activated platelets was confirmed by Oda et al. [11], who also reported that PI3K
and SLP-76 participate in the collagen-activated signaling pathway and that in the
absence of BTK, human platelets can still be activated by Tec. Similar observations
have been reported by Quek et al. [12], who observed that platelets from XLA
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Fig.7.3 BTK participation in signaling pathways mediated by diverse receptors. Canonical BTK
signaling is present in B cells (Bs) and involves the participation of the Src kinases, SYK, and Lyn
and the subsequent activation of BTK and PLCy2, which in turn catalyzes Ca?** mobilization. BTK
is also involved in the signaling pathway mediated by thrombin and collagen receptors (GPVI) in
platelets (PI). The activation of these pathways induces platelet aggregation, dense granule secre-
tion, and cytoskeleton rearrangement. BTK participates in FceRI-dependent mast cell activation,
and the interaction of this receptor leads to the induction of cytokines and leukotriene C4 (LTC4)
production. Participation of BTK with erythropoietin receptor favors erythrocyte (ER) survival and
the response to SDF by c-Kit. Finally, BTK participation in osteoclasts (OS) involves the signaling
pathway mediated by RANK, TREM-1, and FcRg, which are involved in the induction of growth
factors (APRIL, IL-8, and SDF-1) and in favoring osteoclastogenesis and bone resorption

patients showed reduced aggregation and dense granule secretion, as shown by defi-
cient 5-hydroxytryptamine secretion (SHT) in response to collagen. The reduced
but not absent responses to collagen or CRP may be explained by the participation
of Tec, another TFK, in the GPVI-mediated signaling pathway. Tec is also expressed
in platelets; Btk~~/Tec™~ mice show a dramatic reduction of PLCy2 activation com-
pared to Btk™~ or Tec”~ mice [13]. GPVI-dependent platelet shape changes and
aggregation are reduced in Btk™~ or Tec™~ mice and severely affected in Btk™~/
Tec™~ mice, indicating an important role for both kinases in proper platelet function.
However, BTK plays a more prominent role than Tec, as platelet function is more
strongly affected in Brk~~ mice, as shown by the abolishment of a-granule secretion
in Btk but not in Tec™~ mice [13].

BTK phosphorylation also occurs after stimulation with thrombin, but platelet
aggregation and dense granule secretion are not altered [12]. In human platelets,
Mukhopadhyay et al. [14] suggest that BTK interacts with the actin cytoskeleton
through FcyRIIA (Fig. 7.3) after stimulation with thrombin. However, these data are
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based on analysis of the Triton X100-insoluble platelet fraction, and neither colo-
calization nor immunoprecipitation assays have been performed [14].

A second receptor that has been suggested to activate BTK is the integrin oyy,[s,
which mediates adhesion to fibrinogen and induces platelet aggregation [15]
(Fig. 7.3). Ligation of ayy,p3; using fibrinogen-coated surfaces induces phosphoryla-
tion of SYK, SLP-76, and BTK and in consequence of PLCy2; this signaling path-
way has been suggested to reduce actin polymerization-dependent phenomena,
such as formation of filopodia and lamellipodia in platelets from Plcg2~~ mice,
after exposure to fibrinogen [15].

Platelets, apart from their role in plug formation in damaged blood vessels, also
play an important role in inflammation, as they can promote leukocyte infiltration
through interaction with leukocytes and endothelial cells [16]. Indeed, depletion of
platelets reduces the accumulation of virus-specific cytotoxic T cells [17].
Additionally, infection with lymphocytic choriomeningitis virus in mice, coupled
with platelet depletion, induces lethal hemorrhagic anemia [18]. No reports have
been published indicating that platelet dysfunction alters either plug formation or
leukocyte recruitment in patients with XLA; however, it has been observed that
blocking BTK in platelets reduces the formation of platelet microparticles (small
membrane-coated vesicles that are released when platelets are activated) [19]. The
release of these particles has been linked to the pathogenesis of rheumatoid arthritis,
due to their interaction with synoviocytes, which induces these cells to produce pro-
inflammatory cytokines [20]. Therefore, BTK inhibition plays a negative role in the
formation of these particles and, in consequence, reduces induction of pro-
inflammatory cytokines such as IL-6 and IL-8 by synoviocytes [19].

7.2.2 BTKin Erythrocytes

BTK was found to be expressed in the human erythroleukemia cell line K-562 [8]
and in the progenitors of chicken erythrocytes and chicken oncogene-transformed
erythroblasts [21]. Few studies have been conducted on the role of BTK in erythroid
signaling pathways; however, interestingly, Schmidt et al. [22] reported that BTK is
involved in the signaling mediated by the erythropoietin (Epo) and stem cell factor
(SCF or Kit-ligand) receptors (EpoR and c-Kit or CD117, respectively). Both cyto-
kines are crucial for the development of erythroid progenitors [22]. In this paper, the
authors demonstrated that BTK is phosphorylated after Epo and SCF stimulation in
primary erythroid progenitors and that BTK activation is important for the proper
response to Epo and for SCF-mediated survival [22]. They also demonstrated that
BTK participates in the EpoR-mediated signaling pathway, which includes phos-
phorylation of PLCy1, JAK2, and STATS (Fig. 7.3). Although the role of BTK in
c-Kit signaling is unclear, the authors suggested that BTK interacts with the dead
receptor TRAILR1 and that such interactions are dependent on SCF [22]. In fact, it
has been proposed that c-Kit activation induces LYN activation, which in turn leads
to BTK-TRAILRI1 interaction, and that such interactions inhibit TRAILRI1-
mediated apoptosis [23].
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Fig.7.4 TLR-dependent activation of BTK in monocytes, dendritic cells, NK cells, and neutro-
phils. BTK acts as an inhibitor of TLR-dependent activation, by interacting with TIRAP in mono-
cytes. This interaction favors TIRAP degradation, negatively regulating NF-xB activation by TLR
agonists. The effect of BTK in TLR-mediated activation in different cell types ranges from nega-
tive regulation of pro-inflammatory cytokine production (monocytes), the induction of cytokines,
and activation molecules by dendritic cells, favoring of NK cell-mediated cytotoxicity, to negative
regulation of the production of reactive oxygen species (ROS) by neutrophils

7.2.3 BTKin NKCells

The function of BTK in NK cells has been poorly explored; Futatani et al. [24]
reported that BTK is not expressed in human NK cells. However, Bao et al. [25]
recently reported that BTK is expressed in murine resting NK cells and that BTK
expression is upregulated after activation and during maturation. Additionally, the
authors reported that BTK is phosphorylated after stimulation with the TLR3 ligand
poly (I:C) and that stimulation of NK cells from BTK~~ mice results in decreased
cytotoxicity activity and reduced numbers of NK cells. Finally, NK cells from XLA
patients also showed defects in cytotoxicity, although XLA patients and healthy
donors show comparable levels of NK cells [25] (Fig. 7.4).

7.2.4 BTKin Osteoclasts

Osteoclasts, the cells responsible for bone resorption, are cells of myeloid origin that
also express BTK [26]. Differentiation in vitro, via M-CSF and RANKL, of osteo-
clasts from bone marrow-derived monocyte/macrophage (BMM) precursors is
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severely impaired in Btk~~ mice and almost absent in Brk~~/Tec™'~ mice. The expres-
sion of NFATc1, the key nuclear factor for osteoclast diferentiation, is reduced in
Btk~~/Tec™~ mice. Both BTK and Tec become phosphorylated after RANKL stimula-
tion of BMMs [26]. The role of BTK in osteoclastogenesis seems to require a func-
tional SH1 domain and is independent of the PH domain, as reconstitution with
mutated R525Q BTK in Tec™~/Btk™~ osteoclasts blocks in vitro osteoclast formation,
while R28C does not [26]. Similar observations were presented by Lee et al. [27]
using xid mice, which carry a mutation in the R28C residue; xid mice also show
defects in osteoclast differentiation accompanied by reduced resorption clusters or pit
formation, reduced cell-cell fusion, and defective formation of multinucleated osteo-
clasts. Although xid mice show in vitro defects of osteoclast differentiation, Brk~~-
deficient mice do not exhibit increased bone density; an increase in bone density has
been detected only in Tec”~/Btk™~ mice [26]. Patients with XLA do not exhibit
changes in bone density, but osteoclast function is affected; in this case, osteoclasts
from XLA patients show defects in pit formation due to defects in actin polymeriza-
tion, but in vitro differentiation of osteoclasts from peripheral blood CD14+ cells is
increased. However, in vitro cultures of XLA osteoclasts with XLLA serum, which
show increased levels of TNF-a, IL-6, and IL-1p, show restoration of pit formation,
indicating that XILA patients’ normal bone density might be due to the osteoclasto-
genic activity of XLA serum and the activity of Tec [28]. The signaling pathway in
which BTK appears to participate in osteoclasts is mediated by RANK, FcyR, and
DAP12 [29, 30] (Fig. 7.3). Fc receptor common y—subunit (FcRy) and DAP12 associ-
ate with several membrane receptors; after activation, they induce Ca?* release through
PLCYy2 activation (for a review, see [31]). In addition, TREM-1/DAP12 signaling has
been reported to operate through BTK in the U-937 myeloid cell line [32].

Several studies on the use of BTK inhibitors in autoimmune diseases and cancer
have been reported recently; for example, the use of PCI-32765 in an inducible
model of rheumatoid arthritis significantly reduces clinical symptoms, such as joint
inflammation and cartilage and bone damage, in comparison to dexamethasone
[33]. The effects of PCI-32765 have also been studied in multiple myeloma, in
which the pathogenesis of cancer cells depends on the bone marrow microenviron-
ment and interactions between osteoclasts, osteoblasts, and bone marrow stromal
cells and the growth factors secreted by these cells [34]. The use of PCI-32765
inhibits osteoclast differentiation and suppresses, in a dose-dependent manner,
osteoclast-dependent proliferation and survival of myeloma cells. It also has direct
effects on myeloma cells, as these cells also express BTK [35]. Moreover, this BTK
inhibitor also inhibits the secretion of growth factors by osteoclasts such as IL-8,
CXCL12, and APRIL, among others, indicating that this inhibitor may be useful in
treating multiple myeloma [35]. Further data provided by Bam et al. [36] indicate
that LFM-A13, a BTK inhibitor, suppresses the migration of osteoclasts and
myeloma cells in response to CXCL12, indicating that osteoclasts also play an
important role in the pathogenesis of multiple myeloma [36] and that the BTK
inhibitors that are under investigation for treatment of lymphomas can potentially
be used in the treatment of multiple myeloma [37]. In fact, PCI-32765 inhibits pro-
liferation and induces cytotoxicity in vitro of chemotherapy-treated myeloid leuke-
mia cells [38]. For a comprehensive recent review, see Seng-Lai Tan et al. [39].
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7.2.5 BTKin Mast Cells

Activation of mast cells is mainly driven through the interaction of the high-affinity
receptor FceRI with IgE and antigen binding [40] (Fig. 7.3). The role of FceRI-
activated BTK has been studied in mast cells. Yamada et al. [41] initially reported
that mast cells express BTK. Recently, Hata et al. [42] showed that after stimulation
of bone marrow-derived mast cells (BMMCs) from xid mice with dinitrophenyl-IgE
conjugates, degranulation and production of histamine and cytokines (including
TNFa, IL-2, and IL-6) are deficient, compared to wild-type cells. The results show
a reduction in the severity of induced passive cutaneous anaphylaxis in xid mice
[42]. Additional information regarding the role of BTK in mast cell activation after
FceRI cross-linking indicates an important role for Lyn, as Lyn™~/Btk~~ mice
showed a dramatic reduction in histamine and leukotriene release and decreased
phosphorylation of PLCy1, PLCy2, and some isoforms of PKC [43]. Kuehn et al.
[44] reported similar results for human mast cells, including a significant reduction
in the production of reactive oxygen species (ROS), prostaglandin E2 (PGE2), and
leukotriene C4 (LTC4), in a FceRI-dependent manner.

BTK also seems to be important for mast cell migration, as Btk~~ IgE-sensitized
BMMCs show reduced migration in response to CXCL12, PGE2, or adenosine,
suggesting a synergistic effect between FceRI and PGE2 in BTK and PLCy1 phos-
phorylation. Additionally, a synergistic effect in response to FceRI and PGE2 was
also observed in the activation of Racl and the induction of actin polymerization
[45]. In addition to BTK, Itk and Tec are also involved in FceRI-mediated signaling;
in the absence of both of these TFKs, defective LTC4 production and cytokine
secretion (such as IL-4, GM-CSF, TNFa, and IL-13) are observed in Tec™~ mast
cells [46], or a dramatic reduction in IL-2, IL-3, IL-4, and GM-CSF is observed in
Btk~-/Itk~"~ but not in Itk~~ or Btk~'~-activated mast cells [47].

Further studies have reported a possible role of BTK in mast cell activation
through c-Kit or toll-like receptors. Iwaki et al. [48] have reported that stimulation
with SCF induces phosphorylation of BTK that is potentiated with SCF and FceRI,
both stimuli also potentiated mast cell degranulation, cytokine production (TNFa,
IL-6, and IL-13), and PLCy1 phosphorylation. Finally, BTK does not seem to play
arole via TLR activation in mast cells, as comparable or slight increases in cytokine
production are detected in response to ligands for TLR4, TLR2/6, or TLR2/1 [49].
The use of BTK, SYK, and/or Src family kinase inhibitors in the treatment of aller-
gic disease has also been explored, and these have been demonstrated to be effective
for preventing mast cell activation at the cellular level and for suppression of pulmo-
nary inflammation in murine models of asthma, indicating their potential for use in
the treatment of allergic disease (for a review, see [50]).

7.2.6 BTKin Dendritic Cells

Studies of the role of BTK in dendritic cells (DCs) are typically performed in DCs
differentiated from peripheral blood monocytes (mDCs) or bone marrow (BMDCs)
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from humans and mice, respectively. Important differences have been observed
when mDCs or BMDCs are used; mDCs obtained from XL A patients can induce
activation and expression of costimulatory molecules by T cells, similar to that
observed in WT mice [51, 52]. However, BMDCs obtained from Btk~~ mice show
reduced secretion of IL-10 in response to LPS, a defect that has been proposed as
a mechanism to increase the proliferative response and cytokine secretion (in par-
ticular IL-4, IFN v, IL-5, and IL-13) by T cells [53, 54] (Fig. 7.4). Additionally,
Shingal et al. [54] proposed that BTK signaling is mediated by the scatter factor
(SF)/hepatocyte growth factor receptor, c-MET, which has been demonstrated to
be expressed by DCs and to influence adhesion and migration of these cells [55]
(Fig. 7.4).

In addition, mDCs obtained from XLA patients showed activation defects in
response to TLR-9 agonists, because they failed to express cytokines (IL-6,
IL-12p70, and TNFa) and activation markers (CD80, CD86, HLA-DR, and CD8§3);
mDCs from XLA patients also failed to upregulate STAT1/3 transcripts in response
to TLR-9 agonists [56].

CD303 is another receptor that has been reported to activate BTK and various
signaling proteins (LYN, SYK, BLNK, and PLCy2) and to interact with FcyR. CD303
cross-linking has been associated with reduced phosphorylation of IkB and inhibi-
tion of IFN-I gene transcription in CpG-stimulated PDCs [57]. T cell Ig and mucin
protein 3 (TIM-3), a receptor that recognizes and mediates phagocytosis of apoptotic
cells, has also been reported to induce BTK activation in DCs [58]. Cross-linking of
TIM-3 in BMDCs induced BTK and c-Src phosphorylation and the suppression of
LPS-activated DCs. In particular, it downregulates the secretion of IL-12 and TNFa
and the expression of CD40, CD80, and CD86, indicating that BTK plays a regula-
tory role in the activation of these cells in the TIM-3 pathway [59].

7.2.7 BTKin Neutrophils

The role of BTK in neutrophils is of interest, and the discovery that BTK is able to
interact with molecules involved in TLR signaling, such as IRAK-1, MyD88, and
TIRAP in monocyte-derived cell lines, makes it clear that BTK participates in func-
tions of the innate immune system functions [60, 61] (Fig. 7.4). Additionally, it has
been demonstrated that BTK interacts with and phosphorylates TIRAP, promoting
its polyubiquitination and degradation by the suppressor of cytokine signaling-1
(SOCS-1), causing increased activation of NF-xB [62] (Fig. 7.4). The role of BTK
in neutrophils obtained from Btk~~ mice is demonstrated by the alterations observed
in granulopoiesis and granulocyte function (reduced expression of granulocyte tran-
scripts for myeloperoxidase, elastase, and lactoferrin) [63].

Recent publications have focused on the importance of BTK in regulating oxida-
tive burst in neutrophils, and contrasting results have been reported. BTK-deficient
neutrophils obtained from XL A patients show normal production of reactive oxygen
species (ROS) in response to TLR4 and TLR7/8 agonists [64]; however, another
report showed that XLA neutrophils stimulated with TLR-4 or TLR1/2 agonists



108 G. Lopez-Herrera et al.

showed exacerbated ROS production and were prone to apoptosis due to increased
levels of caspase-3. An association with increased levels of protein tyrosine kinases
activity has also been observed (in particular with Fak, Lyn, Src, SYK, Vav, and
PI3K), and PI3K-p85 was found to be associated with TIRAP and to be constitu-
tively phosphorylated in XL A neutrophils, suggesting that the main function of BTK
in human neutrophils consists of regulating the activation of PI3K by TIRAP [65].

BTK has also been implicated in FcyRIIa/TLR4 cross talk, as demonstrated by
an increased response to immune complexes in LPS-pretreated cells. Krupa et al.
[66] showed that LPS pretreatment increases the expression of FcyRIla, shortening
the distance between these two receptors, and that when FcyRlla is triggered by
immune complexes, TLR4 becomes activated. The role of Fc receptors in inflamma-
tion, antibody-dependent cytotoxicity, and phagocytosis is so important that many
efforts have been made to regulate their undesirable effects. BTK has been consid-
ered as a possible target, and efforts have been made to develop specific inhibitors
for treatment of diseases, such as rheumatoid arthritis, where immune complexes
are involved, with promising results, at least in animal models [67, 68].

BTK may also play a role in neutrophil adhesion and migration, as neutrophils
from Btk~~ mice show altered rolling velocity after E-selectin engagement, which
also induced BTK, PLCy2, and PI3K phosphorylation [69]. Additionally, chemo-
taxis is reduced in response to fMLP in human neutrophils treated with LFM-A13
[70,71]. A comprehensive review of this topic has recently been published by Block
and Zarbock [72].

Recent reports have focused on the inhibition of BTK, to determine whether it is
useful in the treatment of some diseases, for example, the inhibition of BTK expres-
sion by siRNA-restored lung homeostasis in a model of murine acute lung injury
induced by injection with immune complexes [73].

7.2.8 BTKin Monocytes/Macrophages

The expression of BTK in monocytes/macrophages suggests that it plays a func-
tional role in this cell lineage. Numerous studies have indicated a role for Tec family
kinases (mostly BTK) in TLR signaling pathways. Initially, immunoprecipitation
experiments performed with the human promonocytic cell line THP1 demonstrated
a robust interaction between BTK and several members of the TLR signaling path-
way such as IRAK4,Myd88, and TIRAP, butnot TRAF6 [60] (Fig. 7.4). Furthermore,
the TLR4 ligand LPS induces activation of Tec and BTK kinases in human mono-
cytes [60, 74], and the TIRAP adaptor protein is phosphorylated by BTK through
TLR2- and TLR4-induced signaling [75, 76] (Fig. 7.4).

The precise role of BTK in LPS-induced signaling that leads to transcription of
TNFa is complex. BTK-deficient human monocytes show reduced LPS-induced
TNFa production after 18 h of stimulation [74]. Mature macrophages from xid mice
(lacking a functional BTK protein) show reduced LPS-induced TNFa production
after 48 h of stimulation [77], whereas BTK-deficient human monocytes stimulated
for 4 h with LPS showed no alteration in TNFa production [78]. These differences
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may depend on the period of stimulation, and longer periods may result in second-
ary signaling effects.

Approximately 15 years ago, several studies showed that xid mice are resistant to
the induction of some inflammatory diseases [42, 79]. These experiments suggested
that the naturally occurring BTK mutation found in these mice was likely to play a
role in inflammation. In these experiments, endotoxin-treated xid macrophages
showed impaired production of reactive oxygen intermediates (ROIs) and nitric
oxide (NO) [76]. TLR activation was later identified as the initiating event, and
further attention has since been paid to the activity of specific TLR pathways in xid
as well as BTK-knockout mice. However, these studies have reported contradictory
results, suggesting both hypo- and hyper-responsiveness to TLR ligands in the
absence of BTK. Studies of xid macrophages demonstrated increases in pro-
inflammatory IL-6 in response to TLR activation in conjunction with decreased
IL-10 [80]. BTK is phosphorylated following activation of both extracellular TLRs
and endosomal TLRs, and yeast-2-hybrid studies have suggested a direct interaction
of BTK with the cytoplasmic toll/interleukin-1 receptor (TIR) domains of TLRs 4,
6, 8, and 9 [60]. LPS-induced activation of PI3K in the plasma membrane estab-
lishes a PIP3 gradient thought the recruitment of BTK to activated TLRs and associ-
ated Src kinases [7, 81, 82]. BTK appears to participate in further molecular
associations in the proximal TLR4 signalosome; it can be immunoprecipitated with
TIRAP, MyD88, and IRAKI after treatment of cells with LPS [60, 83]. Several
recent studies have further suggested that BTK is responsible for phosphorylation
of TIRAP, leading to its degradation and to disruption of TLR4 signaling [62, 75].
This would suggest that BTK is a vital regulator of TLR-mediated pro-inflammatory
signaling in monocytes/macrophages.

BTK has been implicated in TLR3 phosphorylation, which is known to be impor-
tant in the development of innate immune responses to viruses. BTK-deficient mac-
rophages are unable to produce IFN-f upon stimulation with poly (I:C) and were
less able to clear a dengue virus infection than unstimulated macrophages [84].
Thus, BTK is also important in the initiation of TLR3 signaling, similar to its inter-
actions with other TLRs.

The role of BTK in the signaling pathways of several TLRs indicates that the
molecule may participate in the polarization of macrophages into M1 or M2 pheno-
types. As described above, BTK interacts with TLR2, TLR3, TLR4, and TLR7,
mediating their phosphorylation and in consequence their signal transduction
(Fig. 7.4). LPS induces cytokine production in macrophages, driving their differen-
tiation into an M1 phenotype. Thus, M1 differentiation was explored in BTK-
deficient mice, and impaired polarization to M1, with an increased number of M2
macrophages, was observed. At the molecular level, macrophages from BTK-
deficient mice showed decreased STAT1 and increased levels of STAT6 phosphory-
lation. These results may indicate exacerbation of the inflammatory allergic
response, because a higher number of M2 macrophages were recruited upon in vivo
stimulation with Schistosoma mansoni [85].

In a more complex setting, BTK becomes activated in macrophages infected
with Listeria monocytogenes, and BMMs derived from BTK-deficient mice infected
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with Listeria produce larger amounts of TNF-a, IL-6, IL-12p70, and IL-10 but simi-
lar amounts of IFN-I and NO. Thus, BTK plays a regulatory role under these condi-
tions, limiting the production of inflammatory cytokines [86]. These results are
concordant with clinical observations reported by Gonzalez-Serrano et al. [87], who
observed increased pro-inflammatory cytokine production in XLA patients.

Stimulation with LPS plus IFN-y induces apoptosis of macrophages, and BTK
deficiency results in an enhanced susceptibility to cell death. This enhanced suscep-
tibility is specific to these two stimuli, and Fas/CD95 engagement does not produce
these differences. Thus, BTK also links TLR4 and IFN-y signaling [88]. However,
macrophages lacking BTK are less efficient at removing apoptotic cells; the mecha-
nism underlying these processes involves the chaperone calreticulin (CRT). Byrne
et al. demonstrated that CTR is a new target of BTK and provided a new, unexpected
role for this tyrosine kinase [89].

In general, Tec family kinases are involved in PLCy2 activation and Ca?* regula-
tion and are important in many signaling events, such as arachidonic acid release by
macrophages. However, the mode of BTK action remains unclear. BTK activation
results in increased inositol (1, 4, 5)-trisphosphate (IP3) and depletion of Ca* stores
[90]. Furthermore, BTK can affect the synthesis of phosphatidylinositol (4,5)-bispho-
sphate or PIP2, a substrate for both PLCy2 and PI3K, thereby influencing PLCy2
activation and Ca®* regulation [77].

Conclusions

In summary, several novel, exciting roles of BTK have emerged during the
last 20 years. Despite its critical function in BCR signal transduction, BTK
has been shown to participate in the signal transduction of many receptors, in
manners similar to or different from its role in BCR signaling, involving
regulation of fundamental functions such as inflammation and apoptosis.
These new roles make BTK an attractive target for treating not only malig-
nant conditions but also inflammatory diseases, where it may offer new tools
to control various signaling pathways in which BTK is involved, using small
molecules.
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