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Preface

Primary immunodeficiencies are rare diseases. Nevertheless, the study of patients 
with primary immunodeficiencies has provided the chance to understand how the 
immune system really works. This journey into the pathogenetic mechanisms 
behind primary immunodeficiencies started many years ago, inspired by several 
giants in the field of immunology. One of them, Charles Janeway, Jr., spent his life 
discussing how the immune system functions and the importance of the pioneering 
discoveries made by his father, Charles Janeway, Sr., the first person to use gam-
maglobulin to treat patients with humoral immunodeficiencies.

When we think about antibodies, our minds drift immediately to vaccination 
responses (with the question as to whether or not they are protective), to the power 
of our antibody repertoire to defend ourselves from reinfection with specific viruses 
(e.g., rubella or measles), or to the pathogenic potential of self-reactive antibodies 
and their contributions to disease manifestation in autoimmune diseases. We live in 
a time of controversy in which public opinion against vaccination is very strong, 
thanks to fake, only half-true, or distorted information, spread via the media and via 
social media. Thanks to this discussion, there is public awareness of the rare group 
of patients who benefit greatly from herd immunity against common infections that 
are harmless for most people but possibly deadly for weak individuals. Those weak 
individuals carry some sort of fault in their immune system. In the great majority of 
cases this may be acquired (secondary) because of severe illnesses (e.g., cancer), 
treatment (e.g., immune suppression in cases of autoimmunity), or transplantation; 
or it may simply be due to age (in newborn or elderly patients). In more rare situa-
tions, subjects with a weak immune system carry a primary immune defect. The 
prevalence of such patients in western countries is around 40–50 patients per 
100,000 inhabitants, with more than half of them having B cell immunodeficiencies. 
Hence, the awareness of primary immunodeficiency has increased in the commu-
nity, and this has occurred in parallel with the creation of national and supranational 
registries (e.g., the European Society for Immunodeficiencies (ESID) registry), 
patient advocacy, research, and discovery.

Indeed, we have witnessed a blossoming of research into primary immunodefi-
ciency in the past 25 years; many genetic defects related to immunodeficiency have 
been discovered, and since the advent of high-throughput sequencing a new genetic 
defect is discovered almost monthly. This is especially true for the group of patients 
who carry humoral immunodeficiency or common variable immunodeficiency 
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disorders. In this group of patients the main clinical features are a reduced level of 
immunoglobulin in the serum and inability to mount vaccination responses. 
Infection is not the only feature in these patients, who may present with a compli-
cated course of disease, with lymphoproliferation, autoimmunity, cancer, lung 
involvement, or gastrointestinal involvement.

The perception of humoral immune diseases as a complex entity and the identi-
fication of specific defects leading to that phenotype represent major contributions 
to the understanding of the human immune system in past years. The discovery of 
genetic defects has also aided the identification of new therapeutic targets and the 
forecasting of adverse events that may occur with targeted therapies.

Nevertheless, many molecular, cellular, and clinical aspects of primary immuno-
deficiencies (e.g., the roles of epigenetics, the microbiome, and gene therapy) are 
yet to be disclosed, making primary immunodeficiency one of the most exciting 
fields to work in. Indeed, we hope that this book will boost the curiosity of young 
students approaching immunology for the first time, as well as being of interest to 
specialists and researchers in clinical immunology.

Mario Milco D’Elios
Marta Rizzi

Firenze, Italy
Freiburg, Germany

Preface
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1The B-Side of the Immune Response

Laura Patrussi, Nagaja Capitani, Mario Milco D’Elios, 
and Cosima T. Baldari

1.1  Introduction

B cells are the central cellular players in humoral immunity. The main effector B 
cells, namely, the plasma cells, produce indeed antibodies which permeate extracel-
lular spaces to protect against infection. We now know that B cells are also critical 
to cellular immunity by participating in T-cell activation via antigen presentation, 
co-stimulation, and cytokine production. Both humoral and cellular immunities 
depend on the formation of intercellular structures, known as immune synapses, 
between B cells and other cell types, the main ones being the specialized phagocytic 
cells localized in secondary lymphoid organs, which exploit immune synapse for-
mation to transfer antigen to B cells, and the helper T cells, which exploit the 
immune synapse to promote B-cell differentiation and maturation to plasma cells.

We describe in this chapter the recognition of antigen by B cells, either in a sol-
uble form or presented by professional cells through the immune synapse 
(B-synapse), and its processing and presentation to T cells, with a final section 
regarding the formation of immune synapses with T cells (T-synapse).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91785-6_1&domain=pdf
mailto:patrussi2@unisi.it
mailto:capitani2@unisi.it
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1.2  B-Cell Traffic: How B Lymphocytes Reach Their Specific 
Environmental Niches

During their lifetime, mature B cells circulate through the secondary lymphoid 
organs approximately every 24 h, with a half-life of few days in the absence of anti-
gen. Their transit from the vascular system to lymph nodes is carried out via special-
ized endothelia of high endothelial venules [1] which they cross to reach the discrete 
follicular compartment localized within the cortical region of the lymph node 
(Fig. 1.1). This transit was thought to be primarily regulated by gradients of chemo-
kines and their associated G protein-coupled receptors (GPCRs) that work in a con-
certed manner to govern immune cell positioning in time and space. CCL19 and 
CCL21, the ligands of CCR7, are produced by the stromal fibroblastic reticular cells 
(FRC) and attract B cells to home into secondary lymphoid organs, while CXCL12, 
the only known ligand of CXCR4, mainly attracts B cells to the stroma of the bone 

Fig. 1.1 B cells enter the secondary lymphoid organs via high endothelial venules (HEV) and are 
attracted toward the follicles (Fo), thanks to a gradient of the chemokine CXCL13, which is pro-
duced by fibroblastic reticular cells (FRC) and follicular dendritic cells (FDC) and percolates 
through special channels enveloped by FRCs, known as conduits, which provide a directional 
highway for B cells to reach the follicles (a). In the peripheral zone of the follicles, B cells come 
in contact with antigens (b), which enter the secondary lymphoid organs through afferent lym-
phatic vessels, either directly via small gaps in the floor of the lymph node sinus (low-molecular- 
mass antigens) or indirectly with the help of macrophages lining the subcapsular sinus (SSM) and 
FDCs residing in lymph nodes which act as antigen-presenting cells

L. Patrussi et al.
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marrow [2]. B cells are moreover attracted to the follicles by the CXCR5 ligand 
CXCL13 released by FRCs and by other specialized stromal cells of the follicles 
known as follicular dendritic cells (FDC) [3], a process which has been long believed 
to occur essentially through random migration across the stroma of secondary lym-
phoid organs. Thanks to recent technical advances, which allowed a more complete 
understanding of the complex regulation of lymphocyte trafficking, we now know 
that B cells non-randomly traffic to reach the follicles along a system of conduits 
[4–7], channels composed of a core of collagen fibers surrounded by extracellular 
matrix and enveloped by FRCs, which produce the extracellular matrix [8], often 
associated to FDC which can extend short sensor protrusions into the conduits [5]. 
CXCL13 secreted within the B-cell area by FRCs percolates through the conduit 
system providing an attractant factor to B cells [9]. Thus, conduits may provide a 
highway for B cells to navigate through the follicles [4].

1.3  Antigen Dynamics Dictate How and Where B Cells Come 
in Contact with Antigens

B cells spend most of their life in the stroma of secondary lymphoid organs, where 
specific B-cell areas are organized (Fig. 1.1). Each B cell carries BCRs of unique 
antigenic specificity that, once activated, trigger multiple intracellular signaling cas-
cades that ultimately lead to B-cell differentiation into antibody-secreting plasma 
cells or memory B cells.

How B cells encounter and recognize antigens depends therefore on the molecu-
lar characteristics of the different types of antigens and by the routes they employ to 
access these areas. Multiphoton microscopy techniques have been valuable tools to 
address how antigens enter into the B-cell follicles within peripheral lymph nodes 
[10]. Recent studies using this technology have shown that the size and nature of 
antigens influence their pathway of entry.

1.3.1  Direct Antigen Binding to the BCR

Particulate antigens that access the blood circulation can simply diffuse into the 
lymphoid tissue and reach the B-cell population residing in the MZ of the spleen 
[11] which quickly differentiates into IgM-secreting cells offering immediate pro-
tection against the pathogen in a manner which is independent of antigen presenta-
tion to T cells but is promoted by a local population of neutrophils [12].

Small soluble antigens originated by infection of peripheral tissues employ 
instead afferent lymphatic vessels to rapidly access draining lymph nodes. Once 
arrived in the subcapsular sinus, they reach B cells through two alternative path-
ways. Pape and colleagues reported that low-molecular-mass antigens directly 
enter the follicles via small gaps in the floor of the lymph node sinus where they 
immediately come in contact with B cells [13] (Fig.  1.1). Several electron 
microscopy studies have indeed identified pores of ~0.1–1  μm diameter in 

1 The B-Side of the Immune Response
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regions of the subcapsular sinus that are adjacent to the lymph node parenchyma 
[14–16]. These pores might allow small soluble antigens that enter the lymph 
nodes, such as low-molecular- mass toxins, to directly diffuse into the follicle 
and gain access to B cells [13], without requiring cell-mediated presentation. 
However, the existence of these pores remains controversial, as they simply may 
be sites generated by cells that have recently migrated through the sinus wall. 
More recently conduits have been suggested to represent the alternative mecha-
nism exploited by small soluble antigens to reach the follicles. Anderson and 
colleagues, who first described conduits in rat lymph nodes in the 1970s [17], 
proposed that this extensive network of fibers is important for antigen distribu-
tion into the parenchyma of lymph nodes. The conduits drain indeed antigens 
deep into B-cell follicles, where they directly bind to B cells [4, 18]. However, 
notwithstanding the fact that the overall diameter of conduits is relatively large 
(0.5–1.0 μm), they are full of tightly packaged collagen fibers, which strongly 
limits the size of molecules that can access the tubes (approximately 5–8 nm). 
This has opened a dispute on whether conduits permit B-cell traffic or act as 
molecular sieves which only accept structures less than 5–8  nm in diameter, 
providing a rich source of antigens for B cells [4].

1.3.2  Need of an Intermediary: The Antigen-Presenting  
Cell (APC)

Although B cells are fully able to recognize soluble antigens in the absence of 
presenting cells, these encounters usually happen with the help of innate immune 
system components. Macrophages, dendritic cells (DC), and FDCs lie at the 
heart of adaptive response by efficiently providing antigens to B cells, especially 
in case of large soluble antigens originated by infection of peripheral tissues, 
such as viruses or antigens that are coated with antibodies and complement 
which, due to their relatively large size, cannot directly reach B-cell follicles. 
They are therefore first captured from the lymph by specific APCs (Fig.  1.1). 
Macrophages lining the subcapsular (SSM) or medullary (MM) sinus [4, 19–21] 
and FDCs residing in lymph nodes [22, 23] display a variety of receptors, such 
as Fc receptors, complement receptors, and C-type lectins, to capture the anti-
gens [23].

Each APC presents antigens for a limited timeframe. SSM are indeed unable to 
maintain antigens on their surface for long periods [10] and overcome this limita-
tion by transferring the captured antigens on the complement receptor CR2 of non- 
cognate naïve B cells. They in turn act as carriers to transport the transferred 
antigens to the core of B-cell follicles where they are deposited onto Fc receptors 
and on the complement receptors CR1 and CR2 of FDCs [20, 24]. These profes-
sional APCs retain antigens for long periods (several weeks) by promoting a switch 
in the subcellular localization from the plasma membrane to the endosomal com-
partment through a nonstop recycling process [25] which contributes to keep them 
available for recognition by cognate B cells for long time [26, 27].

L. Patrussi et al.
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1.4  B-Cell Response to Antigen: The Immune Synapse

B-cell fate relies primarily on the BCR, a multimeric complex composed of the 
antigen-specific surface immunoglobulin (Ig) and the Igα/Igβ heterodimers (CD79a 
and CD79b) [28]. In the resting state, B cells survive, thanks to tonic signals deliv-
ered from the BCR [29]. These signals depend on BCR distribution on the cell sur-
face, which is in equilibrium between clusters and monomers, and on its ability to 
laterally diffuse along the plasma membrane. According to the so-called “picket- 
fence” model, diffusion of the BCR in resting cells is constrained in zones of the 
plasma membrane of approximately 30–700 nm in diameter enriched in selected 
transmembrane proteins which act as pickets defining confinement zones and are 
reversibly linked to the underlying actin/ezrin-radixin-moesin (ERM) cytoskeleton 
[30]. Alteration of the actin cytoskeleton by exposure of B cells to depolymerizing 
agents such as latrunculin A or cytochalasin D leads to BCR signaling in the absence 
of antigen and increases the diffusion rate of the BCR [31, 32]. However, whether 
the unstimulated BCR is in a monomeric state [32, 33] or is mainly organized in 
closed autoinhibited oligomers in the membrane [34] remains still debated.

Antigen recognition happens when the BCR meets specific antigen appropriately 
presented by APCs. This is a fundamental step in the entire life not only of the naïve 
B cell, which profoundly changes its metabolism, proliferation, and gene expres-
sion profile, but also of the activated B cell, which repeatedly binds antigen during 
the antibody affinity maturation process, ensuring the development of plasma cells 
that secrete high-affinity antibodies [35]. During antigen recognition, a close com-
munication takes place through a signaling area that forms at the contact between 
the B cell and the APC, which is referred to as the immune synapse [18, 19, 36]. 
This highly specialized membrane region, built through the tightly regulated 
sequential recruitment of receptors and signaling molecules, controls not only 
B-cell activation but also the subsequent gathering and acquisition of membrane- 
bound antigens for processing and presentation to CD4+ T cells [36, 37]. Two con-
centric regions referred to as the central supramolecular activation cluster (cSMAC), 
enriched in BCRs, and the peripheral SMAC (pSMAC) that contains adhesion mol-
ecules, such as LFA-1, bound to their ligands [36], are easily recognizable in the 
immune synapse. Of note, the most peculiar feature of the immune synapse is that, 
although its structure is stable both temporally and spatially, its molecular compo-
nents are highly dynamic due to the action of continuous driving forces controlled 
by complex cytoskeletal rearrangements [37].

It is generally accepted that antigen binding leads to BCR clustering; however, the 
steps required for BCR clustering and whether clustering is required for B-cell acti-
vation remain to be understood [33, 38]. Studies on insect cells reconstituted with the 
BCR complex indicate that BCRs, which in resting cells are organized in autoinhib-
ited oligomeric complexes, upon ligand binding undergo a conformational change to 
a monomeric “active” state [31]. Furthermore, the nature of antigen is critical in 
determining B-cell activation. Multivalent antigens, which can cross-link the BCR, 
are versed in triggering B-cell activation, although monovalent antigens can also 
elicit B-cell activation provided that early signals exceed a threshold required to elicit 

1 The B-Side of the Immune Response
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optimal BCR downstream signaling and expression of activation markers, leading to 
BCR clustering [39, 40]. Moreover membrane-bound antigens are considered the 
most efficient at triggering BCR signals and at antigen presentation to T cells, pos-
sibly due to a high local concentration of antigen in the two- dimensional structure of 
the immune synapse compared to soluble antigens [36, 38, 41].

1.5  Two-Phase Assembly of the Immune Synapse

1.5.1  Phase 1: Early Events that Control B Cell Spreading  
over the APC

Potent imaging techniques, among which the total internal reflection microscopy 
(TIRFM) on synthetic lipid bilayers stands out [38], revealed that the earliest events 
associated with successful antigen stimulation include the formation of microclus-
ters of 50–500 BCR complexes at the plasma membrane [42, 43] which become 
focal signaling sites [38]. A series of molecular events starts indeed close to the 
engaged BCRs within seconds. These include:

• The phosphorylation and activation of the BCR-proximal kinase Lyn and the 
subsequent phosphorylation of immunoreceptor tyrosine-based activation motifs 
(ITAMs) in the non-covalently associated Igα and Igβ heterodimers

• The recruitment and phosphorylation of the kinases spleen tyrosine kinase (Syk) 
and Bruton’s tyrosine kinase (Btk)

• The activation of downstream components such as PLCγ2, Vav, and PI3K and 
the adaptors B-cell linker protein (BLNK) and CD19 [43]

• The generation of second messengers—calcium ion release from endoplasmic 
reticulum, production of diacylglycerol, and inositol-1,4,5-trisphosphate

All of these molecules (and many others) contribute to build what was first 
known as a multicomponent assembly known as “signalosome” [44–46] which now, 
thanks to modern imaging techniques, has been shown to consist of many “micro-
signalosomes” focused at the engaged BCRs [47].

One of the most important tasks of the microsignalosomes is the association 
between engaged BCRs and local cortical actin cytoskeleton which reorganizes to 
drive consecutive changes in B-cell shape [42]. B cells spread indeed over the sur-
face of the APC, with the specific goal to increase the number of triggered BCRs by 
enlarging the synaptic area between the two interacting cells—the larger the area of 
the synapse, the more antigen the B cell can reach, internalize, and present to T cells 
[42]. To this end, actin first depolymerizes, a process which involves the small 
GTPase Rap1 and the actin-depolymerizing protein Cofilin-1 downstream of PLCγ2 
[48], and detaches from the plasma membrane, which results from the dephosphor-
ylation of the ERM complex [30, 49]. Subsequently actin polymerizes in branched 
actin filaments which extend the cell membrane to form lamellipodia (Fig.  1.2). 
Actin polymerization capitalizes on the guanine nucleotide exchange factor Vav, 

L. Patrussi et al.
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Fig. 1.2 Two-phase assembly of the immune synapse. Phase 1. Adhesion molecules, such as 
LFA-1/ICAM-1 complexes, mediate the first contact between phagocytes and the B cell (B-synapse) 
or between B cells and the helper T cell (Th) (T-synapse). Antigens (Ag) presented on the surface 
of antigen-presenting cells then bind either the B-cell receptor (BCR) or the T-cell receptor (TCR) 
which reorganize into microclusters. These activate a signaling cascade which induces the reorga-
nization of the actin cytoskeleton that promotes B- and T-cell spreading over the antigen- presenting 
surface. Phase 2. After spreading, BCR and TCR microclusters converge toward the center of the 
contact area with the antigen-presenting cell through the contraction of actin filaments, forming the 
central supramolecular activation cluster (cSMAC), while adhesion molecules such as LFA-1/
ICAM-1 complexes accumulate in the peripheral SMAC (pSMAC). The secretion of cytokines 
into the intermembrane space of the T-synapse stimulates B cells to undertake their differentiation 
process to either plasma cells or memory B cells

1 The B-Side of the Immune Response
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which is activated at the microsignalosomes and in turn activates the Rho GTPases 
Rac and Cdc42, two well-known regulators of cytoskeleton polymerization through 
the actin nucleation complex Arp2/3 [50–52]. Extension of lamellipodia along the 
surface of the APC now creates new opportunities for BCRs to bind antigens and 
leads to positive feedback loops that help the B cell to center the synapse over the 
highest density of the antigen [42]. B-cell lamellipodia also adhere to the APC 
through binding of the integrins LFA-1 and VLA-4 to their respective ligands 
ICAM-1 and VCAM-1 on the APC, an extra adhesion which is particularly impor-
tant when antigen concentration is low [53, 54]. It is noteworthy that integrins 
expressed on the surface of naïve B cells are in their inactive state and require a 
conformational change triggered by BCR signaling to reach their active state and 
become able to bind their ligands. BCR signaling thus not only induces lamellipodia 
extension but also lamellipodia adhesion to the target cell [53]. Integrin activation 
has been in turn proposed to lower the threshold for B-cell activation when antigen 
avidity is low [53]. Once activated the integrins create indeed the pSMAC, an adhe-
sion ring in the periphery of the synapse which enhances immune synapse stability 
and the achievement of phase 2. Integrin activation depends on several factors such 
as the GTPase Rap1 [55], the actin-binding protein vinculin [56] and the guanine 
nucleotide exchange factor Dock8, whose loss of function in B cells impairs pSMAC 
formation and results in poor antibody production in vivo [57], underscoring the 
importance of B-synapse organization in humoral immunity (Fig. 1.2).

Phase 1 of the B-synapse, which helps therefore to increase the number of BCR- 
antigen encounters, lasts for 2–5 min and ends by retraction of the lamellipodia and 
antigen gathering into BCR signaling microclusters which are transported toward 
the center of the synapse, in which co-receptors and cytosolic signaling components 
are recruited to form the microsignalosomes [47].

1.5.2  Phase 2: The Concerted Action of Microtubules 
and Microfilaments Builds the Complex Structure 
of the Mature Synapse

The second phase of immune synapse formation is driven by prolonged contraction of 
the cytoskeleton which allows microclusters containing antigen-engaged BCRs to 
move along actin fibers and to converge toward the center of the contact area, where 
they accumulate into the dense central disk of the cSMAC [36] (Fig. 1.2). This con-
traction is caused by the concerted actions of (i) polymerization of the cortical actin 
cytoskeleton to create a peripheral ring of F-actin enclosing a central actin low zone 
[30] and (ii) reorganization of the microtubular network, which brings the microtu-
bule-organizing center (MTOC) toward the immune synapse platform [47, 58].

Although some aspects of the mechanisms that initiate the coordinated reor-
ganization of the actin and microtubule networks at the B- as well as the 
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T-synapse remain poorly understood, the synaptic polarization of the MTOC is 
accompanied by clearance of F-actin from the cSMAC [59] and its accumula-
tion at the pSMAC (Stinchcombe et al. 2006) and involves the small GTPase 
Cdc42, its downstream effector atypical protein kinase C zeta (aPKCζ), and the 
Par polarity complex [58, 60–64]. Wang and colleagues recently added a tile to 
the puzzle of the B-synapse reporting that Rap1, an evolutionarily conserved 
regulator of cell polarity, and Cofilin-1, the actin-severing downstream target of 
Rap1 [48], together coordinate actin remodeling and MTOC polarization at the 
B-synapse [65].

The most likely scenario is that B cells relocalize the MTOC to the cSMAC to 
allow microtubules to extend along the inner face of the plasma membrane at the 
contact site [66]. Dynein motor complexes, which are recruited to antigen-bound 
BCRs through the adaptors Grb2 and Dok-3, then propel BCR microclusters along 
these juxta-membrane microtubules toward the MTOC to reach the central zone of 
the synapse [64, 66–70].

It is noteworthy that the two phases of assembly of the immune synapse are 
strictly interconnected. The BCR/antigen transport to the cSMAC begins indeed 
already during lamellipodia extension, when antigen clusters are carried by centrip-
etal flow of lamellipodial actin. B cells deficient in regulators of actin polymeriza-
tion, such as WASP, N-WASP, and Abp1, show disruption of the actin patterns at 
immune synapses and delayed centralization of the antigen [71, 72].

Antigen gathering during synapse formation is thus an active process, driven by 
BCR signaling and executed by the mechanical activity of the cytoskeleton. In addi-
tion to the BCR and integrins, antigen gathering is also modulated by chemokine/
chemokine receptor axes, and an interesting interplay exists between signals pro-
vided by the CXCL13/CXCR5 and antigen/BCR axes. CXCL13, which is produced 
by FDCs and stromal cells in B-cell follicles [22], has been indeed implicated in 
ruffling of B-cell lamellipodia and in LFA-1-supported adhesion, processes which 
require both functional actin cytoskeleton and myosin II motor protein. These mech-
anisms have been suggested to enhance the possibility of antigen encounter while 
also promoting antigen gathering in the central region of the immune synapse [73].

1.6  B Cells as APCs

Once they have recognized specific antigen and built a mature synapse, B cells have 
the unique opportunity to change their lifestyle, from cells which take advantage of 
APCs to APCs per se. This drastic change, which has a fundamental role in initiat-
ing T-cell responses, is performed through an articulated process, subdivided into 
three different steps: (i) extraction of antigen from the cSMAC, (ii) antigen process-
ing and loading on major histocompatibility complex (MHC) molecules, and (iii) 
antigen presentation to CD4+ or CD8+ T cells at the plasma membrane.

1 The B-Side of the Immune Response
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1.6.1  Antigen Extraction

B cells, bound to APCs through antigen/BCR forces, now grab antigens from the 
APC, a process named “extraction.” Two mechanisms have been proposed to medi-
ate extraction of antigens from the synaptic surface of antigen-bearing cells. The 
first mechanism involves the fusion of degradative vesicles with the membrane of 
the pSMAC, a process driven by MTOC polarization, which allows the release of 
lysosomal proteases and lipases into the intermembrane area of the synaptic region 
and determines its acidification, facilitating antigen removal from the presenting 
cell [64]. The second mechanism is based on mechanical forces through which B 
cells physically pull out synaptic antigen through the BCR and deform flexible 
membranes to promote antigen internalization [74, 75]. It is noteworthy that these 
two mechanisms are non-exclusive and can coexist at the B-synapse to promote 
antigen extraction, assisted by co-stimulatory signals provided by engaged adhesion 
molecules, such as ICAM-1 and LFA1, which activate signaling cascades that regu-
late cytoskeleton organization contributing to immune synapse organization and 
function [55, 76].

1.6.2  Antigen Processing and Loading on MHC Molecules

Antigen extraction is followed by its internalization through clathrin-dependent 
BCR-mediated endocytosis [74, 77]. Clathrin-coated pits nucleate indeed close to 
BCR/antigen clusters and are mediated by the molecular adaptor AP-2, which is 
phosphorylated following BCR stimulation and co-localizes with BCR/antigen 
clusters [78]. Once internalized BCR/antigen complexes move to the endosomal 
compartment that contains the required processing machinery (proteases, MHC and 
H2-DM molecules) to cleave antigens in peptides loadable onto MHC molecules 
[47]. Microtubule-dependent reorientation of the vesicular apparatus toward the 
mature immune synapse has been proposed to facilitate delivery of extracted anti-
gens to these compartments [64, 76].

Endocytosed antigens follow a degradative process which transforms them in 
peptides. In this form they are ready to be loaded onto MHC class II (MHC-II) or 
MHC class I (MHC-I) molecules to be presented to CD4+ or CD8+ T cells, respec-
tively. Of note, antigens must follow different degradative pathways to be loaded on 
different MHC molecules: peptides derived from proteins degraded by the lysosomal 
pathway are indeed primarily presented by MHC-II molecules, while peptides gener-
ated by the ubiquitin-proteasome pathway are presented by MHC-I molecules [79] 
(Fig. 1.3). An exception is represented by the “cross-presentation,” which specifi-
cally concerns professional APCs, whereby peptides derived from proteins that have 
entered the lysosomal pathway gain access to MHC-I molecules [80].

A complex series of molecular events regulates antigen loading on MHC-II mol-
ecules, αβ heterodimers generated in the endoplasmic reticulum and associated to 
the invariant chain Ii, a specialized chaperone which prevents the loading of MHC-II 
molecules with endogenous peptides and directs their trafficking to endo-lysosomes. 
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It contains indeed a peptide, named class II-associated invariant chain peptide 
(CLIP), which allows its non-covalent binding to the MHC-II groove [81]. A di- 
leucine motif on its cytosolic tail enables moreover αβ/Ii sorting to clathrin-coated 
vesicles and their localization to “MHC-II compartments” (MIICs), which are spe-
cialized endosomal structures enriched in proteolytic enzymes and disulfide reduc-
tases [77, 82, 83]. To allow loading of antigen peptides onto MHC-II molecules, Ii 
must be processed by specific proteases [84], and the remaining 25-aa CLIP frag-
ment must be exchanged with the digested peptide antigen [85, 86].

This complex reaction is tightly controlled by both positive and negative regula-
tors. In addition to the classical MHC molecules, B cells and the other professional 
APCs express the nonclassical class II molecule HLA-DM (DM) which, despite the 
close structural similarity with the MHC-II molecule, appears unable to directly 
bind peptides [87] and rather transiently associates with MHC-II, stabilizing it in a 
peptide-receptive form [88, 89]. Interestingly, HLA-DM promotes the loading of 
high-affinity peptides on MHC-II facilitating removal of the weak ones, such as 
CLIP [90], through a pH-dependent process that encounters the optimal conditions 
in the MIICs [91–94]. Among negative regulators, the nonclassical class II molecule 
HLA-DO (DO) mimics MHC-II by binding to the same site on HLA-DM and 
blocking its catalytic activity on MHC-II/peptide complexes [87, 95–97].

MHC-I molecules, expressed on the plasma membrane of most cell types, load 
and present peptides to cytotoxic CD8+ T cells. Of note, as opposed to MHC-II, 
MHC-I molecules load peptides generated by proteolysis of cytosolic antigens 
through, with few exceptions [98], the ubiquitin-proteasome pathway. The covalent 
attachment of multiple copies of the 76-residue protein ubiquitin to free amino 
groups by a multimolecular complex, which includes the substrate-specific 
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Fig. 1.3 The main steps of antigen processing and presentation on class I and class II major his-
tocompatibility complex (MHC). Peptides generated by the ubiquitin-proteasome pathway are 
presented by MHC-I molecules (a), while peptides derived from proteins degraded by the lyso-
somal pathway are primarily presented by MHC-II molecules (b)
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ubiquitin- protein ligase E3, the ubiquitin-activating enzymes E1 and E2, and the 
additional conjugation factor E4 [99], targets antigens to the proteasome where they 
are broken down into peptides ranging from 2 to 25 residues, which are released in 
the cytosol. Peptides produced in the cytosol are actively transported into the endo-
plasmic reticulum (ER) by the transporter associated with antigen processing (TAP), 
a heterodimeric complex composed of the two half-transporters TAP1 and TAP2 
that form a transmembrane pore in the ER membrane whose opening and closing 
depend on ATP binding and hydrolysis, respectively [100, 101].

Four ER chaperone proteins finally assist peptide loading on MHC-I molecules: 
calnexin [102], the thiol oxidoreductase ERp57 [103], calreticulin [104], and tapa-
sin [105].

Peptide/MHC-I complexes leave the ER within vesicles that cross the Golgi 
apparatus, migrate to the cell membrane, and fuse with it. This allows the ER-resident 
chaperones to be released and the peptide bound to the MHC-I groove to be exposed 
extracellularly. Here the peptide/MHC-I complex can be recognized by and interact 
with the cognate TCR on CD8+ T cells [106].

1.6.3  Antigen Presentation to CD4+ or CD8+ T Cells: 
The T-Synapse

The principal objective of antigen presentation by MHC molecules on the surface of B 
cells is the stimulation of B cells themselves which, with the help of T cells, differenti-
ate in either “long-lived memory B cells” or “antibody-secreting plasma cells” [107], 
although a marginal role is ascribed to B cells in the stimulation of naïve T cells.

B-/T-cell interactions take place within secondary lymphoid tissues and are 
guided by the expression of chemokine receptors and corresponding ligands [108]. 
Naïve B cells, which express CXCR5, are retained within defined areas of lymph 
nodes, known as “primary lymphoid follicles” or “B-cell zones,” by the CXCR5 
ligand CXCL13 produced by FDCs [108]. Following antigen recognition, antigen- 
bearing B cells migrate toward the edge of the follicles in specific areas defined as 
“the B-cell-T-cell boundaries,” a process which depends on CCR7 [109]. There they 
have the opportunity to encounter and engage T cells with matched antigen specific-
ity [110, 111]. It is noteworthy that the outcome of this interaction depends on the 
binding affinity between TCRs and peptide/MHC complexes. When the binding 
affinity is low, neither the T nor the B cell receives a signal, and both cells move on 
[112], while when the binding affinity is high the contact transforms into a func-
tional platform known as the T-synapse (Fig. 1.2).

Similar to the B-synapse, several coordinated events occur during T-synapse for-
mation—polarization of TCRs, adhesion molecules and kinases, and rearrangement 
of the cytoskeleton and organelles—which organize the intercellular platform at the 
cSMAC and pSMAC [113]. Although B cells that present antigen to T cells have 
long been known to become activated, thanks to the polarized secretion of cytokines 
such as interferon-γ and interleukin-2, interleukin-4, and interleukin-5 by the acti-
vated helper T cell [114, 115] (Fig. 1.2), the molecular events that occur on the 
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B-cell side of the synapse are as yet poorly defined. A new mechanism has been 
recently proposed by Gardell and Parker [116], whereby the T cell transfers the 
costimulatory molecule CD40L, bound to the receptor CD40 on the surface of the 
B cell, to the interacting B cell in the context of a productive T-synapse, allowing the 
B cell to receive help by the T cell and making of the synapse a focal point not only 
of exocytosis but also of endocytosis [117].

Initial T-cell contact drives B-cell activation and differentiation through either 
extrafollicular or follicular pathways. B cells can indeed develop into extrafollicular 
plasmablasts and early memory B cells without entering the follicles (extrafollicular 
pathway). Alternatively, they can return to the follicles through B-cell lymphoma 6 
(Bcl6) upregulation (follicular pathway), where they are retained by the expression 
of sphingosine-1-phosphate receptor 2 and where they differentiate into centroblasts 
and form germinal centers (GCs). In the B-cell-rich dark zones of the GC, the cen-
troblasts, sustained by IL-21 and costimulatory signals derived from T cells, undergo 
somatic hypermutation, generating clonal variants with modified antigen affinity and 
specificity [107]. Centroblasts further differentiate into centrocytes and enter the GC 
light zone, where they encounter FDCs. Centrocytes with higher affinity for antigen 
are selectively preserved, whereas those with reduced BCR affinity are deleted. 
Additionally, a subset of centrocytes undergoes class-switch recombination for 
expression of IgG, IgA, or IgE [107, 118]. While MHC-II/peptide complexes on the 
surface of centroblasts become ubiquitinated and targeted for degradation to prevent 
the accumulation of older MHC-II/peptide complexes in GC centroblasts, MHC-II/
peptide complexes on the surface of centrocytes become stabilized to facilitate pro-
ductive interactions with CD4+ T cells [119]. Centroblasts and centrocytes circulate 
between the light and dark zone until they achieve the optimal level of BCR affinity 
and further undergo differentiation steps to reach the alternative stages of “long-lived 
memory B cells” or “antibody-secreting plasma cells” [107]. Plasma cells migrate in 
a CXCR4-dependent manner to the BM, where they reside in survival niches sup-
ported by stromal cells secreting CXCL12 and cytokines and produce antibodies 
maintaining serologic memory independent of further antigen exposure [120].

Memory B cells, which will survive for long time, recirculate and form extrafol-
licular aggregates in lymphoid tissues. In case of a second antigen encounter, they 
will become again selectively activated by B-/T-cell cognate interactions to rapidly 
generate plasmablasts or reenter GCs upon antigen rechallenge resulting in further 
diversified secondary antibody responses [121, 122]. Hence both memory B cells 
and plasma cells generate high-affinity immunoglobulin class-switched diversified 
antibodies, which are the basis of long-lived humoral immunity.

CD8+ T cells have the peculiar ability to specifically recognize MHC-I molecules 
loaded with peptides derived from intracellular nonself-proteins [106]. Through this 
system of intracellular surveillance, which enables the immune system to eradicate 
viruses and other intracellular pathogens, CD8+ T cells build a functional T-synapse 
with a B cell and promote a cytotoxic response by releasing the pore-forming pro-
tein perforin and several granzyme proteases into the synaptic cleft, a mechanisms 
which has been suggested to limit the diffusion of toxic molecules and to maintain 
the specificity of the killing response [35, 60, 123].
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1.7  Conclusions and Perspectives

Years of study unveiled the fundamental features of B cells and of their relationship 
with the other members of the immune system. Of note, the new era of studies on B 
cells is focused on their relationship with cells that B cells encounter during their 
entire life and which include non-hematopoietic cells whose activity profoundly 
affects B-cell responses. The capacity to establish effective immune responses 
requires indeed the presence of organized peripheral lymphoid organs, where hema-
topoietic cells are arranged into discrete anatomical territories created by sessile 
non-hematopoietic cells that form the three-dimensional tissue architecture [124, 
125]. Of mesenchymal origin, they include FDCs, FRCs, marginal reticular cells, 
and endothelial cells. This class of cells is commonly identified by the word “stro-
mal,” a generic noun that does not account for their great variety of functions, which 
can be classified as direct interaction-based or secretion-based.

Stromal cells act indeed by secreting in the environment soluble factors, such as 
cytokines and chemokines, which mediate not only survival but also immune cell 
trafficking and localization, which are essential for bringing cognate leukocytes 
together to start building the GC. They moreover directly interact with B cells to 
promote their activation and differentiation by supplying antigen and in some 
instances by presenting cytokines and chemokines at their surface to promote B-cell 
proliferation, somatic hypermutation, and affinity maturation [125].

More recently, a new class of cells known as innate lymphoid cells has been 
described which also includes NK cells, generated by the diversification of commit-
ted lymphoid precursor cells independently of clonally rearranged antigen receptor 
genes. Their important contribution to inflammation and protection against patho-
gens in a tissue-specific manner and how they also influence the onset of immune 
responses in tissue-specific fashion are still under debate and raise the possibility of 
tissue-specific interplay between stromal and innate lymphoid cells [125].

The implication of stromal cells in the onset and development of pathologies 
pertaining B cells, among which the oncologic ones, is currently an area of active 
investigation. The lymphoma microenvironment is characterized by a heteroge-
neous population of stromal cells, which interact with neoplastic cells to promote 
tumor growth, survival, and drug resistance through multiple mechanisms among 
which angiogenesis is recognized as an important factor associated with disease 
progression [126].

Another example is the interesting dialogue existing between the stromal cells of 
secondary lymphoid organs and tumoral cells in chronic lymphocytic leukemia 
(CLL), a widespread hematological malignancy where tumoral cells depend on sur-
vival signals that they receive in lymphoid tissues from neighboring nonneoplastic 
cells within the cancer microenvironment [127]. CLL cells follow chemokine gra-
dients in lymph nodes, forming atypical “proliferation centers” where they take 
extreme advantage of nonmalignant stromal cells to prolong their survival [128].

Although many questions remain to be answered about lymphoid tissue stromal 
cells, due to the difficulty in isolating these cells types, a better understanding of 
stromal cell functions within lymphoid tissues may lead to useful therapeutic 
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applications. Targeting stromal cells might on one hand promote vaccine responses 
as well as limit autoimmune reactions and on the other hand help developing new 
drugs helpful for the treatment of B-cell malignancies, some of which remain, to 
date, incurable.
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2Mucosal B Cells

Arianna Troilo, Nagaja Capitani, Laura Patrussi, 
Cosima T. Baldari, and Mario Milco D’Elios

2.1  Origin and Development of B Lymphocyte  
Lineage Subsets

The dynamic life of B lymphocytes starts in the bone marrow (or in the fetal liver 
before birth), where a tightly controlled sequence of maturation steps transforms 
common lymphoid progenitors in (1) pro-B, (2) pre-B, and (3) immature B cells 
(Fig.  2.1). The latter are released into the circulation and reach specific organs 
where they complete their differentiation process to mature B cells, which are con-
ventionally subdivided in three principal populations on the basis of their ontogeny 
and anatomic localization: B1 cells, marginal zone (MZ) B cells, and follicular (FO) 
B cells.
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Little is known about human B1 lymphocytes, which originate from B1 progeni-
tors in the fetal liver, with little input from the bone marrow beyond the perinatal 
period [1, 2]. Our scant knowledge comes from studies on mouse B1 cells; these are 
also defined as T-independent B cells as they produce antibodies without any help 
of T lymphocytes and secrete IgM antibodies that selectively recognize altered self- 
antigens contributing to tissue homeostasis [3]. In addition to IgM, B1 cells also 
produce polyreactive IgA antibodies that contribute to mucosal immunity [4]. The 
existence of B1 cells as a distinct lineage in humans remains controversial, and B 
cells expressing CD5 are mostly considered as B1 cells [5, 6].

Immature B cells that exit the bone marrow and migrate to the spleen differenti-
ate into either transitional B cells, which mature into MZ or FO B cells, respectively. 
MZ B cells develop in the marginal sinus of the spleen through the specific binding 
of their surface molecule neurogenic locus notch homolog protein 2 (NOTCH2) 
with the specific ligand Delta-like 1 on endothelial cells, which promotes their sub-
sequent retention within the marginal sinus of the spleen where they reside for most 
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Fig. 2.1 Origin and development of B lymphocyte lineage subsets. B-cell development starts in 
the bone marrow (BM) from hematopoietic stem cells (HSC) that through a controlled sequence of 
maturation steps reach the stage of common lymphoid progenitors (CLP), pro-B, pre-B, and imma-
ture (Imm) B cells. At this stage, the cells start expressing IgM on their surface and are ready to 
migrate to the spleen as transitional B cells (T1/T2), where they complete the first stage of develop-
ment as marginal zone (MZ) B cells or follicular (FO) B cells. MZ B cells develop into short-lived 
plasma cells (slPC). FO B cells are activated by antigen binding and develop in GCs into memory 
(Mem) B cells or plasma cells (PC). Plasma cells (PC) then home to specific areas of secondary 
lymphoid tissue and BM. Principal surface markers from each B cell subset are shown
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of their life. MZ B cells express a polyreactive B-cell antigen receptors (BCR), 
thereby producing polyreactive IgM antibodies [7]. Similar to B1 cells, MZ B cells 
constitutively express Toll-like receptors and can readily respond to pathogen- 
associated or endogenous Toll-like receptor ligands. MZ B cells also participate in 
responses to T-dependent protein antigens, generating high-affinity isotype- 
switched antibodies [2, 7].

FO B cells, the most abundant of all B-cell lineages, originate through BCR- 
mediated differentiation signals and reside in spleen and lymph nodes where they 
are considered the conventional B lymphocytes of the adaptive immune system [8]. 
FO B cells are primarily responsible for the generation of long-lasting, high-affinity 
IgG antibodies with the help of T lymphocytes, critical for the classical humoral 
immunity which mediates protection after infection or vaccination. As opposed to 
spleen-resident MZ B cells, FO B cells continuously recirculate populating various 
secondary lymphoid tissues (e.g., lymph nodes, tonsils, and mucosal-associated 
lymphoid tissues).

The transition of B cells from pro-B to pre-B stage and finally to immature B cells 
proceeds through a complex series of genomic DNA rearrangements undertaken by 
the immunoglobulin heavy- and light-chain gene segments (variable, V; diversity, D; 
and joining, J), which culminate in the expression of a surface IgM, the BCR, that 
can bind antigen [9]. These rearrangements generate B cells expressing a vast reper-
toire of BCRs capable of recognizing a huge variety of antigens. Since the recombi-
nation process occurs through the random assembly of V, D, and J segments, 75% of 
the resulting BCRs are self-reactive [10] and must be eliminated to avoid autoim-
munity. Most self-reactive clones are eliminated before their exit from the bone mar-
row by clonal deletion and receptor editing, a process termed central tolerance, and 
additional selection mechanisms occur within the spleen to remove the remaining 
autoreactive clones that recognize peripheral self-antigens. Transitional B cells that 
strongly recognize self-antigens through their BCRs can indeed either undergo clonal 
deletion or attain a state of hyporesponsiveness termed “anergy,” which dramatically 
shortens their survival (1–5 days) [11]. Elimination of the few self-reactive B lym-
phocytes that escape clonal deletion, receptor editing, or anergy relies either on 
CD41+ T cells via Fas receptor-Fas ligand or on CD40- CD40L interactions or even 
on T and B cells with regulatory properties. Failure of one or more of the self-toler-
ance checkpoints is central to the development of autoimmune diseases [12].

2.2  Mucosal B Cells: The MALT

The mucosa-associated lymphoid tissue (MALT) is a secondary lymphoid organ 
that includes more or less organized lymphoid structures. It includes multiple sub-
regions, the most important being the gut-associated lymphoid tissue (GALT), the 
nasal-associated lymphoid tissue (NALT), and the bronchus-associated lymphoid 
tissue (BALT). In the human airway of adults, evidence of an organized lymphoid 
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tissue is still lacking, even though such structures have been described in infants and 
during inflammation.

The MALT is characterized by the presence of inductive sites and effector sites 
that are specific for different regions, even though anatomically separated districts 
are in some cases functionally connected. It was in fact shown that IgA secretion at 
a specific site can be induced by antigen presentation at a different mucosal region.

Systemic and mucosal immune systems have distinct functional structures and 
can be activated and regulated in an independent fashion [13, 14]. Common charac-
teristics of the MALT are the presence of different cell types, such as B cells, CD4+ 
and CD8+ T cells, dendritic cells (DC), and in some case macrophages and eosino-
phils, that permit the organization of an efficient immune response. Other common 
characteristics of the MALT are the lack of afferent lymphatics as well as the pres-
ence of high endothelial regions [15].

The most well-known region is the GALT, which is often used as a paradigm to 
describe structures and functions of the mucosal immune system (Fig. 2.2).
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Fig. 2.2 Depiction of mucosal inductive and effector sites. Antigens are sampled from the muco-
sal lumen through specialized M cells in the follicle-associated epithelium (FAE). Dendritic cells 
(DCs) capture and process the antigens, transport them to the T-cell zone, and produce cytokines 
that initiate T-cell-dependent B cell activation and factors like IGIP and APRIL that induce switch-
ing to IgA. They also secrete retinoic acid (RA) that induces expression of mucosal-imprinting 
molecules such as CCR9 and α4β7. Peyer patches (PPs) also contain follicle dendritic cells (fDCs) 
whose main function seems to be to facilitate the positive selection of high-affinity B cells by 
antigen. Generated plasmablasts move through blood circulation to the lamina propria where they 
differentiate to plasma cells (PC). In the lamina propria also T-independent IgA production takes 
place via TLR-dependent activation or mediated by cytokines such BAFF and APRIL
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The GALT is characterized by the presence of several different lymphoid struc-
tures, the most important in humans being Peyer’s patches (PPs) and isolated lym-
phoid follicles that are randomly located through the mucosa of the gastrointestinal 
tract but at higher density in the terminal ileum and in the appendix [16].

Human PPs’ development begins during embryonic life and requires signals 
from IL-7. Their number increases progressively to reach its maximum in teenage 
years and then progressively decreases with age [16–18].

The epithelium of the gastrointestinal tract is characterized by physical barriers, 
consisting of tight junctions and a dense layer of mucins [19], and biochemical bar-
riers provided by antimicrobial peptides [19–21]. At variance, the follicle- associated 
epithelium (FAE) is characterized by the presence of microfold (M) cells [22, 23]. 
B cells seem to be crucial in the development of M cells. It was in fact shown that 
M cells are not able to develop in the FAE of PPs in B-cell-deficient mice [24]. M 
cells are characterized by a peculiar morphology, with an irregular brush border, 
few microvilli, and decreased glycocalyx [22]. They permit the sampling of patho-
gens and soluble molecules and their exhibition to the antigen presenting cells 
(APC) in the subepithelial dome (SED). The subepithelial area is rich in DCs that 
play a central role in the organization of the mucosal immune response and in the 
induction of class switch recombination (CSR) via IgA-inducing protein (IGIP) and 
a proliferation-inducing ligand (APRIL) secretion [25].

Lymphoid structures in the GALT contain, as mentioned, many different cell 
types, and in the small intestine, germinal centers (GC) structures were identified, in 
which B cells are surrounded by follicle DCs, follicular T helper (fTh) cells, and 
macrophages, surrounded by a mantle zone of CD27−IgM+IgD+ mature naïve B cells, 
surrounded by a marginal zone (MZ) of IgDlow B cells that infiltrate the FAE [26].

While naïve and memory B cells appear to be present only in organized lym-
phoid structures, in the lamina propria, the most represented B cell subsets are 
antibody- secreting cells (ASC), plasma cells, and plasmablasts mainly producing 
IgA [27].

Scattered IgA+CD27+ cells were also identified in the lamina propria by flow 
cytometry, and even though a contamination cannot be excluded, the fact that they 
express low levels of CD40 and are able to proliferate in response to CD40L and to 
produce IgA in vitro [28] suggests that they could receive T cell help also in vivo 
and act as local memory cells.

ASC have been identified by various authors as recently recruited plasmablasts 
on the base of HLAII, CD45RA, CD19, and Ig expression [27–29].

Plasma cells are also present only in the lamina propria, where they are charac-
terized by IgA and IgM expression. This differentiates them from BM plasma cells 
that mainly express IgG. In the past, PC in the gut had been considered short living 
[30–33].

Data from intestinal biopsy cultures showed that IgM and IgA plasma cells could 
survive more than 4 weeks [34], and it was recently shown by Landsverk et al. that 
PCs, identified as CD38hi CD27hi CD138+ CD20− large cells, can be classified in 
three distinct subsets: a CD19+ PC subset and two CD19− subsets, CD45+ and 
CD45−, that can persist for decades in the gut. The CD45− subset exhibits no 
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replacement, while the CD45+ subset shows only little replacement and appears to 
be an intermediate developmental stage between CD19+ and CD45− [35]. These 
subsets are similar to BM PC subsets from a phenotype and functional point of view 
[36, 37].

In human upper airways, a proper NALT was identified only in infants [38], as 
most of the associated lymphoid structures are located at the level of the Waldeyer’s 
ring [38–40]. Cells histologically similar to the M cells of the gut were described in 
this region in tonsils and adenoids, even though evidence of a similar function of 
these cells in the airways is still lacking [41, 42].

Tonsils contain specialized tissue compartments contributing to immune func-
tions, in particular GCs that start to be present shortly after birth, via B-cell activa-
tion induced by exogenous antigens, while terminal differentiation of effector B 
cells to extrafollicular PCs can be detected 2 weeks after birth [43].

In a study from Quiding-Jarbrink et al., the ability of tonsillar and nasal mucosal 
lymphoid tissues to serve as induction sites of local and/or distant B-cell responses 
in humans was evaluated. Subjects immunized by the tonsillar route presented a 
higher number of vaccine-specific ASC in removed tonsils compared to peroral and 
parenteral immunization with cholera and tetanus [44]. Both intratonsillar and intra-
nasal immunizations were able to evoke specific ASC responses at the mucosal site 
and in peripheral blood, but specific ASC could not be identified at the duodenum 
level. Intranasal immunization could not induce efficient Ab secretion in the tonsils 
but could evoke ASC response in the adenoids [44]. This study and others indicate 
that in the mucosal immune system, IgA-inductive sites may serve as expression 
sites of locally induced antibody responses and support the development of immu-
nological memory [44–47].

Laryngeal associate lymphoid tissue (LALT) has also been described in humans 
and was demonstrated also in healthy adults, even if after the age of 20 years it is 
present at a lower frequency, probably because of declining primary response to 
antigens [48].

BALT has not been described in healthy humans [49], but bronchial lymphoid 
structures were identified in children who died from SIDS [50] and in adults with 
chronic inflammation [51–53], with autoimmune diseases [54], smokers [55], or 
affected by lung neoplasia [56]. BALT characterized by lymphoid infiltration of the 
overlying epithelium, HEV, and partly active germinal centers was found in 44% of 
children who died because of trauma, malformation, or other non inflammatory 
causes [50, 57].

2.3  Production of IgA and Their Relevance  
for Host Protection

During lymphocyte differentiation, antibody diversification results from three main 
processes: VDJ recombination, class-switch recombination (CSR), and somatic 
hyper-mutation (SHM). VDJ recombination occurs in the BM and is initiated by the 
RAG1-RAG2 endonuclease complex [58]. After completing this process, B cells 
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express IgM on their surface and are able to migrate to the peripheral lymphoid 
structures where they come in contact with the antigens and differentiate into plasma 
cells and memory cells. CSR takes place in the periphery, allowing the production 
of different Ig classes, such as IgG, IgE, IgA, and IgD [59, 60], without changing 
the antigen-binding specificity of the antibodies [61–63].

Antibody affinity maturation is induced by SHM process that introduces point muta-
tions in the variable portions of Ig genes. Both CSR and SHM are antigen- dependent 
genetic alteration processes catalyzed by the same DNA-editing enzyme, the activation-
induced cytidine deaminase (AID), that is able to target different regions [64].

Different mucosal regions are characterized by the presence of different Ab 
classes. In the urogenital and intestinal mucosa, IgA antibodies are the most repre-
sented, while IgD were described prevalently in the respiratory tract. IgE are usually 
present in case of allergy [59, 65, 66]. Humans present two different classes of IgA: 
IgA1 is detectable in systemic and mucosal compartments, while IgA2, which 
seems to be more resistant to bacterial proteases, is more present in mucosal dis-
tricts colonized by microbiota [67, 68].

In the intestinal mucosa, high- and low-affinity IgA were described, with possi-
ble different functions. The role of mucosal IgA is on the one hand to neutralize 
dangerous and high inflammatory pathogens and microbial toxins and, on the other 
hand, to regulate the commensal microbiota and confine the symbiotic pathogens to 
specific areas of the intestinal lumen. A different role for low- and high-affinity IgA 
in selecting invasive pathogens from symbionts had been proposed, but the distinc-
tion is not always clear [17, 18].

Dimeric IgA facilitate the interplay between host and commensal flora not only 
in the intestinal lumen but also in PPs [18]. Secreted IgA appear to be able to entrap 
microbial organisms in the mucus layer on the epithelial cells surface [15, 69, 70], 
a process known as immune exclusion [71]. They are also capable of neutralizing 
intracellular proinflammatory components, such as LPS [69], and to facilitate anti-
gen sampling by binding to receptors on M cells [72]. IgA dimers released by 
plasma cells transport bacteria that trespass the epithelial barrier back to the lumen 
via pIgR [73] or promote their phagocytosis through FcαRI (CD89) [70, 74], a high 
affinity IgA receptor expressed on DC and neutrophils, but not (or only a little) by 
intestinal macrophages [73]. The transferrin receptor (CD71) on enterocytes is also 
able to bind IgA1 and can mediate retrotranscytosis of intact gliadin peptides in 
celiac disease [75, 76].

In humans, the importance of IgA function is clearly demonstrated in vivo in 
patients affected by primary antibody deficiencies (PAD). The impairment in IgA 
production is associated with recurrent respiratory, gastrointestinal, and urogenital 
infections, but also allergy, autoimmunity, and lymphoid nodular hyperplasia, pos-
sibly due to aberrant B-cell activation, are possible complications [77, 78] (specifi-
cally described in Chap. 16). Compensatory mechanisms possibly exist, given the 
high incidence of isolated IgA deficiency (1:400 in Western countries) and given 
that not every patient affected by PAD is highly or at all symptomatic [79].

Also in the respiratory tract, IgA is the most represented immunoglobulin: IgA1 
is predominant, but IgA2 is less represented in the NALT than in the BALT. Unlike 
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in the gut, in the airway mucosa, IgD seems to have an important protective role. 
IgD are secreted in human nasal mucosa and tonsils by IgD+ IgM- plasmablasts, are 
polyreactive, and are able to bind to pathogens like Haemophilus influenzae and 
Moraxella catarrhalis as well as to interact with cells from the innate immune sys-
tem [59].

IgA production can be elicited through both T-cell-dependent and T-cell- 
independent pathways. T-cell-dependent reactions need at least 1 week to lead to 
IgA production and take place in GCs in PPs, where CSR and SHM also occur. 
Stimulation of CD40 receptor on B cells by CD40L on fTh cells, associated with 
BCR and CKS receptor activation, is crucial for the induction of AID expression 
[80–83].

The T-independent pathway leads to a faster IgA production and takes place in 
response to highly conserved microbial structure recognition by TLRs. This path-
way involves B1 cells in mice, but a clear counterpart of these cells has not been yet 
identified in humans. Possible pathways that lead to T-independent IgA production 
are direct B-cell activation via TLR and indirect B-cell stimulation via BAFF and 
APRIL released by cells of the innate immune system. TLR signaling via NFκB, 
requiring MyD88, induces both AID expression in B cells and BAFF and APRIL 
production in different cell types [83].

This pathway is active in isolated lymphoid follicles and in the lamina propria, 
where in situ CSR was described, even though this is a controversial matter [84, 85]. 
In the lamina propria B cell can undergo CSR [86] and IgA can be generated via an 
T independent pathway [87, 88].

2.4  Lymphoma of Mucosa-Associated Lymphoid Tissue

Mucosal B cells are crucial for the host defense; however they can undergo neo-
plastic transformation and give raise to mucosa-associated lymphoid tissue 
(MALT) lymphoma, especially in patients with primary immunodeficiencies (see 
Chap. 23). Extranodal marginal zone B-cell lymphoma of MALT represents the 
third most common form of non-Hodgkin lymphoma [89–91]. The most frequent 
site of MALT lymphomas is the stomach, where they were first recognized as a 
distinct entity [92]. A link of H. pylori infection with gastric MALT lymphoma was 
provided by the identification of H. pylori in the majority of the lymphoma speci-
mens [93]. H. pylori-related low-grade gastric MALT lymphoma represents a 
model for studying the interplay between chronic infection, immune response, and 
lymphomagenesis. This lymphoma represents the first described neoplasia suscep-
tible of regression following antibiotic therapy resulting in H. pylori eradication 
[94]. A prerequisite for lymphomagenesis is the development of secondary inflam-
matory MALT induced by H. pylori. Tumor cells of low-grade gastric MALT lym-
phoma (MALToma) are memory B cells still responsive to differentiation signals, 
such as CD40 costimulation and cytokines produced by antigen-stimulated Th 
cells, and dependent for their growth on the stimulation by H. pylori-specific T 
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cells [95–97]. In early phases, this tumor is sensitive to withdrawal of H. pylori-
induced T-cell help, providing an explanation for both the tumor’s tendency to 
remain localized to its primary site and its regression after H. pylori eradication. 
The analysis of the antigen-induced B-cell help by H. pylori-reactive gastric T-cell 
clones provided detailed information on the molecular and cellular mechanisms 
associated with the onset of low-grade gastric MALToma. In the stomach of 
MALToma patients, a high percentage of Th cells were specific for H. pylori. Each 
H. pylori-specific Th clone derived from gastric MALToma produced IL-2 and a 
variety of B-cell-stimulating cytokines, such as IL-4 and IL-13 [98]. In vitro stimu-
lation with the appropriate H. pylori antigens induced H. pylori-specific Th clones 
derived from gastric MALToma to provide powerful help for B-cell activation and 
proliferation [98]. B cells from MALToma patients proliferate in response to H. 
pylori, but the B-cell proliferation induced by H. pylori antigens was strictly 
T dependent because it could not take place with H. pylori and without T helper 
cells [98]. Furthermore other cytokines and B-cell growth factors are able to sus-
tain B-cell growth in gastric MALT lymphomas. Gastric MALT lymphoma 
expresses high levels of APRIL and B-cell activating factor, which are crucial cyto-
kines for B-cell proliferation [99, 100]. APRIL is produced almost exclusively by 
gastric lymphoma-infiltrating macrophages located in close proximity to neoplas-
tic B cells. Macrophages produced APRIL on direct stimulation with both H. pylori 
and H. pylori-specific T cells [100].

2.5  Conclusions

B-cell life starts in the bone marrow. Following B-cell development through pro-B, 
and pre-B stage, immature B cells are released in the circulation and reach specific 
organs, where their differentiation proceeds to mature B cells, which can be subdi-
vided into B1 cells, marginal zone B cells, and follicular B cells, on the basis of their 
anatomic localization and their ontogeny.

The mucosae represent the largest part of the body in which immune responses 
against pathogens occur. Mucosal B cells are located in different subregions, the 
most important being GALT, BALT, and NALT. Mucosal B cells are crucial for the 
host defense mainly via the production of mucosal IgA. The importance of IgA 
function is clearly demonstrated in vivo in patients affected by primary antibody 
deficiencies. The impairment in IgA production is associated with recurrent respira-
tory, gastrointestinal, and urogenital infections. IgA deficiency might be associated 
also with allergy, autoimmunity, and lymphoid nodular hyperplasia. Immune com-
pensatory mechanisms exist, given that not every patient affected by PAD is symp-
tomatic. Mucosal B cells may undergo neoplastic transformation and give raise to 
MALT lymphoma, which is quite frequently observed in patients with humoral 
PAD.  Hence  mucosal B cells are the  principal  guardians protecting us from the 
majority of harmful pathogens that try to enter the body through ingestion, inhala-
tion, or sexual contact.
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3CVID

Ulrich Salzer

3.1  Definition

Primary antibody deficiencies of unknown etiology are usually referred to as com-
mon variable immunodeficiency. Apart from the very heterogeneous and still mostly 
unclear genetic background the clinical term common variable immunodeficiency 
(CVID) covers patients with antibody deficiency syndromes of various etiology and 
diverse clinical as well as immunological features. Clinical hallmarks are hypogam-
maglobulinemia and severe and/or frequent, chronic-recurring bacterial infections 
especially affecting the respiratory tract. However additional immunological and 
clinical presentations are by far more diverse and—since CVID per se is not a 
monogenetically defined disorder—there is a high chance of missed or incorrect 
diagnosis, since the “clinical picture perfect CVID patient” rarely encounters us in 
real life. The previous diagnostic guidelines for CVID of the European and Pan- 
American Society for Immunodeficiencies [1] (ESID/PAGID, www.esid.org) there-
fore were revised in 2014 to include additional clinical and immunological criteria 
and are shown in Table  3.1. Especially the early identification and exclusion of 
patients with concomitant severe T-cell defect is very important, since these patients 
have a worse disease course and are in need of intensified treatment and follow-up 
strategies that differ from “plain” CVID [2, 3]. The definitions of the T-cell defi-
ciency, however, probably still need refinement and should include also clinical 
criteria, e.g., like the occurrence of opportunistic infections [3].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91785-6_3&domain=pdf
mailto:ulrich.salzer@uniklinik-freiburg.de
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It is nevertheless mandatory to search for differential diagnoses, e.g., hypogam-
maglobulinemia in context of other defined primary immunodeficiencies and sec-
ondary hypogammaglobulinemia caused by immunosuppression (see Table  3.2). 
Although the latter are usually revealed easily by the patient’s clinical history, it 
may sometimes be more difficult since the final diagnosis of CVID may be preceded 
by diseases requiring anti-inflammatory or immunosuppressive treatment (e.g., 
autoimmune thrombocytopenia). In the case of long-term glucocorticoid therapy- 
induced hypogammaglobulinemia, a careful examination of immunoglobulin sub-
types in serum is helpful in the differentiation from CVID [4].

CVID describes the largest group of symptomatic primary immunodeficiencies 
in adults with an estimated incidence in the western hemisphere between 1: 10,000 
and 1: 50,000 [1, 5]. There are considerable regional or ethnic differences in the 
incidence, which is lower among Asians and African Americans [6–8]. Women and 
men are almost equally affected. The onset of the disease is usually the early adult 
age between 20 and 40 years, even though a second peak of onset in childhood can 
be recognized [6, 9, 10]. 

3.2  Etiology

The genetic basis of CVID and specific genetic defects associated with CVID-like 
phenotypes are described in more detail in Chap. 5 and the following chapters of 
this book. Still, for more than 80% of the CVID cases, no causal or associated 

Table 3.1 Diagnostic criteria of CVID according to ESID (www.esid.org)

Clinical criteria for a probable diagnosis of CVID (= clinical diagnosis)

At least one of the 
following:

• Increased susceptibility to infection
• Autoimmune manifestations
• Granulomatous disease
• Unexplained polyclonal lymphoproliferation
• Affected family member with antibody deficiency

AND • Marked decrease of IgG and marked decrease of IgA with or without 
low IgM levels (measured at least twice; <2SD of the normal levels for 
their age)

AND at least one 
of the following:

• Poor antibody response to vaccines (and/or absent isohemagglutinins), 
i.e., absence of protective levels despite vaccination where defined
• Low switched memory B cells (<70% of age-related normal value)

AND • Secondary causes of hypogammaglobulinemia have been excluded (see 
Table 3.2)

AND • Is established after the 4th year of life (but symptoms may be present 
before)

AND • No evidence of profound T-cell deficiency, defined as 2 out of the 
following (y = year of life):
• CD4 numbers/microliter: 2–6y <300, 6–12y <250, >12y <200
• % naïve CD4: 2–6y <25%, 6–16y <20%, >16y <10%
• T-cell proliferation absent

U. Salzer
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genetic alteration can be determined. The majority of cases diagnosed in Europe are 
sporadic. A positive family history is present in only about 15% of CVID cases [6, 
7], of which more than two thirds show an autosomal dominant inheritance pattern. 
Variable penetrance and different expressiveness are reflected in families in which, 
besides affected individuals with CVID, selective IgA deficiency and intermediate 
forms of antibody deficiency are also present [11, 12]. Autosomal recessive familial 
cases are rare in Caucasians but appear more frequent in populations with increased 
consanguineous marriages [7, 13]. If the family pedigree suggests a possible 
X-chromosomal inheritance, one should consider, depending on the clinical presen-
tation, X-linked agammaglobulinemia, X-linked lymphoproliferative syndrome and 
X-linked hyper IgM syndrome (see Table 3.2).

Genetic linkage analyses of large CVID/sIgAD families [14–16] revealed three 
different genetic loci on the chromosome 4q [16], chromosome 6 [14, 15], and 

Table 3.2 Differential diagnosis of hypogammaglobulinemia

Secondary hypogammaglobulinemia
Lymphoma Chronic lymphatic leukemia (CLL)

Immunodeficiency and thymoma (Good’s syndrome)
Other malignant non-Hodgkin lymphoma

Serum protein 
loss

Marked serum protein loss (renal, enteral)
IgG hypercatabolism (e.g., proximal myotonic myopathy, PROMM)

Drug induced Antiepileptic drugs (carbamazepine, phenytoin)
Gold salts
Glucocorticoids

δ-Penicillamine
Antimalarials
Methotrexate
Alkylating agents (e.g., cyclophosphamide)

Infections Congenital with CMV, rubella, and Toxoplasma gondii; neonatal HIV 
infections
Epstein-Barr virus infections

Primary immunodeficiencies with hypogammaglobulinemia
X-chromosomal agammaglobulinemia (BTK)
Hyper-IgM syndromes (CD40, CD40L, AID, UNC)
X-chromosomal lymphoproliferative syndrome (SAP, XIAP)
DNA repair defects
Ataxia telangiectasia
Nijmegen breakage syndrome
ICF (immunodeficiency, chromosomal instability, facial abnormalities) 
syndrome
Autosomal recessive severe combined immunodeficiency 
(SCID), X-chromosomal SCID
WHIM (warts, hypogammaglobulinemia, infections, myelokathexis) 
syndrome
Selective IgA deficiency and IgG subclass deficiency
DiGeorge syndrome
Hemophagocytic lymphohistiocytosis
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chromosome 16q [17]. Candidate gene-oriented studies have previously identified 
several monogenetic defects or rare genetic polymorphisms associated with the 
clinical and immunological picture of CVID. These will be elaborated on in sepa-
rate following chapters. Epigenetic changes including changes in DNA methylation 
and posttranscriptional gene regulation occur during immune cell differentiation. 
These and other nonheritable factors contribute much to the individual variability of 
the immune system [18], and disturbances of these processes are possible additional 
pathomechanisms contributing to the etiology of CVID. In addition to preexisting 
genetic susceptibility lesions, environmental factors may promote these epigenetic 
changes in immune cells that govern the outbreak of disease symptoms and course. 
The frequent late-onset and sporadic occurrence of CVID may support these basic 
approaches, but this is currently not well studied. So far only one monozygotic twin 
study in CVID investigated the epigenetic changes in lymphocyte subsets and found 
indeed significant changes of methylation patterns of several genes important in 
B-cell differentiation [19].

3.2.1  Immunopathology in CVID

Numerous phenotypic and functional studies of the immune system in patients with 
CVID demonstrated distinctive features both in the adaptive and inborn immune 
system. However, the large number of different manifestations, their different distri-
bution within the CVID cohort, and the lack of controlled parallel studies of these 
disorders in large patient numbers make it impossible in most cases to generalize 
the observed immunopathology in distinct CVID subcohorts into an integrated pic-
ture of CVID as a whole. Nevertheless, based on the detected disturbances of T cells 
and B cells, different classification models of CVID have been proposed and applied 
[20–23]. In cases with severe disturbances of cellular immunity and opportunistic 
infections, a combined immune defect must be considered [see LOCID, Chap. 4]. 
In male CVID patients with B lymphocytes below 1%, BTK associated agamma-
globulinemia may be suspected.

3.2.2  T-Cell Abnormalities in CVID

Disturbances of peripheral T-cell subset distribution and functions play an impor-
tant role in the pathogenesis of individual CVID syndromes. Pathological changes 
affect both CD4+ and CD8+ T cells, as well as regulatory T cell populations. In up 
to 70% of CVID patients, there is a decrease in total CD4+ T-cell counts or at least 
the CD4+CD45RA+ naïve subpopulation [24–27]. In addition to reduced expres-
sion of activation markers and costimulatory molecules such as CD40L, L-selectin, 
and attractin [28–30], impaired secretion of cytokines such as IL-2, IL-4, IL-6, IL-7, 
IL-9, IL-10, IL-13, IL-17, and IFN-gamma is also reported [31–37]. Furthermore 
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dysregulation of cytokine production, such as IFN-gamma secretion by follicular T 
helper cells skewed to TH1, may contribute to the impaired B-cell function [38, 39]. 
A potential cause of the functional defects may be defective T-cell receptor (TCR) 
signaling, which has been described in some CVID patients [40]. There is reduced 
recruitment of ZAP70 to the TCR, potentially caused by reduced Vav expression 
and “lipid raft” formation [41–43].

Several studies show that regulatory CD4+/CD25+/FoxP3+ T cells in CVID 
patients are significantly reduced [43–46]. This is clinically associated with autoim-
munity, granulomas, splenomegaly, and specific changes in B-cell subpopulations 
(increased CD21 low B cells) [46].

CD8+ T cells are often chronically activated in subgroups of CVID patients and, 
in contrast to the CD4+ T cells, are partially expanded. This explains the inverted 
CD4/CD8 cell ratio commonly found in CVID patients. One study attributes the 
expansion of these predominantly CCR7 positive cytotoxic effector memory cells to 
increased IL-7 levels [47]. This expansion of CD8+/DR+ cells is associated with a 
loss of memory B cells and a more severe clinical progression [48]. However, 
chronic and recurrent infections with herpes viruses, in particular cytomegalovirus, 
may also promote the observed changes in CD8+ T cells [49, 50]. Finally, a subset 
of CVID patients show polyclonal expansions of “large granular lymphocytes” 
which is associated with increased CD8+ T-cell counts and splenomegaly [51].

These diverse disorders of the T-cell system are being unified in classification 
systems to compare these with other immunological parameters and the clinical 
features of the affected patients. Giovanetti et al. distinguished three subgroups of 
CVID patients by the extent of reduction of naïve CD4+/CD45RA+ [23]. Group I, 
with severely reduced naïve T-cell counts, demonstrated massive activation of T 
cells with a limited oligoclonal repertoire, splenomegaly, and a predominantly more 
severe clinical course. In addition, these patients had the most significant associated 
disturbances in the memory B-cell subpopulation. By in  vitro studies and gene 
expression analysis on isolated T cells, each group was assigned a characteristic 
profile of cytokine production, T-cell turnover and susceptibility to apoptosis, as 
well as T-cell repertoire and gene expression [23, 52].

Distinct from these mostly phenotypic changes is clinically manifest T-cell defi-
ciency. As shown by the French DEFI cohort study group, a subgroup of CVID 
patients suffers from a late-onset combined immunodeficiency (LOCID), which is 
referred to in Chap. 4. [2]. The inclusion criteria required CD4 T-cell counts below 
200/μL or evidence of opportunistic infection, which was approximately 3.5% and 
5.4% in the studied patient cohort. Importantly, the two subgroups showed only a 
small overlap (10%), suggesting that T-cell number reduction alone is not a good 
predictor of impaired T-cell function. The LOCID patients were more often born to 
consanguineous marriages, more often had granulomas, gastrointestinal disease, 
splenomegaly, and lymphomas. In summary, LOCID patients had more severe dis-
ease, had higher mortality, were hospitalized more frequently, and required more 
frequent antibiotic treatment [2, 3].
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3.2.3  B-Cell Abnormalities in CVID

The total number of B cells in CVID patients is slightly reduced in about 50% of 
patients [22]. In some CVID patients, total B-cell counts are even increased, espe-
cially when patients suffer from increased polyclonal lymphoid infiltrates and auto-
immunity [10]. About 10% of CVID patients have severely diminished or even 
absent B cells in peripheral blood [22]. They show a more progressive course of the 
disease and a worse prognosis [6, 53]. In these patients, hypomorphic and late-onset 
variants of agammaglobulinemias must be excluded (XLA and autosomal recessive 
agammaglobulinemias) [54, 55]. In addition, thymoma should be excluded if com-
plete B-cell aplasia is present (Good syndrome, see Chap. 19). Also some of the 
patients with ICOS deficiency [56] (Chap. 6) and BAFF-R deficiency [57] (Chap. 11) 
belong to the group of patients with low B-cell counts. A subset of CVID patients 
shows an incomplete block of early B-cell development in the bone marrow at the 
pre-BI to pre-BII stage [58]. A subset of the studied bone marrow biopsies also 
showed nodular T-cell infiltrates which were more frequently observed in CVID 
patients with autoimmune cytopenias [58].

The major cellular phenotype correlating with the hypogammaglobulinemia in 
CVID affects terminal differentiation of B lymphocytes in blood, secondary lym-
phoid organs, and bone marrow. In consequence a vast majority of CVID patients 
has a significant reduction in circulating class-switched memory B cells and plasma 
blasts [22]. Although these changes are not specific to CVID, they have been now 
introduced as a secondary, optional diagnostic criterion and have been widely used 
to classify CVID. After exclusion of CVID patients with less than 1% circulating B 
cells, the original “Freiburg” classification relied on the surface markers CD19, 
IgM, IgD, and CD27 to first subdivide patients into two main groups (type I and 
type II) [20]. The group of type I patients, defined by having less than 0.4% of 
CD27+/IgM/IgD− class-switched memory B cells of total lymphocytes, encom-
passes about 75% of all CVID patients. By additionally staining of CD21, an atypi-
cal B-cell population (called CD21low B cells) can be differentiated, which 
expresses very low or no CD21. Thereby, type I patients are further subdivided into 
Ia (CD21low B cells >20%) and Ib (CD21low B cells <20%). About 25% of the 
CVID patients belong to the prognostically more favorable group II with more than 
0.4% of class-switched memory B cells of total lymphocytes. The “Paris” classifica-
tion also distinguishes three slightly different defined groups of CVID patients by 
analysis of IgD and CD27 [21]. MB2 refers to patients with normal numbers of 
CD27+ memory B cells. MB1 refers to patients with decreased class-switched 
(IgD−/CD27+) but normal non-class-switched memory B cells (IgD+/CD27+). 
Group MB0 includes patients with very few or no memory B cells at all. Both clas-
sification systems allow the heterogeneous CVID cohort to be grouped into more 
homogeneous groups that share clinical and immunological characteristics, e.g., 
those patients with splenomegaly or granuloma. In a perspective, the classification 
systems, if further refined, may allow the identification of predictive markers for 
disease progression [20, 21]. Indeed several follow-up studies have shown that the 
classification based on the memory B-cell subpopulations is useful for the 
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identification of clinical subtypes of the disease, adaptation of therapeutic regimens, 
and the definition of certain disease risks [59–64].

In 2008, both classification systems were merged and validated within a European 
multicentric study creating the EUROclass classification which is extended by further 
parameters [22] like CD38 to allow the identification of transitional B cells and plas-
mablasts. In CVID patients and related antibody deficiency syndromes with very low 
or absent memory B cells, the functionally immature, transitional B cells accumulate 
over time [65] and are relatively abundant, e.g., also in BAFF-R deficiency [57].

The results of the EUROclass trial confirmed the clinical association of decreased 
memory B cells with increased risk of splenomegaly and granulomas [22]. The 
expansion of CD21low cells was correlated with splenomegaly and the expansion 
of transitional B cells with lymphadenopathy. There was no clear correlation 
between CD21low B cells and autoimmunity or autoimmune cytopenias in particu-
lar in the EUROclass trial.

The lack of class-switched memory B cells in CVID points toward a disturbance 
of the germinal center reaction as one major pathophysiological mechanism. Indeed, 
histological studies identify large and ill-defined germinal centers, correlating with 
the proportion of CD21low B cells [66]. This is further supported by the finding of 
significantly less somatic hypermutations (SHM) in CD27+ B cells in a large pro-
portion of CVID patients compared to healthy subjects [67, 68]. Within the CVID 
cohort, patients with the lowest SHM rates developed chronic lung damage at higher 
rates [68] or noninfectious complications in general [69, 70]. The consecutive dis-
turbed terminal differentiation of plasma cells in various tissues (intestine, lymph 
nodes, bone marrow) has been shown in several studies [58, 71, 72]. While the 
development up to the stage of centroblasts/centrocytes, as well as the sequential 
expression of BCL-6 and Blimp-1 are detectable in CVID patients’ B cells, further 
development to antibody-secreting plasmablasts and plasma cells was blocked [72]. 
This differentiation defect could be demonstrated in vitro in most patients [72, 73]. 
Indeed, based on the replication history, studied by K-deleting recombination exci-
sion circles (KRECs) PCR, and on the amount of somatic hypermutation, the 
patients` defect can be functionally classified as being more likely a bone marrow, 
pre-germinal center, germinal center, and post-germinal center defect [74].

Beside defined genetic defects, several functional defects underlying the anti-
body deficiency have been described. Most of the functional defects regard signal-
ing pathways important for B-cell activation. Hyperactivation of BCR signaling, 
manifested as constitutive phosphorylation of Syk and PLCgamma2, was described 
in CVID with noninfectious complications [75], and also constitutive activation of 
pErk was described in naïve and IgM+ memory cells of CVID patients [76]. NF-kB 
activation, defined by the IKB alpha degradation and p65 phosphorylation, and cal-
cium signaling in response to BCR stimulation are impaired in CVID patients B 
cells and especially in CD21low B cells [77, 78]. CVID patients B cells have a 
lower expression of CD73 (ecto-5′-nucleotidase) and are therefore deficient in the 
hydrolysis of ATP to adenosine that promotes class-switch recombination in B cells 
[79]. In addition, the response to TLR stimulation is defective in B cells from CVID 
patients with a more severe course of disease [80, 81].
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Cytokine secretion of B cells may also be disturbed in CVID patients as exempli-
fied by the reduced the generation and function of IL-10 producing B cells which 
may contribute to the increased organ inflammation that is observed in some patient 
groups [82, 83].

In conclusion, CVID patients carry defects in the maturation, activation, cyto-
kine secretion and signaling of B cells leading finally to a failure in the generation 
of antibody producing plasma cells.

3.2.4  Disturbances of Antigen-Presenting Cells in CVID

Dendritic cells and other professional antigen-presenting cells interact with naïve T 
cells in the T-cell areas of the secondary lymphoid organs. This interaction is part of 
the germinal center reaction, as these T cells cooperate with B cells to facilitate their 
further differentiation. In addition, plasmacytoid dendritic cells (pDCs) can directly 
induce Ig class switch and terminal differentiation of B cells outside of germinal 
centers via T-cell-independent signals via Toll-like receptors (TLR) and the cyto-
kines BAFF/APRIL and their receptors [84, 85]. These two signaling pathways are 
closely linked, as exemplified at the level of TLR9 and the BAFF/APRIL receptor 
TACI [86–90].

Dendritic cells (DC) of CVID patients showed a maturation defect when cultured 
and differentiated in vitro, as evidenced by reduced IL-12 production and impaired 
upregulation of costimulatory molecules. This may limit the ability of DCs to inter-
act successfully with T cells [91–93]. These in vitro results are supported by the 
findings of altered tissue distribution and diminished cell numbers of myeloid 
(mDC) and plasmacytoid dendritic cells (pDC) in CVID [94, 95]. The reduction in 
pDCs was most pronounced in CVID patients with low memory B-cell counts and 
granulomatous complications [94]. Low mDC numbers were instead associated 
with low memory B-cell counts and low overall B-cell counts. There was also a cor-
relation with autoimmunity, splenomegaly, and granulomatous inflammation [95]. 
Finally, CVID patients also showed impaired in vitro activation of pDCs by CpG 
DNA. In addition TLR9 expression and response of B cells to CpG stimulation is 
diminished [96, 97]. The TLR-mediated signals play an important role in the B cells 
as the third signal of activation [98, 99] and may be involved as polyclonal stimula-
tors supporting the longevity of B memory cells and antibody responses [100]. 
More recent reports confirmed the lower frequency of naturally occurring pDCs and 
mDCs but revealed normal responses in vitro to TLR7 or TLR9 agonists [101].

Beyond the dysfunction of TLR9, the TLR7 and TLR8 signaling pathway is also 
disturbed in CVID patients [102]. Upon stimulation with the TLR7/8 agonist loxorib-
ine, CVID B cells showed significantly lower growth rates and poorly differentiated 
into class-switched antibody-producing cells in contrast to B cells from healthy indi-
viduals. These defects could be rescued by the addition of IFNa, while other TLR 
responses were normal [102]. Given the known direct connection between TACI and 
the TLR9 signaling pathway [86], one can assume that defects of the TLR system are 
of pathophysiological relevance in CVID patients, even if no causal relationship has 
yet been established (e.g., by detecting genetic mutations) [103].
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3.2.5  Innate Immunity

Innate lymphoid cells (ILCs) are immune cells that belong to the lymphoid lineage 
but do not express antigen-specific receptors. These cells have important functions 
in innate immune responses to infectious microorganisms and in the regulation of 
homeostasis and inflammation. They are categorized in three main groups, ILC1, 2, 
and 3, defined by the expression of key transcription factors and the cytokines that 
they secrete. The role of ILCs in immune responses is complex as they may contrib-
ute both to promote and control inflammation depending on the context [104]. In 
addition, while in mouse models ILCs show potent immunological functions, the 
function of ILCs in humans appears to be highly redundant, if T and B cells are 
present and their function is preserved [105]. However, in case of defective B- or 
T-cell function, ILCs may become relevant, likewise in patients with CVID. There 
are conflicting reports as for the frequency and function of ILCs in CVID. Some 
studies report an increase of ILCs in patients with systemic inflammation [106], 
while others reported a decreased frequency and defective in  vitro expansion of 
ILC2 and 3 in CVID patients [107]. Also invariant NK T cells (iNKT) seem to be 
reduced [108]. Further studies will be needed to interpret the clinical relevance of 
these findings.

3.3  Clinical Manifestations

3.3.1  Infections

CVID patients have an increased susceptibility of the mucous membranes of the 
respiratory tract and, to a lesser extent, of the gastrointestinal tract to infections by 
bacterial pathogens, especially encapsulated species [7]. Upper respiratory tract 
infections—sinusitis and bronchitis—occur in about two third, and more than half 
of patients had at least one pneumonia at the time of diagnosis. The disease mani-
festation and infection pattern is different in children and adults. Pediatric-onset 
CVID patients have more frequent diagnoses of otitis media, developmental delay, 
and failure to thrive compared with adult-onset CVID patients. Adult CVID patients 
are more frequently diagnosed with bronchitis, arthritis, depression, and fatigue 
[109]. As a consequence of the burden of infections, about one third of patients have 
already developed bronchiectasis. Streptococcus pneumoniae, Haemophilus influ-
enzae, Staphylococcus aureus, and Moraxella catarrhalis are often isolated from 
patient’ specimens. Chronic and difficult to treat diarrhea is frequent, but pathogens 
like Giardia lamblia, Salmonella, and Campylobacter jejuni may only be detectable 
in about half of these cases. Acute and chronic gastritis caused by Helicobacter 
pylori is also common in CVID patients [6]. Ten percent of CVID patients suffer 
from recurrent herpes zoster infections. Other viral infections like CMV infection 
are much rarer although they may be present in some patients [110]. Unusual bacte-
rial and fungal infections are uncommon in CVID and usually are found as second-
ary complications (e.g., candidiasis after long-term antibiotic therapy or aspergillosis 
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in patients with severe structural lung damage). Of importance, opportunistic infec-
tions do usually not belong to the clinical picture of CVID and rather point twoards 
combined immune deficiency, e.g., LOCID (see Chap. 4) [2, 3, 110].

3.3.2  Noninfectious Manifestations

3.3.2.1  Lung Disease in CVID
Chronic and recurrent infections are sometimes difficult to differentiate from and 
may even coexist together with inflammatory diseases of the respiratory and gas-
trointestinal tracts, which are also common in CVID. Up to 20% of CVID patients 
develop an interstitial, often granulomatous, lung disease. Usually no pathogen 
can be confirmed in these patients. Although a US study reported the detection of 
HHV8, this has not been confirmed in larger cohorts [111], and the cause remains 
unknown and presumably is multifactorial. This type of pulmonary involvement 
worsens the prognosis of affected CVID patients [112, 113]. The granulomatous 
lung disease is clinically similar to sarcoidosis in some aspects, and in addition 
to the lung, granulomas can be found in the lymph nodes but also in the skin, 
liver, upper and lower gastrointestinal tract, as well as central nervous system 
[114].

3.3.2.2  Gastrointestinal Disease in CVID
Gastrointestinal complaints are frequent in patients with CVID, but often non- 
specific [115]. Diarrhea is a frequent symptom, and a celiac disease-like presen-
tation is common, but also chronic inflammatory bowel involvement may be 
present. Celiac disease-like villous atrophy is generally not gluten-sensitive in 
CVID and, in some cases, is more likely to be a distinct autoimmune enteropathy. 
This is underscored by a distinct immune profile and a lack of association with 
celiac disease HLA risk haplotypes [115, 116]. The involvement of the colon in 
CVID, although similar to Crohn’s disease and ulcerative colitis clinically, is 
also a histologically distinct entity [117, 118]. Severe forms of these gastrointes-
tinal disorders are associated with malabsorption. In contrast, nodular lymphatic 
hyperplasia (NLH), occurring both in the duodenum and the ileum, is often 
asymptomatic [6, 117]. Chronic liver disease and abnormal liver function tests in 
the blood are found in 10% of CVID patients [6, 119]. The most common hepa-
topathy associated with CVID is nodular regenerative hyperplasia (NRH) of the 
liver tissue [119–121] present at a frequency of about 5% [120]. Although liver 
function is still preserved, portal hypertension is frequent [121], and a substantial 
part of affected patients develops an autoimmune hepatitis-like disease with infil-
tration of T cells [120]. There is also an association with lymphoproliferation, 
granulomas, lymphocytic enteropathies, and other autoimmune manifestations 
[119, 121], indicating that the presence of NRH may be another “red flag” that 
identifies CVID patients at higher risk for disease-associated morbidity and mor-
tality [120].
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3.3.2.3  Autoimmunity
Autoimmune manifestations occur in about a third of CVID patients and sometimes 
precede the manifestation of infection susceptibility but may occur at any time of 
the disease course [6, 22, 122]. Autoimmune thrombocytopenia (approximately 
10–12%) and autoimmune hemolytic anemia (approximately 5–7%) are particu-
larly common. There is a significant association with splenomegaly [22, 123]. 
Autoimmune neutropenia is less common (1–3%), but often associated with other 
cytopenias and a more severe form of disease [124]. Autoimmune cytopenias 
including autoimmune neutropenia are linked to pathological lymphocyte pheno-
types, like elevated proportions of CD21low B cells [124, 125], and cluster with 
other noninfectious complications [22, 124, 125]. Autoimmune thyroid disease, vit-
iligo, pernicious anemia, psoriasis, rheumatoid arthritis, and SLE are seen at 
decreasing frequencies in CVID patients [6, 22, 10]. In contrast to CVID patients 
suffering from infections only, patients with autoimmune or other complications 
have increased morbidity and decreased life span [53, 122, 125, 126]. 
Immunologically, autoimmune cytopenias are associated with low numbers of 
class-switched memory B cells and regulatory T cells, an expansion of CD21low B 
cells [20, 127], and diffuse and nodular T-cell infiltration of the bone marrow [58]. 
In addition, those CVID patients with a concomitant T-cell deficiency, characterized 
by reduced naïve T-cell numbers and T-cell repertoire, are prone to develop autoim-
mune manifestations [125, 128]. The underlying causes and pathophysiology of 
autoimmunity in CVID are poorly understood. At the immunological level, both 
defects in central and peripheral tolerance have been described. Genetically defined 
immune dysregulatory syndromes may mimic a CVID-like phenotype and therefore 
must be carefully ruled out as differential diagnosis in these patients [129–132]. 
Genetic risk factors include mutations in TNFRSF13B/TACI ([133–136] and see 
Chap. 9). Monogenetic traits with high incidence of autoimmunity include CTLA4 
and LRBA deficiency ([137–141] and see Chaps. 5 and 10). 

3.3.2.4  Lymphoproliferation
About 50% of patients have splenomegaly, and about 10–20% show local or diffuse 
lymphadenopathy as signs of benign lymphoproliferation [22, 10]. Follicular lym-
phatic hyperplasia is equally common. Upon histopathological examination in some 
patients, follicular hyperplasia is found and granulomatous inflammation in others.

3.3.2.5  Cancer
As with many primary immunodeficiencies, the incidence of cancer is higher  in 
CVID. Several factors contribute to this susceptibility, apart from insufficient tar-
geting and elimination of malignant cells by an insufficient immune system. This 
includes increased radiosensitivity [12, 142], increased primarily benign lymphop-
roliferation, and decreased defense against tumor-promoting pathogens like Epstein-
Barr virus. Thus there is an increased risk of developing lymphomas [6, 10, 143], 
most of which are B-NHL type [6]. Gastric carcinomas are a second common 
malignant manifestation and may be associated with Helicobacter pylori infections 
and pernicious anemia [6, 10, 122, 144, 145].
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3.4  Diagnosis

CVID defines—as a clinical diagnosis of exclusion—a very heterogeneous anti-
body deficiency syndrome. The low incidence and high clinical variability still 
cause significant delay in the diagnosis between 4 [146] and 9 years [122] from the 
onset of the first symptoms. The diagnostic delay also varies considerably between 
different European countries and is larger in patients with early-onset disease [9]. 
Clinically, most patients have the classic susceptibility to infection by encapsulated 
bacteria as described above. Opportunistic, fungal and severe viral infections are 
uncommon. A significant part of CVID patients initially manifests with autoim-
mune cytopenias. Therefore, CVID should be excluded by checking immunoglobu-
lin serum concentrations in patients with autoimmune cytopenias, especially in the 
presence of splenomegaly. Although hypogammaglobulinemia and bacterial infec-
tions are rare in typical autoimmune lymphoproliferative syndrome (ALPS), one 
should take it into consideration as differential diagnosis in patients presenting with 
the triad of autoimmune cytopenias, splenomegaly/lymphadenopathy, and hypo-
gammaglobulinemia. A combined usage of ALPS biomarkers is helpful to make a 
distinction between these two disorders [132, 147].

The first step toward diagnosis of CVID is the quantitative determination of 
serum immunoglobulins, which is a widely available and inexpensive test. 
Occasionally, CVID is diagnosed by chance if the determination of immunoglobu-
lins is made in a different context, but it is a valuable screening tool for the targeted 
examination of family members of CVID patients.

The novel diagnostic criteria of CVID are summarized in Table 3.1. Mandatory 
for the diagnosis of CVID is the reduction of at least two isotypes (IgG and IgA or 
IgM). IgG is usually below 5 g/L (reference range 7–16 g/L), and IgA is signifi-
cantly reduced or undetectable in most patients. IgM is also below reference in up 
to 80% of patients. The diagnosis of CVID can only be made after a number of other 
causes of hypogammaglobulinemia have been ruled out (see Table  3.2). These 
include drug-induced hypogammaglobulinemia as well as other genetically defined 
primary immunodeficiencies with hypogammaglobulinemia. The differential diag-
nosis of other genetically defined immunodeficiencies should be made in a special-
ized center. To exclude renal or gastrointestinal protein loss, qualitative and 
quantitative examination of urine and serum proteins is usually helpful. A difficult 
differential diagnosis is lymphoma with secondary hypogammaglobulinemia, since 
CVID patients often present with benign lymphoproliferation and may only be dif-
ferentiated histologically by lymph node biopsy and bone marrow aspiration from 
genuine lymphoma patients.

In addition to the quantitative determination of serum immunoglobulins, basic 
laboratory tests at diagnosis should include differential blood counts, liver and kid-
ney function parameters, and CRP. In a second step, this is complemented by the 
determination of specific antibodies such as isohemagglutinins and vaccine antibod-
ies against protein antigens (tetanus, diphtheria, and in vaccinated patients also 
HBV, HAV) and antibodies against pneumococcal capsule polysaccharides. The 
results of these investigations are particularly meaningful if the patient has been 
vaccinated for diagnostic purposes before starting immunoglobulin substitution, but 
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this should only be performed if the clinical condition of the patient allows a delay 
of the necessary immunoglobulin therapy by 4 weeks.

The next level of diagnostic testing is the flow cytometric analysis of lymphocyte 
subpopulations. These should include absolute numbers of total CD3+ T cells, 
CD4+ and CD8+ T-cell subsets, as well as B and NK cells. This helps to delineate 
late-onset agammaglobulinemias and combined immunodeficiencies with CD4+ 
T-cell counts below 200/μL. The assessment of B-cell subpopulations now serves as 
optional diagnostic criteria and may be used for classification of the disease. Bone 
marrow aspiration is indicated if lymphoma is suspected or to rule-out non autoim-
mune cytopenias. In younger patients with very low B-cell counts [58], the detec-
tion of abnormalities in early B-cell precursor development may guide a diagnosis 
towards agammaglobulinemia and related disorders.

Genetic testing is currently reserved for the exclusion of other primary immuno-
deficiencies, familial cases, and patients with a strong clinical and immunological 
suspicion for an underlying known genetic defect. However there is no general rec-
ommendation to test for the known gene defects or even search for unknown genetic 
causes in every CVID patient in the routine setting. A full genetic work-up may 
however be useful, if the disease progresses in spite of therapy and stem cell trans-
plantation is envisaged.

For therapy planning, monitoring, and prognosis, the recording and follow-up of 
clinical manifestations are very important. The complete infectious history should 
include the type, duration, and frequency of individual infections. Not only the 
frequency of infections but also the severity, the development of complications 
(e.g., empyema, bronchiectasis), and the inadequate response to therapy may indi-
cate the need for a change or reinforcement of the therapeutic regimen. Direct 
detection of pathogens by PCR or culture is necessary to detect specific pathogens, 
install targeted antibiotic treatment, and avoid the development of antibiotic 
resistance.

In general, pathogen detection should always be done directly (e.g., by microbial 
culture, PCR, antigen ELISA), since serological results are not safe to use in CVID 
patients. In the case of cytopenia, lymphoproliferation, or hepatitis, infections with 
EBV or CMV should be excluded by PCR.

Further diagnostic measures cover the examination of organ systems that are 
significantly affected in CVID. The initial and annual lung function tests are used to 
record and control for secondary, especially interstitial lung changes. If there is a 
suspicion of such changes, a high-resolution CT scan of the lungs has to be per-
formed. Clinical or pulmonary function tests are unreliable indicators of progres-
sion of granulomatous involvement and bronchiectasis; follow-up CTs of the lungs 
should be done every 2–3 years in affected patients.

X-ray, CT, and ultrasound imaging are used to monitor lymphoproliferation. 
Initially, and depending on findings and individual complaints, a gastroscopy should 
be performed to exclude Helicobacter pylori infection, nodular lymphoid hyperpla-
sia (NLH), celiac-like disease, Giardia lamblia colonization of the duodenum, and 
mucosa-associated lymphoid tissue (MALT) lymphoma. In case of lower gastroin-
testinal tract complaints and inconspicuous findings in gastroscopy, colonoscopy 
should be performed.
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3.5  Management

Therapeutic management consists of the following: (1) continuous replacement 
therapy with immunoglobulins, (2) targeted antibiotic treatment of (breakthrough) 
infections, (3) adequate therapy of complications, and (4) allogenic peripheral stem 
cell transplantation is considered today in patients with severe hematological 
changes (chronic transfusion-dependent anemia, leukopenia, thrombocytopenia), 
malignancies, and overall prognostically poor outcome despite adequate immuno-
globulin substitution [148, 149].

Immunoglobulin replacement therapy is the pillar of therapy in 90% of CVID 
patients [150, 151]. It can be administered either monthly intravenously or weekly 
subcutaneously. The intramuscular administration of immunoglobulins for substitu-
tion purposes is obsolete, as effective levels are not achieved due to the limited 
administrable dose. The subcutaneous form of therapy has been introduced in the 
Scandinavian countries and is widely available in Europe since the end of the 1990s 
[152, 153] and is now used by roughly 50% of patients [150]. Typical current dos-
age ranges are 400–600 mg/kg administered intravenously every 3–4 weeks. When 
subcutaneous administration is chosen, this corresponds to 100–150 mg/kg/week. 
The goal of therapy is of the control of infections. This is usually achieved with 
individually different IgG trough levels. In general the IgG trough level should be 
above 7 g/L before the next infusion. Patients with existing chronic lung disease 
(e.g., bronchiectasis) or increased protein loss/increased Ig catabolism usually 
require higher Ig doses to reach this target levels. Individual trough levels of up to 
10–12 g/L may be necessary in some patients to achieve adequate protection from 
infection. In case of chronic sinusitis, however, this can often only be achieved in 
combination with thorough local therapy (saline rinsing, expectorant, and mucosal 
decongestant therapy).

Treatment of secondary complications should be planned in collaboration with 
specialized immunodeficiency centers. Autoimmune cytopenia is primarily treated 
with steroids; second line are other immunosuppressants (e.g., cyclosprin A) and 
biologicals including rituximab. The decision for splenectomy must be carefully 
considered because of the additional infection risk this imposes on the patient. 
Granulomatous manifestations affecting the lungs, liver, and intestine respond only 
insufficiently to immunoglobulin substitution therapy and often require additional 
immunosuppressive therapy.

The results of allogeneic hematopoetic stem cell transplantation (HSCT) have 
been first reported in four patients. In two cases, the indication was secondary 
hematological complications. Of the three long-term survivors, two continued to be 
dependent on regular immunoglobulin substitution [148]. In a second multicenter 
study describing the outcome of HSCT in 25 CVID patients between 8 and 50 years 
of age at the time of transplantation, the overall survival rate was 48%, and the sur-
vival rate for patients undergoing transplantation for lymphoma was 83%. The 
major causes of death were treatment-refractory graft-versus-host disease accompa-
nied by poor immune reconstitution and infectious complications. Immunoglobulin 
substitution was stopped in 50% of surviving patients. In 92% of surviving patients, 
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the decisive condition for HSCT was resolved [149]. This multicenter study demon-
strated that HSCT in patients with CVID was beneficial in most surviving patients; 
however, there was a high mortality associated with the procedure. Therefore fur-
ther studies will be needed to assess patient selection, time point of transplantation, 
and conditioning regimen, thereby improving outcome.

Life expectancy [10, 122] has greatly improved compared to older studies and is 
now well over 50 years [6]. However, especially patients with additional complica-
tions still show increased morbidity and mortality [10]. Reduced survival is associ-
ated with age at diagnosis, lower baseline IgG, higher IgM, and low peripheral B 
cells. The risk of death is 11 times higher for patients with noninfectious complica-
tions (hazard ratio = 10.95; P < 0.0001). Mortality is associated with lymphoma, 
any form of hepatitis, functional or structural lung impairment, and gastrointestinal 
disease with or without malabsorption, but not with bronchiectasis, autoimmunity, 
other cancers, granulomatous disease, or previous splenectomy [53].
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4Late-Onset Combined 
Immunodeficiencies (LOCID)

Eduardo López-Granados

4.1  Common Variable Immunodeficiency: B or Combined, 
T and B Immunodeficiency

“Common variable immunodeficiency” is a descriptive definition established in 
1971 by a World Health Organization committee to identify less-well-characterized 
syndromes of antibody deficiency, from other primary antibody deficiencies with 
more homogeneous clinical description and Mendelian inheritance [1, 2]. Therefore 
CVID was established as a diagnosis of exclusion. First attempts to subclassify 
CVID patients, attending to their distinct immunological characteristics, were based 
on in vitro B cell activation and immunoglobulin production [3, 4].

In 1999, the European Society for Immune Deficiencies (ESID) and the Pan- 
American Group for Immunodeficiency (PAGID) proposed consensus criteria to 
harmonize the diagnosis of CVID [5]. A probable CVID was defined in a male or 
female patient with a marked decreased IgG and a marked decrease of at least one 
of the other two immunoglobulin isotypes, IgA or IgM.  Poor isohemagglutinins 
and/or poor antibody response to vaccines had to be also demonstrated. Therefore, 
defective antibody production was the clue immunological defect that compiled 
patients under this diagnosis. Onset of immunodeficiency at a greater than 2 years 
of age and the exclusion of other forms of primary and secondary hypogamma-
globulinemia were also required [5].

CVID was soon appreciated to be a clinically heterogeneous disease. Most 
patients presented increased susceptibility to infections of the respiratory tract, mostly 
caused by encapsulated bacteria. Some patients presented complications as spleno-
megaly, granulomatous lesions, autoimmune complications, and malignancy [6]. 
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These complications were used by Chapel at the Oxford Group [7], to classify patients 
in distinct clinical phenotypes with varying prognoses. The phenotype seems to be 
defined early in the follow-up of patients, and the prognosis was greatly different, with 
a normal life expectancy in “infections only” group and a 50% of survival at 30 years 
in the “disease-related complications” group. These data were confirmed in the 
New York and french cohorts [8].

The disturbance of T cell function in CVID and its participation in the pathogen-
esis and clinical course have been suggested for many years, prior and after the 
proposal of the 1999 CVID criteria [9, 10]. Defective thymopoiesis of naïve T cells, 
decreased activation and proliferation of T cells, the impairment of T cell receptor 
(TCR) signaling, enhanced apoptosis, and abnormal cytokine production, such as 
enhanced IFN-γ production with skewed Th1/Th2 responses and reduced IL-4, 
IL-5, and IL-10, reduced expression of CD40L (CD154), and reduced generation of 
antigen-specific memory T cells [9, 10, 11–24], were described in several CVID 
cohorts. More importantly, poor T cell function at diagnosis has been associated 
with death at an early age [6]. A profoundly impaired T cell function in some CVID 
patients had also been inferred based on the occurrence of opportunistic infections 
in series of patients and case reports [6, 25].

Despite growing appreciation of a component of cellular T deficiency in many 
CVID patients, further attempts for subclassification of CVID on the basis of immu-
nological parameters were focused on the B cell compartment, as impaired B cell 
function and antibody formation still constituted the hallmark of CVID.

The identification of a subgroup of CVID patients who lack inducible co- 
stimulatory molecule (ICOS) in 2003 represented a first identification of a mono-
genic defect leading to a CVID phenotype [26]. ICOS belongs to the family of 
co-stimulatory T cell molecules together with CD28 and cytotoxic T-lymphocyte 
antigen-4 (CTLA-4) and therefore indicated the possible appearance of CVID phe-
notype as a consequence of a genetic T cell dysfunction [26].

Renewed attempts for a clinically useful subclassification of CVID based on 
pathogenesis focused on the definition of phenotypic subsets of peripheral blood B 
cells [27, 28]. A large pan-European multicenter trial (EUROclass trial) was carried 
out in 303 patients based on a consensus of 2 previous classification schemes attend-
ing to the B cell phenotyping and clinical course [29]. A severe reduction of switched 
memory B cells in most of the patients was associated with higher risk of spleno-
megaly and granulomatous disease. An expansion of CD21low B cells was present in 
patients with splenomegaly, while expansion of transitional B cells was significantly 
linked with lymphadenopathy. The severe reduction of switched memory B cell 
compartment in most CVID patients suggested impairment of the germinal center 
reaction [29].

Meanwhile, in a large cohort of CVID patients, diagnosed following 1999 
PAGID-ESID criteria, Giovannetti et al. investigated several phenotypic and func-
tional parameters of T cell-mediated immunity [30]. These included reduced thymic 
output, with disrupted CD4 and CD8 TCR repertoires. Activation markers and cyto-
kine production suggested an increased T cell activation with enhanced T cell turn-
over and apoptosis. The severity of the defects observed in patients paralleled with 
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a decreased in naïve CD4+ T cells. Numbers of naïve CD4+ T cells had a strong 
negative correlation with clinical severity of the disease. These authors proposed to 
include the level of naïve CD4+ T cells as a parameter for CVID classification and 
probable prognosis [30].

In 2009, the International Union of Immunological Societies Expert Primary 
Immunodeficiency Committee redefined the conditions as “common variable 
Immunodeficiency disorders.” The acronym of the disease was maintained, while 
emphasizing the heterogeneous nature of these hypogammaglobulinemic states [31].

4.2  The Proposed Definition of LOCID Within CVID Cohorts

In 2009, the DEFI French national study on adults with primary immunodeficiency 
with hypogammaglobulinemia compiled results from 313 CVID patients, from 41 
centers [32]. The median age at evaluation was 45 years. Diagnosis criteria used 
were consistent with ESID/PAGID 1999 criteria [5].

Clinical data were collected, including history of infections and autoimmune, 
lymphoproliferative, and malignant complications. At enrollment, a blood sample 
was collected to determine T and B cell phenotypes. In male patients, gene sequenc-
ing was performed to exclude X-linked hyper IgM syndrome, X-linked lymphopro-
liferative diseases, and X-linked agammaglobulinemia. Human immunodeficiency 
virus (HIV) infection was ruled out by viral load quantification.

Patients were considered to have a severe T cell deficiency if they had experi-
enced infections indicative of severe defect of cell-mediated immunity and/or had a 
CD4+ T lymphocyte count <200 × 106 cells/L at the time of evaluation. Infections of 
severe T cell defect were consistent with the classification system of manifestations 
in HIV infection and defined as opportunistic infections (OI) [33]. Unusual infec-
tions, as pulmonary tuberculosis of recurrent herpes virus infection, were not con-
sidered as they can occur in patients without severe immunodeficiency. The 
definition of late-onset combined immunodeficiency (LOCID) was proposed for 
this subset of patients [32].

Within the DEFI study, 17 (5, 4%) of the 313 patients with CVID had a his-
tory of OI, with a total of 22 infective events recorded. This percentage was 
similar to a previous large US study, in which 13 (5, 2%) of 248 CVID patients 
suffered OI. Median age at occurrence of the first OI was 33 years. Only 3 out 
of 17 patients had received prior immunosuppressive therapy. In addition, 11 
patients had a CD4+ T cell count <200  ×  106  cells/L but no previous 
OI. Therefore, a total of 28 patients were defined as LOCID, and clinical and 
analytical comparison of this LOCID subgroup to the remaining CVID patients 
was performed [32].

The sex ratio was comparable between the LOCID and the rest of CVIDs. A 
higher frequency of consanguinity was found in parents of patients with 
LOCID. LOCID patients presented with a high prevalence of lymphoproliferative 
disorders, which had been previously associated with abnormalities in the T cell 
phenotype [30]. The low CD4+ T cell counts in LOCID patients were associated 
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with significantly decreased naïve CD4+ T cells, which together with the late occur-
rence of OI might suggest a progressive decrease in the naïve population [32].

Based on these results, the DEFI study group raised a question: if those “LOCID” 
patients should be diagnosed with CVID.  These patients were considered to be 
putative variants of severe combined immune deficiency (SCID).

A previous attempt to explore a possible adenosine deaminase (ADA) deficiency 
in a series of 44 CVID patients revealed no apparent ADA enzymatic defect [34]. A 
previous description of recombination-activating gene 1 or 2 (RAG1 or RAG2) 
hypomorphic mutation in three girls aged 3–10 years, with clinical and immuno-
logical features, consisted in extensive granulomatous disease, hypogammaglobu-
linemia, splenomegaly, and mild infections as those normally seen in SCID 
prompted the authors to explore the possible presence of RAG hypomorphic muta-
tions in 19 adult CVID patients without findings [35].

The final conclusion of the DEFI study group was that CVID patients with severe 
T cell deficiency differed from the rest in immunological and clinical presentation 
and could be considered a different group of patients. Because those patients might 
have variants of SCID, a final proposal to identify them as LOCID was made. 
Unfortunately, no molecular studies in SCID-related genes could be accomplished 
to explore such possibility in the DEFI CVID study group. A proposal to confirm 
those findings in prospective studies by systematic recording of T cell phenotype 
was made, to allow a more precise diagnosis, specific prophylactic recommenda-
tion, and tailored genetic studies [32].

However, according to other authors’ commentaries [36], the identification of 
pure combined T and B immune defects in CVID cohorts among those patients suf-
fering OI or presenting with severe defective T cell phenotyping would require 
exclusion of patient receiving immunosuppressive therapy or presenting with neo-
plasms, what could determine a secondary rather than primary defect. As indicated 
by H. Chapel, in an Oxford series of 118 patients, 4 out of 9 CVID patients with OI 
had received immunosuppressive therapy [36].

An association of CD4 lymphopenia with splenomegaly or gastrointestinal dis-
ease in the DEFI study and the association of gluten-resistant enteropathy with sple-
nomegaly and such enteropathy with persistent lymphadenopathy and hepatomegaly 
in the Oxford group might suggest a viral or lymphoproliferative origin, in relation 
with the CD4 lymphopenia [36]. Therefore, longitudinal studies to monitor the sta-
bility or progression of CD4+ T cell numbers in comparison with the results at 
diagnosis were proposed to contribute to a better understanding of the cellular 
defect in some CVID patients [36].

Further studies from the Oxford group of the T cell phenotype in patients with 
CVID identified significant reduction in naïve T cells, with reduced total CD4+ T 
cells and recent thymic emigrant numbers, most prominently in those with autoim-
mune cytopenias or polyclonal lymphoproliferation [37].

Along the years since the proposal of the 1999 ESID/PAGID criteria for the 
diagnosis of common variable immunodeficiency disorders [5], accumulated evi-
dence and clinical experience suggested the existence of the subgroups of CVID 
patients based on clinical and phenotypic characteristics: infection-only vs. 
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disease-related complications, severe reduction of switched memory B cells, oppor-
tunistic infections, and severe CD4+ T cell lymphopenia as potential LOCID 
patients. Therefore, a rationale for reviewing the 1999 criteria was clearly stated.

4.3  Redefinition of Diagnosis Criteria for CVID to Exclude 
Combined Immunodeficiencies

In 2014 the European Society for Immunodeficiencies proposed a set of revised 
criteria for the diagnosis of CVID that included, among others, the increase in the 
age of diagnosis from 2 to 4 years and the exclusion of severe T cell defects defined 
as two of the following: CD4 < 200 cells/μL, naïve CD4 < 10%, and T cell prolifera-
tion absent to exclude patients that could be considered as combined immunodefi-
ciencies (CID) [38].

Further conclusions of the DEFI French national study of adults with primary 
hypogammaglobulinemia were obtained from 521 patients with primary hypogam-
maglobulinemia once exclusion criteria as lymphoma, prior lymphoma, or aggres-
sive immunosuppressive therapy were applied [38]. Clinical data were compiled 
and the “infection-only” and “disease-related complication” phenotypes defined 
according to the classification proposed by Chapel [7, 8].

An alternative to the ESID revised criteria was proposed, the DEFI CVID 2015 
definition. The major difference in terms of the exclusion of potential combined 
immunodeficiencies within the CVID patients was their definition of LOCID by the 
presence of a profound T cell defect defined as naïve CD4 < 200 cells/μL or oppor-
tunistic infection.

From 351 patients diagnosed with CVID according to the 1999 ESID/PAGID 
criteria, 289 were maintained under this diagnosis, whereas 6 were excluded and 
considered CID following the more restrictive ESID 2014 criteria. The application 
of the proposed DEFI 2015 criteria on the very same 351 patients resulted in 244 
patients maintained on the CVID diagnosis, while 62 were excluded as considered 
LOCID [38].

Therefore, the more restrictive criteria of severe T cell defect from the ESID 
2014 definition excluded only 2% of the initial CVID population, being considered 
patients with CID. Most of these patients presented severe combined T and B cell 
defect, but onset of disease was delayed to early adulthood (median, 26 years) in 
opposition to classical CID. Age at onset did not differ significantly from that in the 
patients with CVID. The estimated 5-year overall survival (OS) of these patients is 
50% [38]. Some of these patients as children with CID might require hematopoietic 
stem cell transplantation (HSCT).

Based on previous results, the DEFI study group proposed a surrogate marker for 
T cell defects associated with poor outcome together with the occurrence of oppor-
tunistic infections. These markers defined a population that increased from 6 to 62 
when compared to the ESID 2014 definition. This population exhibited a more pro-
found B cell defect and a poor outcome. The demographics were very similar to that 
from the rest of CVID patients, with similar age at onset of symptoms, diagnosis, 
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and familiar cases with only slightly increased consanguinity. In these patients, 
there was a higher frequency of disease-related complications [38].

A diagnosis of LOCID then might be used in patients previously diagnosed with 
CVID with onset of symptoms or diagnosis in late childhood or adulthood. In addi-
tion to usual care and treatment with immunoglobulin replacement therapy, LOCID 
patients could require special consideration, as prioritization of genetic studies. A 
possible unique or discrete number of gene defects leading to a diagnosis of CVID 
that could be reconsidered as CID applying the ESID 2014 or LOCID de DEFI 2015 
criteria remain elusive.

Several recent clinical case reports identified patients with clinical and immuno-
logical characteristics resembling CVID or fulfilling CVID criteria that turned out 
to harbor genetic variants in genes commonly associated with SCID. CVID patients 
with early onset, chronic enteropathy, failure to thrive, and continuous reduction of 
lymphocytes could present homozygous mutations in Janus kinase 3 (JAK3) gene 
[39]. In addition, hypomorphic mutations in recombination-activating genes (RAG) 
have been associated with clinical phenotypes of leaky SCID or even resembling 
cases of CVID with granulomatous complications, opportunistic infections, and 
autoimmunity [40, 41]. Moreover, atypical SCID or late-onset combined immuno-
deficiency with clinical features of CVID could be in relation to leaky mutations or 
revertant somatic mosaicism in prototypical SCID genes such as IL2RG [42].

The increased age for diagnosis to >4 years and the incorporation of exclusion 
criteria accounting for profound T cell defects in CVID definition have rendered the 
inclusion of patients with these characteristics less probable.

4.4  The Advent of Next-Generation Sequencing to the Field 
of CID-LOCID and CVID

The clinical heterogeneity of CVID and the predominantly sporadic cases has com-
plicated the diagnostic and the identification of the underlying genetic defect of the 
disease, allowing a molecular characterization of the origin in less than 20% of the 
patients with the advent of next-generation sequencing (NGS) approaches.

The existence of monogenic traits, usually in familiar forms of the disease which 
constitute only a small fraction of the CVID cases, leads to reclassification of 
CVID-like diseases and establishing new therapeutic approaches based on the 
affected pathways that have markedly improved affected patients’ prognoses. 
Specific variants in these genes as well as in others have been reported to confer 
susceptibility to the disease or to originate similar phenotypes to CVID blurring 
even more the boundaries that define this disorder. Furthermore, some of the muta-
tions have incomplete penetrance, and many sporadic cases remain unexplained 
after deep genetic analyses, suggesting that an important fraction of CVID cases 
might not follow a monogenic Mendelian pattern of inheritance.

In recent studies using whole-genome and exome sequencing to study CVID, 
15–30% of CVID patients have been proposed to have a monogenic origin [43–46]. 
Clear clarification about the attempt to discard CID or LOCID by either ESID 2014 
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or DEFI 2015 criteria is not always easy to trace. Nevertheless, genetic results in 
those studies have not clearly unmasked mutations or pathogenic variants in one of 
a few genes previously related with combined immunodeficiencies with severe T 
cell defect that could have not been previously identified due to atypical phenotypic 
presentation. On the contrary, the application of exclusion criteria and proper state-
ment of those according to any of the most recent proposed criteria for CVID will 
gradually exclude those patients from the CVID group.

On a practical basis, CVID, CVID-like monogenic disorders, and CID or LOCID 
are usually all present on the same immunology clinic and centers. Combined 
immunological, clinical, and genetic characteristics are gradually untangling this 
group of most prevalent symptomatic primary immunodeficiencies that previously 
were mostly being considered under original 1999 CVID diagnosis criteria. A better 
pathogenic definition will help us to improve the therapeutic approaches for some 
common complications of this group of patients other than infections as enteropa-
thy, autoimmunity, and granulomatous and lymphoproliferative complications. 
Repurposing of current or in development immunosuppressive drugs and biologi-
cals will be possible upon better understanding of genetic and molecular basis on 
their immune dysfunction.

Finally, the unfortunate clinical severity of many complications, and the growing 
appreciation of the relation in some cases of a severe T cell deficiency with poor 
outcome, has established the rationale to consider a hematopoietic stem cell trans-
plantation (HSCT) as a putative curative option in some cases [47]. A consensus and 
harmonized approach for the definition of severe T cell defects would facilitate the 
identification of the genetic bases of these cases, whose better pathogenic under-
standing would reinforce critical therapeutic decisions as to accomplish a HSCT.
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5Genetics of CVID

Vasssilios Lougaris and Alessandro Plebani

CVID is characterized by low immunoglobulin serum levels and defective antibody 
response. Clinical manifestations of CVID include recurrent infections, mainly of 
the respiratory and gastrointestinal tract, autoimmune phenomena ranging from 
autoimmune thyroiditis to systemic lupus erythematosus (SLE), autoimmune cyto-
penias, splenomegaly, granulomata, and increased susceptibility to cancer and lym-
phomas [1]. The age of onset is variable, and any age group may be involved, 
although the higher prevalence is considered during the second and third decade of 
life; both sexes are involved in an equal manner. The complex clinical phenotype of 
CVID [1] has long suggested that a common denominator, i.e., hypogammaglobu-
linemia with peripheral B cell maturation defects, may be related to immunological 
impairment due to different genetic defects, explaining this clinical heterogeneity. 
In the last two decades, the genetic findings in CVID have validated this hypothesis, 
adding significant complexity to the classical definition of CVID.

While the first description of CVID was made in the early 1950s [2], it took 
almost 50 years before the first genetic cause of CVID was identified [3]. In 2003, 
ICOS deficiency was described in four adult-onset CVID patients: the expression of 
ICOS (inducible T cell costimulator), a T cell receptor that binds ICOS ligand 
(ICOSL) expressed on B cells, was lacking due to a homozygous deletion of exons 
2 and 3 from the ICOS encoding gene [3]. Lymph node analysis from an ICOS- 
deficient patient revealed an essential requirement for ICOS in the generation of an 
effective germinal center reaction [4].

Following the identification of human ICOS deficiency in CVID, mutations in 
TNFRSF13B encoding for TACI, expressed on B cells, were found to be associated 
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with CVID in humans [5, 6]. In a cohort of 162 unrelated CVID patients, Salzer 
et  al. [6] identified homozygous (C104R, S144X) and heterozygous (C104R, 
A181E, S194X, and R202H) mutations in TACI. Patients carrying the homozygous 
S144X and C104R mutations lacked B cell TACI expression and showed defective 
binding to APRIL but not to BAFF, since the expression of the BAFF receptor 
(BAFF-R) was unaltered. In addition, in vitro experiments for the same patients 
showed that APRIL and BAFF failed to induce class-switch recombination in TACI- 
mutated B cells. The heterozygous variants C104R, A181E, S194X, and R202H 
were reported to be associated with defective antibody production [6]. In parallel, a 
second group [5] identified TNFRSF13B mutations in a small number of patients 
affected with CVID and SIgAD supporting the hypothesis that CVID and SIgAD 
may share similar pathogenetic mechanisms. In both studies, B cell evaluation did 
not coincide with the mouse model [7], confirming the existence of important dif-
ferences between the animal and the human immune systems.

After the first description of TACI mutations in CVID, screening of larger cohorts 
of patients for TACI mutations underlined the great genetic variability of this gene, 
thus rendering difficult the definition of the pathogenetic role of these genetic find-
ings. Several novel mutations have been reported [5, 6, 8–11]. In the largest cohort of 
CVID patients (N = 564) studied to date [11], the C104R monoallelic TACI muta-
tion, present in 4.6% of included patients and in 0.9% of 675 healthy controls ana-
lyzed for this study, resulted associated with an elevated risk for the development of 
hypogammaglobulinemia, lymphoproliferation, and autoimmunity [11]. Thus, avail-
able data suggest that while biallelic TNFRSF13B variants that abrogate TACI on B 
cells are responsible for CVID, the role of heterozygous variants is still in debate and 
should be probably considered as associated with rather than causative of CVID.

Since TACI is a member of a TNF receptor superfamily, including BAFFR and 
BCMA that bind to BAFF and APRIL (BAFFR binds only BAFF), and based also 
on available knockout animal data, the candidate gene approach led to further inves-
tigation of the above mentioned genes. Analysis of the TNFRSF13C gene encoding 
for BAFFR in 48 patients [12] revealed the presence of three novel variants, all at 
the heterozygous state, P21R, G64V, and H159Y, that are considered as single 
nucleotide polymorphisms (SNPs). Of interest, the P21R variant was recently 
shown to alter the polymerization of BAFFR on the surface of B cells, contributing 
therefore to the pathogenesis of CVID [13].

Recently, mutations in TNFRSF13C, the gene encoding for BAFFR, were found 
to be associated with adult-onset CVID in two siblings with low peripheral B cell 
counts [14]. They both carried a homozygous 24 bp in-frame deletion (del89-96) 
located in exon 2 of the TNFRSF13C gene leading to the lack of BAFFR on B cell 
surface. Both patients presented hypogammaglobulinemia (low IgG and IgM, nor-
mal IgA serum levels). They also did not mount a T-independent immune response 
against pneumococcal cell wall polysaccharides, but only one BAFF R-deficient 
sibling developed recurrent infections and was put on replacement treatment with 
immunoglobulins.

Analysis of the TNFSF13B gene encoding for BAFF showed the presence of a 
single novel synonymous variant, V63V, in a single patient in the heterozygous state 
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[15]. Analysis of the genes encoding for BCMA and APRIL in CVID patients 
revealed the presence of the S81N, T159T, T175T, K179Q (BCMA) and G67R, 
N96S (APRIL) variants, at the same frequency as observed in healthy individuals, 
thus suggesting the lack of an association between these variants with the pathogen-
esis of CVID [16].

After the description of mutations in TACI and BAFFR, CD19 deficiency was 
identified in four patients [17]. Three patients harbored the homozygous deletion 
1384del(ga), while one harbored the homozygous insertion 972ins(a). Both muta-
tions led to a premature stop codon and thus lack of CD19 expression on the B cell 
surface. CD27+ memory B cells were decreased in affected patients, as typically 
observed in CVID. BCR cross-linking failed to induce a vigorous B cell activation, 
and recall response to vaccinations was poor [17]. Another patient with CD19 defi-
ciency was identified after the initial description, carrying a compound heterozy-
gous mutation in the gene encoding for CD19 [18]. More in detail, mutation analysis 
of CD19 revealed a mutation in the splice acceptor site of intron 5 (IVS5-1G>T) of 
the maternal allele, resulting in skipping of exon 6, and a truncated protein product. 
The paternal allele was disrupted by a gross deletion encompassing at least the 
ATP2A1, CD19, and NFATC2IP genes [18].

Upon CD19 deficiency, CD20 deficiency due to a compound mutation of the 
noncanonical splice donor sequence of exon 5 of the CD20 gene was identified in a 
single patient with hypogammaglobulinemia [19]. The patient showed defective 
antibody formation upon T-independent antigen stimulation, similarly to what 
observed in the CD20 knockout mice [19].

A patient with hypogammaglobulinemia, severe nephropathy, and lack of CD19 
expression on B cells was recently described [20]. However, the lack of CD19 was 
not due to CD19 deficiency but to CD81 deficiency, a member of the tetraspanin 
family that interacts with CD19 and CD21 on the B cell surface, due to a homozy-
gous c.561+1G>A mutation in the CD81 gene resulting in a complete lack of CD81 
expression. Memory B cells were reduced. As observed in CD19 deficiency, BCR 
cross-linking failed to activate properly B cells; on the contrary, T cell defects were 
not observed [20].

Immunological evaluation of an adult patient with recurrent infections and hypo-
gammaglobulinemia revealed lack of CD21 expression on B cells [21]. Sequence 
analysis revealed a compound heterozygous deleterious mutation in the CR2 gene 
(encoding CD21) (c.1225+1G>C/W766X). B cell maturation evaluation showed 
reduced class-switched memory B cells. In vitro experiments revealed absent co- 
stimulatory activity of C3d in enhancing suboptimal B cell receptor stimulation. 
Vaccination responses to protein antigens were normal, but the response to pneumo-
coccal polysaccharide vaccination was moderately impaired [21].

Until this point, all the genetic defects described to be associated or causative of 
CVID were related to receptors expressed on the cell surface. However, novel 
genetic defects affecting cytoplasmic proteins have been reported in patients with 
clinical and immunological phenotype compatible with CVID.  Salzer et  al. [22] 
reported on a single patient from consanguineous family, with progressive B cell 
lymphopenia, hypogammaglobulinemia, and severe autoimmunity, affected with 
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PRKCD deficiency due to a homozygous (c.1352+1G>A) mutation affecting a 
splice site leading to absent expression of the encoded protein. PRKCD deficiency 
due to a R614W homozygous deleterious mutation was also reported in a single 
patient with chronic, low-grade Epstein-Barr virus (EBV) infection [23]. The patient 
had chronic lymphadenopathy, splenomegaly, autoantibodies, elevated immuno-
globulins, and natural killer dysfunction. Interestingly, the homozygous G510S 
mutation in PRKCD was identified in three patients affected with systemic lupus 
erytematosous, with B cell defective apoptosis and hyperproliferation [24].

The essential role of the PI3K pathway in the human immune system was under-
lined by the identification of dominant-activating germline mutations in the gene 
encoding the PI(3)K catalytic subunit p110δ in patients with CVID-like phenotype 
(currently named as APDS-1, activated phosphoinositide 3-kinase δ syndrome) [25, 
26]. Affected patients presented variable features, such as lymphopenia, hypogam-
maglobulinemia, variable B and T cell maturational defects, and, of note, T cell 
senescence [25, 26]. A comprehensive study of a large cohort of affected patients 
revealed an increased prevalence of B cell lymphomas in patients carrying activat-
ing p110δ mutations [27].

Besides the identification of dominant mutations in the p110δ catalytic subunit 
of PI3K in patients with APDS-1, monoallelic mutations in PIK3R1, the gene 
encoding for the regulatory subunit p85α of PI3K, were identified [28–30], causing 
APDS-2. Affected patients presented recurrent respiratory infections, gut involve-
ment, enlarged lymph nodes and tonsils, normal to elevated IgM serum levels, low 
IgG and IgA, and variable lymphopenia [28–30] recalling a CVID-like phenotype. 
Of interest, evaluation of NK cells in both APDS-1 and APDS-2 revealed important 
functional NK cell defects [31, 32], a rather uncommon feature for CVID.

Considering that in APDS, both types 1 and 2, the genetic defect leads to hyper-
activation of the PI3K pathway, and thus of mTOR and AKT, targeted inhibition of 
this cascade with rapamycin, an mTOR inhibitor, or specific PI3K inhibitors, is 
under clinical consideration [25, 26, 28, 29].

A rare genetic variant in the gene encoding for TWEAK leading to TWEAK 
deficiency was identified in a single family with three affected family members 
(father, daughter, and son) presenting with antibody deficiency, recurrent infections, 
and defective vaccine response [33], compatible with CVID. All patients carried a 
rare mutation in the sixth exon of TWEAK resulting in the amino acid substitution 
R145C within the conserved TNF-homology domain of the full-length protein. 
Functional in vitro experiments showed that the mutant protein caused inhibition of 
BAFF-dependent B cell survival and proliferation, suggesting thus a causative 
pathogenetic role of this mutant for CVID in this family [33].

The identification of LRBA (lipopolysaccharide-responsive beige-like anchor 
protein) deficiency in patients with CVID and/or autoimmune disorders added 
another important piece in the puzzle of CVID genetics [34, 35]. Lopez-Herrera 
et  al. identified five CVID patients harboring homozygous mutations (I2657S, 
R1683X, E59X, and homozygous deletion including exons 1 and 2) in the gene 
encoding for LRBA that resulted in the loss of protein expression. All patients had 
early-onset hypogammaglobulinemia and severe autoimmune manifestations. 
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Immunological evaluation revealed disturbed B cell development, defective in vitro 
B cell activation, immunoglobulin secretion and proliferation, and defects in B cell 
autophagy [34]. LRBA deficiency due to a homozygous deletion from exon 1 to 
exon 30 was recently reported in a single patient with autoimmunity but without 
hypogammaglobulinemia, underlying that LRBA defects may present with variable 
immunological phenotypes [35]. Considering the complicated clinical course of 
LRBA deficiency, as underlined by long-term follow-up of relatively numerous 
affected patients [36], HSCT has been implemented in a small number of cases, 
with variable results [36, 37].

An important role for components of the NF-kB pathway in the pathogenesis of 
CVID has recently been described. Regarding the noncanonical NF-kB pathway, 
germline mutations in NFKB2 were described in a small number of patients affected 
with early-onset hypogammaglobulinemia, recurrent infections, autoimmune fea-
tures, and adrenal insufficiency [38]. The NFKB2 mutations identified lead to 
altered processing of p100 and therefore affect p52 nuclear translocation. Upon the 
initial description of NFKB2 deficiency, additional CVID patients with NFKB2 
mutations have been described [39–41]. Of interest, evaluation of NK cells from 
affected patients revealed defective cytotoxic activity, a rather unusual feature for 
CVID [41].

Regarding the canonical NF-kB pathway, monoallelic mutations in NFKB1 were 
recently identified in adult-onset CVID patients [42]. Affected patients presented 
with hypogammaglobulinemia, recurrent infections, and variable autoimmune fea-
tures. The identified mutations altered the normal processing of p105 and the nuclear 
localization of p50 [42]. Evaluation of B cell maturation showed both early and late 
B cell developmental alterations in NFKB1 mutated patients [43]. Following the 
identification of this genetic defect, additional cases have been described, broaden-
ing the clinical and immunological phenotype, that now also includes EBV-driven 
lymphoproliferation and autoinflammatory manifestations [44, 45]. Of interest, as 
observed in NFKB2 deficiency, NK cell evaluation in affected patients revealed 
functional alterations as well as maturation perturbations [46], suggesting a more 
complex form and not a “simple” humoral defect.

In the context of more complex forms of CVID, a novel genetic form was recently 
identified caused by monoallelic mutations in Cytotoxic T lymphocyte antigen 4 
(CTLA-4) [47, 48]. CTLA-4 is expressed in regulatory T cells upon activation and 
exhibits an inhibitory function on T cell biology. Affected patients present a com-
plex syndrome of immune dysregulation characterized by variable features such 
hypogammaglobulinemia, lymphopenia, autoimmune cytopenias, lymphoprolifera-
tion, and granulomas [47, 48], resembling LRBA deficiency [34, 36]. Of note, 
affected patients seem to present an increased risk of gastric cancer, which has been 
experimentally confirmed in animal models [49]. Considering the available knowl-
edge on the biology of CTLA-4, targeted treatments such as CTLA4-Ig may become 
promising tools in the treatment of patients affected with CTLA-4 or LRBA defi-
ciency, since LRBA regulates CTLA-4 expression [50, 51].

Genes involved in the DNA repair process have also been implicated in the 
pathogenesis of CVID. This is the case of Msh5, a gene encoded in the central MHC 
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class III region, and of its obligate heterodimerization partner Msh4 that have a criti-
cal role in regulating meiotic homologous recombination. Sekine et al. [52] pre-
sented evidence that the human MSH5 alleles containing two nonsynonymous 
polymorphisms (L85F/P786S) may be involved in the pathogenesis of selective IgA 
deficiency and common variable immunodeficiency (CVID).

Finally, and while mutations in RAG1/2 are normally associated with severe 
combined immunodeficiency [53], hypomorphic mutations in these genes have 
been described in a limited number of patients affected with a CVID-like phenotype 
[54–56].

In conclusion, during the last decades, the great advances in the field of genetics 
by means of candidate gene approach, linkage analysis, and next-generation sequenc-
ing have allowed to identify the defective genes responsible for several forms of 
primary immunodeficiencies, including CVID. Until recently the diagnosis of CVID 
was based mainly on the combination of hypogammaglobulinemia and B cell matu-
rational defects. However the extreme clinical variability of CVID had indirectly 
suggested that CVID was not a single disease, but a group of different disorders shar-
ing a common immunological phenotype and variable clinical features. The genetic 
findings in CVID have now confirmed this hypothesis. Thus a more precise classifi-
cation of CVID should group patients according to the underlying genetic defects.
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6ICOS Deficiency

Ulrich Salzer

6.1  Definition

ICOS deficiency is an autosomal recessive inherited primary immunodeficiency and 
was the first monogenetic defect described in CVID. Although originally described 
in two families presenting mainly with an antibody deficiency and bacterial infec-
tions, additional patients broadened the phenotype to a combined immunodeficiency 
including frequent autoimmune manifestations.

6.2  Etiology

ICOS (inducible costimulator) belongs to the B7 family of ligands and receptors 
which are expressed on the surface of immune cells. Its closest relatives are CD28, 
cytotoxic T-lymphocyte antigen-4 (CTLA-4; CD152), and programmed cell death-1 
(PD-1) (reviewed in [1–3]). ICOS and CD28 mediate costimulatory signals when 
engaged by their respective ligands. In contrast, CTLA-4 and PD-1 counteract the 
costimulation induced by ICOS and CD28. CD28 is readily expressed on resting T 
cells, whereas CTLA-4, PD-1, and ICOS are expressed only after T-cell activation. 
ICOS binds its unique ligand, ICOS-L [synonyms: CD275, ligand of ICOS (LICOS), 
hGL50, B7h, B7RP-1, and B7-H2] [4]. ICOS-L is expressed in a variety of tissues by 
both lymphoid and non-lymphoid cells. Proinflammatory stimuli promote its 
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upregulation [5]. The human ICOS gene is located on the chromosomal region 2q33–
34 together with the genes for CTLA-4 and CD28, clustering within a tight 300 kb 
region [6, 7]. The ICOS gene has five exons encoding a 2620-nucleotide- long mRNA 
which translates into a 199 amino acid protein expressed as a 55–60 kDa disulfide-
linked homodimer (Fig. 6.1a) [4, 8]. Whereas constitutive expression is usually very 
low or absent, expression of ICOS is rapidly induced on T cells after activation by 
both T-cell receptor and CD28 signaling [6, 8–10]. In addition, ICOS can be upregu-
lated by IL-4 in mice [11], and ICOS is expressed at higher levels on Th2 cells [6]. 
In contrast, IL-12 and IL-23 but not IL-4 enhance ICOS expression on human T cells 
[12]. ICOS expression is highly regulated, and its deregulated expression leads to an 
SLE-like phenotype in mice [13]. This regulation is initiated by the ubiquitin ligase 
Roquin [14] and mediated at the posttranscriptional level by micro- RNAs [15].

The intracellular domain of ICOS carries a YMFM motif capable of binding to 
the p85a subunit of phosphatidylinositol-3-kinase (PI3K) (Fig. 6.1a), showing simi-
larity to the YMNM motif found in CD28 [6]. In addition CD28 and ICOS share 
other signaling pathways like Erk1/2, protein kinase B, and phosphoinositide- 
dependent kinase-1, p38 [16]. Signaling through ICOS (and CD28) induces prolif-
eration, T-cell survival, and differentiation. ICOS is a co-inducer of IL-4, IL-5, IL-6, 
granulocyte-macrophage colony-stimulating factor, TNF-α, and interferon gamma 
(IFN-γ). More importantly ICOS superinduces IL-10 [8]. Both CD28 and ICOS are 
involved in the development and homeostasis of regulatory T cells (Tregs) [17, 18].

ICOS plays a distinct role in germinal center (GC) formation in lymphatic tis-
sues, where  ICOS controls the generation of C–C chemokine receptor type 5 
(CXCR5)-positive follicular T-helper cells (TFH) [19], on which it is highly 
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expressed within the light zone of the GC [20]. ICOS signaling drives the migration 
of TFH cells from the T–B cell margin region into the follicles via two pathways: 
ICOS-dependent upregulation of CXCR5 (reviewed in [21]) attracts T cells into the 
B-cell follicle guided by the chemokine ligand chemokine (C–X–C motif) ligand 
13, which is produced by follicular dendritic cells. Secondly, ICOS induces IL-10 
[22] and IL-21 in TFH [23], which help to maintain GCs and support the differentia-
tion of B cells into class-switched memory cells and long-lived plasma cells [24]. 
CD8α dendritic cells expressing ICOSL initiate the program of TFH differentiation 
[25], whereas B cells are required for their maintenance [26].

The ICOS intracellular domain was recently shown to be exclusively able to bind 
the signaling adaptor TBK1, which is a member of the inhibitor of NF-kB kinase 
family (Fig. 6.1b) [27]. The signaling via TBK1 was shown to be essential for the 
generation of TFH cells. The interaction of ICOS with TBK1 leads to inactivation 
of FOXO1, which in turn downregulates Klf2, thereby derepressing the TFH tran-
scriptional program [28, 29]. In addition, ICOS promotes nuclear localization of 
osteopontin (OPN) via PI3K signaling, which stabilizes Bcl6, the major TFH tran-
scription factor, by repressing its ubiquitination (Fig. 6.1b) [30].

6.3  Clinical Manifestations

A total of 16 patients from 7 families have been reported with ICOS deficiency [31]. 
All observed mutations were deleterious leading to absent ICOS protein expression 
(Fig. 6.2). In four families with a large genomic deletion covering ICOS exons 2 and 
3, a common ancestor is assumed [32, 33]. The other three families all showed 
mutations in ICOS exon 2, two were single-nucleotide deletions [34, 35] and one 
a 10 bp deletion [36]. Both childhood and adult onset of symptoms were observed 
[31]. Recurrent bacterial infections of the respiratory tract were the most common 
manifestation, but patients also suffered from infections caused by herpes simplex 
virus and cytomegalovirus, and one patient developed a Pneumocystis jirovecii 
infection [34]. Infections of the gastrointestinal tract, which were mostly of bacte-
rial origin, occurred in several ICOS-deficient patients [31].

exon 1 exon 2 exon 3 exon 4 exon 5

1815 bp deletion (Grimbacher, 2003; Salzer, 2004) 

c.90delG (Chou, 2015)

c.285delT (Takahashi, 2009)

c.321_330del (Robertson, 2015)

Fig. 6.2 Structure of the ICOS gene and schematic representation of known mutations
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Disorders of autoimmunity and immune dysregulation were noted in about three 
quarter of the patients. These included enteropathy, arthritis, psoriasis, splenomeg-
aly, cytopenias, and granulomas [31]. Two patients developed malignancy, one 
HPV-associated vulvar carcinoma and one T-cell derived large granular lymphocyte 
lymphoma [31].

All but one ICOS-deficient patient had hypogammaglobulinemia, and vaccina-
tion responses usually were negative. In all patients TFH cells and switched mem-
ory B cells were reduced, reflecting the disturbed GC reaction [31]. Total B-cell 
numbers were normal in children but declined in adults. This may be due to reduced 
bone marrow B-cell output caused by a partial block in bone marrow B-cell devel-
opment at the pre-BI stage, which was observed in some ICOS-deficient patients 
[37]. Overall the T-cell and B-cell phenotypes varied considerably between the dif-
ferent families [31].

6.4  Diagnosis

Since all currently known mutations in ICOS are deleterious and result in absent 
protein expression, analysis of ICOS on activated T cells by flow cytometry may be 
used as a diagnostic screening test in suspected patients. The final diagnosis, how-
ever, requires genetic analysis by DNA sequencing.

6.5  Management

Immunoglobulin substitution and antibiotic treatment of breakthrough infections 
are the mainstays of treatment for ICOS deficiency, like for CVID in general [31]. 
In the planning of monitoring, the high rates of autoimmune and immunedysregula-
tory complications should be taken into account. In addition, because of the occur-
rence of viral and opportunistic infections in some ICOS-deficient patients, the 
disorder may be regarded as combined immunodeficiency and consequently also 
treated and followed up as such a disease. In cases of conventional treatment failure, 
hematopoietic stem cell transplantation may be considered [31].

References

 1. Carreno BM, Collins M. The B7 family of ligands and its receptors: new pathways for costim-
ulation and inhibition of immune responses. Annu Rev Immunol. 2002;20:29–53.

 2. Greenwald RJ, Freeman GJ, Sharpe AH.  The B7 family revisited. Annu Rev Immunol. 
2005;23:515–48.

 3. Sharpe AH, Freeman GJ. The B7-CD28 superfamily. Nat Rev Immunol. 2002;2:116–26.
 4. Hutloff A, Dittrich AM, Beier KC, Eljaschewitsch B, Kraft R, Anagnostopoulos I, Kroczek 

RA. ICOS is an inducible T-cell co-stimulator structurally and functionally related to CD28. 
Nature. 1999;397:263–6.

U. Salzer



81

 5. Swallow MM, Wallin JJ, Sha WC. B7h, a novel costimulatory homolog of B7.1 and B7.2, is 
induced by TNFalpha. Immunity. 1999;11:423–32.

 6. Coyle AJ, Lehar S, Lloyd C, Tian J, Delaney T, Manning S, Nguyen T, Burwell T, Schneider 
H, Gonzalo JA, Gosselin M, Owen LR, Rudd CE, Gutierrez-Ramos JC. The CD28-related 
molecule ICOS is required for effective T cell-dependent immune responses. Immunity. 
2000;13:95–105.

 7. Ling V, Wu PW, Finnerty HF, Agostino MJ, Graham JR, Chen S, Jussiff JM, Fisk GJ, Miller 
CP, Collins M. Assembly and annotation of human chromosome 2q33 sequence containing the 
CD28, CTLA4, and ICOS gene cluster: analysis by computational, comparative, and microar-
ray approaches. Genomics. 2001;78:155–68.

 8. Beier KC, Hutloff A, Dittrich AM, Heuck C, Rauch A, Büchner K, Ludewig B, Ochs HD, 
Mages HW, Kroczek RA. Induction, binding specificity and function of human ICOS. Eur J 
Immunol. 2000;30:3707–17.

 9. Okamoto N, Tezuka K, Kato M, Abe R, Tsuji T. PI3-kinase and MAP-kinase signaling cas-
cades in AILIM/ICOS- and CD28-costimulated T-cells have distinct functions between cell 
proliferation and IL-10 production. Biochem Biophys Res Commun. 2003;310:691–702.

 10. Parry RV, Rumbley CA, Vandenberghe LH, June CH, Riley JL. CD28 and inducible costimula-
tory protein Src homology 2 binding domains show distinct regulation of phosphatidylinositol 
3-kinase, Bcl-xL, and IL-2 expression in primary human CD4 T lymphocytes. J Immunol. 
2003;171:166–74.

 11. Yagi J, Arimura Y, Dianzani U, Uede T, Okamoto T, Uchiyama T. Regulatory roles of IL-2 
and IL-4 in H4/inducible costimulator expression on activated CD4+ T cells during Th cell 
development. J Immunol. 2003;171:783–94.

 12. Wassink L, Vieira PL, Smits HH, Kingsbury GA, Coyle AJ, Kapsenberg ML, Wierenga 
EA. ICOS expression by activated human Th cells is enhanced by IL-12 and IL-23: increased 
ICOS expression enhances the effector function of both Th1 and Th2 cells. J Immunol. 
2004;173:1779–86.

 13. Vinuesa CG, Cook MC, Angelucci C, Athanasopoulos V, Rui L, Hill KM, Yu D, Domaschenz 
H, Whittle B, Lambe T, Roberts IS, Copley RR, Bell JI, Cornall RJ, Goodnow CC. A RING- 
type ubiquitin ligase family member required to repress follicular helper T cells and autoim-
munity. Nature. 2005a;435:452–8.

 14. Yu D, Tan AH, Hu X, Athanasopoulos V, Simpson N, Silva DG, Hutloff A, Giles KM, Leedman 
PJ, Lam KP, Goodnow CC, Vinuesa CG. Roquin represses autoimmunity by limiting inducible 
T-cell co-stimulator messenger RNA. Nature. 2007;450:299–303.

 15. Glasmacher E, Hoefig KP, Vogel KU, Rath N, Du L, Wolf C, Kremmer E, Wang X, Heissmeyer 
V.  Roquin binds inducible costimulator mRNA and effectors of mRNA decay to induce 
microRNA-independent post-transcriptional repression. Nat Immunol. 2010;11:725–33.

 16. Arimura Y, Kato H, Dianzani U, Okamoto T, Kamekura S, Buonfiglio D, Miyoshi-Akiyama 
T, Uchiyama T, Yagi J. A co-stimulatory molecule on activated T cells, H4/ICOS, delivers 
specific signals in T(h) cells and regulates their responses. Int Immunol. 2002;14:555–66.

 17. Herman AE, Freeman GJ, Mathis D, Benoist C.  CD4+CD25+ T regulatory cells depen-
dent on ICOS promote regulation of effector cells in the prediabetic lesion. J Exp Med. 
2004;199:1479–89.

 18. Salomon B, Lenschow DJ, Rhee L, Ashourian N, Singh B, Sharpe A, Bluestone JA. B7/CD28 
costimulation is essential for the homeostasis of the CD4+CD25+ immunoregulatory T cells 
that control autoimmune diabetes. Immunity. 2000;12:431–40.

 19. Bossaller L, Burger J, Draeger R, Grimbacher B, Knoth R, Plebani A, Durandy A, Baumann U, 
Schlesier M, Welcher AA, Peter HH, Warnatz K. ICOS deficiency is associated with a severe 
reduction of CXCR5+CD4 germinal center Th cells. J Immunol. 2006;177:4927–32.

 20. Kim CH, Rott LS, Clark-Lewis I, Campbell DJ, Wu L, Butcher EC.  Subspecialization of 
CXCR5+ T cells: B helper activity is focused in a germinal center-localized subset of CXCR5+ 
T cells. J Exp Med. 2001;193:1373–81.

 21. Vinuesa CG, Tangye SG, Moser B, Mackay CR.  Follicular B helper T cells in antibody 
responses and autoimmunity. Nat Rev Immunol. 2005b;5:853–65.

6 ICOS Deficiency



82

 22. Witsch EJ, Peiser M, Hutloff A, Büchner K, Dorner BG, Jonuleit H, Mages HW, Kroczek 
RA. ICOS and CD28 reversely regulate IL-10 on re-activation of human effector T cells with 
mature dendritic cells. Eur J Immunol. 2002;32:2680–6.

 23. Bauquet AT, Jin H, Paterson AM, Mitsdoerffer M, Ho IC, Sharpe AH, Kuchroo VK.  The 
costimulatory molecule ICOS regulates the expression of c-Maf and IL-21 in the development 
of follicular T helper cells and TH-17 cells. Nat Immunol. 2009;10:167–75.

 24. Ozaki K, Spolski R, Ettinger R, Kim HP, Wang G, Qi CF, Hwu P, Shaffer DJ, Akilesh S, 
Roopenian DC, Morse HC 3rd, Lipsky PE, Leonard WJ.  Regulation of B cell differentia-
tion and plasma cell generation by IL-21, a novel inducer of Blimp-1 and Bcl-6. J Immunol. 
2004;173:5361–71.

 25. Shin C, Han JA, Koh H, Choi B, Cho Y, Jeong H, Ra JS, Sung PS, Shin EC, Ryu S, Do 
Y. CD8α(−) dendritic cells induce antigen-specific T follicular helper cells generating efficient 
humoral immune responses. Cell Rep. 2015;11:1929–40.

 26. Choi YS, Kageyama R, Eto D, Escobar TC, Johnston RJ, Monticelli L, Lao C, Crotty S. ICOS 
receptor instructs T follicular helper cell versus effector cell differentiation via induction of the 
transcriptional repressor Bcl6. Immunity. 2011;34:932–46.

 27. Pedros C, Zhang Y, Hu JK, Choi YS, Canonigo-Balancio AJ, Yates JR 3rd, Altman A, Crotty 
S, Kong KF. A TRAF-like motif of the inducible costimulator ICOS controls development of 
germinal center TFH cells via the kinase TBK1. Nat Immunol. 2016;17:825–33.

 28. Stone EL, Pepper M, Katayama CD, Kerdiles YM, Lai CY, Emslie E, Lin YC, Yang E, Goldrath 
AW, Li MO, Cantrell DA, Hedrick SM. ICOS coreceptor signaling inactivates the transcription 
factor FOXO1 to promote Tfh cell differentiation. Immunity. 2015;42:239–51.

 29. Weber JP, Fuhrmann F, Feist RK, Lahmann A, Al Baz MS, Gentz LJ, Vu Van D, Mages HW, 
Haftmann C, Riedel R, Grün JR, Schuh W, Kroczek RA, Radbruch A, Mashreghi MF, Hutloff 
A.  ICOS maintains the T follicular helper cell phenotype by down-regulating Krüppel-like 
factor 2. J Exp Med. 2015;212:217–33.

 30. Leavenworth JW, Verbinnen B, Yin J, Huang H, Cantor H. A p85α-osteopontin axis couples 
the receptor ICOS to sustained Bcl-6 expression by follicular helper and regulatory T cells. Nat 
Immunol. 2015;16:96–106.

 31. Schepp J, Chou J, Skrabl-Baumgartner A, Arkwright PD, Engelhardt KR, Hambleton S, Morio 
T, Röther E, Warnatz K, Geha R, Grimbacher B. 14 years after discovery: clinical follow-up on 
15 patients with inducible co-stimulator deficiency. Front Immunol. 2017;8:964.

 32. Grimbacher B, Hutloff A, Schlesier M, Glocker E, Warnatz K, Dräger R, Eibel H, Fischer B, 
Schäffer AA, Mages HW, Kroczek RA, Peter HH. Homozygous loss of ICOS is associated 
with adult-onset common variable immunodeficiency. Nat Immunol. 2003;4:261–8.

 33. Salzer U, Maul-Pavicic A, Cunningham-Rundles C, Urschel S, Belohradsky BH, Litzman 
J, Holm A, Franco JL, Plebani A, Hammarstrom L, Skrabl A, Schwinger W, Grimbacher 
B.  ICOS deficiency in patients with common variable immunodeficiency. Clin Immunol. 
2004;113:234–40.

 34. Chou J, Massaad MJ, Cangemi B, Bainter W, Platt C, Badran YR, Raphael BP, Kamin DS, 
Goldsmith JD, Pai SY, Al-Herz W, Geha RS. A novel mutation in ICOS presenting as hypo-
gammaglobulinemia with susceptibility to opportunistic pathogens. J Allergy Clin Immunol. 
2015;136:794–797.e1.

 35. Takahashi N, Matsumoto K, Saito H, Nanki T, Miyasaka N, Kobata T, Azuma M, Lee SK, 
Mizutani S, Morio T. Impaired CD4 and CD8 effector function and decreased memory T cell 
populations in ICOS-deficient patients. J Immunol. 2009;182:5515–27.

 36. Robertson N, Engelhardt KR, Morgan NV, Barge D, Cant AJ, Hughes SM, Abinun M, Xu Y, 
Koref MS, Arkwright PD, Hambleton S. Astute clinician report: a novel 10 bp frameshift dele-
tion in exon 2 of ICOS causes a combined immunodeficiency associated with an enteritis and 
hepatitis. J Clin Immunol. 2015;35:598–603.

 37. Warnatz K, Bossaller L, Salzer U, Skrabl-Baumgartner A, Schwinger W, van der Burg M, 
van Dongen JJ, Orlowska-Volk M, Knoth R, Durandy A, Draeger R, Schlesier M, Peter HH, 
Grimbacher B. Human ICOS deficiency abrogates the germinal center reaction and provides a 
monogenic model for common variable immunodeficiency. Blood. 2006;107:3045–52.

U. Salzer



83© Springer Nature Switzerland AG 2019
M. M. D’Elios, M. Rizzi (eds.), Humoral Primary Immunodeficiencies,  
Rare Diseases of the Immune System, https://doi.org/10.1007/978-3-319-91785-6_7

M. C. van Zelm (*) 
Department of Immunology and Pathology, Central Clinical School,  
Monash University and The Alfred Hospital, Melbourne, VIC, Australia
e-mail: menno.vanzelm@monash.edu 

I. Reisli 
Division of Pediatric Allergy and Immunology, Department of Pediatrics,  
Meram Medical Faculty, Necmettin Erbakan University, Konya, Turkey

7CD19 Deficiency due to Genetic Defects 
in the CD19 and CD81 Genes

Menno C. van Zelm and Ismail Reisli

7.1  Identification and Characterization of CD19 
and Complex Members CD21, CD81, and CD225

In 1983, CD19 was first described to be a membrane marker specifically expressed 
on B cells [1]. Importantly, it was expressed on mature B cells as well as early pro-
genitors, even prior to surface immunoglobulin (Ig) and two previously character-
ized markers that are now known as CD20 [2] and CD21 [3] (Fig. 7.1).

Several years later, the CD19 gene was cloned and turned out to encode a single 
transmembrane protein with an N-terminal extracellular domain containing two 
Ig-like domains and a C-terminal intracellular tail with conserved tyrosine residues 
necessary for intracellular signaling [4, 5] (Fig. 7.1). CD19 was found to directly 
bind to CD21 (complement receptor 2; CR2) [6], which binds to complement frag-
ment C3d and is the receptor for Epstein-Barr virus (EBV) [7–9]. Two other com-
ponents of the same complex were found to be CD81 (TAPA-1) and CD225 
(encoded by the IFITM1 gene) [10]. CD81 and CD225 had been identified before 
[11, 12] and were found to bind each other [13]. The proteins are not lineage- 
restricted and bind each other independent of CD19 or CD21. Conversely, CD19 
expression does require the presence of CD81 [14–16], and in turn CD19 directly 
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binds CD21 [6]. The complex of CD19/CD21/CD81/CD225 is fully formed on 
immature and mature B cells (Fig. 7.1) and functions to augment signaling through 
surface immunoglobulins (B-cell antigen receptor; BCR) [10, 17].

B-cell lineage commitment from hematopoietic stem cells is a stepwise process 
and critically depends on several transcription factors, including E2A, EBF, and Pax5 
[18–20]. In addition to functioning as B-cell commitment factor, Pax5 directly regu-
lates CD19 gene expression [21]. As a result, CD19 membrane expression is a direct 
marker of committed B cells and is reflective of the expression of Pax5 (Fig. 7.1).

7.2  Antibody Deficiency due to CD19 Defects

As CD19 is reliable marker for B cells and good antibodies have been available 
since the early 1980s, it is generally included in diagnostic work-up of immunologi-
cal and hematological diseases. Thus, defective CD19 expression can be readily 
assessed from peripheral blood lymphocytes, and this has formed the basis of the 
first description of CD19-deficient individuals [22]. Until that time, genetic defects 
underlying predominantly antibody deficiencies (PAD) had only been identified in 
patients with agammaglobulinemia and a complete lack of B cells and in patients 
with a defect in germinal center responses and Ig class-switch recombination [23]. 
CD19-deficient patients differed from both groups in regard to the presence of B 
cells in blood and normal architecture of germinal centers in lymphoid tissue despite 
hypogammaglobulinemia [22, 24–29].

In total, 11 patients from 8 families have been described with a CD19 deficiency 
(Table 7.1). Ten patients have biallelic genetic defects in CD19 (Fig. 7.2), and all but 
one were homozygous. Although not all parents from patients with homozygous 
defects were confirmed to be relatives, taking into account the rarity of the mutant 
alleles, CD19 deficiency is most likely to be found in children from consanguineous 
parents. Remarkably, the heterozygous splice site mutation c.947-1G>T from 
Japanese patient C1 was also found in homozygous state in French patient G1. 
Considering the different genetic backgrounds, it is likely that these events occurred 
independently and that to date eight unique genetic lesions in CD19 have been 
described. These concerned four small insertions and/or deletions, one large dele-
tion, and two splice site mutations that all resulted in complete absence of truncated 
CD19 proteins. In only one case, a missense mutation concerning a conserved tryp-
tophan resulted in the complete absence of membrane CD19 [27]. The complete 
absence of CD19 membrane expression resulted in reduced CD21 expression lev-
els, but did not affect CD81 or CD225 expression (Fig. 7.3).

The 11th patient (H1) did not carry mutations in her CD19 alleles (Fig. 7.2). 
Instead, a homozygous splice site mutation was identified in the CD81 gene that 
disrupted membrane expression of both CD19 and CD81 (Fig. 7.3) [26]. CD21 was 
only slightly reduced and CD225 normally expressed on the patient’s B cells. Using 
in vitro complementation experiments, it was demonstrated that the defective CD81 
expression resulted in the absence of CD19 on the patient’s B cells. These results 
confirmed and extended previous observations of the dependence of CD19 mem-
brane expression in CD81 [14–16].
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7.3  Clinical and Immunological Characteristics

All 11 patients presented during childhood, predominantly with recurrent upper 
and/or lower respiratory infections (Table 7.1). In several cases, bacterial septice-
mia, meningitis, and conjunctivitis have been observed, as well as gastrointestinal 
problems. The severity of infections is highly variable between patients, and the 
benign disease course in four patients was likely the cause of delayed diagnosis in 
adulthood, 18–44 years after onset of infections (patients B1-3 and F1).

In addition to bacterial infections, several patients experienced complications 
due to viral infections (herpes zoster, RSV) or parasites (giardiasis). Furthermore, 
noninfectious complications have been observed as well. These are mostly restricted 

CD19 gene 

CD81 gene 

D Cm;
G

A B E F

Cp

61 543 312 1298 517 14

Ig1 Ig2 TM cytoplasmic domains

2 8765431

TM4TM3TM2TM1

H

a

1 kb

1 kb

b

family descent patients gene allele mutation effect on protein reference  

A Turkish 2 CD19 both c.972insA p.R325A fsX4 

B Colombian 3 CD19 p.N463R fsX3c.1384delGAboth

C Japanese 1 CD19 maternal
paternal  

c.947-1G>T
deletion of entire gene  

p.A316D fsX5
p.X  

D Moroccan 1 CD19 both c.156G>C p.W52C 

E Kurdish 1 CD19 both c.1464delC p.P488P fsX15 

F Moroccan 1 CD19 both c.1653_1671+9del28ins23 G551G fsX25 

G French 1 CD19 both c.947-1G>T * p.A316D fsX5 

H Moroccan 1 CD81 both c.561+1G>A p.E188M fsX13  

* same mutation as maternal allele of patient from Fam C 

22, 25

22

24

27

28

28

29

26

Fig. 7.2 Overview genetic defects in CD19-deficient patients. (a) Schematic depiction of the 
human CD19 and CD81 genes with the positions of the identified genetic defects. (b) Overview of 
mutant alleles in 11 patients from 8 unrelated families
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to autoimmunity, especially thrombocytopenia and systemic lupus erythematosus 
(SLE). Finally, two patients, one with CD19 and one with CD81 gene defects, suf-
fered from IgA nephropathy.

Immunologically, all patients show typical features of antibody deficiency with 
low IgG in combination with reduced serum IgA and/or IgM levels (Tables 7.2 and 
7.3) and impaired responses to vaccinations (Tables 7.2 and 7.3). Only patient F1 
was specifically deficient in IgG1 with normal to high levels of other IgG sub-
classes, IgM and IgA, and normal responses to previous vaccinations (Table 7.3). 
Thus, with the exception of patient F1, CD19-deficient patients fit the criteria of 
common variable immunodeficiency (CVID) [30, 31].

Leukocyte and lymphocyte subsets were normally present in all patients, with 
the exception of low total B-cell numbers in one child and one adult with CD19 
gene defects. The reduced IgG serum levels were accompanied by low memory 
B-cell numbers, again with the exception of patient F1. Interestingly, most patients 
showed reduced numbers of transitional B cells. On the other hand, the patients did 
not display an expansion of CD21low B cells that is frequently found in patients with 
CVID [32, 33]. This was irrespective of the generally lower expression levels of 
CD21 on patient’s B cells as a result of the absence of CD19 (Fig. 7.3b) [22, 27].

C
D

19
 (

4G
7)

-P
E

CD21 (LB21)-PE

CD81 (JS81)-APC

b

a

CD225 (Leu13)+GαM-PE

isotype
healthy control
CD19 patient 
CD81 patient 

CD19 patient CD81 patienthealthy control
co

un
ts

Fig. 7.3 Expression of CD19 complex members on B cells. (a) Dot plots showing CD19 and 
CD81 expression on B cells from a healthy control, patient D1 with a CD19 gene defect, and 
patient H1 with a CD81 gene defect. (b) CD21 and CD225 expression levels on B cells from the 
same individuals as in A (Adapted from [26, 27])
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Heterozygous carriers of CD19 or CD81 gene defects have reduced expression 
of surface CD19 on their B cells [22, 25–27, 34]. In carriers with CD19 gene defects, 
this is accompanied by reduced CD21 expression levels. Despite these phenotypical 
changes, extensive analysis of 30 carriers revealed that these were not more suscep-
tible to infections and had normal total serum IgG, IgA, and IgM levels, as well as 
normal responses to vaccinations and circulating memory B cells [25].

7.4  CD19 Function

The impaired antibody responses in CD19-deficient patients seemed to result from 
defective activation of B cells via their BCRs. B cells from all tested patients showed 
impaired fluxes of intracellular Ca2+ upon stimulation with anti-IgM [22, 26, 27]. 
CD19 is already expressed in precursor B cells in the bone marrow at the stage 

Table 7.3 Immunological characteristics of adult CD19-deficient patients

B1 B2 B3 F1 Normal values
Gender M F F F
Age (year) 35 33 49 31
Blood cells (cells/μL)
Lymphocytes 2182 2508 2059 1440 1000–2800
    CD3+ T cells 1520 1855 1384 1152 700–2100
    CD4+ T cells 713 1070 620 590 300–1400
    CD8+ T cells 720 692 696 533 200–900
    CD19+ B cells 286 521 268 61 100–500
    CD16/CD56+ NK cells 277 348 288 23 90–600
B-cell subsets (% of CD20)
    Transitional ND ND ND 0 2 (1–3)a

    Naive mature 92 96 92 59 67 (54–76)a

    CD27+IgM+IgD+ 
memory

5 1 3 22 15 (11–23)a

    CD27+IgD− memory 1 0 2 12 15 (10–20)a

Ig serum levels (g/L)
    IgG 2.04 1.98 2.56 4.93 7.51–15.6
        IgG1 ND ND ND 1.70 4.9–11.4
        IgG2 ND ND ND 3.06 1.5–6.4
        IgG3 ND ND ND 2.11 0.2–1.1
        IgG4 ND ND ND 2 0.08–1.4
    IgA 0.18 0.07 0.19 3.50 0.82–4.53
    IgM 0.47 0.30 0.60 1.35 0.46–3.04
    IgE (IU/mL) ND ND ND ND 0–100
Isohemagglutinins Low Low Low Present
Vaccination responses Impaired Impaired Impaired Normal
Autoantibodies – – Anti-DNA ANA

M male, F female, ND not determined. Only positive tests for autoantibodies are indicated. Bold 
font indicates subnormal values and underlined supranormal
aMedian (IQR) from [46]
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where the pre-BCR is expressed. Signaling via the pre-BCR is crucial for develop-
mental progression of progenitor B cells. As a result, genetic defects in genes encod-
ing components of this pre-BCR (Igμ, CD79a, CD79b, and λ14.1) and directly 
downstream signaling molecules (BTK, BLNK, PLCγ2) result in a complete 
absence of mature B cells and hypogammaglobulinemia [23]. As CD19-deficient 
patients do not lack mature B cells, it can be concluded that CD19 does not have a 
critical role in pre-BCR signaling. However, 2/11 patients presented with low total 
B-cell numbers (Tables 7.2 and 7.3). Thus, in line with mouse models [35, 36], it is 
possible that human progenitor B-cell differentiation is less efficient in the absence 
of CD19.

Importantly, in vitro stimulation of B cells was dependent on CD19 even in the 
absence of complement, suggesting that the CD19-complex can be recruited to the 
BCR in the absence of crosslinking via C3d and CD21. Indeed, CD21 is not required 
for B-cell activation via the BCR with large amounts of antigen [37, 38]. Only with 
limiting amounts of IgM, crosslinking the BCR via complement and CD21 to the 
CD19 complex is needed to induce a Ca2+ flux [37]. The potential of CD19 to sig-
nal independently of CD21 likely underlies the relatively mild phenotype of CD21- 
deficient individuals. Their B cells express normal to high levels of CD19 and are 
capable of mounting specific antibody responses [37, 38].

Complement-independent recruitment of the CD19 complex to the BCR is 
thought to be regulated via the CD81-tetraspanin network [39]. Upon antigen bind-
ing, the BCR triggers signaling and reorganization of the cytoskeleton [40]. This 
increases BCR mobility and diffusion [41] to allow interactions with CD19 that is 
immobilized on the membrane by the CD81-tetraspanin network. Specifically, 
CD19-mediated recruitment of Vav, PLCγ2, and PI3K enhances BCR-induced 
signaling.

In addition to enhancing BCR signaling, CD19-mediated recruitment has been 
shown to enhance Toll-like receptor (TLR)9 and BAFFR signaling [42, 43]. Rather 
than a co-receptor complex that is recruited, it might be more appropriate to view 
the CD19 complex as a generic hub used by receptors in and on B cells to induce 
PI3K signaling.

7.5  Prospects for Diagnosis and Prognosis  
of CD19 Deficiency

CD19 deficiency is a rare autosomal cause of an antibody disorder with childhood 
onset. To date, only 11 cases have been described from 8 unrelated families. However, 
they were caused by nine unique genetic events in the CD19 and CD81 genes. Thus, 
it is important to consider during the diagnostic work-up. The use of a CD19 anti-
body in combination with another broadly B-cell reactive antibody such as CD20, 
CD22, IgM, or IgD is preferred to prevent misdiagnosis of agammaglobulinemia.

Currently, all identified mutations result in absence of membrane CD19 expres-
sion. This could be due to selective reporting as absence of CD19 provides the best 
clue for a CD19 deficiency. The conserved tyrosines in the C-terminal cytoplasmic 
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tail of CD19 are critical for its function [44, 45]. Hence, mutations that affect these 
residues or that result in truncated forms could potentially be expressed while still 
lack functional properties. It is therefore suggested to perform functional analysis of 
BCR signaling, e.g., Ca2+ flux, for selected cases with B-cell intrinsic cause of 
autosomal recessive antibody deficiency.

The predominant clinical complications of CD19-deficient patients are recurrent 
respiratory infections (Table  7.1). However, despite the low IgG levels, several 
patients have autoantibodies and have developed an autoimmune disease. The 
mechanisms by which absence of CD19 expression contributes to autoimmunity 
remain unclear. CD19 functions as a generic hub to modulate PI3K signaling down-
stream of the BCR, TLR, and BAFFR. It can be envisaged that lack of CD19 alters 
the threshold and changes the Ig gene repertoire and functional properties of newly 
developing B cells making these more prone to autoreactivity. Therefore, it is 
advised to carefully monitor patients clinically and serologically to enable early 
treatment prior to irreversible organ damage.
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8Genetic CD21 Deficiency

Jens Thiel

8.1  Definition

CD21 (complement receptor 2, CR2) deficiency has been first described in 2012 by 
Thiel et al. in a single patient [1]. To date, three further patients have been reported 
[2, 3]. CD21 deficiency is caused by compound heterozygous or homozygous muta-
tions in the CD21 gene.

8.2  Etiology

Genetic CD21 deficiency is a very rare disorder leading to recurrent infections and 
hypogammaglobulinemia. CD21 is the complement receptor 2, and together with 
CD19, CD81, and CD225, it is part of the B-cell coreceptor complex. The B-cell 
coreceptor complex lowers the activation threshold of the B-cell antigen receptor, 
meaning that the coligation of C3d-decorated antigen to the B-cell receptor and 
CD21 increases activating signaling into B cells [4]. CD21 is mainly expressed on 
follicular dendritic cells and mature B lymphocytes, and it consists of 15 to 16 
short consensus repeats, a transmembrane domain, and a short intracytoplasmatic 
tail [1, 5]. CD21 binds C3d-opsonized immune complexes and enhances the 
immune response to low-dose antigens [2, 6, 7]. CD21 is crucial for antigen uptake 
and presentation and involved in the clearance of immune complexes [2, 8]. In 
mice, complement receptor type 1 (CD35) and type 2 (CD21) are encoded by the 
same locus (CR2), and CR2 knockout mice do therefore not exactly reflect the 
human phenotype of CD21 deficiency. In CR2 knockout mice, the formation of 
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long-term memory and specific antibody production are impaired [9]. Defects in 
human CD19 and CD81 lead to impaired B-cell receptor activation upon antigenic 
stimulation and result in a humoral immunodeficiency with first manifestation 
early in life [10, 11].

8.3  Clinical Manifestations

The patients described by Thiel et al. [1] and Wentink et al. [2] had a relatively mild 
clinical phenotype with recurrent bacterial infections in one patient and possibly 
autoimmune-mediated myalgia in the second patient. The two siblings recently 
reported by Rosain et al. [3] had a more severe phenotype with recurrent upper and 
lower respiratory tract infections first presenting in early childhood. These two sib-
lings were born to consanguineous parents. Therefore, other pathogenic gene vari-
ants with an influence on the clinical and immunological phenotype could not be 
completely ruled out by the authors.

8.4  Immunological Phenotype

The hallmark of CD21 deficiency is a decrease in the formation of class-switched 
memory B cells that has been reported in all CD21-deficient patients [1–3]. Absolute 
numbers of B, T, and NK cells are normal. Thiel et al. demonstrated that binding of 
C3d-containing immune complexes is severely reduced in CD21 deficiency leading 
to a complete loss of costimulatory activity of C3d in enhancing suboptimal B-cell 
receptor stimulation [1]. Therefore, in CD21 deficiency the impaired memory B-cell 
formation is likely a consequence of suboptimal B-cell stimulation and not an 
intrinsic defect of memory formation [2]. Accordingly, Wentink et al. report a close 
to normal frequency of somatic hypermutation and class-switch recombination in 
CD21 deficiency [2]. Hypogammaglobulinemia has been reported in all CD21- 
deficient patients, with low IgG and IgA in the patient described first; hypogamma-
globulinemia affecting IgG, IgA, and IgM in the patient reported by Wentink et al.; 
and low to normal IgG but normal IgM in the two siblings [3]. Except for the patient 
of Wentink et al., all patients had an impaired vaccination response.

8.5  Diagnosis

CD21 deficiency should be ruled out in patients with clinical signs of humoral 
immunodeficiency, hypogammaglobulinemia, and a decrease in class-switched 
memory B cells. The absence of CD21 expression on peripheral B cells can easily 
be detected by immunophenotyping.
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9TACI Deficiency

Astrid Bergbreiter and Ulrich Salzer

9.1  Definition

Heterozygous, compound heterozygous, or homozygous alterations in the 
TNFRSF13B gene are associated with various forms of antibody deficiency includ-
ing IgA deficiency and common variable immunodeficiency (CVID). These genetic 
alterations have a low penetrance and are generally not regarded as disease causing, 
but may be important genetic cofactors affecting especially the T cell-independent 
antibody responses and increasing risks for autoimmunity and lymphoproliferation. 
Therefore TACI deficiency is currently viewed as a disease-modifying factor in vari-
ous forms of antibody deficiency.

9.2  Etiology

The tumor necrosis factor (TNF) superfamily member transmembrane activator and 
CAML interactor (TACI, encoded by TNFRSF13B) belongs to a group of mole-
cules which regulate B cell homeostasis, differentiation, and function. Its ligands 
are BAFF (B cell-activating factor, synonyms BLyS, THANK, TALL-1, and zTNF4, 
encoded by TNFSF13B) and APRIL (a proliferation-inducing ligand, synonyms 
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TALL-2 and TRDL-1, protein A, encoded by TNFRSF17), both of which are able to 
bind to TACI and BCMA (TNFRSF17), whereas BAFFR (BAFF receptor, encoded 
by TNFRSF13C) is exclusively bound by BAFF only. TACI is able to bind APRIL 
and BAFF with equally high affinity [1] and serves as the only receptor for BAFF/
APRIL heterotrimers [2]. Additionally, both APRIL and its receptor TACI were 
shown to be capable of interacting with proteoglycans [3, 4]. TACI is a type III 
transmembrane protein, which contains two cysteine-rich extracellular ligand- 
binding domains characteristic of members of the TNFR superfamily and shows an 
expression pattern restricted to lymphocytes (Fig. 9.1).

BAFFR binds BAFF with highest affinity and is expressed on all peripheral B 
cells from the transitional stage onward except plasmablasts and plasma cells [5]. 
By interacting with BAFFR, BAFF mediates survival of BAFFR expressing periph-
eral B cell subsets. In both BAFF and BAFFR knockout mice, severe B cell lympho-
penia and humoral immunodeficiency are observed [6, 7]. BCMA expression is 
confined to terminally differentiated B cells [8, 9] and ensures the survival of long- 
lived plasma cells in the bone marrow [10]. TACI shows some unique structural 
features distinct from its closest relatives BCMA and BAFFR.  TACI expression 
varies on distinct B cell subpopulations. In humans, a pronounced expression is 
found on marginal zone B cells and on CD27+ memory B cell subsets [5, 8, 9]. 
TACI expression is also more regulated and strongly induced after in vitro treatment 
with various B cell stimulation agents [11, 12]. TACI has two additional 5′ exons 
allowing the receptor to be expressed as two splice variants containing either one or 
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two cysteine-rich extracellular domains, of which only one seems to be functionally 
relevant [13]. The alternative mRNA splicing of the human TACI gene results in two 
different main isoforms, the short and long TACI isoforms. Murine B cells and 
human pre-B cells transduced with the long TACI isoform expressed CD19 and 
IgG. These cells had less XBP-1 and BLIMP-1 mRNA. Cells transduced with the 
short TACI isoform became larger and CD138 positive and had more BLIMP-1 and 
XBP-1 mRNA and morphologically resembled plasma cells. These cells also 
showed an activation of the classical NFκB pathway and the short TACI protein co- 
localized with MyD88 and calcium-modulating cyclophilin ligand [14].

Single BAFF or APRIL homotrimers are able to bind TACI, but for efficient sig-
naling ligand multimers are necessary. Soluble BAFF was shown to form 60mers, 
which are very potent activators of TACI. APRIL can build multimers by binding 
to heparan sulfate proteoglycans (reviewed in [15]). It was shown that in BAFF 
and APRIL heteromers, the number of BAFF and APRIL proteins forming the het-
eromers influences receptor-binding specificities and activities. Trimers consisting 
of one BAFF and two APRIL proteins bound to TACI and BCMA but not to BAFF 
receptor, thereby showing similarity to APRIL. Heteromers which consist of two 
BAFF and one APRIL protein only weakly bind to BAFF-R but preferably bind to 
TACI and to BCMA. Since heteromers were shown to be less active than BAFF, it 
was hypothesized that they might reduce BAFF activity in vivo [16]. It was also 
reported that an endogenous soluble form of the TACI protein was detected in vivo. 
The soluble protein is released by a disintegrin and metalloproteinase 10 (ADAM 
10). The remaining membrane fragment of the protein is cleaved by a gamma-secre-
tase. Soluble TACI can assemble homotypically. By binding BAFF and APRIL, 
soluble TACI can inhibit B cell survival and NFκB activation. Interestingly, soluble 
TACI was found in the sera of patients with SLE. The amount of soluble TACI in 
the serum correlated with disease activity [1]. Similar to TACI, there also exists a 
soluble form of the BAFF receptor. It is cleaved from the cell surface by ADAM 
10 in circulating B cells or by ADAM 17 in germinal center B cells. Shedding of the 
BAFFR is BAFF dependent and only occurs in cells which co-express TACI [17].

Inside the cell, a binding site for MyD88 is located within the cytoplasmic 
domain of TACI. Signaling via TACI-MyD88-IRAK1-IRAK4-TRAF6-TAK1 leads 
to activation of the canonical NFκB pathway [18]. Finally, TACI was originally 
identified as a CAML interacting receptor [19, 20] and thus is able to signal both via 
the NFκB and NFAT/AP-1 signaling pathways (Fig. 9.2).

TACI interacts in a ligand-dependent way with activated TLR7 and TLR9 [21]. 
In vitro studies established APRIL and BAFF as T cell-independent inducers of 
immunoglobulin class-switch recombination in B cells via TACI [22–24]. In 
response to APRIL and BAFF, murine naive B cells secrete switched isotypes IgG1 
and IgA and switch to IgE with addition of IL-4. This was mediated through both 
BAFFR and TACI [24]. In this respect the APRIL-TACI interaction is critical for the 
induction of IgA as APRIL−/− mice show a selective deficiency of this isotype and 
BAFFR does not bind APRIL [25]. Similarly in humans, BAFF and APRIL mediate 
class switching toward IgG and IgA in the presence of IL-10 or TGF-β and IgE in 
the presence of IL-4 [23].
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The in vivo role of TACI in immune responses has been addressed by several 
mouse models. Three tnfrs13b-deficient mouse strains have been initially generated, 
which show considerable diversity in their immunological phenotypes [26–28]. Von 
Bülow et al. demonstrated impaired generation and maintenance of T cell-indepen-
dent type II responses directed against polysaccharide antigens of encapsulated bac-
teria like Streptococcus pneumoniae in their TACI-deficient mice. Total B cell 
numbers were elevated, but otherwise B cells developed normally. The architecture 
of secondary lymphoid organs was normal with intact germinal centers reflecting the 
unimpaired T cell-dependent antibody responses in the mice [27]. A second TACI 
knockout mouse reported by Yan et al. [28] confirmed the findings of expansion of 
peripheral B cells and the impaired T cell-independent type II response; in addition, 
these second strains of TACI knockout mice had an altered splenic architecture with 
prominent germinal centers and an increased cellularity of B cell follicles. In vitro B 
cells were hyperresponsive to mitogenic stimuli resulting in enhanced proliferation 
and immunoglobulin (Ig) production supporting a role of TACI as a negative regula-
tor [28]. This observation was further confirmed by a third report [26] on a TACI-
deficient mouse strain developing a fatal SLE-like disorder. In addition, lymphoma 
occurred in up to 15% of these TACI−/− mice. Thus in conclusion, the early knock-
out studies in mice suggested predominantly an inhibitory role for TACI in immune 
responses. However, the complete knockout of TACI in mice probably does not 
reflect the human situation, where usually heterozygous point mutations are found. 
To address this issue, several mouse models carrying the murine equivalents C76R 
and A144E of the two most frequent amino acid alterations in humans, C104R and 
A181E, have been generated [29–32]. Interestingly, these four different mouse 

C
R

D
1

C
R

D
1

C
R

D
2

C
R

D
2

C
R

D
1

C
R

D
2

APRIL APRIL APRIL

CAML

NF-AT
NF-kB

c.NF-kB

TRAF5
TRAF6

TRAF2 TRAF6

MyD88

IRAK1/4
Tak1

Cyclophilin B
Calcineurin A

T
M

T
M T

M

T
M

T
M T

M T
M

T
M T

M

Fig. 9.2 TACI structure, downstream interaction partners, and signaling

A. Bergbreiter and U. Salzer



105

strains show again considerable phenotypic differences, which might be attributed to 
the type of genetic manipulation (transgenic mice on a TACI knockout background 
versus point mutation knock-in mice) or the different genetic backgrounds. The first 
two reported mouse strains, expressing either the C76R or the A144E variant in a 
TACI−/− background, showed reduced serum IgA or IgA and IgM levels as well as 
impaired type II T cell- independent antibody responses but lacked signs of lympho-
proliferation and autoimmunity [30, 31]. The third reported mouse strain, a C76R 
knock-in mutant expressed under the endogenous TACI promoter, showed hypogam-
maglobulinemia affecting IgM and IgG1, impaired T cell-independent vaccination 
responses, and elevated B cell numbers and splenomegaly [32]. The recently reported 
second A144E mouse model had low IgG, IgA, and IgM and impaired antipneumo-
coccal antibody responses [29], but did not show signs of lymphoproliferation.

9.3  Immunological and Clinical Manifestations  
of Human TACI Deficiency

Further evidence that TACI positively regulates terminal B cell differentiation came 
from the discovery that mutations in the TNFRSF13b/TACI gene were associated 
with CVID in humans [23, 33]. Single nucleotide changes, either missense or non-
sense or frameshift, are most common. According to their location and type of muta-
tion, three major groups can be identified (Fig.  9.3). The first group (type I) are 
missense mutations affecting the ligand- binding domains of TACI. These mutations 
usually lead to an impairment of ligand binding to the mutated receptor [33, 34]. The 
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most common TACI variant found, C104R, is the prototypical member of this group. 
The disruption of a disulfide bridge by this mutation causes a complete loss of binding 
activity in homozygous mutated patients and a 50% loss in heterozygotes [33, 34]. 
Although an early in vitro study suggested possible dominant-negative effects driven 
by the mutant C104R allele [35], this could not be confirmed in vivo and by other 
studies. The type II mutations are frameshift or nonsense mutations, which most likely 
lead to loss of protein expression, thereby causing haploinsufficiency in the heterozy-
gous state. Interestingly, many patients with Smith-Magenis syndrome (SMS) show a 
microdeletion at chromosome 17 p11.2. Since the TACI gene is located within this 
chromosomal region, the effect of only one remaining TACI allele can be studied in 
these patients. SMS patients with only one TACI allele showed indeed a reduced 
expression of TACI and impaired B cell activation. These findings support the view 
that the loss of one TACI allele results in haploinsufficiency [36, 37]. The third group 
of TACI mutations are missense mutations located outside the ligand-binding domain. 
The prototypic member of this group is A181E. These mutations cluster around the 
transmembrane region, and only few mutations are found in the intracellular TACI 
domain. The exact mutation mechanism for each of these mutations is currently 
unknown, but for the murine A144E equivalent, it could be recently demonstrated that 
the mutated protein is unstable resulting in deficient expression, thus causing haploin-
sufficiency [29].

Contrasting with the expanded and hyperactive B cell phenotype in TACI- deficient 
mice, peripheral B cells in human TACI deficiency tend to be normal or slightly 
reduced, with reduced CD27+ memory B cells numbers in most of the patients. 
Although TACI shows predominant expression on CD27+ memory B cells, the reduc-
tions of these cells are not specific for TACI deficiency but are common in CVID [38]. 
Many TACI-deficient patients show an enlargement of the secondary lymphoid 
organs, including the spleen, lymph nodes, and tonsils [33, 34]. Some patients with 
TACI mutations developed non-Hodgkin lymphoma [23, 34]. In this respect human 
TACI deficiency mirrors the phenotypes of TACI-deficient mouse models as described 
above. Furthermore, several lines of evidence from studies on human lymphomas 
point toward an important role of BAFF and its receptors in lymphomagenesis. TACI, 
BCMA, and BAFF-R are expressed on multiple myeloma cell lines. BAFF is also 
expressed by multiple myeloma cells and is also found in the bone marrow of patients 
with multiple myeloma [9]. CLL B cells also express BAFF, BCMA, and 
TACI. Triggering of the BAFF receptor activates the noncanonical NFκB pathway, 
and triggering of BCMA and TACI activates the canonical NFκB pathway. Blocking 
of the canonical NFκB pathway, but not the alternative NFκB pathway, inhibited the 
proliferation of CLL cells stimulated by BAFF and APRIL [39]. TACI mutations were 
also found in a limited number of patients with Good’s syndrome, which is character-
ized by a combined immunodeficiency and thymoma. Saenz-Cuesta found one patient 
in a cohort of six patients with Good’s syndrome with a E117G mutation in TACI, and 
Margraf et al. reported one patient with a potentially disease-causing heterozygous 
nonsense mutation (p.Lys154Ter), leading to a premature stop codon before the trans-
membrane domain and therefore probably to a truncated protein [40, 41]. In a Greek 
study, patients with sarcoidosis were analyzed for TACI variants. Two patients out of 
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71 patients screened showed TACI variants, R202H and E36L. In patients displaying 
tonsillar hypertrophy without an infectious cause, the TACI variants I87N and 
c.204insA were detected [42].

Autoimmune manifestations occur frequently in patients with TACI deficiency. 
Most common are autoimmune cytopenias, which occur at similar high frequencies 
as in other primary immunodeficiencies [43]. Some insights regarding the pathomech-
anism behind the increased rates of autoimmunity come from studies of the BAFF 
ligand and receptor system in human autoimmune disease and mouse models. 
Transgenic mice overexpressing BAFF show signs of an SLE-like disease when they 
age [44, 45]. The fact that elevated BAFF and APRIL levels were found in SLE 
patients also suggested a role for TACI in autoimmune manifestations in patients 
with rheumatic diseases [46–47]. One report, however, showed an inverse correlation 
between the activity of SLE in patients and APRIL serum levels [49]. In the serum of 
patients with rheumatic diseases—SLE, rheumatic arthritis, polymyositis, and anky-
losing spondylitis—elevated levels of APRIL/BAFF heterotrimers were found in 
comparison with healthy controls, suggesting an influence of ligand oligomers in 
disease pathology [2, 50]. Since the BAFF/APRIL-TACI axis seemed to be involved 
in the pathogenesis of SLE, the coding region of TACI was analyzed in 119 patients 
with SLE, but no disease- associated mutations were detected [51]. It was assumed 
that survival signals via BAFF-R in the presence of high BAFF levels would lead to 
survival of autoreactive B cells. High BAFF levels, however, were not found to 
impair negative B cell selection. They lead to expansion of autoreactive B cells with 
low affinity from the normal B cell repertoire. Obviously, autoantibody production 
from innate B cells is the basic mechanism for the development of autoimmunity and 
uncontrolled B cell survival. On the one hand, TLR7 can upregulate TACI expression 
[52]; on the other hand, upregulation of TLR7 via BAFF is TACI dependent [53]. 
TACI activation can lead to autoantibody production. In mice, loss of TACI expres-
sion inhibited class- switched autoantibody production [54]. In a SLE mouse model 
(Nba2.Yaa), TACI deficiency resulted in a reduced disease activity and a reduced 
development of glomerulonephritis. Mortality of TACI−/− mice was lower com-
pared to the control group, whereas it was higher than within the control in BCMA−/− 
mice. In mice with TACI and BCMA deficiency, mortality was comparable to 
TACI−/− mice. APRIL and TACI−/− mice showed a reduced reaction to T cell-
independent type II antigens [55]. If only one TACI allele is carrying a mutation, 
there is an increased risk of developing autoimmune phenomena. Patients carrying 
one mutated TACI C104R allele showed, compared to individuals carrying two 
mutated TACI C104R alleles, high serum levels of antinuclear antibodies. 
Remarkably, central B cell tolerance is disturbed both in individuals with one mutated 
and with two mutated TACI C104R alleles. In CVID patients, however, peripheral B 
cell tolerance is impaired, too. Therefore, the defects in central B cell tolerance can-
not be compensated [21].

TACI-deficient patients show impaired antibody responses against polysaccharides 
after vaccination with pneumovax [23], which is similar in TACI-deficient mice [27]. 
The extent of hypogammaglobulinemia in humans with TACI deficiency is more vari-
able as compared to TACI-deficient mice, which usually show only mild 
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hypogammaglobulinemia. In humans all the immunoglobulin isotypes may be affected 
ranging from hypogammaglobulinemia in the majority of affected to agammaglobulin-
emia [33, 34] and to IgG subclass deficiencies [42] as well as to IgA deficiency [23, 33] 
in some. Mutations in the TACI gene were also detected in 1–2% of healthy individuals 
[56], who usually show normal immunoglobulin levels. This led to the assumption that 
there might be also an advantage for individuals carrying a TACI mutation. TACI-
deficient mice produced IgD antibodies for certain antigens. Infections with Citrobacter 
rodentium, being a murine model for human E. coli infections, was cleared with higher 
efficacy in TACI KO mice than in TACI WT mice [57]. It was suggested that TACI 
deficiency gives an advantage in younger individuals when it is of great importance to 
deal with enteritis. In our Western lifestyle and with people reaching higher age under 
good hygienic conditions, the disadvantages of carrying a TACI mutation including the 
development of CVID, malignancies, or autoimmunity prevails [57]. TACI variants 
were also found in Swedish patients with wheeze and asthma. It is unknown, however, 
in which way TACI variants might increase the risk for asthma [58]. TACI also seems 
to play a role in the pathogenesis of COPD. The synthesis of IgA1 was elevated in 
COPD lung tissue. TACI, BAFF, APRIL, and IL-6 were stronger expressed in lung tis-
sue and epithelia of COPD patients than in healthy individuals. IgA is upregulated via 
the IL-6/IL-6 receptor or the BAFF/APRIL/TACI pathway [59].

9.4  Diagnosis and Management

Since TACI mutations are not disease causing, their verification is currently not 
considered clinically relevant and is reserved to research studies. Expression analy-
sis of TACI protein (e.g., by flow cytometry) is, however, usually not sufficient to 
diagnose a TACI defect, since many mutations leave protein expression unimpaired 
and TACI expressing CD27+ memory B cells may only be detected in low numbers 
in antibody-deficient patients irrespective of their TACI mutation status. Thus con-
firmation of a TACI mutation should be done by genetic analysis.

The management of CVID patients carrying a TACI mutation does not differ 
from conventional CVID. However, one should take into account the higher rates of 
autoimmune and lymphoproliferative complications seen in these individuals.
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10LRBA Deficiency

Laura Gámez-Díaz

10.1  Introduction

Among the syndromes associated to immune dysregulation and antibody defi-
ciency, we find a rare autosomal recessive disease known as lipopolysaccharide-
responsive beige-like anchor (LRBA) deficiency. This syndrome was first 
described in 2012 in five children harboring four different homozygous mutations 
in LRBA, all of which abolished the LRBA protein expression [1]. LRBA defi-
ciency presents early in life and is characterized by a wide spectrum of clinical 
manifestations ranging from autoimmunity, enteropathy, and organomegaly, to 
hypogammaglobulinemia, recurrent respiratory infections, polyendocrinopathy, 
growth retardation, and neurologic diseases [2–5]. Initially, LRBA deficiency was 
described as a monogenetic cause of common variable immunodeficiency (CVID) 
with autoimmune complications, as the first LRBA-deficient patients suffered 
mostly from recurrent infections and abnormalities in the B-cell compartment 
accompanied by autoimmune cytopenias [1]. However, further description from 
additional patients places LRBA deficiency into the expanding group of immuno-
dysregulation syndromes due to the high frequency of different autoimmune man-
ifestations that are observed in more than 90 affected patients described up to date 
worldwide.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91785-6_10&domain=pdf
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10.2  Etiology

LRBA deficiency is caused by loss-of-protein biallelic mutations in LRBA. To date, 
around 50 different homozygous or compound heterozygous mutations in LRBA have 
been reported in the literature without showing any evident genotype-phenotype cor-
relation [2, 3, 5]. These mutations include missense mutations, nonsense mutations, 
splice site mutations, deletions, and duplications, which are distributed throughout all 
LRBA protein domains affecting equally the protein stability [2, 3, 5]. However, 
residual LRBA expression has been detected in some patients harboring homozygous 
missense mutations at the c-terminus of the LRBA protein. One of them remains 
healthy at the age of 7 years, whereas the other patients present with a less severe 
clinical and immune phenotype [2, 6, 7]. In addition, LRBA deficiency affects simi-
larly females and males, and there is no ethnical susceptibility reported so far.

10.3  Clinical Manifestations

Patients with LRBA deficiency manifest with a heterogeneous group of clinical 
symptoms and immunological findings, including:

• Immune dysregulation is the main clinical feature of LRBA deficiency, since 
more than 90% of LRBA-deficient patients suffer from at least one autoimmune 
disorder. Inflammatory bowel disease-like (IBD-like) (Fig. 10.1), autoimmune 
hemolytic anemia (AIHA), and autoimmune thrombocytopenia (ITP) are the 
most frequent autoimmune entities affecting 62–76%, 57–70%, and 30–50% of 
the patients, respectively [2–5]. Chronic diarrhea and unresponsiveness to treat-
ment have been related to growth failure observed in about 25% of LRBA- 
deficient patients. Juvenile idiopathic arthritis (JIA), neutropenia, chronic 
autoimmune hepatitis, eczema, type 1 diabetes (T1D), autoimmune thyroiditis, 
arthritis, uveitis, psoriasis, vitiligo, and alopecia can also occur but are less fre-
quent [2–5]. Chronic erosive and nonerosive arthritis and polyendocrinopathy 
disorder have also been reported in three patients [8, 9]. Moreover, a history of 
atopic disorders has been documented in LRBA deficiency, such as food allergy, 
insect sting allergies, allergic dermatitis, urticaria, and asthma [5].

• Organomegaly or lymphoproliferative disorders are observed in 76–86% of 
LRBA-deficient patients, including splenomegaly, lymphadenopathy, and hepa-
tomegaly [2–5] (Fig. 10.1).

• Recurrent infections are mostly affecting the upper and lower respiratory tract 
(70–76% of patients), including pneumonia, sinusitis, and otitis media [2–5]. 
These infections frequently caused parenchymal lung abnormalities such as lym-
phocytic infiltrates and bronchiectasis in the context of LRBA deficiency 
(Fig.  10.1). Bronchiolitis obliterans organizing pneumonia (BOOP) has been 
reported in one patient [10]. Up to date, LRBA-deficient patients do not show 
susceptibility to any particular pathogen, but all of them have presented at least 
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one documented infection mostly associated to opportunistic microorganisms 
including, Campylobacter jejuni, Morganella morganii, Proteus mirabilis, 
Yersinia enterocolitica, Cryptosporidium parvum, Giardia lamblia, Legionella 
pneumophila, aspergillosis, and chronic mucocutaneous candidiasis (CMC)  
[2–5]. Infections caused by Staphylococcus aureus have also been reported [4].

• Hypogammaglobulinemia is observed in 50–80% of LRBA-deficient patients, 
presenting with reduction of one, two, or three immunoglobulin isotypes. 
Reductions of IgG alone, or in combination with low IgM and/or IgA, are the 
most frequently observed entities in LRBA deficiency [2]. Specific antibody 
response after vaccination is however variable.

• Neurologic complications are reported in about 20% of patients with diagnosis 
of LRBA deficiency [3, 5]. They include unilateral optic nerve atrophy, 
granuloma- like lesions coupled with a demyelinating process, and cerebral 

a b

c d

Fig. 10.1 Intestinal, pulmonary, and splenic alterations in LRBA-deficient patients. (a) 
Colonoscopy revealing severe circular inflammation in the rectum, numerous ulcerations, and 
mucosal edema and erythema. (b) Magnetic resonance image of marked splenomegaly. (c) High- 
resolution chest-computed tomographic scan showing atypical, partly conflating patchy alveolar 
consolidations in both lungs. (d) Marked regression of alveolar consolidation 2 years after therapy 
and slight bilateral ground-glass infiltrates (Obtained from Gámez-Diaz et al. JACI, 2017)
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granuloma associated with strabismus, hemiplegia, and seizures. Optic neuritis, 
brain abscess, cerebral and cerebellar atrophy, as well as parietal lobe lesion 
have also been reported [3, 5].

LRBA deficiency resembles the overall picture of patients with cytotoxic 
T-lymphocyte antigen 4 (CTLA-4) insufficiency, which is caused by autosomal hetero-
zygous mutations in CTLA-4 [11]. Both syndromes are characterized by the presence 
of autoantibody-mediated cytopenias, organomegaly, hypogammaglobulinemia, 
organ-specific autoimmunity, and lymphocytic infiltration of nonlymphoid organs 
[12]. However, the clinical onset of LRBA deficiency is characteristically in childhood 
(mean age of 5 year), whereas most CTLA-4-insufficient patients developed their first 
symptoms in adolescence or early adulthood [12, 13]. Although CTLA-4-insufficient 
patients are more prone to develop malignancies, several types of tumors have also 
been observed in patients with LRBA deficiency, including Burkitt lymphoma [7], 
Epstein-Barr virus lymphoma, lymphomatous central nervous system pseudotumor 
[1], dysplastic tubular adenoma and polyps [14], multifocal gastric cancer, and malig-
nant melanoma [15]. Lower mortality and morbidity are reported in CTLA-4-
insufficient patients suggesting additional roles of LRBA that are CTLA-4 independent. 
Disease penetrance is approximately 60% in CTLA-4 mutation carriers, while LRBA 
deficiency presents nearly complete penetrance [11–13]. Furthermore, the heterogene-
ity of the clinical phenotype in LRBA-deficient patients is also observed in affected 
members from the same family carrying an identical mutation in LRBA, as demon-
strated in one child harboring a homozygous mutation in LRBA who is currently 
healthy despite having two affected siblings with the same mutation, suggesting the 
existence and influence of modifier genes and microbial/environmental triggers that are 
still unknown [2]. In addition, LRBA deficiency should also be considered as a clinical 
differential diagnosis of autoimmune lymphoproliferative syndrome (ALPS), immune 
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX), and sig-
nal transducer and activator of transcription 3 (STAT3) gain-of- function (GOF) [16]. 
These syndromes share several clinical similarities including autoimmune cytopenias, 
multi-organ autoimmunity, organomegaly, and lymphoproliferation. However, ALPS is 
caused by mutations in FAS, FASL, CASP10 that lead to a defective lymphocyte apopto-
sis mediated through the Fas/Fas ligand (FASL) pathway [17], IPEX is caused by defec-
tive suppression capacity of regulatory T cells due to mutations in the transcription 
factor FOXP3 [18], and somatic GOF mutations in STAT3 confer increased STAT3 tran-
scriptional activity, impair cytokine signaling, and diminish Treg compartment [16]. A 
comparison of the main characteristics of these PIDs is summarized (Table 10.1).

Absence of LRBA protein expression causes LRBA deficiency, but overexpres-
sion of LRBA is associated with cancer cell growth, particularly in the kidney, pan-
creas, colon, rectum, and lung [19]. However, the expression levels of LRBA varied 
greatly depending on the tumor type and developmental stage. These results indicate 
that LRBA might play a role in the suppression of apoptosis, thereby facilitating cell 
proliferation and cell survival [19]. Additionally, increased expression of LRBA has 
been observed in erythroid progenitor cells suggesting the possible involvement of 
LRBA in hematopoietic disorders [20]. Further analysis should focus on determining 
the potential role of LRBA in cancer development as anticancer therapeutic target.
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10.4  Pathophysiology of LRBA Deficiency

Although the exact biological role of LRBA is not fully understood, a recent study has 
shown that LRBA is required for the post-translational expression and trafficking of 
CTLA-4 [7]. CTLA-4 is a protein receptor expressed in activated conventional T cells 
and in regulatory T cells (Tregs). Upon stimulation of the T-cell receptor (TCR), 
CTLA-4 is mobilized in vesicles to the cell surface where it captures the co-stimula-
tory molecules CD80 and CD86 from antigen-presenting cells (APC) by a mechanism 
called trans-endocytosis, thereby downregulating the proinflammatory response [21]. 
Several negative response elements or proteins that modulate the transcriptional or the 
post-translational expression of CTLA-4 have been identified. Among those, the AP-1 
protein complex binds to a four-amino acid (YVKM) motif of the cytoplasmic tail of 
CTLA-4, allowing the trafficking of CTLA-4 to AP-1 containing vesicles to lyso-
somes for degradation [21]. In contrast, LRBA allows the recycling of CTLA-4 to 
AP-1containing vesicles to the cell membrane of Tregs by binding the YVKM motif 
of CTLA-4, thereby blocking the AP-1- binding site and controlling the T cell activa-
tion proinflammatory response [7]. In the absence of LRBA (as seen in LRBA defi-
ciency), diminished CTLA-4 protein levels are observed due to increased CTLA-4 
lysosomal degradation due to enhanced AP-1 binding. Low CTLA-4 levels might 
contribute to a defective regulation of the immune response and to the development of 
autoimmune manifestations and lymphoproliferation that are frequently observed in 
LRBA-deficient patients [7, 12] (Fig. 10.2).

Antigen-presenting cell Antigen-presenting cellTreg Treg

TregTreg

CD80/86 CD80/86
CTLA-4

MHC
TCR

MHC
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CD28 CD28
CTLA-4 CTLA-4CTLA-4
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Recycling
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AP-1
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Fig. 10.2 LRBA regulates CTLA-4 trafficking in Tregs. Upon activation of T cells, LRBA com-
petes with higher affinity against AP-1 for binding the YVKM motif of the CTLA-4 tail. LRBA-
CTLA-4 interaction is required to guide CTLA-4-containing vesicles to the cell surface in order to 
capture and engulf the co-stimulatory molecules CD80 and CD86 from the antigen-presenting 
cells (APC), thereby effectively controlling T-cell activation. In the absence of LRBA, the adaptor 
protein AP-1 binds to CTLA-4 leading to its lysosomal degradation (Modified from Sansom 
D. Science. 2015)
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The mechanisms underlying the B-cell abnormalities and the antibody defi-
ciency observed in patients with LRBA deficiency, have been attributed to the high 
apoptosis rate observed in LRBA- deficient B cells as a consequence of defective 
autophagy after serum deprivation [1]. Autophagy is a catabolic process that 
degrades long-lived proteins and organelles to guarantee protein homeostasis and 
protein quality control at steady state or especially during starvation or stress con-
ditions, thereby supporting cell survival [22]. Interestingly, short- and long-lived 
plasma cells need to reshape and expand their endoplasmic reticulum (ER) in order 
to produce a high number of immunoglobulins after encountering an antigen [22]. 
This process causes severe oxidative, proteasome, and ER stress that can be coun-
terbalanced by enhancing autophagy, thereby limiting the ER capacity and the 
immunoglobulin production, as well as promoting energy production and cell sur-
vival. However, when autophagy is defective, like in atg5-deficient cells, reduced 
B-cell survival and reduced ATP levels are observed [22], evidencing an essential 
role of autophagy during plasma cell differentiation. Therefore, defective autoph-
agy in the absence of LRBA might explain the low numbers of switched memory 
B cells and plasmablasts.

10.5  Laboratory Findings

Immunologic abnormalities on the humoral response include decreased serum titers 
of IgG in 57–84% of the affected patients, solely or in combination with reduced 
IgM and IgA [2, 3]. Defective specific antibody response has been reported in  
50–70% of LRBA- deficient patients. In addition, 40–60% of patients show a reduc-
tion of total B cells, affecting especially switched memory B cells and plasmablasts, 
which are detected in low counts in 80% and 90% of affected patients, respectively. 
In accordance, in vitro stimulated LRBA-deficient B cells failed to proliferate, dif-
ferentiate into antibody-secreting cells (ASC), and induce expression of plasma-
blast markers, indicating defects in B-cell differentiation. Interestingly, nearly 80% 
of LRBA- deficient patients presented expansion of exhausted CD21low B cells, 
which are associated with autoimmune cytopenias in CVID [23]. T-cell counts and 
CD4:CD8 ratio are typically unaffected in the absence of LRBA. However, abnor-
mal T-cell activation and in vitro hyperproliferation (upon CD3 stimulation) have 
been observed [7]. Aberrant regulatory T-cell functionality and reduction of the 
Tregs’ canonical markers, including CTLA-4, Helios, and CD25, are typical char-
acteristics of LRBA deficiency [24]. Reduced numbers of Tregs have also been 
observed in about 70% of the cases [2, 24]. However, a recent study suggests that 
the frequency of Tregs in LRBA deficiency might be underestimated due to low 
CD25 expression levels, IL-2 consumption, CD4 lymphopenia, or immunosuppres-
sive treatments that reduce FOXP3 expression [25]. Additionally, Tregs exist in 
human blood as FOXP3high or FOXP3low cells; therefore, low FOXP3 expression 
might not be indicative of low Treg numbers in LRBA deficiency [25]. In addition, 
elevated circulating T-follicular helper (TFH) cells biased toward a Th1-like pheno-
type have been observed in affected patients, reflecting the impaired control of TFH 
due to aberrant CTLA-4 expression in Tregs [24]. Finally, increased frequencies of 
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of Th1-like, Th17 and Th22 cells along with increased expression of T-box tran-
scription factor (TBET), runt-related transcription factor 1 (RUNX1) and T-cell 
memory phenotype (CD45RO) have also been reported [7, 26, 27].

10.6  Diagnosis

Due to the wide spectrum of clinical manifestations, LRBA deficiency should be sus-
pected in patients presenting with hypogammaglobulinemia only (and be classified as 
an antibody-disorder disease), and/or autoimmune cytopenias (and be classified as an 
immune dysregulation syndrome), and/or inflammatory bowel disease (and be classified 
as enteropathy), or with a combination of all three. In addition, patients with clinical 
phenotypes of ALPS-Ph, IPEX-like, CTLA-4 insufficiency, and STAT3 GOF with FAS, 
FASL, CASP10, FOXP3, CTLA-4, and STAT3 wild-type sequences should be tested for 
LRBA deficiency. Currently, the diagnosis of LRBA deficiency relies on the identifica-
tion of biallelic mutations in LRBA that are usually found by whole exome sequencing 
or targeted sequencing [2–5]. However, increased levels of LRBA protein in immune 
cells after stimulation can be detected by Western blotting or by flow cytometry and can 
be used to screen for LRBA deficiency when comparing with a healthy donor, since 
LRBA-biallelic mutation carriers, present complete absence or severely reduced LRBA 
protein. In fact, a flow cytometry-based test for LRBA deficiency has been recently 
pusblished. This test allows to discriminate with 94% sensitivity and 80% specificity 
LRBA-mutation carriers from LRBA-wild type patients [28]. Thus, LRBA protein 
detection might be useful as initial screening tool of suspected LRBA-deficient patients, 
narrowing down the amount of patients that need LRBA sequencing, thereby facilitating 
early diagnosis and accelerating treatment implementation [2]. Moreover, impaired 
CTLA-4 expression in Tregs can help to strengthen the diagnosis when suspecting 
LRBA deficiency. Interestingly, two functional assays allow discrimination of CTLA-4 
from LRBA mutation carriers [25]. The first assay is based on the expression of CTLA-4 
by memory Tregs (mTregs), in which mTregs of healthy donors express ten-fold more 
CTLA-4 than naïve conventional Tregs (nTcon). In contrast, mTregs from CTLA-4-
insufficient and LRBA-deficient patients present only a five-fold and three-fold higher 
expression, respectively [25]. However, upon stimulation with CD3/CD28 beads, 
LRBA-deficient Tregs increase their CTLA-4 expression 20 to 30 times compared to 
baseline levels and even more when Tregs are treated with a lysosomal inhibitor such as 
bafilomycin [25]. Tregs from CTLA- 4- insufficient patients on the other hand, keep a 
low CTLA-4 expression after stimulation, indicating that in LRBA deficiency the 
CTLA-4 translation is not affected. The second discriminating assay is based on the 
CTLA-4 trafficking in Tregs. Specifically, patients with CTLA-4 mutations present with 
severely reduced trans- endocytosis of CD80–CD86 molecules in Tregs, whereas this 
process is unaffected in LRBA-deficient patients [25]. Therefore, after clinical suspicion 
of LRBA deficiency, detection of LRBA protein, evaluation of CTLA-4 levels in 
mTregs, or measurement of CD80–CD86 trans-endocytosis depending on CTLA-4, 
might contribute to the diagnosis of LRBA deficiency and/or to monitor the efficacy of 
therapies such as in patients that underwent HSCT. The final diagnosis of LRBA defi-
ciency relies however, on the identification of biallelic mutations in LRBA.
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10.7  Management and Treatment

The clinical management of patients with LRBA deficiency is mainly focused on 
controlling the hypogammaglobulinemia, infections, lymphoproliferation, and 
autoimmunity. Hypogammaglobulinemia is treated with subcutaneous or intrave-
nous immunoglobulin replacement, in addition to antimicrobial treatment used to 
control the infectious trigger [2, 3]. Immunosuppressive therapy is used to control 
lymphoproliferation and autoimmunity and includes steroids, rituximab, hydroxy-
chloroquine, mycophenolate mofetil, and azathioprine among other immunosup-
pressant agents that are not preventing the long-term deterioration of LRBA-deficient 
patients [2–5, 29, 30]. Therapy with sirolimus, however, was reported to improve 
completely the frequency and severity of diarrhea, allowing LRBA-deficient patients 
to recover weight [2, 3]. In addition, based on the recent knowledge of the contribu-
tion of CTLA-4 in the pathogenesis of LRBA deficiency, therapy with abatacept (a 
fusion protein composed of the Fc region of human IgG1 and the extracellular part 
of CTLA-4 that inhibits T-cell responses by competing for costimulatory ligands) 
has been included as a therapeutic option. In fact, a 5–8-year follow-up of two 
LRBA-deficient patients treated with abatacept showed improvement of the patient’s 
general clinical status such as their pulmonary function. In addition, reduction of 
soluble CD25, which is a marker for T-cell-mediated inflammation, increase of 
memory T cells, reduction of T follicular helper cells, and improvement of specific 
antibody response to polysaccharides were observed in LRBA-deficient patients 
under abatacept treatment [7]. At present, 12 LRBA-deficient patients with severe 
clinical courses of disease that were mostly unresponsive to immunosuppression 
treatment underwent hematopoietic stem cell transplantation (HSCT). Four out of 
the 12 patients died within 3 months after HSCT due to preexisting infections, graft 
failure, multi-organ failure, and thrombotic microangiopathy [31]. In contrast, the 
remaining eight patients presented with complete, good, or partial remission. 
Particularly, five of those patients showed full chimerism after HSCT, presenting a 
significant reduction of numbers and intensity of LRBA-related symptoms without 
relapse and without the necessity for immunosuppressants and immunoglobulin 
replacement, being therefore in complete or good remission [31]. The three remain-
ing patients are in partial remission, presenting a chimerism of less than 90% and 
undergoing current immunosuppressive treatment [31]. Although HSCT treatment 
for LRBA-deficient patients needs to be evaluated in a bigger cohort to prove its 
efficacy, HSCT is currently recommended, if a suitable donor is present, before the 
patient presents long-term organ damage that may negatively affect the results of 
the HSCT.

10.8  Biological Characteristics of LRBA

LRBA is a member of the BEACH domain-containing protein (BDCP) family along 
with eight other human proteins (Fig. 10.3). Among them are the lysosomal traffick-
ing regulator (LYST), neurobeachin (NBEA), neurobeachin-like 1 (NBEAL1), 
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neurobeachin-like 2 (NBEAL2), WD and FYVE zinc finger domain- containing 
protein 3 (WDFY3), WD and FYVE zinc finger domain-containing protein 4 
(WDFY4), neutral sphingomyelinase activation-associated factor (NSMAF) also 
known as FAN, and WD repeat domain 81 (WDR81). In BDCPs, BEACH domains 
are located at the C-terminal end of the protein, usually preceded by a pleckstrin 
homology (PH) domain and followed by 4–16 repeats of WD dipeptide [32]. WD 
domain-containing proteins have been implicated in a wide range of cellular func-
tions including cell cycle control, transcriptional regulation, signal transduction, 
autophagy, apoptosis, and vesicle trafficking [33, 34], whereas BEACH domain-
containing proteins are mostly associated to act as scaffolding proteins. The 
N-terminal part of the BDCPs is weakly conserved, and only few domains have 
been identified so far. BDCPs are widely expressed in tissues, but little is known 
about their specific function and the molecular mechanisms through which they act. 
It has been suggested that they occupy individual and distinct physiological roles 
mainly involved in vesicle trafficking, cytokinesis, as well as receptor signaling, and 
that they might work as facilitators of protein-protein interactions [33, 34]. Mutations 
in genes encoding for BDCP members have been associated with different clinical 
entities, including a primary immunodeficiency known as Chediak-Higashi syn-
drome (CHS) and a megakaryocyte lineage disorder known as the gray platelet 
syndrome (GPS) [35, 36]. CHS is caused by biallelic mutations in LYST and it is 
characterized by hypopigmentation of the skin, eyes, and hair, prolonged bleeding 
times, recurrent infections, and abnormal natural killer and neutrophil function, 
since LYST has been suggested to be essential for sorting of cytotoxic granules 
[35]. On the other hand, patients with homozygous mutations in NBEAL-2 suffer 
from GPS, which is characterized by thrombocytopenia and enlarged platelets due 
to specific absence of alpha-granules [37].

In humans, LRBA is located in the region 31.3 of chromosome 4, and it shares 
90% homology with its murine counterpart. According to the Ensembl (www.
ensembl.org) and NCBI (National Center for Biotechnology Information: www.
ncbi.nlm.nih.gov) databases, human LRBA encodes two protein transcripts, LRBA-
001 (ENST00000510413; NP_001186211) and LRBA-002 (ENST00000357115; 
NP_006717), that are translated into proteins of 2851 aa and 2863 aa, respectively. 
The two isoforms differ in exon 39, which is absent in isoform 1. The biological 
relevance of the human isoforms and their expression in the different human tissues 
have not yet been evaluated. However, LRBA mRNA has been detected in several 
human tissues including the spleen, lymph node, thymus, tonsil, bone marrow, fetal 
liver, heart, placenta, lung, liver, skeletal muscle, kidney, and pancreas [1]. Finally, 
a homology analysis revealed that LRBA is highly conserved among species.

Computational predictions suggest that human LRBA is located in the cytosol, at 
the plasma membrane, in the endoplasmic reticulum, and in the Golgi apparatus. In 
accordance, in  vitro analysis of plasmids containing BEACH-WD domains of 
LRBA fused to green fluorescent protein (GFP), localized predominately in the 
cytosol of murine macrophages at steady state [38]. However, upon LPS stimula-
tion, LRBA associated with the endoplasmic reticulum (ER), Golgi complex, 
plasma membrane, and within lysosomes [38]. Furthermore, studies using 
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ImageStream showed localization of LRBA within recycling endosomes and the 
trans-Golgi network in normal human T cells, suggesting a role of LRBA in vesicle 
trafficking [7]. In fact, trafficking of transferring receptor (CD71) and CTLA-4 was 
found reduced in the absence of LRBA despite normal trafficking of CD28, ICOS, 
PD-1, and CD154-containing vesicles, indicating a role of LRBA in specific traf-
ficking routes [7].

10.9  LRBA Deficiency Mouse Model

Human and murine LRBA share 90% of protein homology indicating an essential 
role of LRBA during evolution. Similar to humans, LRBA is broadly expressed in 
murine tissues and it is upregulated two to four folds in immune cells after LPS 
stimulation [1, 38]. The immune phenotype of LRBA knockout (KO) mice has 
been recently described [39, 40]. Remarkably, mice lacking LRBA remain healthy 
after 2-year follow-up under specific pathogenic conditions (SPF) without devel-
oping overt disease or increased disease severity after antigenic challenging [39, 
40]. Human and murine LRBA deficiencies are similar in terms of a trend towards 
growth retardation and abnormalities in the regulatory T-cell compartment, includ-
ing severely diminished CTLA-4 expression and, in less extent, reduction of CD25 
and Helios. Frequencies and functionality of Tregs are, however, different. Reduced 
numbers of Tregs and poor Treg suppression capacity have been observed in 
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WDFY3
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Fig. 10.3 BEACH domain-containing protein family. Representative diagram of all protein 
domains of human members of the BEACH domain-containing family (Obtained from Cullinane 
A, Traffic, 2013)
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LRBA- deficient patients, whereas LRBA KO mice showed comparable numbers to 
their wild-type littermates [2, 24, 40]. In addition, LRBA KO mice presented nor-
mal development and repartition of T-cell subsets in the thymus and spleen, cor-
relating with normal frequencies of CD4+ and CD8+ cells in the blood of 
LRBA-deficient patients. However, a skewing of peripheral T cells towards a mem-
ory phenotype (CD45RO+) is observed in the absence of human or murine LRBA 
[2, 7]. Memory T cells play a critical role in host defense, but increased numbers 
are frequently associated with dysregulated Treg functionality, as found in patients 
with colorectal and gastric cancers [41, 42]. Moreover, an increased frequency of 
T follicular helper cells that is associated with an ineffective regulation of antibody 
response has been recently observed in the peripheral blood of LRBA-deficient 
patients [24], as well as in the Peyer’s patches of LRBA KO mice after acute infec-
tion with Salmonella typhimurium despite normal findings on intestinal histologi-
cal analysis [40].

The findings on NK cells in humans and mice lacking LRBA are controversial. 
In humans, normal counts of CD16+ CD56+ cells are observed as normal in most 
LRBA-deficient patients as well as in LRBA KO mice [2, 3, 39, 40]. Using a 
CD107a translocation assay, the NK cell cytotoxic activity was found regular in 
LRBA- deficient patients despite LRBA being associated with endosomal traffick-
ing [1]. In contrast, murine LRBA-deficient NK cells impaired granzyme B secre-
tion and activation of NKG2D and NKp46 signaling, suggesting a pivotal role of 
LRBA in antiviral and antitumoral responses [43]. However, LRBA KO mice 
mounted normal response against lymphocytic choriomeningitis virus (LCMV) in 
an acute and chronic infection setting [39, 40], and none of the LRBA patients’ 
cohorts reported so far showed any predisposition to viral infections and/or to 
malignancies [2, 3, 5]. In addition, the defective NK cell functionality in LRBA KO 
mice was associated with resistance to lethal graft-versus-host disease (GvHD), 
encouraging physicians to treat LRBA-deficient patients with HSCT [43]. However, 
up to date, 12 patients with LRBA deficiency have been treated with HSCT result-
ing in 5 complete/good remissions, 3 partial remissions, and 4 deaths [31], confirm-
ing the complexity of LRBA deficiency and the need to further analyze the role of 
LRBA not only in human NK cells but also in other relevant immune actors involved 
in the GvHD response. This information will help clinicians to decide on the bene-
fits of treating LRBA-deficient patients with HSCT.

The main differences between human and mice lacking LRBA were observed in 
the B-cell compartment, since total serum IgG and IgM and specific T-dependent 
and T-independent antibodies and antibody-secreting cells (ASCs) were found to 
be normal in LRBA KO mice, whereas 60–80% of LRBA-deficient patients suffer 
from hypogammaglobulinemia and present with poor specific antibody response 
[2, 40].

Moreover, serum and secretory IgA levels were surprisingly increased in 
LRBA KO mice regardless of age or treatment of the mice [40]. In addition, and 
contrary to what has been observed in LRBA-deficient patients, B-cell subsets 
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from LRBA KO mice were found to be normal in terms of frequency and distribu-
tion in the bone marrow (pro-, pre-, and immature and mature B cells) and in the 
spleen (transitional, follicular and marginal zone B cells). Only B-1a cells were 
severely reduced in the peritoneum of LRBA KO mice in comparison with their 
WT littermates [40]. B-1 cells secrete spontaneously natural antibodies against 
either self-antigens or against pathogen-expressed molecules [44]. In addition, 
peritoneal B-1 cells are considered as the major source of IL-10 production in the 
B-cell lineage that is implicated in the regulation of tissue homeostasis [45]. 
Interestingly, IgA-secreting B-1 cells existing in the intestinal lamina propria are 
derived from peritoneal B-1 cells in an IL-5 and microbiota-dependent manner 
[46, 47]. This indicates that early exposure to commensal microbiota might be 
crucial for the development of local IgA- producing B-1 cells and therefore the 
maintenance of intestinal homeostasis. These observations reveal a possible role 
of LRBA in the development and/or maintenance of B-1a cells and in the produc-
tion or regulation of IgA.

10.10  Summary and Outlook

Biallelic loss-of-protein mutations in LRBA cause an early-onset syndrome present-
ing with immunodeficiency and immune dysregulation, known as LRBA deficiency. 
Affected patients suffer mostly from autoimmune cytopenias, enteropathy, and lym-
phoproliferation, resembling the clinical picture of patients with CTLA-4 insuffi-
ciency, ALPS, IPEX, and STAT-3 GOF. Although the genetic diagnosis is required 
for any of the above syndromes, screening diagnostic tests based on the detection of 
LRBA protein in immune cells after stimulation might be useful to reduce the diag-
nostic delay, allowing timely clinical interventions. Moreover, a follow-up of bigger 
LRBA deficiency patients’ cohorts would provide definitive evidence on the efficacy 
of HSCT and CTLA-4-Ig fusion protein for the treatment of LRBA deficiency.

Although the biological role of LRBA in immunity is not completely under-
stood, autoimmune manifestations are explained by reduced CTLA-4 expression 
on Tregs and activated Tcon cells as consequence of high CTLA-4 lysosomal deg-
radation in the absence of LRBA. In addition, patients with LRBA deficiency pres-
ent recurrent infections and hypogammaglobulinemia due to the low numbers of 
switched memory B cells and plasmablasts due to defective autophagy and 
increased apoptosis of B cells after encountering an antigen. These findings on T- 
and B-cell compartments demonstrate an essential role of LRBA in immune toler-
ance and in the maintenance of humoral immunity. However, the underlying 
molecular mechanisms involved in the regulation of CTLA-4 as well as in autoph-
agy/apoptosis processes need further evaluation. Contrary to human LRBA defi-
ciency, LRBA KO mice do not present evident signs of disease despite low levels 
of CTLA-4, reduced frequency of IL-10-producing B cells, and increased numbers 
of T follicular helper cells. Interestingly, increased levels of IgA were found in 
mice lacking LRBA. Future studies to elucidate the role of LRBA in the regulation 
of IgA, and its involvement on mucosal immunity, and on B-1 cell migration are 

L. Gámez-Díaz



127

needed. Finally, investigations on clarifying the discrepancies between human and 
murine LRBA deficiency should be addressed.
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11.1  BAFFR Expression

Starting from hematopoietic stem cells, B lymphocytes develop in human bone 
marrow through successive developmental stages. Progression through these stages 
is mainly regulated by the rearrangement of the variable parts of the immunoglobu-
lin heavy (H) and light (L) chains. After the successful rearrangement of H- and 
L-chain loci, functional IgM molecules are assembled and expressed together with 
the signal-transducing components Ig-α and Ig-β in the form of B cell antigen recep-
tors on the cell surface of immature IgM+ B cells. Since the rearrangement of immu-
noglobulin gene segments allows the generation of autoreactive receptors, the 
self-reactivity of IgM molecules expressed is tested and eventually corrected by 
receptor editing in immature B cells. Then, only those cells with low avidity to self- 
antigens can leave the bone marrow and migrate as so-called transitional B cells to 
the spleen where they conclude their early, antigen-independent steps of B cell 
development (reviewed in [1]).

During this last phase, B lymphocytes start to express BAFF receptor (BAFFR), a 
member of the TNF receptor superfamily [2, 3]. TNF-R family members are charac-
terized by extracellular cysteine-rich domains (CRDs), which serve for ligand bind-
ing as well as for ligand-independent assembly of receptor monomers into dimers, 
trimers, or multimers [1, 4, 5]. Receptors of this family contain one to five CRDs; 
however BAFFR is an atypical representative of this family since it contains only a 
partial CRD which functions as ligand binding and self-assembly domain at the same 
time [1]. It is expressed on the surface of all peripheral B cell subsets except for 
plasma cells and for centroblasts of the dark zone of germinal centers [6] (Fig. 11.1).
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BAFFR has two close relatives termed TACI (encoded by TNFRSF13B) and 
BCMA (encoded by TNFRSF17) sharing BAFF as a common ligand. Different 
from BAFFR, TACI is expressed by activated B cells, marginal zone B cells, mem-
ory B cells, and plasma cells, in which it acts as pro-survival receptor [7–10]. 
BCMA is upregulated in activated B cells and expressed constitutively by plasma 
cells supporting the survival of long-lived bone marrow plasma cells [11].

Experiments performed in mice demonstrated that the expression of functional B 
cell antigen receptors (BCR) and tonic BCR signaling enhances BAFFR expression 
by immature and transitional B cells [12, 13], although functional BAFFR is 
expressed in the absence of SYK-dependent BCR signaling [14] or in cells lacking 
Ig-α (CD79A), which is an essential component of B cell receptors. In these cells, 
BAFFR expression is needed for survival [15].
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Fig. 11.1 B lymphocyte development. B cell precursors develop in the bone marrow from hemato-
poietic stem cells (HSC) until they reach the stage of IgM+ immature B cells. These immature B cells 
migrate from the bone marrow to the spleen where they differentiate via the transitional 1 (T1) and 
transitional 2 (T2) stages into mature, naïve, follicular B cells (Foll) or into marginal zone B cells 
(MZ). Both subsets express IgM and IgD on their surface. Naïve follicular B cells express more IgD 
than IgM and MZ B cells more IgM than IgD. MZ B cells recognizing bacterial cell wall antigens 
develop rapidly into short-lived plasma cells secreting IgM antibodies. Follicular B cells differentiate 
in response to antigen and interactions with T-follicular helper cells in germinal centers into prolifer-
ating centroblasts located in the dark zone (DZ), where centroblasts undergo somatic hypermutation 
and class-switch recombination. Centroblasts shuttle to the light zone (LZ), where they turn into 
centrocytes which can be selected by interactions with follicular dendritic cells and T-follicular 
helper cells into the pool of long-lived memory B cells and plasma cells expressing high-affinity 
class-switched immunoglobulins. BAFFR expression starts when IgM+ immature B cells leave the 
bone marrow. It increases on T1 and T2 B cells. The development of BAFFR-deficient B cells stops 
at this stage. Naïve follicular B cells express only BAFFR but not TACI, which is expressed by MZ 
B cells, switched memory B cells, and plasma cells. DZ B cells are in contact with BAFF resulting in 
shedding of BAFFR. Centrocytes express low levels of BAFFR, which is then upregulated again by 
switched memory B cells. Short- and long-lived plasma cells express TACI and BCMA. Both recep-
tors are shedded constitutively. Alternative figure legend: For explanation see text. HSC hematopoi-
etic stem cell, T1, T2 transitional B cells, DZ dark zone, LZ light zone, Mem switched memory B cells
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11.2  Ligand Binding

BAFFR and the two closely related receptors TACI and BCMA bind to the TNF 
family ligand BAFF, but different from these two relatives, BAFFR cannot bind the 
cytokine APRIL in spite of its similarity to BAFF. Therefore, APRIL binds only to 
TACI and BCMA and supports the survival of plasma cells [16].

BAFF [17–19] and APRIL [20] are homotrimeric type II transmembrane pro-
teins and exist as membrane-bound forms and soluble trimers. While shedding of 
BAFF occurs at the plasma membrane, APRIL is proteolytically processed in the 
Golgi apparatus by furine proteases [16]. BAFF can also oligomerize into 20 
homotrimers, creating a 60mer unit resembling a virus capsid-like structure [21–
23]. The formation of BAFF 60mer is pH dependent, and oligomerization is facili-
tated under basic conditions [22]. In addition to its transmembrane domain, to the 
furine processing site, and to the TNF homology domain, which is responsible for 
receptor binding, BAFF has an extended D-E loop, called the “flap.” This region 
supports trimer-trimer interactions which are needed for the assembly of the 60mer 
[22, 24]. Although BAFF trimers have sufficient biological activity to activate 
BAFFR, its higher-order oligomeric forms are by far more active, most likely 
because they engage multiple BAFF receptors at the same time leading to signal 
amplification [22, 23] (Fig. 11.2).

TACI

BAFF APRIL

BCMA

BAFFR

proteoglycan

60-mer

furine protease

ADAM10
ADAM17

ADAM10
ADAM17
g-secretase

g-secretase

B cells

stroma cells, monocytes

Fig. 11.2 The BAFF/BAFFR family. BAFFR, TACI, and BCMA are expressed by cells of the B 
cell lineage, whereas their ligands are expressed by cells of the monocyte lineage and by stroma 
cells. BAFF and APRIL are cleaved by furine proteases. BAFF can assemble into trimers or into 
higher oligomeric complexes containing up to 60 BAFF molecules (60-mers). Binding of APRIL 
to proteoglycans increases the local concentration of APRIL and promotes binding to TACI and 
BCMA and signaling. After BAFF binding, BAFFR is proteolytically cleaved in TACI+ cells by 
ADAM10 and/or ADAM17, whereas TACI is shed constitutively by ADAM proteases and 
γ-secretase. Since it is a small protein, BCMA is only processed by γ-secretase
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In contrast to BAFF, APRIL has close to the N-terminus of the soluble form a 
stretch of basic amino acids which allow binding to heparan sulfate proteoglycans 
(HSPG) found on the surface of many cell types. HSPG binding of APRIL induces 
ligand multimerization [25, 26], which strongly enhances APRIL-induced signaling 
under physiological concentrations of APRIL [26]. Additionally, heteromers of 
BAFF and APRIL have been found in patients with autoimmune diseases, and they 
seem to downregulate BAFF activity [27].

BAFF (encoded by the TNFSF13B gene) and APRIL (encoded by TNFSF13) 
exhibit similar expression patterns. Both can be produced by monocytes, macro-
phages, and dendritic cells but also by stromal cells of the bone marrow [17, 18, 28]. 
In addition, there is also evidence for T cells to express the ligands [18, 29]. 
Expression levels and concentrations of soluble BAFF and APRIL increase in 
response to pro-inflammatory cytokines [30] and correlate inversely to the expres-
sion of BAFFR and TACI [31].

11.3  Activation of the Noncanonical NF-κB Pathway

BAFF binding to BAFFR extends the half-life of immature, transitional, and mature 
B cells by activating a series of different pathways, which significantly boost basic 
survival functions including protein synthesis and energy metabolism. Similar to 
the TNF receptor family members CD40, LTβR, and RANK, BAFFR triggers the 
noncanonical NF-κB2-dependent pathway [32, 33].

NF-kB proteins comprise several members of the Rel transcription factor family 
(reviewed in [34]). Here, we will focus on NF-κB1 and NF-κB2. Activation of the 
canonical NF-κB pathway is a rapid but transient process [35]. It starts by phos-
phorylation of the trimeric IKKα, IKKβ, IKKγ complex by MAP 3K7 (TAK1) and 
the subsequent phosphorylation and complete or partial proteasomal degradation of 
IκBa and NF-κB1/p105 releasing p50/relA and p50-c-rel heterodimers into the 
nucleus where they act as transcriptional activators. Compared to NF-κB1, the acti-
vation of the noncanonical NF-κB pathway is a slow process as it fully depends on 
the cytoplasmic accumulation and activation of the NF-κB-inducing kinase NIK 
(MAP 3K14). Its essential role in the NF-κB2 signaling pathway is underlined by 
genetic defects abrogating NIK function [36]. In the case of BAFFR, activation of 
NIK and more downstream of NF-κB2 starts with BAFF binding to BAFFR. Under 
resting, unstimulated conditions, TRAF3 binds efficiently to NIK and targets the 
kinase for ubiquitinylation by a complex with ubiquitin-E3 ligase activity composed 
from cellular inhibitors of apoptosis cIAP1, cIAP2, and TRAF2 [37] (Fig. 11.3).

Proteasomal degradation of NIK keeps the active kinase concentrations very low 
and prevents the phosphorylation and activation of NF-κB2 by IKKα (IKK1), which 
is activated through phosphorylation by NIK.  When BAFF binds to BAFFR, the 
receptor most likely undergoes a conformational change allowing the recruitment of 
TRAF3. Its association with BAFFR leads to the dissociation of the NIK-TRAF2/3- 
cIAP1/2 complex, exposes the lysine residue K46 of TRAF3 to ubiquitin ligases, and 
initiates TRAF3 degradation by the proteasome. This reduces the concentrations of 
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active TRAF3 and promotes the accumulation of NIK. Since most of the NIK protein 
has to be newly produced by protein synthesis requiring newly transcribed mRNA as 
template, the activation of IKK1 downstream of BAFFR is a slow process which takes 
several hours to be detected. NIK starts to phosphorylate IKK1 [38], and the activated 
form of IKK1 phosphorylates NF-κB2 p100 at its C-terminal serine residues 866 
and 870 [39]. The phosphorylated form of NF-κB2 now becomes a target of the E3 
ubiquitin ligase βTrCP, which adds ubiquitins to lysine residue K856. Ubiquitinylated 
NF-κB2 then binds to the regulatory subunit of the proteasome [40] allowing cleavage 
of the p100 precursor into its active form p52 which translocates together with RelB 
into the nucleus to regulate the transcription of NF-κB2 target genes.

11.4  Target Genes

Activation of the noncanonical NF-κB2 pathway is to some extent also regulated by 
the canonical pathway since NF-κB1 positively regulates the transcription of NF-κB2 
[41]. However, in the absence of NF-κB2-inducing signals, increased levels of 
NF-κB2 p100 function as inhibitor (IkB) of RelB and RelA [42–44]. In addition, if 
RelB concentrations are low, dimeric forms of processed NF-κB2 p52 may also act 
as inhibitor of NF-κB2 target genes [45]. Several downstream target genes of NF-κB2 
p52/RelB induced by BAFF binding to BAFFR have been identified. Among these 
genes is ICOSL, which is upregulated in response to BAFF.  Its interactions with 
ICOS expressed on activated T cells provide costimulatory signals and promote the 
development of follicular T helper cells [46]. This role of NIK and NF-κB2 in acti-
vating ICOSL expression is further supported by the analysis of B cells from NIK-
deficient patients as they fail to upregulate ICOSL expression in response to CD40L 
[36]. The anti-apoptotic Bcl-2 family member Mcl-1 is another target of BAFFR 
signaling. Recently it has been shown that TRAF3 can enter the nucleus, where it 
binds to a transcriptional regulator termed cAMP response element binding protein 
(CREB). This leads to CREB ubiquitinylation and degradation. Similar to NIK, 
decreased TRAF concentrations allow the accumulation of Mcl-1, which then acts as 
pro-survival factor by stabilizing the mitochondrial outer membrane [47].

In addition to the activation of NF-κB2, phosphorylation of IKK1 by NIK also 
induces a negative feedback loop which prevents the accumulation of NIK.  The 
reaction starts with the phosphorylation of NIK by IKK1 followed by the cIAP/
TRAF2/3-independent degradation of NIK [48]. A second negative feedback loop is 
activated by OTUD7B which is a NF-κB2 target gene [49]. Activation of BAFFR, 
LTβR, or CD40 increases the expression of OTUD7B. The deubiquitinase then rap-
idly binds to TRAF3 and promotes the formation of a larger protein complex com-
posed of OTUD7B, TRAF3, TRAF2, and cIAP1/2, which interacts with the signaling 
receptor. By deubiquitinating TRAF3, OTUD7B therefore acts as negative regulator 
of the NF-κB2 and limits BAFFR-dependent cellular activation (Fig. 11.3).
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11.5  Activation of PI3-Kinase

In addition to the noncanonical NF-κB2 pathway, binding of BAFF to BAFFR 
can activate the phosphoinositide-3-kinase-dependent signaling cascade. The 
precise mechanism of BAFFR-induced PI3K activation is still not well under-
stood. However, experiments performed in mice showed that BAFFR-dependent 
activation of PI3K relies on borrowing components and factors which were 
shown to be part of the B cell antigen receptor pathway [50, 51]. Similar to the B 
cell receptor [52], BAFFR-induced signals require the remodeling of the cyto-
skeleton via interactions between the tetraspanin network, CD19, and the 
Wiskott-Aldrich syndrome interacting protein (WIP) [53]. This suggests that 
BAFFR is part of a larger complex of transmembrane and membrane-associated 
proteins which share common signaling components that are activated in a con-
text-dependent manner.

In B cells, heteromeric PI3K is composed from the regulatory p85β and the 
p110δ subunits and catalyzes the synthesis of membrane phosphatidylinositol phos-
pholipids with phosphatidylinositol 3,4 bis-phosphate (PIP2) and phosphatidylino-
sitol 3,4,5 tris-phosphate (PIP3) as main products [54]. Its direct opponent is the 
phosphatase PTEN, which dephosphorylates PIP2 and PIP3. Both membrane phos-
pholipids serve as anchors for several kinases containing pleckstrin homology (PH) 
domains such as AKT (or PKB), PDK1, and BTK as well as for the phospholipase 
Cγ (reviewed in [54]). Phosphorylation of phosphatidylinositol requires membrane 
recruitment of PI3K, which is best studied for BCR-induced activation. In this case, 
antigen binding leads to the phosphorylation of tyrosine residues in tandem YXXM 
motifs in the cytoplasmic tail of the BCR-associated co-receptor molecule CD19. 
Phosphorylated YXXM serves as docking site for the p85β subunit of PI3K, which 
now can start to exert its activity at the plasma membrane. The cytoplasmic adapter 
molecule BCAP (PIK3AP1) has a similar function [55], and interestingly Bcap−/− 
Cd19−/− double knockout mice [56] have a similar phenotype like Baffr−/− mice 
[57] hallmarked by arrested B cell development at the stage of transitional B cell. 
Downstream of PI3K, PDK1 activates the AKT/mTOR axis leading to metabolic 
reprogramming of B cells, which increases their fitness and life span (reviewed in 
[58]). BAFFR-dependent activation of the PI3K/AKT/mTOR axis has been best 
described in mice. There it was shown that the treatment of splenic B cells with 
BAFF leads to the phosphorylation of AKT at both Ser437 and T308 in a PI3K- 
dependent manner [59, 60] and more downstream, in the phosphorylation of the 
small ribosomal protein S6 and of the translation inhibitor 4EBP1. Since phosphor-
ylated S6 serves as activator and non-phosphorylated 4EBP1 as inhibitor of protein 
synthesis, engagement of BAFFR by BAFF directly upregulates protein synthesis. 
In parallel, by phosphorylating GSK3β and PIM2, BAFFR-dependent activation of 
the AKT/mTOR pathway stabilizes MCL-1 [47, 59, 60], which improves mitochon-
drial function and ATP production (Fig. 11.3).
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11.6  BAFFR Processing

We recently found that BAFF binding to BAFFR triggers shedding of the extra-
cellular part of BAFFR in the presence of co-expressed TACI [6]. The in-depth 
analysis of the BAFFR shedding process revealed that BAFFR processing is 
catalyzed by the metalloprotease ADAM10 in TACI+ resting marginal zone and 
switched memory B cells. The released extracellular domain was not found to 
function as a soluble decoy receptor for BAFF, and its other leftovers, the trans-
membrane part and the cytoplasmic domain, are internalized and translocated to 
lysosomes where they are most likely degraded. Therefore, BAFFR processing 
differs from the shedding of TACI, which is cleaved constitutively by ADAM10 
releasing its extracellular domain in the form of a decoy receptor for BAFF and 
possible also for APRIL [61]. Similar to TACI, BCMA is also processed consti-
tutively by γ-secretase [61], which also cleaves the part of TACI remaining in the 
plasma membrane after the extracellular part has been shed by the activity of 
ADAM10 [61].

As it will be discussed below, this difference between processed BAFFR and 
TACI molecules may be an important factor in explaining the differences between 
BAFFR and TACI deficiency. As pointed out above, the processing of BAFFR in 
resting primary B cells is a tightly regulated process, which requires both ligand 
binding and expression of TACI. Since in contrast to TACI BAFFR does not associ-
ate with ADAM10 in resting cells, the protein is out of reach of the metalloprotease. 
BAFF binding, however, can enhance the clustering of BAFFR and TACI and 
decrease the distance between BAFFR and ADAM10 [6]. In addition, it may also 
change the conformation of BAFFR and expose the cleavage site to ADAM10. B 
cells responding to TLR and BCR signals induce TACI expression. BAFF-induced 
processing of BAFFR by ADAM10 plays an important physiological role in these 
cells since it limits BAFFR signaling and, as a consequence, their survival and dif-
ferentiation into antibody-secreted cells.

Different from the cleavage by ADAM10, BAFFR expressed by germinal cen-
ter B cells is mainly processed by ADAM17. In the germinal center (GC), acti-
vated B cells commute between the dark zone and the light zone. Proliferation, 
somatic hypermutation, and class-switch recombination take place in the dark 
zone, whereas the affinity-based selection of class-switched memory B cells and 
plasma cells expressing highly specific antibodies occurs in the light zone [62]. 
Different from the BAFFR-positive light zone GC B cells (centrocytes), dark 
zone B cells (centroblasts) are heavily loaded with BAFF, which induces BAFFR 
processing by ADAM17 [6]. Thus, BAFFR seems to provide limited survival 
signals to dark zone B cells, whereas the survival of light zone B cells is secured 
by BCR signals induced by the binding of surface immunoglobulin molecules 
which have increased their affinity to their cognate antigen above the threshold 
which is set by interactions with T-follicular helper cells and by the competing 
IgG and IgA antibodies secreted by plasma cells located in the periphery of the 
germinal center [63].
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11.7  Selection and Autoimmunity

With the previously described mechanisms regulating the expression pattern, sig-
naling, and processing of BAFFR, TACI, and BCMA, many of the earlier observa-
tions made by studying mouse models and human samples can be explained. As it 
has been demonstrated by mouse models and by studying human BAFFR defi-
ciency, BAFFR signaling is essential for the survival of transitional and naïve B 
cells [64], for the development of transitional B cells into marginal zone B cells, and 
for the differentiation of naïve and marginal zone B cells into short-lived IgM- 
secreting plasma cells [1]. The fine-tuned balance between BAFF-induced survival 
of dark zone B cells and affinity-based selection of centrocytes in the light zone is 
disturbed when BAFF is present in excess, as it is modeled by BAFF-transgenic 
mice [65]. In humans, the fatal role of increased BAFF levels is impressively docu-
mented by genome-wide association studies of case-control samples from Sardegna, 
which revealed that an insertion-deletion variant of the BAFF-encoding TNFSF13B 
gene is associated with the risk of developing multiple sclerosis or systemic lupus 
erythematodes. This variant results in a shorter version of BAFF mRNA, which is 
no longer targeted by miRNA-15a and other micro-RNAs for repression or degrada-
tion. The increased stability of BAFF mRNA leads to an increase in BAFF levels in 
a gene dosage-dependent manner resulting in 1.5–2-fold higher BAFF levels and 
therefore to more circulating B cells as well as increased serum IgG and IgM con-
centrations in homozygous carriers of this TNFSF13B variant [66].

The TACI variants, C104R or C104Y, which are linked to the development of 
CVID/antibody deficiency, destroy the ligand binding domain of TACI without dis-
turbing the expression of the receptor on the cell surface. In C104R carrying indi-
viduals ADAM10-mediated shedding of TACI therefore releases soluble forms of 
TACI, which are incapable of acting as decoy receptors neutralizing excess BAFF 
and APRIL. This results in increases BAFF levels in TACI-deficient patients [31] 
and enhances their risk of developing autoimmunity and lymphoproliferation, 
which are two characteristic manifestations found in TACI deficiency [67, 68] and 
Taci−/− mice [69, 70]. Thus, TACI deficiency shares some common features with 
autoimmune diseases linked to increased BAFF levels [66]. In addition, its immu-
nodeficient component can be best explained by the role of TACI in supporting 
T-independent immune responses [71–74] and the survival of plasma cells [8, 10].

11.8  BAFFR Deficiency in Humans

Several missense mutations changing base pairs encoding amino acid residues in 
the extra- or intracellular part of BAFFR have been found in humans [75–77]. None 
of these mutations disturbs B cell maturation, and therefore—except for the fre-
quent polymorphism changing proline residue 21 into arginine (P21R)—their con-
tribution to primary immunodeficiency remains to be shown. The P21R BAFFR 
variant is encoded by a frequent single nucleotide polymorphism (rs77874543). The 
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affected proline residue is located in a small loop directly preceding the BAFF bind-
ing domain. Biochemical and functional analyses revealed that this region is essen-
tial for ligand-independent association of BAFFR polypeptide chains into multimeric 
nanoclusters resembling the pre-ligand assembly domain of BAFFR [1]. Our study 
also demonstrated that BAFFR clustering is not a prerequisite for the development 
of naïve mature B cells from immature/transitional B cells, but it strongly enhances 
BAFF binding and supports BAFF-dependent differentiation of naïve and marginal 
zone B cells into IgM-secreting plasmablasts. Since the P21R variant is completely 
resistant against BAFF-induced processing of BAFFR by ADAM10, the mutation 
seems to compensate its reduced capacity to bind BAFF. This feature may mask in 
part the impaired differentiation of P21R+ B cells into IgM-secreting plasmablasts 
and prevent the development of overt immunodeficiency.

Different from these point mutations, the homozygous 24 bp in-frame deletion 
within the TNFRSF13C gene removing the codons of eight amino acids from the 
transmembrane part of BAFFR blocks B cell development at the transition from 
CD10+ immature/transitional 1 B cells to transitional 2/naïve and marginal zone B 
cells [64]. We found this autosomal recessive mutation in two siblings of a consan-
guineous family. In its homozygous form, it has 100% penetrance due to the lack of 
BAFFR expression, whereas the heterozygous form is indistinguishable from 
healthy donors with wild-type BAFFR. The immunological phenotype of human 
BAFFR deficiency mainly resembles the phenotype of Baffr−/− mice and is char-
acterized by very low numbers of circulating B cells, low IgM, and IgG antibody 
titers but increased levels of serum IgA.  However, some aspects differ between 
humans and mice. First, deletion of Baffr in mice does not affect the development of 
B1 B cells. In the BAFFR-deficient humans, B1 B cells or any other B cell subsets, 
which would resemble the B1 B cell subset of mice, were not found. However, since 
the BAFFR deficiency was diagnosed in two individuals who both were older than 
60, the lack of B1 B cells might have been due to a characteristic feature of B1 B 
cells made in mice, namely, that these cells form a separate lineage, which develops 
during embryonic life and disappears in aging mice [78–80]. However, an impaired 
output of immature B cells from bone marrow precursor cells is unlikely to account 
for the absence of B1 B cells because both BAFFR-deficient individuals had similar 
numbers or even more transitional B cells than younger adults. The second major 
difference between BAFFR-deficient humans and mice is the severe lymphopenia 
observed in humans, which is stronger than in Baffr−/− mice and manifests as an 
almost complete lack of circulating naïve B cells, marginal zone B cells, and 
switched memory B cells. Again, this difference may be age-related, but it may also 
reflect differences in the half-life of transitional B cells between mice and humans 
or differences in TACI expression, which has been described to be expressed by 
transitional B cells in mice [2, 81]. The absence of marginal zone B cells correlated 
well with defective T-independent vaccination responses against Pneumovax, which 
contains a mixture of 23 different cell wall polysaccharides from S. pneumoniae 
strains. The low but detectable IgG response to the T-dependent antigen tetanus 
toxoid, the high IgA serum concentrations, and the presence of IgA+ plasma cells in 
the lamina propria of the small intestine showed that human B cells can 
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differentiate into plasma cells without BAFFR. This correlates with experiments 
performed in Baffr−/− mice, which demonstrated that BAFFR-deficient B cells can 
successfully complete the germinal center reaction [82] and develop into switched 
memory B cells and plasma cells which then survive without BAFFR [83, 84]. 
BAFFR- independent long-term survival of memory B cells in humans is also sup-
ported by the analysis of SLE patients treated with the BAFF-neutralizing antibody 
belimumab. These clinical studies documented the strong (>75%) decrease in naïve 
B cells within one and a half years of treatment, which was in sharp contrast to the 
increase in switched memory B cells [85, 86]. Similar to the numbers of switched 
memory B cells, IgG antibody concentrations, which were build up before starting 
the BAFF-neutralizing therapy, remained constant, whereas the increase of anti-
body titers against neoantigens from influenza virus was significantly lower in 
belimumab- treated patients than in controls [87]. In a similar study, the population 
of switched memory B cells did also not decrease within a half year treatment of 
rheumatoid arthritis patients with TACI-Ig fusion protein (atacicept) [88].

In summary, switched memory B cells can perfectly survive without receiving 
BAFFR- or TACI-dependent pro-survival signals and develop into IgA-secreting 
plasma cells. Different from switched memory B cells, the survival of transitional, 
naïve, and marginal zone B cells as well as the differentiation of transitional B cells 
into marginal zone B cells depends essentially on BAFF-induced survival signals, 
which increase the life span of these cells by stabilizing mitochondria and by 
enhancing protein synthesis. Since transitional B cells are to some extent able to 
develop into plasma cells even in the absence of BAFFR, BAFFR deficiency does 
not become manifest as dramatically as NIK or NF-kB2 deficiency, which strongly 
impair more B and T cell responses than the deletion of BAFFR. Although switched 
memory B cells express high levels of BAFFR and of TACI, they do not seem to 
require neither BAFFR nor TACI for long-term survival. Therefore, the function of 
both BAFF receptors in these cells remains an open question which has to be solved 
in the future.
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12TWEAK Deficiency

Ulrich Salzer

12.1  Definition

TWEAK (TNF-like weak inducer of apoptosis) deficiency has been first described 
by Wang et al. in 2013 in a single family [1]. It is caused by heterozygous mutations 
in the TNFSF12/WEAK gene.

12.2  Etiology

TWEAK (synonyms: TNFSF12, APO3L, DR3LG) is a member of the TNF ligand 
superfamily and is highly conserved between mice and man [2]. The TNFSF12/
TWEAK gene is encoded by 7 exons and located on human chromosome 17  in 
direct neighborhood to the TNFSF13 gene, which encodes APRIL, another impor-
tant TNF superfamily member. By alternative splicing the membrane-bound fusion 
protein TWEPRIL is formed [3].

The 249-amino acid long TWEAK protein contains a C-terminal TNF homology 
domain, a stalk region, a transmembrane part, and a short N-terminal intracellular 
tail. It is synthesized as a type II transmembrane protein, from which a soluble 
ligand is released by furin protease-mediated cleavage at amino acid site 94. Soluble 
TWEAK is released from different leucocytes [2, 4] and acts mainly as a proinflam-
matory cytokine in response to acute or chronic tissues damage.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91785-6_12&domain=pdf
mailto:ulrich.salzer@uniklinik-freiburg.de


150

The murine and human TWEAK receptors, designated as Fn14 (fibroblast growth 
factor-inducible-14), were originally discovered in 1999 [5] and 2000 [6] as an imme-
diate early response gene, which is induced by growth factors. Wiley demonstrated that 
Fn14 is the sole TWEAK receptor [7]. Upon binding of TWEAK, the TNFR-associated 
factors 1, 2, 3, and 5 are recruited to the Fn14 intracellular domain [7, 8], and NFk-B 
signaling is induced [8, 9]. In addition the MAPK signaling pathway is induced [10]. 
The expression of Fn14 is inducible and regulated [5, 6]. The TWEAK-Fn14 pathway 
is primarily implicated in wound healing processes, angiogenesis [5, 7, 11], and stimu-
lates progenitor cells in various tissues [12, 13] to proliferate while inhibiting their 
differentiation. Thus, in case of acute injury, the physiological role of the TWEAK-Fn14 
axis seems to stimulate angiogenesis, progenitor cell proliferation, and local inflamma-
tion to initiate and direct tissue repair processes [14]. However in states of chronic 
inflammation and continued tissue damage, as observed in many autoimmune diseases, 
TWEAK via Fn14 perpetuates the pathological processes by stimulating proliferation, 
fibrosis, neo- angiogenesis, and chronic inflammation in disorders like rheumatoid 
arthritis [15], lupus nephritis [16], and inflammatory skin diseases [17].

In summary the TWEAK/Fn14 interaction links acute inflammation to tissue repair 
in health and chronic inflammation to pathological tissue remodeling processes in 
disease. However, both TWEAK- [18, 19] and Fn14-deficient mice [12] did not show 
any overt immunological or especially immunodeficient phenotype. Thus, although 
mutations in many of the TNF family of ligands and receptors cause primary immu-
nodeficiency in humans, the first description of human TWEAK mutations in a family 
with CVID like antibody deficiency may at first glance be somewhat surprising, but is 
clearly linked to the inherent propensity of these cysteine- rich protein families to mul-
timerize [1]. Indeed the mutation R145C described in the affected individuals forms 
both intramolecular complexes of TWEAK and together with the related TNF ligand 
BAFF large hybrid TWEAK/BAFF protein complexes via intermolecular disulfide 
bridges. The R145C TWEAK mutant thereby acts like a scavenger for BAFF. The 
formation of trimeric or larger monomeric or heteromeric protein complexes is typical 
for members of the TNF superfamily of ligand and receptors [20–22], and their cor-
rect formation is often essential for the initiation of downstream signaling events. 
However heteromeric complexes may also be observed in disease states like BAFF/
APRIL heterotrimers in rheumatic diseases [23]. Indeed, the mutated R145C TWEAK 
molecule by itself is capable of binding to its receptor Fn14, but signaling is impaired 
[1]. And even though the heteromers formed by the mutant TWEAK and BAFF pro-
teins showed slightly enhanced binding to BAFFR, the signaling was impaired. The 
mutant also inhibited BAFF-dependent survival and Ig class switching in primary 
cells [1]. In line with these observations, the phenotype of TWEAK deficiency partly 
resembles that of patients with BAFF-R defects [24, 25].

12.3  Clinical Manifestations

All three affected individuals in the index family had a history of bacterial ear and 
sinus infections. Other infectious manifestations were pneumonia, osteomyelitis, 
pneumococcal meningitis, and multiple warts caused by HPV.  Noninfectious 
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manifestations included thrombocytopenia and neutropenia [1]. IgA and IgM were 
low in all three, total IgG was low in two family members, and IgG2/IgG4 subclass 
deficiency was found in one. All affected individuals had impaired or absent anti-
body responses against T-dependent (diphtheria and tetanus toxoid) and indepen-
dent antigens (pneumococcal polysaccharides). Total B-cell numbers were reduced 
with a selective deficiency in CD27+ memory B cells. CD8+ T cells and TCR a/b+ 
double-negative T cells (DNTs) were increased in numbers [1].

12.4  Diagnosis

The new antibody deficiency-causing mutations in TWEAK are very rare, consider-
ing the unique mutation mechanism, which seems to be specific to the R145C 
TWEAK mutation. Nevertheless, based on the observed immunological phenotype, 
TWEAK deficiency may be suspected in antibody deficiency patients with elevated 
DNTs and co-occurring warts and should be confirmed by genetic testing.
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13NFKB2 Defects

Shancy P. Jacob, Julie E. Feusier, and Karin Chen

13.1  NF-κB2 Signaling Pathway

The NF-κB family of transcription factors comprises two subfamilies: “NF-κB” 
proteins NF-κB1 (p105/p50) and NF-κB2 (p100/p52) and “Rel” proteins RelA 
(p65), RelB, and c-Rel. These structurally related proteins form homo-/heterodi-
mers to transactivate genes involved in various biological processes, including 
immune responses, inflammation, apoptosis, cell growth, cell survival, and cell 
development [1]. All members in this family have a highly conserved 300-amino 
acid N-terminal Rel homology domain (RHD) conferring dimerization, nuclear 
localization, and binding to DNA motifs, termed “κB elements.” The activity of 
NF-κB proteins is tightly regulated where, in quiescent cells, these proteins are 
normally inactive and sequestered in the cytoplasm through association with inhibi-
tory κB-like activity or proteins (IκB, inhibitor of κB proteins). While the Rel mem-
bers are inhibited by ankyrin repeat-containing inhibitors, masking DNA binding, 
and nuclear localization domains (NLD), NF-κB1 and NF-κB2 are synthesized as 
inactive preforms (p105 and p100) with a long C-terminal domain containing the 
inhibitory multiple ankyrin repeats. The NF-κB1/p105 and NF-κB2/p100 proteins 
are proteolytically activated by two important pathways: (1) the canonical, or clas-
sical, pathway which processes p105 to the active p50 form, and (2) the noncanoni-
cal pathway involving processing of p100 to the active p52 (Fig. 13.1) [2, 3].
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Fig. 13.1 Canonical and noncanonical NF-κB pathways. Ligand-mediated receptor activation on 
the cell surface leads to activation and nuclear translocation of NF-κB proteins into the nucleus 
where they bind their respective gene targets to initiate gene transcription and downstream cellular 
responses. Activation of the canonical pathway (left) leads to stimulation of a kinase cascade that 
phosphorylates the IκB kinase (IKK) complex that consists of IKKα, IKKβ, and NF-κB essential 
modulator (NEMO). The IKKβ kinase phosphorylates the inhibitor IκBα, which normally seques-
ters NF-κB1 in the cytoplasm. Phosphorylation stimulates ubiquitination and subsequent protea-
somal degradation of IκBα, resulting in the release and nuclear localization of the p50/p65 dimer. 
In the noncanonical pathway (right), ligand-activated receptor stimulation results in accumulation 
of the NF-κB-inducing kinase (NIK), which, under nonactivating conditions, is rapidly turned over 
in the cytoplasm. Upon cytoplasmic accumulation, NIK subsequently phosphorylates IKKα. 
Activation of this kinase leads to phosphorylation of p100 at serines 866 and 870 and subsequent 
ubiquitination of lysine 855. The p100 protein is the inactive form of NF-κB2 that resides in the 
cytoplasm in complex with RelB. Ubiquitination of p100 signals its processing by the proteosome 
to remove the C-terminus and form p52. RelB and p52 then move as a dimer into the nucleus where 
they bind their genomic targets to initiate downstream responses including peripheral lymphoid 
organogenesis, B-cell maturation, and thymic development (Reprinted from Am J Hum Genet 93 
(5):812–824; Chen K, Coonrod EM, Kumanovics A, Franks ZF, Durtschi JD, Margraf RL, Wu W, 
Heikal NM, Augustine NH, Ridge PG, Hill HR, Jorde LB, Weyrich AS, Zimmerman GA, 
Gundlapalli AV, Bohnsack JF, Voelkerding KV; Germline mutations in NFKB2 implicate the non-
canonical NF-kappaB pathway in the pathogenesis of common variable immunodeficiency; 
Supplemental Data, Page No. 2, with permission from Elsevier)

S. P. Jacob et al.



155

13.1.1  Roles of the Noncanonical NF-κB Pathway

Unlike the constitutive canonical NF-κB pathway that is triggered rapidly and tran-
siently by diverse physiological stimuli, the noncanonical pathway is induced grad-
ually and persistently by specific members of the TNF (tumor necrosis factor) 
cytokine superfamily, including CD40L (CD40 ligand), BAFF (B-cell-activating 
factor), and lymphotoxin-β that signal via CD40, BAFF-R (BAFF receptor), and 
LT-βR (Lymphotoxin-β receptor) [3]. Upon activation of the noncanonical pathway, 
NIK (NF-κB-inducing kinase; MAP3K14) activates a downstream kinase IKKα that 
in turn phosphorylates p100 specifically at C-terminal serine residues at amino acid 
positions 866 and 870 [4, 5]. Phosphorylation triggers the recruitment of E3 ubiqui-
tin ligase βTrCP which then catalyzes the ubiquitination of lysine 855 that signals 
the proteasomal removal of the p100 C-terminus to form p52. This allows for 
nuclear translocation of p52-RelB heterodimers, though homodimers and other 
NF-κB heterodimers can also form, to activate target genes.

As evident from studies with murine models, the noncanonical NF-κB pathway 
is instrumental in multiple biological processes that include (1) development and 
architectural organization of secondary lymphoid organs, (2) B-cell maturation and 
survival, (3) B-cell-mediated immune responses and antibody production [6, 7], (4) 
formation of germinal centers (GC), (5) dendritic cell (DC) maturation, (6) differ-
entiation of osteoclasts, and (7) various roles in T cell responses as well as thymic 
epithelial cell development [3, 8, 9]. Stromal cells play a key role in mediating 
peripheral lymphoid organ development through expression of chemokines, via 
the  noncanonical NF-κB  pathway,  which  allow for chemotaxis of immune cells 
[10]. These chemokines are also required for the homing of antigen-loaded DC and 
antigen-specific T cells in the secondary lymphoid organs [11].

The noncanonical NF-κB pathway is required for survival and differentiation of 
naive B cell and immunoglobulin class switching in mature B cells. The combined 
deletion of Nfkb2 and Relb in murine models [12] results in severe B-cell defects 
and hypogammaglobulinemia, highlighting the critical role of this pathway in B-cell 
maturation and differentiation. In addition, the pathway regulates T cell differentia-
tion and maintenance of effector and memory T cells [13]. Another important role 
of the noncanonical NF-κB pathway is to regulate the expression of AIRE (autoim-
mune regulator), a transcription factor required for induction of central tolerance to 
self-antigens in the thymus, thereby ensuring removal of autoreactive T cells [14].

13.1.2  Murine Models of the Noncanonical NF-κB Pathway

The functional and developmental roles of NF-κB2 are evident from a number of 
murine models in which various components of the noncanonical pathway are com-
promised (Table 13.1). Mice lacking both p100 and p52 (Nfkb2−/−) lack or have 
small peripheral lymph nodes and reduced mature B-cell numbers with severely 
impaired B-cell function and reduced numbers [15]. Nfkb2Lym1 mice carry a non-
sense mutation in the Nfkb2 gene (c.2854T>A, p.Tyr868*), which encodes a 
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non-processable p100. Lym1 mice exhibit defects in B-cell maturation, decreased 
serum immunoglobulin levels, and defects in osteoclastogenesis [16]. Lym1 mice 
also have disorganized medullary thymic epithelial cell networks and reduced 
expression of Aire. Notably, murine Nfkb2−/− models have reduced Aire expression 
and demonstrate increased autoantibodies to peripheral tissue antigens, similar to 
that seen in Aire-deficient mice [17].

13.2  Genetic and Molecular Basis of Human NFKB2 Disease

In 2012, Quentien et  al. reported four patients from three families with DAVID 
syndrome (deficient anterior pituitary with variable immune deficiency) that were 
unique among the larger cohort of subjects with ACTH deficiency in a multicenter 
center study. These four patients had an additional diagnosis of common variable 
immunodeficiency (CVID) [18]. Sequencing of several candidate genes involved in 
corticotrope differentiation and humoral immunity did not yield a pathogenic muta-
tion. Nevertheless, the authors recognized that these subjects likely had a unique 
genetic syndrome. The following year, mutations in NFKB2 were identified in two 
pedigrees affected by diagnosis of CVID in addition to central adrenal insufficiency 
and nail dystrophy [19]. Subsequently, the original three pedigrees with DAVID 
syndrome were also identified to have mutations in NFKB2 [20].

Table 13.1 Selected mouse model phenotypes of the noncanonical NF-κB pathway

Mouse model Lymphoid organs B cell Other Ref.
Nfkb2−/− p100−/−

p52−/−
Absent/disrupted 
architecture of 
secondary 
lymphoid organs

↓ Proliferation 
to agonists
↓ Antigen-
specific 
antibodies

[30, 32]

Nfkb2Lym1/Lym1 
(c.2854T>A, 
p.Tyr868)

p100Lym1

p52−/−
Absent/disrupted 
architecture of 
secondary 
lymphoid organs

↓ Proliferation 
to agonists
↓ Mature 
B-cells
↓ Antibody 
levels

Inflammatory lung 
and liver infiltrates
Nfkb2Lym1/+ with 
intermediate 
phenotype
Reduced Aire 
expression
Defective osteoclast 
differentiation

[16]

Nik−/− Absent/disrupted 
architecture of 
secondary 
lymphoid organs

↓ Antigen-
specific 
antibodies
↓ NF-κB 
activation

[13, 33]

Relb−/− Absent/disrupted 
architecture of 
secondary 
lymphoid organs

↓ Proliferation 
to agonists

Multi-organ 
inflammation
Thymic atrophy

[34–36]
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NFKB2 defects have an autosomal dominant mode of inheritance, with all 
reported cases thus far identified to have heterozygous mutations [19–29]. Loss-of- 
function mutations appear to be highly penetrant (24 of 25 reported have disease 
manifestations), though with variable expressivity. Of the loss-of-function muta-
tions, the majority of mutations have been identified in the C-terminal region of the 
protein (Fig. 13.2), affecting critical serine phosphorylation sites at amino acid posi-
tions 866/870 and/or a lysine acceptor ubiquitination site at position 855. These 
result in a non-processable p100 protein with reduction of p52 nuclear translocation 
along with RelB heterodimers.

NFKB2 gain-of-function mutations [21] noted in Fig.  13.2 are located 
upstream in comparison to the loss-of-function mutations, after the glycine-rich 
region (p.418X) and within the ankyrin repeat domain (p.R635X). The gain-of-
function mutations in particular confer an incomplete penetrance with variable 
expressivity, as three affected individuals were identified within two families; 
two related individuals who carried the same heterozygous mutations were 
essentially asymptomatic. In mutant constructs, the gain-of-function mutations 
result in increased nuclear translocation of p52 along with RelB, as well as 
increased CXCL13 gene transcription. Further, the gain-of-function constructs 
also demonstrated increased canonical NF-κB activity, consistent with the grow-
ing understanding of the delicate balance between cytoplasmic NF-κB homo- 
and heterodimers which affect crosstalk between the canonical and noncanonical 
NF-κB pathways.

No cases of homozygous or compound heterozygous NFKB2 mutations, nor 
NFKB2 deletions/duplications, have yet been reported. Notably, neither the Nfkb2−/− 
nor Nfkblym1/lym1 mouse models are embryonic lethal, but it is possible that mutation(s) 
involving both alleles could result in more severe human disease.

Fig. 13.2 Schematic diagram of the NFKB2 gene and reported mutations. Each mutation symbol 
(nonsense, frameshift, missense) represents a single patient. Produced using the Illustrator for 
Biological Sequences tool. IBS, an illustrator for the presentation and visualization of biological 
sequences (Wenzhong Liu, Yubin Xie, Jiyong Ma, Xiaotong Luo, Peng Nie, Zhixiang Zuo, Urs 
Lahrmann, Qi Zhao, Yueyuan Zheng, Yong Zhao, Yu Xue and Jian Ren. Bioinformatics (2015) 
31(20):3359–3361)
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13.3  Clinical Manifestations

At least 25 patients have been described in the literature with loss-of-function muta-
tions, as well as a case series of five involving gain-of-function mutations. Patients 
with NFKB2 deficiency due to loss-of-function mutations most often have an initial 
primary diagnosis of CVID. Clinical manifestations are summarized in Table 13.2 
and include hypogammaglobulinemia, endocrinopathy, autoimmune phenomena, 
and ectodermal manifestations. B-cell deficiency is common. Patients are prone to 
recurrent respiratory infections. The onset of disease is in childhood, though with 
relatively few reports of life- threatening infections early in life.

The two families with reported gain-of-function mutations appear to have a more 
severe infectious phenotype with incomplete penetrance, described by the authors 
as having a combined immunodeficiency rather than first presenting with a common 
variable immunodeficiency-like diagnosis [21]. Affected individuals have recurrent 
respiratory infections including pneumonias, systemic and skin viral infections, and 
mucocutaneous candidiasis beyond onychomycosis. Pneumocystis jirovecii pneu-
monia presented in one adult patient.

A relatively unique feature in loss-of-function NFKB2-related disease, when 
compared to other CVID phenotypes, is the development of endocrinopathy in 
nearly two-thirds of patients. The endocrinopathy is an acquired condition (with-
out reports of congenital hypoadrenalism), typically in the form of ACTH defi-
ciency (central adrenal insufficiency). Quentien et al. described in 2010 a small 
population of patients with adrenal insufficiency, part of the larger adrenal insuf-
ficiency GENHYPOPIT cohort, who also had hypogammaglobulinemia [18]. 

Table 13.2 Percentage of loss-of-function (LOF) and gain-of-function (GOF) NFKB2 patients 
with clinical manifestations (noninfectious manifestations, unless otherwise noted)

Total number of patients 
(N = 30) (%)

LOF patients 
(N = 25) (%)

GOF patients 
(N = 5) (%)

Prior diagnosis of 
CVID

73 88 0

Prior diagnosis of CID 10 4 60
Recurrent or unusual 
infection

70 72 60

Endocrinologic 53 64 0
Ectodermal 47 56 0
Respiratory tract 43 48 20
Neurologic 20 24 0
Lymphocytic organ 
infiltration

20 12 60

Gastrointestinal tract 17 16 20
Nephrologic 10 12 0
Hematologic 10 4 40
Malignancy 7 4 20

CVID  common variable immunodeficiency; CID combined immunodeficiency
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These patients were all subsequently found to have NFKB2 loss-of-function muta-
tions. A further analysis in murine models with similar mutations in the C-terminus 
did not yield evidence of adrenal insufficiency [20]. Thus, the pathogenesis of 
development of endocrinopathy and, in particular, ACTH deficiency is not known. 
However, as NF-κB2 regulates AIRE expression, it is possible that defective 
expression of self- antigens, in a mechanism similar to autoimmune polyglandular 
syndrome type 1 (APS1, also known as autoimmune polyendocrinopathy-candidi-
asis-ectodermal dystrophy, APECED) caused by AIRE mutations, leads to autoim-
mune endocrinopathy. The majority of NF-κB2-deficient patients who are 
diagnosed with central adrenal insufficiency typically present with severe hypogly-
cemia, in some cases leading to hypoglycemic seizures, as the initial sign of endo-
crine disease. Other patients develop additional endocrine issues including growth 
hormone deficiency, hypothyroidism, or diabetes insipidus (published cases and 
unpublished data).

More than half of loss-of-function patients develop ectodermal disease manifes-
tations, including alopecia areata, alopecia totalis, vitiligo, and trachyonychia. A 
key distinction between the loss-of-function and gain-of-function NFKB2-related 
disease is that the gain-of-function disease manifestations reported thus far do not 
include endocrinopathies or autoimmune ectodermal disease.

13.3.1  Infectious Disease

13.3.1.1  Respiratory Infections
A large proportion of individuals with NFKB2 mutations has increased susceptibil-
ity to upper and lower respiratory infections from various respiratory bacteria, 
including Streptococcus pneumoniae and Haemophilus influenzae. Specific sites of 
respiratory disease include otitis media, sinusitis, and pneumonia. One loss-of- 
function NFKB2 patient with CVID-like disease developed an atypical mycobacte-
rium infection [25]. Pneumocystis jirovecii pneumonia was diagnosed in an adult 
gain- of-function NFKB2 patient [21].

13.3.1.2  Viral Infections
In the original report of NFKB2 defects, susceptibility to herpes simplex virus 
(HSV) was noted due to the presence of herpes labialis in all three affected indi-
viduals within one family. In addition to skin susceptibility to HSV, severe vari-
cella and shingles/herpes zoster have been reported [20, 25], as well as severe 
molluscum infection of the skin [28]. Brue et al. [20] also reported a case of acute 
respiratory distress syndrome after influenza infection. One NFKB2 gain-of-func-
tion patient with combined immunodeficiency had significant viral susceptibility 
and developed cytomegalovirus (CMV) enteritis and severe Epstein-Barr virus 
(EBV) in addition to warts and herpes labialis. Maccari et al. [27] reported a fam-
ily with not only NFKB2 loss-of-function mutations but also STAT5a deficiency 
[27]. The index patient in this report developed persistent EBV and CMV viremia. 
The functional immune defects due to the  STAT5A mutation are not yet 

13 NFKB2 Defects



160

delineated; other loss-of- function NFKB2 mutations have not been associated 
with severe EBV or CMV.

13.3.1.3  Bacterial and Parasitic Infections
Aside from more common bacterial respiratory infections noted above, a 5-month- 
old boy developed meningococcal meningitis, was diagnosed with CVID at 7 years, 
and eventually found to have a loss-of-function mutation in NFKB2 [25]. A proband 
with both an NFKB2 p.Arg853* mutation and STAT5A defect (p.R770Q) was 
found to have Toxoplasma gondii encephalitis resulting in optic neuritis and infec-
tious foci in the brain that ultimately resolved with antimicrobial and steroid treat-
ment [27]. Notably, the Nfkb2−/− knockout mouse is susceptible to toxoplasma 
encephalitis [30], though the role of the STAT5a defect in human immunity in the 
human case was not fully understood.

13.3.1.4  Candidiasis
Mucocutaneous candidiasis has been described in both loss-of-function as well as 
gain-of-function defects. Sites involve oral mucosa as well as the nails (onychomy-
cosis). To date, no invasive candidal infections have been described.

13.3.2  Autoimmune Phenomena

Despite the relatively high incidence of ACTH deficiency/central adrenal insuffi-
ciency in loss-of-function NFKB2 defects, no pituitary autoantibodies have been 
detected in this group of patients. However, given the clinical similarities between 
loss-of-function NF-κB2 disease and autoimmune polyglandular syndrome type 1 
due to AIRE mutations, the possibility of a T-cell-mediated defect of thymic toler-
ance cannot be excluded. Conversely, though patients with NF-κB2 defects can 
have antithyroid autoantibodies, not all cases result in clinical hypothyroidism. 
However, interval screening for endocrinopathies involving acquired adrenal insuf-
ficiency, hypothyroidism, and growth hormone deficiency is reasonable. Adrenal 
insufficiency, whether central or peripheral, can result in life-threatening episodes 
of hypoglycemia and seizure. Given how easily the condition is corrected with pre-
ventive and stress dosing of steroids such as hydrocortisone, regular screening for 
development of adrenal insufficiency in NFKB2 defects is well-advised. In the 
report of a boy with loss of function at NFKB2 p.A867Cfs*19, no adrenal insuffi-
ciency was noted [24]. However, less than 3 years later, the child developed ACTH 
deficiency at 4 years of age, in addition to a partial diabetes insipidus (personal 
communication).

Surprisingly, autoimmune cytopenias are not a common occurrence, with only 
one case of immune thrombocytopenia reported [25]. Ectodermal autoimmune dis-
ease is quite common in the loss-of-function cases, as described above.
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13.3.3  Other Organ Disease Manifestations

In addition to being a site of recurrent infections, lung disease manifestations can 
include the development of bronchiectasis, asthma, and lymphocytic interstitial 
lung disease, with or without granulomata. Bronchiolitis obliterans was reported by 
Kuehn et al. [21] in one patient with gain-of-function NFKB2 mutation. A less com-
mon feature, gastrointestinal disease is primarily reported as a noninfectious diar-
rhea, without overt inflammatory bowel disease. Splenomegaly has only been 
reported thus far in the gain-of-function mutations, with at least one case due to 
EBV infection.

A few cases of autoimmune CNS disease, including aseptic meningitis and auto-
immune encephalitis, have been reported. Despite the frequent diagnosis of ACTH 
deficiency, only one patient has been identified to have clinically significant abnor-
mal brain MRI findings near the pituitary gland [20]. Lastly, autoimmune renal 
disease has been described and includes minimal change nephropathy and autoim-
mune proximal tubular acidosis [28, 29].

13.4  Laboratory Features

Regardless of gain-of-function or loss-of-function NFKB2 defects, the majority of 
patients that have been described have hypogammaglobulinemia; most of these 
have defective antibody responses to antigens. All three reported gain-of-function 
affecteds had severe B-cell lymphopenia, whereas B-cell numbers are more highly 
variable in the loss-of-function patients. Many have significantly reduced memory 
B-cell numbers, further supporting the importance of the noncanonical NF-kB 
pathway in B-cell development as well as B-cell survival. In a patient with a 
CVID-like phenotype due to NFKB2 p.Asp865Valfs*17 frameshift mutation, Liu 
et al. [25] found that T follicular helper (Tfh) cell numbers were reduced com-
pared to controls. This finding supports that NF-κB2 is also important in develop-
ment or maintenance of Tfh cells in the peripheral lymphoid organs, which further 
interact with B-cells to allow for development of high-affinity antibodies as well 
as memory B-cells.

Defective lymphocyte proliferation to mitogens (phytohemagglutinin, concana-
valin A, and pokeweed mitogen) has been reported in the NKFB2 gain-of-function 
cases, though with some degree of variability. Lymphocyte mitogen and antigen 
proliferation were normal in an adult combined immunodeficiency patient who 
developed Pneumocystis jirovecii pneumonia [21]. Defective natural killer cell 
cytotoxicity was described by Lougaris et  al. [26], which likely contributes to 
patients’ increased susceptibility to viral infections. In addition, anti-cytokine auto-
antibodies to IL12p40, IL-23, interferon-alpha (IFN-α), IFN-β, and IFN-ϖ have 
been reported in a patient with severe recurrent bacterial and viral infections that 
resolved after rituximab treatment [28]. Neutralizing anti-IFN-ϖ antibodies have 
also been measured in one family in our original report [19] (unpublished data).
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13.5  Diagnosis

Due to the recognition of early-onset hypogammaglobulinemia, ectodermal defects, 
and/or ACTH deficiency in association with monogenic NFKB2 disease, reported 
cases have been identified through next-generation sequencing modalities, includ-
ing exome sequencing or targeted gene panels, and then confirmed through tradi-
tional gene sequencing methods. Family members can then be tested through direct 
sequencing at the specific NFKB2 locus. Commercial gene sequencing of NFKB2 is 
readily available in the United States and Europe either through direct sequencing 
or as part of next-generation sequencing gene panels.

13.6  Management

Overall, the most prevalent treatment used for patients with NF-κB2 immune defects 
involves gammaglobulin replacement to prevent infections. For patients with hypo-
gammaglobulinemia and recurrent infections, intravenous or subcutaneous immu-
noglobulin replacement is needed. In cases of recurrent herpes labialis, antiviral 
prophylaxis with valacyclovir can help prevent recurrences. As Pneumocystis jir-
ovecii pneumonia (PJP) has been described in an NFKB2 gain-of- function patient 
with surprisingly normal lymphocyte proliferation to mitogens and antigens, PJP 
prophylaxis should be considered in patients who exhibit a combined immunodefi-
ciency phenotype. Antibiotic prophylaxis can be used, though does not appear to be 
necessary in all cases. In the case reported by Ramakrishnan et al. [28], a child with 
multiple anti-cytokine antibodies, recurrent viral infections, and recurrent bacterial 
osteomyelitis/septic arthritis was treated with four courses of rituximab. Remarkably, 
this led to clinical improvement as well as cessation of the recurrent deep-seated 
infections. Thus, for patients with high titer or neutralizing levels of anti-cytokine 
antibodies, rituximab and similar anti-B-cell biologics can be considered to reduce 
biologically relevant recurrent infections.

No patients with NFKB2 defects to date have been reported to have undergone 
hematopoietic stem cell transplantation (HSCT). If human NFKB2 mutations do 
result in reduced expression of AIRE in thymic epithelial cells, it is unclear if a 
complete correction of autoimmune features, due to aberrant T cell tolerance, is 
possible. However, a patient with autosomal recessive NIK deficiency (caused by 
mutations in MAP 3K14) had improvement in combined immunodeficiency features 
after allogeneic HSCT [31]. NIK is the protein upstream of NF-κB2 which initiates 
the noncanonical NF-kB pathway phosphorylation cascade. This suggests that 
despite the presence of aberrant secondary lymphoid architecture seen in nonca-
nonical NF-κB defects and aberrant AIRE expression noted in murine models, 
HSCT may at least partially correct the immune disorder which occurs in dysfunc-
tional noncanonical NF-κB pathway signaling due to NFKB2 mutations.
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14The WHIM Syndrome

Giuliana Roselli, Marinos Kallikourdis, and Antonella Viola

14.1  Introduction and Definition

The WHIM syndrome is a rare immunodeficiency characterized by Warts, 
Hypogammaglobulinemia, recurrent respiratory bacterial Infections, and 
Myelokathexis. The latter is defined as an increased retention of mature myeloid 
cells in the bone marrow. Early studies identified that neutrophils in WHIM patients 
are retained in the bone marrow; further, they displayed an aberrant morphology 
with hyper-segmented nuclei [1]. Possibly as a result of the myelokathexis, severe 
peripheral neutropenia [2] and lymphocytopenia [3] were also observed.

We now know that the WHIM syndrome is mostly caused by heterozygous muta-
tions on chromosome 2q21, usually inherited as autosomal dominant trait. The 
mutations truncate the C-terminal tail of the chemokine receptor CXCR4. CXCR4 
is the cognate receptor to chemokine CXCL12, which is the receptor’s unique 
ligand. Chemokines are small chemotactic cytokines, utilized by innate and adap-
tive immune cells to direct their localization, recruitment, and retention [4]. 
Interestingly, work in more recent years has also uncovered that chemokines and 
their receptors are also able to affect immune cell function, in similarity to ligands 
and receptors promoting immune cell activation [5].
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The chemokine CXCL12 is constitutively produced by stromal and endothelial 
cells. The CXCR4-CXCL12 interaction plays a key role in the recruitment of hema-
topoietic progenitors into the bone marrow and in the regulation of lymphocyte 
trafficking within secondary lymphoid organs such as the lymph nodes [6]. Further, 
it has been shown that CXCR4, together with the chemokine receptor CXCR2, are 
essential for controlling neutrophil homeostasis within the bone marrow. CXCR4 
promotes their retention in the bone marrow, while CXCR2 promotes their egress 
from the bone marrow [7]. As a consequence, neutropenia in WHIM was primarily 
considered a problem of neutrophil egress. Similarly, lymphocytopenia may be due 
to aberrant trafficking of lymphocytes caused by their retention in the bone marrow 
and other lymphoid tissues; definitive demonstration of this may require further 
investigation [8].

In the WHIM syndrome, hypogammaglobulinemia mostly refers to decreased 
IgG antibody concentration in the serum but may also affect IgM [9]. Possibly 
linked to the reduced antibody titers, the number of circulating B and T lympho-
cytes is commonly reduced in WHIM patients, with a particular reduction of circu-
lating CD27+ memory B cells [3]. As a possible consequence of the defective B cell 
and antibody responses, infections of the upper respiratory tracts are common [9]. 
Although WHIM patients do not show an increased susceptibility to viral infec-
tions, most of them do report lesions due to human papillomavirus (HPV). Studies 
have suggested a role of CXCR4  in HPV-mediated keratinocyte transformation 
[10]. However, the mechanism underlying the specific susceptibility to HPV is still 
unknown [11].

It should be noted that not all the above symptoms are always simultaneously 
observed in the same WHIM patient [12], though indeed almost all WHIM syn-
drome patients feature mutations in CXCR4 and a majority of the above 
symptoms.

14.2  WHIM-Associated Mutations in Cxcr4

Most WHIM patients harbor somatic mutations in the C-terminal domain of the 
Cxcr4 gene that extend from amino acid position 308–352 [6, 3]. Most of these 
mutations were found to result in a premature stop codon, causing loss of the last 
10–19 amino acids of the receptor. The deletion of the C-terminus has been associ-
ated with defective internalization of CXCR4 after the receptor has bound the 
ligand, CXCL12. Physiologically, this acts as a down-modulator of CXCR4 signal-
ing induced by ligand binding. It is thought that the defective internalization is 
explained by the inability of molecules involved in the promotion of the internaliza-
tion process, such as G protein-coupled receptor 6 (GRK6) and β-arrestin 2, to 
interact with the receptor itself [13, 14]. As a consequence of the lost negative feed-
back loop, the mutations lead to a gain-of-function phenotype, characterized by 
increased intracellular calcium levels and increased chemotaxis upon CXCL12 
binding [3, 15, 16].
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R334X (1013C→G) is the most common mutation. Primary human CD34+ cells, 
transfected with the WHIM-mutant R334X CXCR4, exhibited enhanced chemo-
taxis and calcium levels in response to CXCL12, together with impaired internaliza-
tion [16]. Several other mutations in the CXCR4 receptor have been identified so far 
in WHIM patients, all of them have responsible for the deletion of a portion of the 
C-terminus. These mutations include E343X, S339fs342X, and G336X [3, 6, 9]. In 
addition to truncating mutations, a missense mutation was identified in a family 
with WHIM syndrome. This mutation, E343K (1027G-  >  A), was found to be 
responsible for changes in the charge of the CXCR4 C-terminus, leading to impaired 
negative regulation of the receptor and gain of function [17]. A frameshift mutation 
causing the replacement of the last 24 amino acids of the C-terminus of CXCR4 
with 12 missense amino acids has also been reported. The frameshift occurred at 
codon 329 of the receptor (CXCR4 L329  fs) [18]. A novel sequence variant 
c.966_967delAG of CXCR4 has been recently identified in a Korean child with 
hypogammaglobulinemia, myelokathexis, and recurrent infections, which con-
firmed a diagnosis of WHIM syndrome [19]. In some cases, WHIM symptoms were 
reported in the absence of mutations in CXCR4 [15] thus complicating the clinical 
picture. For example, reduced mRNA level of GRK3, which is a regulator of 
CXCR4 attenuation, was found to be associated with enhanced activity of CXCR4 
and WHIM syndrome in one patient [20].

14.3  WHIM-Related Defects in Innate Immunity: A Problem 
of Neutrophil Retention in the Bone Marrow

Neutropenia is one of the most common symptoms of the WHIM syndrome; reten-
tion of neutrophils with an apoptotic cellular phenotype has been demonstrated in 
the bone marrow of several WHIM patients [2, 21, 22]. As hinted above, the molec-
ular basis of myelokathexis in WHIM has been extensively studied. The generation 
of animal models enabled the demonstration of a direct connection between the 
presence of a WHIM-mutant form of CXCR4 with the retention of neutrophils in 
the bone marrow. For example, NOD/SCID mice were used as recipients of xeno-
transplanted human CD34+ hematopoietic stem cells transduced with the WHIM- 
mutant R334X CXCR4; neutrophils that developed from the transduced CD34+ 
hematopoietic stem cells showed increased retention within the bone marrow and 
higher propensity to apoptosis. The latter was not interpreted as a direct effect of the 
CXCR4 mutation, but rather a consequence of the overaccumulation of neutrophils 
in the bone marrow [23]. A zebra fish model of WHIM syndrome provided further 
in  vivo evidence that neutrophil retention in the hematopoietic compartment is 
CXCL12-dependent [24]. A WHIM knock-in mouse model, bearing the Cxcr4+/1013 
mutant gene, was generated and developed features of the disease such as neutrope-
nia and lymphopenia [25]. The correction of neutropenia via use of the CXCR4 
antagonist, AMD3100, offered further support for a link between WHIM mutations 
in CXCR4 and neutrophil retention in the bone marrow [17, 26].

14 The WHIM Syndrome



170

14.4  WHIM-Related Defects in Adaptive Immunity: Defective 
Lymphocyte Trafficking and Function

Many features of the WHIM syndrome, such as lymphopenia, hypogammaglobu-
linemia, and impaired antibody class-switching, have not been fully elucidated yet. 
These symptoms are mostly related to a defective adaptive immunity. A WHIM 
patient immunized with tetanus-toxoid vaccine displayed an inability to maintain 
the production of specific anti-tetanus-toxoid antibodies for longer than 1 year. A 
severe reduction in both switched and unswitched circulating memory B cells was 
also reported, indicative of a defects in the ability of B cells to receive costimulation 
from T helper cells [3]. Further, the response to immunization to bacteriophage 
ΦX174 was studied in one subject by Mc Guire and colleagues [27]. The antibody 
response was robust after the first immunization, but—even though total immuno-
globulin levels were normal—there was delayed and reduced isotype switching 
after the boost. The patient also displayed oligoclonality in their B cells, examined 
by spectratyping analysis. These observations are compatible with a defective affin-
ity maturation of B cells, a process physiologically occurring during T cell-B cell 
interactions within germinal centers. Another WHIM patient immunophenotyped in 
the same studies also displayed circulating B cell pool with reduced isotype- 
switched memory B cells [27].

Indeed, defects in the initiation of adaptive immune responses were hinted at by 
one of the earliest studies on the disease: in a study published four decades ago, two 
patients suffering of chronic neutropenia and hypogammaglobulinemia showed dis-
rupted germinal center formation in inguinal lymph node biopsies following diphthe-
ria toxin immunization [28]. These findings were recapitulated in the absence of 
immunization conditions in a WHIM knock-in mouse model [25]. Despite neutrope-
nia and lymphopenia, this mouse model displayed normal bone marrow architecture. 
The thymus was found to be deficient in T cells, lymph nodes showed reduced lym-
phatic vascularization, and the spleen contained reduced numbers of naïve B and T 
cells compared to wild-type controls. Primary follicles were reduced in the spleen and 
absent in lymph nodes [25]. The disorganized structure of secondary lymphoid organs 
found in the WHIM knock-in mouse model, even at the steady state, suggested that 
the functional defect of WHIM-mutant T and B cells could be partially explained by 
their mislocalization or by the aberrant spatial orchestration of their interactions.

14.5  WHIM-Mutant CXCR4 as a Regulator of T Cell Activation

We have demonstrated that the chemokine receptors CCR5 and CXCR4 are not only 
involved in the chemotaxis of T lymphocytes but can also modulate their activation. 
CXCR4 acts as a costimulatory molecule during T cell activation by becoming 
recruited at the immunological synapse, the specialized junction formed between T 
cells and antigen presenting cells (APC). At the IS, CXCR4 mediates costimulatory 
signals after being triggered by chemokine ligands produced by the APC with which 
the T cell is interacting [5]. Thus, we supposed that mutations in CXCR4 could have 
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consequences not only on T cell migration but also on their activation and therefore 
on their ability to respond to pathogens. Given the recurring nature of the infections 
in WHIM, any T cell functional defect would help explain the lack of memory 
responses to pathogens. To this end, we investigated the effect of WHIM mutations 
on T cell activation, at the time of formation of the immunological synapse (IS). We 
demonstrated that WHIM-mutant CXCR4, much like wild-type CXCR4, is appro-
priately recruited to the IS when the T cell antigen receptor (TCR) is activated by its 
cognate antigen. Yet, surprisingly, we found that the presence of exogenous CXCL12 
during T cell activation was able to prevent WHIM-mutant but not wild-type CXCR4 
recruitment to the IS. In other words, in the wild type, chemokine produced by the 
APC can lead to costimulation of the T cell, while chemokines arriving from the 
extracellular space have no effect. However, with the hyperfunctional WHIM-mutant 
CXCR4, chemokines that arrive from the extracellular space “distract” the receptor 
away from the IS, as if the migratory function of the mutant receptor is dominant 
over the costimulatory function. A predicted consequence of reduced costimulation 
would be shorter and weaker T-APC interactions, and thus unstable T-APC IS forma-
tion. This was shown ex vivo using human patient samples, as well as in a lymph 
node slice culture 2-photon video microscopy system. In order to obtain unactivated 
WHIM-mutant or wild-type T cells that could be activated on demand, we prepared 
mice expressing WHIM-mutant or wild-type CXCR4 on OVA-antigen-specific T 
cells. To achieve this, we took advantage of the retrogenic technology, where the 
myeloid and lymphoid compartment of mice is generated by reconstitution with 
donor immune cell populations that have been modified via retroviral transduction 
(Holst et al., 2006). Our 2-photon imaging results revealed that the hyperfunctional 
nature of the WHIM-mutant CXCR4 receptor affect the IS formation, leading to 
unstable T-APC interactions. These effects were reversible by treating with 
AMD3100, the CXCR4 antagonist. As a downstream consequence, impaired WHIM 
T cell activation and impaired T cell- dependent B cell functions (antibody class-
switching) were observed after antigen- specific immunization [29].

14.6  WHIM-Mutant CXCR4 as a Regulator of B Cell Activation

The molecular basis underlying the defective B cell responses in WHIM has been 
studied in the WHIM knock-in mouse model following antigenic challenge. 
Immunization with a thymus-dependent antigen revealed that the hyperfunctional 
WHIM-mutant CXCR4 promoted B cell activation and differentiation. In fact, 
despite the reduced number of B cells and germinal centers in the spleen of knock-
 in mice, germinal centers formed correctly after immunization, and B cells differen-
tiated into plasma cells. However, antigen-specific plasma cells did not accumulate 
in the bone marrow – where they normally reside – but rather in the spleen. In paral-
lel, an inability to maintain antigen-specific antibody titers over time was observed. 
Therefore, although the knock-in mice were able to mount an antigen-specific 
immune response, they were not able to maintain this response over time, matching 
findings in earlier human patient studies [30].
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We observed that the reduced B cell frequency in the spleen of WHIM knock-in 
mice was associated with an increased propensity of these cells to undergo apoptosis. 
Yet surprisingly, the frequency of plasma cells, which are the end-products of B cell 
activation, was higher in these mice even in the absence of any immunization. We 
found that the increased plasma cell differentiation was a consequence of a spontane-
ous activation of WHIM-mutant B cells. In similarity to the previously described 
costimulatory effect of CXCR4 on wild-type T cells, we found that CXCL12 was 
able to costimulate WHIM-mutant B cells, possibly contributing to their spontaneous 
activation. Yet, unlike with WHIM-mutant T cells, where WHIM- mutant CXCR4 led 
to a disruption from stable IS formation and reduced strength of activation, WHIM-
mutant B cell activation was boosted by presence of the chemokine. This is most 
likely due to the fact that B cells, unlike T cells, do not require formation of an IS in 
order to receive antigenic stimulation; thus there is no complex IS structure to dis-
rupt, and (soluble) CXCL12 adds a boosting costimulatory signal, enhancing any B 
cell activation that may have arisen from cross-reactions with self-antigens.

Yet, when WHIM-mutant B cells were activated, the CXCL12-mediated costim-
ulation boosted the activation but did not provide the pro-survival signals required 
for optimal B cell function. As a result, more apoptosis was observed in WHIM- 
mutant B cells. Compatible observations were made on WHIM patient B cells [31]. 
Productive B and T cell activation depends on the fine-tuning between signals deliv-
ered by the antigen receptor and the costimulatory molecules. In the absence of 
optimal costimulation, the antigen-activated cell undergoes activation induced cell 
death (AICD) [32]. Thus, these findings suggest an additional reason for the B cell 
lymphopenia in the WHIM syndrome.

We thus speculated that CXCL12 costimulation in WHIM-mutant B cells could 
lead to aberrant activation, which in turn could promote apoptosis. This hypothesis 
was supported by increased Caspase 3/Caspase 7 levels, as well as the reduced 
mRNA levels of the anti-apoptotic molecule Bcl-X in WHIM B cells upon activa-
tion. Given that AICD is dependent on the antigenic stimulation load [33], we 
attempted to reduce the antigenic load during immunization in WHIM knock-in 
mice; the result was better B cell survival and higher number of class-switched 
plasma cells in the bone marrow. While these conclusions cannot be readily trans-
lated to human patients without further work, they do suggest that the optimal 
immunization conditions may be different in WHIM-mutant subjects. Given the 
importance of vaccination for infection prevention in WHIM patients, this could be 
of relevance for the design of more effective vaccination strategies [31].

14.7  Association of the WHIM Syndrome with Other Diseases

14.7.1  Tetralogy of Fallot

Tetralogy of Fallot (TOF) is a genetically inherited cardiac disease featuring pulmo-
nary outflow tract obstruction, ventricular septal defect, overriding aortic root, and 
right ventricular hypertrophy. Some of these features develop at the embryo stage, 
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while hypertrophy occurs as a consequence of pulmonary blood flow obstruction. 
While a number of mutations have been previously identified, a report identified 
three non-related WHIM syndrome patients with TOF. This raises the possibility 
that WHIM-mutant CXCR4 may play a role, along with other factors, in TOF devel-
opment. WHIM-mutant CXCR4 is associated with increased risk of cardiac defect 
development during embryogenesis, while CXCR7, an alternative receptor of 
CXCL12, is known to have a role in cardiac development [34].

14.7.2  Waldenstrom Macroglobulinemia

Waldenstrom macroglobulinemia (WM), a low-grade lymphoma with aberrant 
immunoglobulin secretion, is associated with somatic mutations identified in 
MyD88 (L265P-MyD88) in the malignant cells of 90–95% of patients [35]. MyD88 
triggering activates downstream signals through BTK and IRAK (interleukin-1 
receptor-associated kinase), resulting in NF (nuclear factor)-κB activation, thus 
affecting cell growth and survival. In 27–35% of WM patients, CXCR4 WHIM-like 
mutations are also present in the WM cells [36]; likewise, a case of WHIM syn-
drome has been recently reported featuring a CXCR4 frameshift mutation that 
matches a mutation found in WM patients [18]. WHIM-associated CXCR4 muta-
tions may cause resistance to the standard therapy for WM, which is based on the 
use of ibrutinib, a small-molecule antineoplastic agent that inactivates BTK and 
induces apoptosis. CXCR4 inhibition by AMD3100 partially restored the ability of 
WM cells to respond to ibrutinib treatment in vitro, suggesting that CXCR4 may 
have a clinically important relevance in WM disease [35].

14.8  Therapeutic Regimes for the WHIM Syndrome

Given the ability of AMD3100 to inhibit CXCR4 signaling, it has been suggested as 
a therapy for myelokathexis in WHIM syndrome [37]. The pharmacokinetic fea-
tures of a single injection of AMD3100, as a treatment of WHIM syndrome, was 
evaluated in a phase I safety study by McDermott and colleagues [26] who reported 
increased white blood cell count and the absence of side effects in treated WHIM 
syndrome patients. In a second study, AMD3100 was administered to a group of 
WHIM patients at increasing doses every 2–4 days, leading to an increase in periph-
eral blood leukocyte count in a dose-dependent manner, with a decline within 24 h 
[37]. Again, no side effects were reported [38]. A phase I clinical trial of a long-term 
treatment (6 months) of WHIM syndrome patients with AMD3100 was further con-
ducted by McDermott and colleagues [39]. Results provided evidence for the safety 
of the treatment and efficacy in improving panleukopenia, even at the lowest dose 
tested (0.02  mg/kg, 8% of the FDA-approved dose for stem cell mobilization 
(0.24 mg/kg per day)). This study also offered the first evidence for the usage of 
AMD3100 in the treatment of chronic diseases which require a down-modulation of 
CXCR4 signaling.

14 The WHIM Syndrome
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Current recommendations for WHIM syndrome include vaccinations and antibi-
otics to prevent infections, as well as usage of G-CSF as an immune cell-mobilizing 
agent to combat myelokathexis. Additionally, intravenous immunoglobulin (IVIG) 
injections tare used to treat hypogammaglobulinemia. Unfortunately, G-CSF and 
IVIG are not resolving and are very expensive. A patient under treatment with IVIG 
but still manifesting recurrent infections found a beneficial effect after being trans-
planted with umbilical cord blood [38]. For the treatment of HPV infection, a pro-
phylactic HPV vaccine was administered to a 12-year-old girl with WHIM syndrome 
[11], who was then able to produce HPV-specific antibodies and a cellular immune 
response. Two other patients received vaccination at 3 and 5 years of age and did not 
develop warts afterward [40]. The HPV vaccine, Cervarix, has not been tested yet 
on WHIM patients [41].

An interesting case of chromothripsis, which is the disruption and random 
reassembly of a chromosome, occurred in a 59-year-old woman affected by 
WHIM syndrome. The phenomenon resulted in the loss of the affected 
CXCR4R334X allele and consequent spontaneous resolution of WHIM symptoms. 
This observation suggests that a partial inactivation of CXCR4 in the hematopoi-
etic stem cells may be considered as a therapeutic strategy for the treatment of 
WHIM syndrome [42].

In a report of 60 cases of WHIM syndrome, five deaths were reported: two 
due to lymphoma, one due to advanced HPV-related genital disease, one due to 
bacterial meningitis, and one fetus aborted for cardiac anomaly [40]. The risk of 
developing malignancy or bacterial infections are indeed the most life-threaten-
ing features of the WHIM syndrome. An early recognition of the disease may 
thus lead to administration of preventive therapies that, combined with specific 
antagonists of CXCR4, could potentially improve the life span of WHIM 
patients [38].

14.9  Concluding Remarks

The reports described in this chapter are an elegant example of how the systematic 
deciphering of the physiopathological mechanisms affected by a monogenic disease 
can lead to substantial insight into disease pathogenesis. It is now clear that the 
WHIM mutations in CXCR4 affect both innate and adaptive immunity, as well as 
immune cell localization, activation, and function. The combined result of these 
effects is the multifaceted syndrome observed in WHIM patients. It is interesting to 
note how point mutations in a single chemokine receptor can have a very wide range 
of effects in the orchestration of innate and adaptive responses, testament of the key 
role of these molecules in the defense of our body from pathogens. Yet this same 
central role opens a key opportunity for therapy: as described above, treatment with 
a CXCR4 inhibitor was able to reverse many of the experimentally observed pheno-
types. Indeed, the results in the clinic are accordingly positive; one can only wish 
that future experimentation will bring even further improvements in the therapeutic 
solutions available to WHIM syndrome patients.
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15Class-Switch Recombination Defects

Mirjam van der Burg, Andrew R. Gennery, 
and Qiang Pan-Hammarström

15.1  Introduction: Basic Immunology Section Including  
CSR Mechanism

Class-switch recombination (CSR), also known as isotype switching, is the biologi-
cal mechanism that changes the isotype of an antibody (immunoglobulin) from one 
type to the other (i.e., from IgM to IgG, IgA or IgE). During this process, the con-
stant region of the Ig molecule is replaced, while leaving the variable region, which 
is generated via V(D)J recombination intact. This implies that the antigen specific-
ity of the Ig molecule does not change; however, the effector function and tissue 
distribution of the Ig molecule change as a result of CSR.

15.1.1  Germinal Center Reaction

CSR takes place in activated B-cells in the germinal centers of the lymph nodes 
and tonsils [1, 2]. The immune response starts with transport of antigens to the 
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spleen and lymph nodes by dendritic cells. After antigen uptake, dendritic cells 
become activated and express antigen in the context of MHC class II. Together 
with naïve T-cells, they migrate (in response to CCL19 and CCL21) to the T-cell 
zone of the lymph nodes. Antigen-specific CD4+ T-cells recognize with their 
T-cell receptor (TCR) the MHCII-peptide complex (immunological synapse 1) 
and get activated. This interaction is supported by co-stimulatory molecules and 
adhesion molecules with its ligands. Activated T-cells express CD40L, produce 
several cytokines, differentiate into CD4+ effector T-cells (Tfh cells), and 
migrate to the border of the T-cell zone and the B-cell follicle (see Fig. 15.1 for 
cognate B-T interaction). B-cells that have recognized antigen followed by 
uptake and presentation and MHCII- peptide complex also migrate to this bor-
der, where they can encounter the activated T-follicular helper (Tfh) cells. The 
recognition is based on the interaction between the TCR on the Tfh cell and the 
MHC-II-peptide complex on the B-cell and the co- stimulation via CD40L 
expressed on the T-cell and CD40 expressed on the B-cell (synapse 2). Both 
interactions (signals) are required to fully activate the B-cell under influence of 
cytokines produced by the activated Tfh cells. Subsequently B-cells can prolif-
erate and differentiate in the germinal center. B-cells start proliferating forming 
a dark zone of centroblasts in the germinal center. During this phase the cells 
express AID, which is induced upon NFκFB signaling. AID induces somatic 
hypermutations (SHM) in the variable regions of the Ig molecules thereby 
changing the affinity of the B-cell receptor. The proliferative phase is followed 
by differentiation into nonproliferating centrocytes in the light zone of the ger-
minal center. The light zone consists of a large network of follicular dendritic 
cells (FDCs) that bind long-term antigen-antibody complexes on its cell surface 
via their Fc receptors, which allow presentation of unprocessed antigen to 
B-cells. B-cells with BCRs with the highest affinity can best uptake antigen 
from the FDCs and will express the most MHCII-peptide complex that will lead 
to the best co-stimulation by the Tfh cells, which are also present in the light 
zone. Via this mechanism B-cells with the highest affinity have the best survival 
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(survival of the fittest). Other cells die via apoptosis. Positive selected B-cells 
undergo class-switch recombination (CSR) and become either memory B-cell 
and leave the germinal center, recirculate into the dark zone to start another 
found of proliferation and mutation, or become plasma cell.

15.1.2  SHM and CSR at the Molecular Level

15.1.2.1  Somatic Hypermutation (SHM)
During the germinal center reaction, SHM are induced prior to induction of CSR 
[3]. The first step in SHM is deamination of dC into dU by AID (i.e., activation- 
induced cytidine deaminase) in the rearranged V(D)J exons creating U:G mis-
matches (Fig.  15.2). If replication occurs without repair of these mismatches, 
transitions occur at C:G pairs. However, these mismatches can also be repaired 
via base excision repair (BER) or mismatch repair (MMR). During BER, the dU 
can be recognized and removed by uracil-N-glycosylase (UNG), which creates 
an abasic site that is recognized by BER proteins. Apyrimidinic endonuclease 
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(APE) nicks the phosphate backbone creating a single-strand (ss)DNA gap, 
which is filled by error-prone polymerases (Pol rev1) resulting in transitions and 
transversions at C:G pairs. Alternatively, the U:G mismatch is recognized by the 
MSH2/MSH6 complex, which recruits other MMR proteins, including exonucle-
ase 1 (Exo1), which removes surrounding nucleotides leaving a ssDNA gap. The 
error-prone polymerase η (Polη) fills this gap and inserts random nucleotides at 
A:T pairs. Therefore, repair of U:G mismatches via MMR results primarily in 
transitions and transversions at A:T pairs.

15.1.2.2  Class-Switch Recombination (CSR)
The constant region of the IGH locus consists of several constant regions encoding 
the different isotypes (Cμ, Cδ, Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε, and Cα2), which 
determine the effector functions of the corresponding antibodies (Fig. 15.3a). Every 
constant region is preceded by a switch (S) region. S regions are composed of tan-
dem repeats of G-rich sequences (20–80 bp) with a total length of approximately 
1–12 kb, which are unique for a giving S region [4]. Only Cδ is not preceded by a 
switch region, because it formed upon alternative splicing of IGM-IGD transcripts. 
CSR is initiated by the AID (i.e., activation-induced cytidine deaminase), which 
deaminates dC to become dU in the top and bottom strands of the S regions, which 
are transcriptionally active via germline transcription (e.g., Sμ and Sα; see 
Fig.  15.3b) [5]. Via UNG and APE activity, these AID-initiated ssDNA breaks, 
which are located in close proximity, are then converted into DNA double-strand 
breaks (Fig.  15.3c), which can either be repaired by the non-homologous end- 
joining (NHEJ) pathway or via alternative end joining (aEJ) forming a Sμ-Sα hybrid 
joint [5]. Via this mechanism the constant region can be replaced with a different 
isotype leading to a different effector function while leaving the antigen recognition 
part (i.e., the V(D)J exon) unaffected.

15.2  CSR Deficiencies

Class-switch recombination deficiencies are a heterogeneous group of primary 
immunodeficiencies characterized by normal or increased levels of serum IgM in 
combination with reduced or absence of serum IgG, IgA, or IgE. The former name 
of CSR deficiency was hyper-IgM syndrome. The estimated frequency of CSR 
defects is around 1:500,000 newborns. There are different underlying genetic causes 
of CSR deficiencies, and they can be divided into groups with genetic defects ham-
pering the cognate T-B interaction (CD40L, CD40, and NEMO), a group with 
intrinsic B-cell defects (AID and UNG), and finally a group with DNA repair defects 
involving the non-homologous end-joining (NHEJ) pathway or the mismatch repair 
(MMR) pathway [5–7]. The different CSR deficiencies have their specific immuno-
logical and clinical characteristics, which also require different treatment strategies. 
In the next sections, we describe characteristics of the involved genes and the differ-
ent clinical and pathological findings together with laboratory findings followed by 
a section about treatment and prognosis.

M. van der Burg et al.



183

15.2.1  Defects in T-B Interaction

15.2.1.1  CD40L Deficiency (OMIM 308230) and CD40 Deficiency 
(OMIM 606843)

Genes
The X-linked gene CD40LG (Xq26.3) codes for CD40 ligand, which is a type II 
transmembrane belonging to the TNF protein family. It is expressed on activated 
CD4+ T-helper cells (especially the follicular T-helper cells in the germinal centers) 
as trimer and interacts with constitutively expressed CD40 on B-cells and other 
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Fig. 15.3 (a) Schematic representation of the IGH locus with the different constant regions pre-
ceded by Switch regions (S). S regions which are transcriptionally active (germline transcription) 
are targeted by AID, which induces lesion that result in DNA double-strand breaks. Switch regions 
are joined forming a switch junction. The intervening part is excised as excision circle. Here 
switching from IgM to IgA1 is visualized. (b) AID deaminates dC into dG which results via UNG 
and APE activity into a ssDNA gap. (c) The high density of AID-dependent lesions in a S region 
results in the generation of a DNA double-strand break. Two ends of a switch regions (here Sμ and 
Sα) are repaired via NHEJ or aEJ
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immune cells. CD40 (20q13.12) is a member of the TNF-receptor superfamily 
which is constitutively expressed as trimer on B-cells, on dendritic cells, and on 
monocytes. CD40L-CD40 interaction induces B-cell intracellular signaling, via the 
NFκB signaling pathway and expression of AID and UNG, the two B-cell-specific 
proteins that play a key role in CSR and SHM.

Clinical Presentation
X-linked CD40L deficiency is the most common CSR deficiency, whereas autoso-
mal recessive CD40 deficiency is much more rare. Most patients present in early 
childhood with recurrent upper and lower respiratory tract infections. They have a 
high susceptibility for Pneumocystis jirovecii pneumonia, which is often the first 
clinical finding [6]. This infection is a sign of impaired cell-mediated immunity due 
to abnormal T-cell-monocyte interaction. Respiratory infections with CMV, respira-
tory syncytial virus, Cryptococcus, and mycobacteria have also been reported. 
Protracted diarrhea is another frequently occurring problem, which may require 
parenteral nutrition. Giardia lamblia or Cryptosporidium infections are often asso-
ciated with diarrhea and the latter also with later-onset sclerosing cholangitis, which 
is a severe and often fatal complication. About 50% of the patients develop neutro-
penia, which causes oral ulcers. CD40L and CD40 deficiencies are associated with 
an increased risk of malignancies such as lymphomas, hepato-carcinomas, cholan-
giocarcinomas, and gastrointestinal and pancreatic tumors. Finally, other less fre-
quent complications are hepatosplenomegaly, lymphadenopathy, and autoimmune 
manifestations such as hemolytic anemia, thrombocytopenia, and immune-complex 
(IgM)-mediated nephritis [8].

Laboratory Results
CD40L and CD40 deficiencies have elevated or normal levels of serum IgM with a 
markedly reduced level of IgG and IgA. A low level of IgM does not exclude the 
diagnosis of CD40L or CD40 deficiency. Sometimes normal or elevated IgA levels 
might be observed, which results from the T-cell-independent pathway. In CD40L 
deficiencies CD40L is not expressed on activated T-cells, which can be demon-
strated upon in vitro stimulation with PMA and Ca-ionophore. CD40 expression is 
absent on B-cells of CD40 deficient patients. The number of B-cells is normal; 
however, due to impairment of the T-cell-dependent response, switched memory 
B-cells are absent. However, natural effector/marginal zone B-cells (IgM + IgD + 
CD27+) are present as well as CD27-IgA+ B-cells, which both arise from the T-cell- 
independent pathway [9]. The proliferative response to mitogens such as phytohe-
magglutinin (PHA) is normal, whereas the response to specific antigens is often 
reduced and there is a low production of TH1 cytokines. The absolute number of 
CD4+ and CD8+ T-cells is normal.

Treatment and Prognosis
The number of patients with CD40 deficiency is extremely small, and outcome and 
treatment options are the same as those of patients with CD40L deficiency—they 
will be therefore considered together. The majority of reported cohorts from 
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developed countries are historic, and caution should be taken when inferring current 
outcomes from these historic cohorts, as diagnosis and management has significantly 
changed. Published data from 79 patients in the US registry in the early 2000s 
showed an overall mortality in the cohort of 10%, although the majority of patients 
were <10 years of age and none were >30 years of age. Deaths were from a number 
of causes including pneumonia, encephalitis, and malignancy, with the median age 
of death being 14 years (range 9 months–25 years) [10]. Similar causes of death were 
reported in an historic UK cohort [11]. A more recent report from a Latin American 
cohort of 35 patients confirms that pneumonia was the most common complication, 
but encephalitis was also reported, and three of the four deaths (10% of the cohort) 
were due to central nervous system infections despite immunoglobulin replacement 
[12]. In a small much younger Indian cohort (seven patients, median age 2.6 years, 
range 1.6–8 years), pneumonia remains the most common infection, and no encepha-
litis was reported, although the patients were young [13]. The most recent multi-
center international study of patients with CD40L deficiency reported on 176 patients 
[14]. The median age was 11 years (range, 0.1–60.7 years). Median survival was 
25  years, with no statistical difference between those treated conventionally and 
those receiving hematopoietic stem cell transplantation, although the Karnofsky/
Lansky age performance scores were significantly better in the transplanted group. In 
this cohort, malignancy and hepatic disease were the most common causes of mortal-
ity in the non-transplant group, and there was an annual mortality of 2.2%. A multi-
center international survey of 93 patients transplanted for CD40L deficiency between 
1993 and 2014, from 23 different centers, in 15 countries documented an overall 
survival of 77.4% [15]. Results were better in transplants performed after the year 
2000 (83% overall survival) and in children transplanted when <10  years of age 
(88.7% overall survival). The median follow-up was 4.3 years (range 0.4–17.1 years). 
Survival was 96.1% in patients transplanted with no pre-existing chronic lung dis-
ease and/or liver disease. While many patients were able to discontinue prophylactic 
medication, there were patients who required continued immunoglobulin substitu-
tion because of poor donor chimerism, and 13% rejected the first transplant, pre-
dominantly those who had received reduced intensity conditioning. For patients with 
severe liver disease, hepatic transplant can be performed before hematopoietic stem 
cell transplantation [16]. The most concerning feature about these data is the occur-
rence of potentially fatal complications despite adequate prophylaxis, particularly 
central nervous system infection and cryptosporidial infection leading to sclerosing 
cholangitis and hepatocellular carcinoma. Given that most successful transplants 
occurred in patients <10 years of age, without pre-existing respiratory or hepatic 
disease, and that the Karnofsky/Lansky age performance scores are better, there is a 
strong argument to offer stem cell transplant early to these patients, particularly as 
these will most readily tolerate myeloablative conditioning which is more likely to 
correct the defect. However, this has to be balanced with the potential long-term 
toxicities of chemotherapy, particularly on fertility.

Within the field of primary immunodeficiencies, gene therapy in the form of gene 
addition to defective hematopoietic stem cells using viral vectors is emerging as a 
potential corrective therapy for some types of severe combined immunodeficiency. 
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Correction of CD40L deficiency by gene addition in murine models has led to thy-
mic lymphoproliferative disorders, probably because gene expression needs to be 
tightly controlled [17]. An alternative approach could be to use gene-editing to 
remove the faulty CD40LG gene from peripheral T-cells and replace it with a func-
tional gene, thus restoring function in T-helper cells and enabling T-cell interaction 
with B-cells and antigen-presenting cells. This method has been shown to be effec-
tive in murine models [18], but clinical trials have yet to be developed.

15.2.1.2  NEMO Deficiency (OMIM 300248)

Gene
The IKBKG gene (Xq28) encodes the protein NEMO (NFκB essential modulator), 
which is the founding member of an evolutionarily conserved family of NEMO-like 
kinases that function in numerous cell signaling pathways. NEMO/IKKγ is one of 
the three catalytic subunits of the IKK complex (together with IKKα and IKKβ) 
[19]. NFκB is a transcription factor sequestered in the cytoplasm of resting cells 
through binding to inhibitor of NFκB (IκB) proteins. Upon cell stimulation, IκB are 
phosphorylated by IKK leading to degradation and release of NFκB, which can 
translocate to the nucleus where it can bind DNA and regulate gene transcription of 
genes such as AID and UNG.

Clinical Presentation
Hypomorphic mutations in the X-linked NEMO gene result in ectodermal dysplasia, 
anhidrotic with immunodeficiency (EDA-ID), which is characterized by sparse hair, 
cone-shaped teeth and hypohidrosis with lack of sweating and a tendency to develop 
hyperpyrexia [20]. More severe mutations also result in osteopetrosis and lymphedema, 
but loss-of-function mutations are lethal [21]. Female carriers have signs of incontinen-
tia pigmenti syndrome, characterized by skin abnormalities including blistering rash at 
birth and in early infancy followed by development of wart-like skin growths [19]. 
There are signs of hyperpigmentation occurring in a swirled pattern, which fade with 
time. In adulthood incontinentia pigmenti usually shows lines of hypopigmentation on 
their arms and legs. Other signs are alopecia and dental and eye abnormalities. NEMO-
deficient patients are susceptible to infections with pyogenic bacteria (S. pneumoniae, 
H. influenzae, and S. aureus) and to infections with mycobacteria (M. avium or M. 
kansasii), which causes meningitis, sepsis, arthritis, and osteomyelitis [21, 22]. 
Opportunistic infections with Pneumocystis jirovecii and chronic mucocutaneous can-
didiasis (CMC) have also been reported in a minority of patients. The overall clinical 
presentation is heterogeneous and ranges in severity. This might be caused by the 
nature of the mutation and the level of residual NEMO activity.

Laboratory Findings
NEMO deficiency is immunologically characterized by hypogammaglobulinemia 
in combination with poor antibody response to polysaccharide antigens. Serum IgM 
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or IgA can be increased. NK cell function is reduced, and the T-cell responses to 
mitogens and recall antigens in vitro are variable. T- and B-cell counts in the periph-
eral blood are normal, although the number of memory B-cells can be reduced. 
Persistent lymphocytosis in combination with a normal distribution of T, B, and NK 
cells is also a common finding. In vitro NFκB function can be evaluated by stimula-
tion of peripheral blood mononuclear cells with TLR or IL1R ligands and measure-
ment of IL6 (reduced in NEMO deficiency). Another functional test suitable for 
evaluation of NEMO variants is measurement of degradation of IκB in patient’s 
fibroblast upon stimulation with IL1β or TNFα [23].

Treatment and Prognosis
While the immunological defects in patients with CD40 or CD40L deficiency can 
be simply explained by interruption of ligand to receptor binding and signaling in 
hematopoietically derived cells, and thus restoration of function by replacement of 
defective hematopoietic stem cells, the solution is not so straightforward for patients 
with NEMO deficiency. NF-kB and NEMO are widely expressed in many tissues 
and are involved in many signal transduction pathways, including at least three non- 
hematopoietic pathways. Therefore, while replacement of defective hematopoietic 
stem cells may resolve some immunological features, other manifestations, such as 
lymphedema or ectodermal dysplasia, may remain.

B-cell and antibody deficiencies are the most commonly reported immunological 
abnormalities reported in a cohort of 72 individuals with NEMO deficiency (median 
age 4.6 years, range 0–48 years), of which 50% of patients who were alive were 
receiving immunoglobulin replacement therapy [21]. Twenty-seven patients had 
died (median age 2.75 years, range 0–48 years), and only 15 were >10 years of age. 
Serious viral infection occurred in 21% of patients and opportunistic infections 
occurred in 10%. While most patients do not warrant consideration for hematopoi-
etic stem cell transplantation, one fairly large transplant cohort of 29 patients has 
been described [24]. Median age at transplantation was 3.4  years, range 0.33–
18.8 years. The majority of patients experienced opportunistic infection with myco-
bacterial or fungal species, and many required nutritional support pre-transplantation. 
The overall survival was 74% at 108 months after transplantation with a median 
follow-up of 57 months and an engraftment rate of 93%. Age at transplantation did 
not influence the survival rate, which was better with matched siblings than unre-
lated donors. However, patients receiving stem cells from carrier female relatives 
appeared to have only partial correction of the immunodeficiency. Patients with 
mycobacterial infection had a worse outcome than those without. Some patients 
with colitis pre-transplant did not have resolution of symptoms, and two others 
developed colitis post-transplant, a phenomenon previously reported [25]. These 
observations suggest that the pathogenesis of NEMO deficiency-related colitis may 
involve a non-hematopoietic pathway and that transplantation may not correct IBD, 
possibly reflecting the importance of the NF-κB pathway in intestinal epithelial 
cells for controlling epithelial gut integrity.
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15.2.2  Intrinsic B-Cell Defects

15.2.2.1  AID Deficiency (OMIM 605258)

Gene
Activating-induced cytidine deaminase (AICDA; 12p13.31) is the gene encoding 
AID, which is exclusively expressed in germinal center B-cells. AID is a DNA- 
specific cytidine deaminase, which is involved in the induction of CSR and SHM by 
deamination of cytidine to uracil during transcription of Ig-variable (V) and 
Ig-switch (S) regions (see Sect. 15.1.2). Mutations located in the C-terminal part of 
AID result in severe CSR deficiency while SHM is not affected.

Clinical Presentation
AID deficiency is characterized by recurrent bacterial infections of the respiratory 
tract, mostly due to encapsulated bacteria, which can lead to bronchiectasis [26]. Also, 
gastrointestinal bacterial infections are a prominent feature, which are sometimes 
related to persistent Giardia lamblia infections. Opportunistic infections and neutro-
penia, which are characteristic for CD40 and CD40L deficiency, are not observed 
because in AID deficiency, the T-cell responses are unaffected. Lymphoid hyperplasia 
is a striking feature affecting mainly cervical lymph nodes and tonsils, which may 
even require resection. In addition, arthritis and autoimmune features (hemolytic ane-
mia, thrombocytopenia, and autoimmune hepatitis) are frequently found [8].

Laboratory Findings
AID-deficient patients have normal to elevated serum IgM levels and reduced or 
absent serum IgG and IgA levels. IgM isohemagglutinins and anti-polysaccharide 
IgM are normally present [6, 26]. The total number of T-cells and B-cells is within 
the normal range; however, switched memory B-cells are absent. B-cells are able to 
proliferate in vitro; however, upon stimulation with anti-CD40 and cytokines, they 
do not undergo CSR, which is characteristic for an intrinsic B-cell defect. The level 
of SHM is strongly impaired. The lymphoid hyperplasia can be characterized by 
follicular hyperplasia with giant germinal centers and small mantle zone interfol-
licular area.

15.2.2.2  UNG Deficiency (OMIM 608106)

Gene
Uracil-DNA glycosylase (UNG; 12q24.11) is expressed in germinal center B-cells 
in parallel with AID and removes uracil from DNA molecules via cleaving the 
N-glycosylic bond that has been generated by AID activity. This subsequently 
induces the error-prone base excision repair (BER) pathway of the SHM process, 
which generally results in transitions and transversions at C:G pairs. Mutations in 
the UNG gene result in increased accumulation of genomic uracil [27]. UNG- 
deficient patients have profound impairment in CSR at a DNA precleavage step and 
with a partial disturbance of the SHM pattern [28].
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Clinical Presentation and Laboratory Findings
Only a few patients with UNG deficiency have been described [28]. They described 
patients have susceptibility to bacterial infections of the respiratory tract, cervical 
and mediastinal lymph node hyperplasia, increased serum IgM concentrations, and 
profoundly decreased serum IgG and IgA concentrations. At the time of diagnosis, 
antibody titers to pneumococcal and tetanus antigens were reduced. The T-cell 
counts and functions are normal, including the expression of CD40L on activated 
T-cells. B-cells also proliferate normally; however, they do not undergo class-switch 
recombination. The CSR defect occurs between the switch region transcription and 
induction of DNA double-strand breaks. The frequency of SHM in UNG is unaf-
fected. However, the pattern of SHM is biased toward transitions at G/C pairs (i.e., 
G > A; C > T), whereas the ratio of transitions and transversions at A/T pairs is 
normal [28].

Treatment and Prognosis AID and UNG Deficiencies
There are few patients described with deficiency of AID or particularly of UNG, 
and treatment and prognosis will be considered jointly. Infections in these patients 
are characteristic of those associated with antibody deficiency, in contrast to 
patients with CD40, CD40L, or NEMO deficiency who also experience opportu-
nistic infections [12, 26, 28]. Patients with deficient of AID have also been 
described as having gastrointestinal infections due to giardia. However, in con-
trast to patients with agammaglobulinemia, these patients appear not to experi-
ence enteroviral infections of the central nervous system. Treatment with 
immunoglobulin replacement should resolve the symptoms. AID-deficient 
patients may experience extreme lymphoid hyperplasia, for which surgery may 
provide symptomatic relief. Autoimmunity is also described [29] which may be 
severe and life-threatening and require treatment with anti-CD20 antibody with or 
without other immunosuppression.

15.2.3  DNA Repair Defects

15.2.3.1  Ataxia Telangiectasia (OMIM 208900)

Gene
Ataxia telangiectasia mutated (ATM;11q22.3) is a member of the phosphatidylino-
sitol3 kinase family, which includes DNA-PKcs and ATR, which all function in 
DNA break responses. It exists as an inactive dimer/tetramer that is activated and 
recruited to sites of double-strand breaks. ATM accumulates at repair foci and regu-
lates binding and activation of double-strand break (DSB) repair proteins and sub-
sequent repair of the DSBs. ATM also initiates a cell-cycle checkpoint until repair 
is complete [30, 31]. It responses to DNA damage through phosphorylation of 
essential substrates involved in DSB repair and cell-cycle control. During CSR, 
ATM organizes the repair complex and might contribute to the correct juxtaposition 
of DSBs during the long-range interaction required for accurate switch 
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recombination [32]. However, defective switch to distal constant regions in patients 
with AT could also (in part) be explained by an impaired ability of B-cells to undergo 
multiple successful GC responses [33].

Clinical Presentation
AT is characterized by cerebellar ataxia, oculocutaneous telangiectasias, radiosensi-
tivity, chromosomal instability, a propensity for development of (mainly hemato-
logic) malignancies, growth retardation, and endocrine abnormalities. The 
prevalence of cancer in AT patients is 10–30% [34]. AT patients also have signs of 
immunodeficiency, predominantly antibody deficiency. However the extent and 
severity is highly variable. Classical AT refers to patients with an early-onset dis-
ease (childhood) in contrast to variant AT, which presents at adulthood. A subset of 
patients with classical AT has a severe early-onset hypogammaglobulinemia remi-
niscent of a CSR deficiency [35, 36]. Some patients experience lung infections, 
chronic lung disease, and recurrent infections, which are associated with immune 
deficiency. The majority of infections in childhood are caused by Staphylococcus 
aureus, Haemophilus influenza, and Streptococcus pneumoniae, whereas in older 
patients Pseudomonas aeruginosa is more frequent [37].

Laboratory Findings
The laboratory findings related to CSR deficiency in AT patients are characterized 
by a frequent reduction in serum IgA and IgG subclass levels. Most patients have 
disturbed naïve B-cell and T-cell homeostasis, as evidenced by low cell numbers, 
increased proliferation, a large proportion CD21lowCD38low anergic B-cells, and 
decreased antigen receptor repertoire diversity [33]. AT patients presenting with an 
early-onset hypogammaglobulinemia have impaired formation of T-cell-dependent 
memory B-cells. Sμ-Sa junctions in patients with AT showed increased micro-
homology, whereas the Sμ-Sγ junctions from these patients have severely reduced 
mutations or insertions, indicating that the predominantly used error-prone NHEJ 
pathway in CSR is impaired in patients with AT [38] and the proportion of CSR to 
the distal IGHG2, IGHG4, and IGHA2 constant regions is reduced [33]. However, 
the frequency of SHM in switched transcripts is not reduced in AT.

Treatment and Prognosis
Ataxia telangiectasia is a chronic, progressive disease, with no curative treatment 
available and with which patients face a high risk of infection, malignancy, and 
neurodegeneration. Median survival is into the mid-twenties, with most deaths due 
to chronic lung disease or malignancy [39]. A multidisciplinary team is best placed 
to consider the multidimensional aspects to supportive care and management of 
these patients. The newborn screening test for severe combined immunodeficiency 
detects T-cell receptor recombination excision circles (TRECs) from infant dried 
blood spots. Infants with T-cell lymphocytopenia and ataxia telangiectasia have 
been identified with the SCID newborn screening test in combination with exome 
sequencing [40]. Early diagnosis enables early family education, genetic counsel-
ing, and early, proactive supportive care.
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Bacterial infections predominantly affect the sino-pulmonary tract and can be 
complicated by neuromuscular incoordination leading to aspiration. There is an 
increased risk of autoimmune or chronic inflammatory disease, including idiopathic 
thrombocytopenia, arthritis, and vitiligo, and likely related to the immunodeficiency 
rather than a direct effect of ATM protein dysfunction. There is a relationship 
between propensity to infection, or to development of lymphoid tumors and breast 
cancer, and severity of the mutation, with null mutations associated with a greater 
risk [41, 42]. For patients with antibody deficiency and evidence of recurrent infec-
tion, immunoglobulin substitution should be initiated, with or without antibiotic 
prophylaxis. There should be careful periodic assessment of oro-pharyngeal coordi-
nation, to assess swallowing and avoid malnutrition and aspiration. Use of thick-
ened feeds may help, and placement of a gastrostomy may be required in cases of 
significant neuromuscular dysfunction. Malignancy is particularly challenging in 
these patients, as tumors are often aggressive, but patients are poorly tolerant of 
highly cytotoxic chemotherapy and of radiotherapy. Investigation of symptoms can 
be demanding, as exposure to irradiation should be minimized, alternative imaging 
modalities are used where possible, and areas not relevant to the diagnosis must be 
protected from exposure to radiation. The role of hematopoietic stem cell transplan-
tation is controversial, and most results indicate a poor outcome [43]. However, 
many of these patients are treated for malignancy, and preemptive hematopoietic 
stem cell transplantation may prevent the development of lympho-reticular malig-
nancy and the need for aggressive conditioning—however, such approaches should 
only be considered as part of an approved clinical study, with the recognition that 
successful treatment is unlikely to halt the neurological deterioration. Potential 
future therapies include the use of antisense morpholino oligonucleotides, to correct 
aberrant splicing and allow translation of normal ATM protein [44], or the use of 
aminoglycosides or small molecules for chemical-induced read through of prema-
ture stop codons in ATM to produce some functional protein [45]. However, these 
treatments are some way off clinical use.

Ataxia telangiectasia carriers have one mutated copy of ATM and are healthy. 
However, they appear to have a reduced lifespan due to breast cancer and gastroin-
testinal tract carcinoma and of ischemic heart disease [46]. Female carriers have a 
2.3-fold increased risk for the development of breast cancer as compared to the 
general population [47], with the cumulative risk of breast cancer of approximately 
6% by age 50 years and approximately 30% by age 80 years [48]. Currently, only 
standard breast cancer surveillance (monthly breast self-exams and routine mam-
mography at the usual schedule for age) is recommended unless there is family 
history of breast cancer.

15.2.3.2  Nijmegen Breakage Syndrome (NBS) (OMIM 251260)

Gene
The NBN (Nibrin) gene encoding the NBS1 protein is located at chromosome loca-
tion 8q21.3. It is a member of the MRE11/RAD50/NBS1 (MRN) complex, which 
acts as a marker of DNA breaks as it has been shown to accumulate in large nuclear 
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foci within minutes after DSB formation [49]. It is activated in response to DSBs 
and keeps the two DNA ends in close proximity [50]. A second function of the 
MRN complex is ATM activation [51]. MRN recruits ATM to DNA breaks, which 
results in dissociation of the ATM dimer enabling ATM activity [52]. Furthermore, 
NBS1 is involved in maintenance of chromosomal integrity, telomere stability, and 
cell-cycle checkpoint control [53].

Clinical Presentation
Nijmegen breakage syndrome (NBS) is a rare autosomal recessive inherited condi-
tion, characterized by microcephaly, dysmorphic “birdlike” face, chromosomal 
instability, immunodeficiency, and predisposition to malignancy [54]. Recurrent 
infections are part of the clinical presentation and are mainly found in the upper 
respiratory tract and lungs but also in the urinary tract. Some patients develop bron-
chiectasis and chronic lung disease. Opportunistic infections are not part of pheno-
type. Autoimmune complications were found in a minority of patients and include 
skin changes, ITP, and AIHA [54].

Laboratory Findings
The immunodeficiency in NBS patients is considerably variable and can affect both 
humoral and cellular immunity. Reduced serum IgG and/or IgA levels are frequently 
observed. Sometimes, a normal level of IgG masks an IgG subclass deficiency. IgM 
concentrations are normal in the majority of cases and sometimes even elevated 
[54]. NBS patients can have reduced B- and T-cell numbers. In the B-cell compart-
ment, especially the numbers of naïve and memory, B-cells are reduced, whereas 
the number of natural effector B lymphocytes is increased [55]. The reduction in the 
number of naïve B-cells can be explained by a loss of juxtaposition of RAG-induced 
breaks during V(D)J recombination in bone marrow [56]. Regarding the T-cell com-
partment, the numbers of αβ + T-cells are reduced, but a number of γT+ cells are 
normal. In addition, T-cells from NBS patients show signs of a senescent phenotype 
[57]. Analysis of the CSR pathway in NBS patients showed that the NBS1 protein 
localizes to chromosomal sites of class switching [58] and that the switch junctions 
show an enhanced presence of microhomology [58, 59].

Treatment and Prognosis
Patients with Nijmegen breakage syndrome are at increased risk of immunodefi-
ciency and malignancy. Overall survival probabilities at 5, 10, 20, and 30 years of age 
were 95, 85, 50, and 35% in one large cohort study [54]. Recurrent infections tend to 
be bacterial, affecting the sino-pulmonary tract, and should be treated with appropri-
ate antibiotics—opportunistic infections are generally not a problem. Patients with 
hypogammaglobulinemia can be treated with immunoglobulin replacement. 
Autoimmunity can be severe and should be treated with appropriate immunosup-
pression—anti-CD20 antibody may be required for life-threatening cytopenias.

Malignancy is a leading cause of death [54, 60]. Patients do not tolerate stan-
dard chemotherapy protocols well, and regimens need to be adapted—however, 

M. van der Burg et al.



193

the malignancies are often aggressive [61]. As for patients with ataxia telangiec-
tasia, radiological examination for investigation of malignancy should be judi-
cious and appropriately directed. Hematopoietic stem cell transplantation may 
have more of a role in the management of these patients [43, 60, 62], with sur-
vival of around 75% when reduced intensity conditioning is used. However, 
whether this approach should be routinely or preemptively offered is yet to be 
determined.

While heterozygote carriers are unaffected, they do have an increased risk of 
malignancy, particularly for breast and prostate carcinoma and melanoma [63–65], 
although there is no consensus on screening for these individuals.

15.2.3.3  DNA Ligase 4 (OMIM 606593) and Cernunnos  
(OMIM 611291)

Gene
LIG4 located on 13q33.3 encodes the Ligase 4, which is involved the final ligation 
step of the non-homologous end-joining pathway. The protein forms a complex 
with XRCC4. NHEJ1 gene (non-homologous end-joining factor 1) also called 
Cernunnos or XLF (XRCC4-like factor) is located on 2q35. The XLF protein can 
form a stable complex with XRCC4 where it can bridge DNA ends with its filamen-
tous structure [66]. It binds to DNA and stimulates the XRCC4/ligase IV activity 
[67]. XRCC4 and Cernunnos are both part of the classical NHEJ pathway, which is 
primary mechanism for CSR [5]. XRCC4-deficient patients have impaired CSR, 
however, no clinical signs of immunodeficiency [68–70].

Clinical Presentation
LIG4 deficiency can present with a spectrum of clinical conditions ranging from 
radiosensitive leukemia [71], radiosensitive T-B-SCID [72] to the LIG4 syndrome 
characterized by microcephaly and growth retardation [73] and primordial dwarf-
ism [74, 75]. Cernunnos deficiency presents similarly as the LIG4 syndrome with 
combined immunodeficiency and growth retardation [76]. All patients have recur-
rent respiratory tract infections caused by Pneumocystis jirovecii, CMV, and bacte-
ria [77].

Laboratory Findings
LIG4- and Cernunnos-deficient patients have reduced numbers of peripheral B- and 
T-cells in combination with a normal number of NK cells. The number of B- and 
T-cells is dependent on the severity of the mutation. The number of switched mem-
ory B-cells is reduced in patients with LIG4 syndrome, and the Sμ-Sα junctions 
show dramatic shift in using long microhomologies, suggesting an impaired NHEJ 
during CSR [78]. The Sμ-Sγ junctions however show an increased frequency of 
insertions but no increase in microhomology [78]. In Cernunnos deficiency, CSR is 
also affected, and the junctions show similarities with the junctions of LIG4 syn-
drome patients [79].
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Treatment and Prognosis
There are few patients described with deficiency of Cernunnos, and the phenotype 
is similar to that of patients with DNA ligase 4 syndrome; therefore, treatment and 
prognosis will be considered jointly. For patients presenting with a severe combined 
immunodeficiency phenotype, hematopoietic stem cell transplantation should be 
performed, with best results obtained when reduced intensity conditioning regimens 
are employed, without radiotherapy [43]. Long-term follow-up of these patients 
will be required to monitor for late-occurring complications given the systemic 
nature of the defect, which is uncorrected by transplantation. For patients with less 
severe immunodeficiencies, treatment with immunoglobulin replacement is recom-
mended, with antibiotic prophylaxis as appropriate. Unfortunately, despite this, 
there is a high risk of malignancy [80]. The role of preemptive hematopoietic stem 
cell transplantation is yet to be determined.

15.2.3.4  PMS2, MHL1, MSH2, and MHS6 and Deficiency  
(OMIM 276300)

Genes
PMS2 (postmeiotic segregation increased, S cerevisiae 2) also called mismatch 
repair gene PMSL2 is located on 7p22.1 and is a protein required for mismatch 
repair. MLH1 (MutL homolog 1) is located on 3p22.2. PMS2 and MHL1 can het-
erodimerize to form MutL alpha, part of the DNA mismatch repair (MMR) system. 
The exact role of PMS2-MHL1 in CSR remains unclear; however, it has been shown 
to play a role in inducing DNA double-strand breaks. The other MMR component 
is MutS homolog consisting of MSH2–6. MutS homology 2 gene (MSH2) is located 
on 2p21 and forms a complex with MSH6 (2p16.3), which binds AID-induced mis-
matches in the absence of UNG.

Clinical Presentation
Autosomal recessive mutations in PMS2, MHL1, MSH2, and MHS6 are found in 
patients with constitutional mismatch repair deficiency syndromes (CMMRD). 
CMMRD is a rare pediatric autosomal recessive childhood cancer predisposition 
syndrome with four main tumor types: hematologic malignancies, brain/central ner-
vous system tumors, colorectal tumors and multiple intestinal polyps, and other 
malignancies including embryonic tumors and rhabdomyosarcoma. Heterozygous 
germline mutations in MLH1, MSH2, MSH6, and PMS2 cause Lynch syndrome 
(LS), an autosomal dominant cancer syndrome associated with hereditary nonpol-
yposis colorectal cancer (HNPCC), endometrium carcinoma, and other malignan-
cies, occurring on average in the fourth and fifth decades of life.

Many CMMRD patients show signs reminiscent of neurofibromatosis type I, 
particularly multiple cafe-au-lait macules. It remains unclear whether IgA and/or 
IgG deficiency is a common feature of CMMRD, because severe bacterial infec-
tions do not occur at high frequencies. However, in PMS2 deficiency, defective 
PMS2 has been shown to be associated with impaired CSR [81]. In these patients 
CSR was found partially defective in vivo resulting in reduced serum Ig and reduced 
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numbers of memory B-cells. The SHM frequency was also found to be reduced. The 
CSR defect is characterized by defective occurrence of double-strand DNA breaks 
(DSBs) in switch regions and abnormal formation of switch junctions. No detailed 
immunological laboratory information is available for CMMRD patients.

Treatment and Prognosis
While recurrent bacterial infection may lead to the institution of immunoglobulin 
replacement therapy, the major issue for these patients is development of malig-
nancy in early childhood, predominantly hematological malignancies, brain tumors, 
or early-onset gastrointestinal tumors [82]. T-cell lymphomas are usually the first 
tumors to present, but patients are likely to develop additional tumors. Treatment 
should be directed at specific tumors, but the prognosis is poor, with few patients 
reaching adulthood.
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16Selective IgA Deficiency

K. Sofia Appelberg, Hassan Abolhassani, 
and Lennart Hammarström

16.1  Definition

IgAD was tentatively shown by Giedion and Scheidegger in 1957 [1], but not for-
mally described until 1963 (in patients with Ataxia Telangiectasia) [2]. Today IgAD 
is defined as a serum IgA level of ≤0.07 g/L with normal serum level of total IgG and 
IgM after the age of 4 years [3]. A common observation in IgAD patients is a defect 
in B-lymphocyte maturation and subsequent IgA production [4–7]. However, since 
the mechanism(s) involved in IgAD and the pathogenesis of the diseases is not fully 
known, other defects affecting IgA production, such as impairment of T helper cell 
function and cytokine production, could also play a role [8–10]. Insufficient produc-
tion of IgA can also be caused by the use of selected drugs [11, 12] and hepatitis C 
infection [13]. The latter is often reversible and should, together with other acquired 
causes of hypogammaglobulinemia, be excluded before a definite diagnosis.

IgAD can occur in different forms (Table 16.1): permanent IgAD, with a con-
stant serum IgA level ≤0.07 g/L [3]; partial IgAD, with a IgA level above 0.07 g/L 
but 2 standard deviations below the normal, age-matched level [14]; and transient 
IgAD, where IgA levels normalize after the age of 4 years [15]. Many individuals 
with IgAD are asymptomatic, but approximately one-third have been shown to dis-
play an increased susceptibility to infections, especially in the respiratory and gas-
trointestinal tracts [16–18]. Allergies and atopic manifestations are also more 
common in the IgAD population [19], as well as multiple autoimmune disorders 
such as systemic lupus erythematosus, thyroid disorders, and celiac disease [20, 
21]. In some cases IgAD can progress into common variable immunodeficiency 
(CVID), a more severe form of immunodeficiency [22, 23].
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16.2  Epidemiology

IgAD affects both males and females equally, but the frequency of the disorder var-
ies between ethnic groups. The occurrence of IgAD in the Caucasian population is 
1:600 [24], while the lowest incidence, 1:18,550, is found in East Asia and the high-
est, 1:142, in Saudi Arabia [25–27] (Fig. 16.1). In addition to ethnicity, family rela-
tions also affect the occurrence of IgAD. Observations of familial clustering provide 
evidence for genetic predisposition for IgAD, and family history of IgAD or com-
mon variable immunodeficiency is the most significant risk factor for having IgAD 
[28, 29].

Due to the transient form of the disease and the fact that in some individuals 
normal IgA levels are not reached until the age of 10 [15], the prevalence of IgAD 
in the pediatric population is higher than in adults [30].

Table 16.1 Different forms of IgA deficiency based on levels and development of IgA

Type of IgAD Diagnostic criteria References
Permanent IgAD Serum IgA levels constantly below 0.07 g/L [3]
Partial IgAD IgA level over 0.07 g/L but 2 standard deviations below 

normal, age-matched means
[14]

Transient IgAD Serum IgA levels normalize after the age of 4 years [15]

Frequency of IgAD
>1:500
1:1000-1:500
1:10000-1:1000
1:20000-1:10000

Fig. 16.1 Frequency of IgA deficiency in normal populations across the world. The map has been 
made based on the data extracted from repots of following countries: Austria [126, 127], the USA 
[128–130], France [131, 132], Spain [133], China [134, 135], Sweden [136], Japan [26], Canada 
[137], Nigeria [138], Australia [139], Iran [140], Saudi Arabia [25], Norway [141, 142], Finland 
[143], Czech [144], Turkey [30], Brazil [145, 146], Iceland [147], Estonia [148], Lithuania [149], 
Greece [150, 151], India [152], Israel [153], Portugal [154], Malaysia [155], and the UK [156, 
157]. Figure used and updated by permission from Yazdani et al. [158]
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16.3  Physiology of IgA and Pathogenesis of IgAD

IgA is the predominant immunoglobulin class in the body with a total production of 
IgA around 40–60 mg/kg per day compared to the second most produced antibody 
isotype, IgG, with a total production of 30 mg/kg per day [31, 32]. Most of the IgA 
is produced and secreted by plasma cells in the gastrointestinal tract [33, 34]. Thus, 
IgA is critical for mucosal immunity and maintenance of the intestinal microbial 
homeostasis. Binding to IgA leads to neutralization and prevention of adhesion and 
penetration of toxins and microbes through the mucosa [34–38]. IgA can also acti-
vate the complement system via the lectin pathway by binding of mannan-binding 
lectin, as well as enhance phagocytosis of IgA-antigen complex via interaction with 
Fcα receptors (CD89) on phagocytes [39, 40].

Due to an immature immune system, newborns show low immunoglobulin levels 
but are protected by maternal IgG and IgA transferred via placenta and breast milk 
[41–43]. Secreted IgA can be found in tears or nasal secretion from infants as early 
as day 10–20 after birth [44, 45]. However, serum IgA is almost undetectable at 
birth, and normal levels of serum IgA are reached around the age of 4. In some 
individuals it may take as long as 10–15 years to reach normal serum IgA levels 
[15]. IgA delivery by breast milk is not only important for passive immunity but 
also for immunomodulation and shaping of the gut microbiota [43, 46]. IgA is cru-
cial for regulation of our bacterial flora throughout life, and there is a significant 
difference in the bacterial composition in fecal samples from IgAD patients com-
pared with individuals producing normal levels of IgA.

From our understanding of the mechanisms involved in IgA production, IgAD 
may result from impaired IgA class switching or failure of maturation of IgA- 
producing B-lymphocytes. Therefore, impairment of signaling pathways involved 
in B cell maturation, cytokine and immunoglobulin production, and apoptosis have 
all been suggested to cause IgAD [10, 47, 48]. However, the true pathogenesis of 
IgAD is still unknown, and there might be varying underlying etiologies in different 
patients.

16.3.1  Genetic Basis of IgAD

The majority of IgAD cases occur sporadically, but reports show increased fre-
quency of primary antibody deficiencies in first-degree relatives (i.e., siblings, 
twins, parents, and offspring) is a strong indicator for the involvement of genetic 
components in IgAD [28, 49]. The relative risk for siblings of IgAD patients to be 
affected is 50 times higher compared to siblings of healthy individuals [28], and 
the frequency of IgAD in monozygotic and dizygotic twins is increased as well 
(1:241 and 1:198, respectively, compared to 1:600 in the normal Caucasian popu-
lation) [50].
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Genetic linkage analysis has identified a susceptibility locus on chromosome 6, 
within the major histocompatibility complex (MHC) region [51, 52] (Table 16.2), 
and studies on multiple-affected families with IgAD (and CVID) have shown an 
increased MHC haplotype sharing [29]. More detailed genetic analyses have shown 
that the ancestral human leukocyte antigen (HLA)-A1, B8, DR3, and DQ2 (8.1) 
haplotype is strongly associated with disease development [53, 54]. Interestingly, 
while some MHC haplotypes mediate susceptibility to IgAD, others are linked to 
disease resistance [55].

In addition, non-MHC genes, such as interferon-induced helicase 1 (IFIH1) and 
C-type lectin domain family 16, member A (CLEC16A), have also been associated 
with IgAD [56, 57]. Recent genome-wide association studies have shown linkage to 
IgAD of additional genes, including CTLA4, ICOS, PVT1, ATG13-AMBRA1, and 
AHI1 (Table 16.2) [56–58].

The genetic background to IgAD is complex, and there is not an apparent mode 
of inheritance or cause. Development of IgAD may require the presence of predis-
posing gene(s) in combination with as yet unknown triggering factors.

Table 16.2 Genes associated with IgA deficiency

Region Genes/alleles
Nature of 
association References

MHC-associated genes
MHC class I A1, A28, B8, B14, B44 Susceptibility [49, 110–114]

HLA-B*0801 Susceptibility
HLA-B*1402 Susceptibility

MHC class II DR1, DR3, DR7 Susceptibility [52, 55, 111, 
115–120]HLA-DQB1*02 Susceptibility

DRB1*0102 Susceptibility
DRB1*0301 Susceptibility
DRB1*0701 Susceptibility
DQB1*05 Susceptibility
BTNL2-HLA-DRA Susceptibility
HLA-DQB1 Susceptibility
DRB1*1501 Protective

MHC class III C2 (complement factor 2) Susceptibility [116, 121–123]
C4A (complement factor 
4A)

Susceptibility

CYP21A2 Susceptibility
Non-MHC associated genes
Chromosome 2q IFIH1 Protective [56, 57]

CTLA4, ICOS Susceptibility [58]
Chromosome 8q PVT1 Protective [56, 57]
Chromosome 6q AHI1 Susceptibility [57]
Chromosome 11p ATG13-AMBRA1 Susceptibility [57]
Chromosome 16p CLEC16A Protective [56, 57]
Chromosome 17q TNFRSF13B Susceptibility [124, 125]
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16.3.2  Cytokine Stimulation, IgA Production, and IgAD

The primary site of IgA production is the gut mucosal tissue where switching to IgA 
is the result of cytokines, including Transforming growth factor beta (TGF-β), B 
cell-activating factor (BAFF), and a proliferation-inducing ligand (APRIL), locally 
produced by epithelial cells, dendritic cells, regulatory T cells, and RORγt-positive 
innate lymphoid cells located in the mucosa associated lymph nodes and in the 
lamina propria [59–61]. Furthermore, cytokines, such as interleukin (IL)-4, IL-6, 
IL-7, IL-10, and, most recent, IL-21, have been found to affect IgA production [8–
10, 62]. These results indicate a role for different cytokines in IgA production and 
potential defects in their signaling pathways in the pathogenesis of IgAD. In line 
with this notion, we recently described cytokine-induced IgA production in both 
IgAD patients and healthy controls where stimulation of peripheral blood mono-
nuclear cells (PBMCs) with CD40 ligand (CD40L) and IL-21 induces enhanced 
IgA production. IgA levels in IgAD patients are on average 10% of the levels seen 
in healthy controls [10]. The importance of IL-21 in IgA production, and especially 
intestinal IgA production, has also been demonstrated in a mouse model. Mice lack-
ing IL-21 show impaired IgA production, while IL-21 stimulation of intestinal 
mouse cells increased B cell differentiation and IgA class switching by inducing 
TGF-β and promoted B cells migration by increasing α4β7 expression [63].

While interactions between T- and B-lymphocytes via CD40L and CD40 are 
necessary for T cell-dependent antibody production and class-switch recombina-
tion, BAFF and APRIL, two molecules belonging to the tumor necrosis factor 
(TNF)-family [64], play a role in CD40L- and T cell-independent immunoglobu-
lin production [65–67]. BAFF and APRIL are primarily produced by innate 
immune cells [68], T cells and activated B cells [69, 70]. They share receptors 
binding to B cell maturation antigen (BCMA or TNFRSF17) and transmembrane 
activator and calcium modulator and cyclophilin ligand interactor (TACI or 
TNFRSF13B) [71]. In addition, BAFF can bind to the BAFF receptor (BAFFR, 
BR3, or TNFRSF13C) [71]. These three different receptors are mainly expressed 
on B cells [72, 73].

The importance of APRIL and BAFF in IgA class switching has been demon-
strated in several studies. In APRIL-deficient mice, B and T cell development is 
normal, but the IgA response is significantly impaired [60, 74]. The receptors 
responsible for IgA isotype switching are TACI and BAFFR with TACI being the 
most important [67]. Stimulation of human peripheral B cells with APRIL or BAFF 
in combination with different cytokines (e.g., IL-10 or TGFβ) and/or Toll-like 
receptor (TLR) ligands (e.g., flagellin) results in increased IgA class switching and 
IgA secretion compared with APRIL or BAFF stimulation alone [65, 67, 75, 76]. 
APRIL and BAFF are thus suggested to provide an important link between the 
innate and adaptive immune responses due to their role in T cell-independent IgA 
production. Intestinal epithelial cells and dendritic cells in the intestinal mucosa 
stimulated by TLR ligands or interferons increase their production of APRIL and 
BAFF, which subsequently leads to an increased IgA production [65, 75].
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16.4  Clinical Features

IgAD is generally considered to be a mild disorder. This is due to the fact that most 
patients are clinically asymptomatic and discovered when they volunteer as blood 
donors or seek medical attention for other diseases [77]. Why so many IgAD 
patients are asymptomatic is not fully understood. Even though individuals with 
IgAD produce IgM, IgD, IgG, and IgE, these antibody classes do not fully replace 
IgA functionally in the respiratory [19, 78] and gastrointestinal [79] tracts, so the 
theory of a compensatory mechanism is not completely convincing. In addition, 
some IgAD patients present symptoms, which vary from minor infections to more 
severe complications such as autoimmune disorders or progression to common vari-
able immunodeficiency [21, 22]. The absence or presence of symptoms, as well as 
the differences in the severity of the symptoms, results in a very heterogeneous 
phenotype in IgAD.

Several studies have also demonstrated different types of allergy associated 
with IgAD, including allergic conjunctivitis, rhinitis, urticaria, eczema, food 
allergy, and asthma [18, 19, 77, 80]. In addition, the risk for chronic complications 
and permanent sequels (e.g., nodular lymphoid hyperplasia, bronchiectasis, and 
impaired lung function) increases with age in IgAD patients [81–83]. Predisposition 
to allergic disorders in IgAD individuals may be due to impaired clearance of 
dietary/environmental antigens at mucosal sites, causing an increased permeability 
of macromolecules and proteins into the circulation, thereby facilitating antibody 
production [84, 85].

The prevalence of autoimmunity in IgAD patients is markedly increased and 
ranges from 7 to 36% in the symptomatic IgAD population compared with 3–5% in 
the general population [21, 77]. Systemic lupus erythematosus, type 1 diabetes, 
thyroid disorders, and rheumatoid arthritis are example of autoimmune disorders 
associated with IgAD [21, 86–88].

Anti-IgA antibodies of the IgG class have been observed in 24–32% of IgAD 
patients [89]. The mechanism behind the production of anti-IgA antibodies is 
unknown since it occurs without known exposure to immunoglobulin or other 
blood products including IgA. One hypothesis is that the anti-IgA is produced 
against a protein/epitope expressed on intestinal bacteria that structurally mimic 
IgA. The concern of anti-IgA antibodies in blood transfusions and the potential 
involvement in anaphylactoid transfusion reactions is debated. While some con-
clude that anti- IgA cause anaphylactoid reactions and IgAD patients should there-
fore only receive blood/blood products from IgAD donors [90, 91], others suggest 
that it is not proven that anti-IgA antibodies are the cause of anaphylactoid reac-
tions [92, 93].

Severe forms and allergy clinical phenotypes tend to occur during childhood, 
while mild infections and autoimmunity are usually diagnosed during middle age. Of 
note, it is possible that during the course of disease, asymptomatic IgAD develops 
into symptomatic phenotypes and patients with an initial minor infection phenotype 
may progress to show allergy, autoimmunity, and/or other severe phenotypes.
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16.5  Diagnosis and Laboratory Features

Since the hallmark for IgAD is low or undetectable serum IgA with normal levels of 
IgM and IgG, immunoglobulin measurements are the standard for diagnosis of the 
disease. With the possibility of both progression and reversal of the disease, regular 
evaluation of IgA, IgM, and IgG levels could be suggested for IgAD patients to 
monitor the disease, especially in individuals with recurrent infections, allergic 
manifestation, or autoimmunity. It should be noted though that abnormalities in IgG 
production, with both increased and decreased levels, have been observed in IgAD 
patients [16, 94]. IgAD is occasionally combined with the lack of IgG2, and in these 
individuals the prevalence of infections is enhanced [95]. In addition, patients with 
IgA and IgG2 deficiency are also more likely to produce anti-IgA antibodies [96].

Elevated cytokine plasma levels (e.g., IFNγ, TNFα, IL-2, and IL-10) in IgAD 
patients with autoimmunity have been reported [97]. Furthermore, a significant 
decrease in regulatory T cells (Treg) compared to healthy controls has been observed 
in IgAD patients and particularly those with chronic inflammation [98]. Reduction 
in the proportion of switched memory B cells (CD19+CD27+IgD−) and lower levels 
of IgG have been associated with IgAD in combination with autoimmunity and 
increased frequency of pneumonia [99].

16.6  Management and Treatment

Management of IgAD is determined by the clinical symptoms of the patient, and 
there is no specific curative treatment. For asymptomatic patients, generally, no 
therapeutic intervention is needed, except possibly considering IgA-free blood 
components at blood transfusion to prevent potential anaphylactic reactions due to 
anti-IgA antibodies. Asymptomatic children as well as adults may be monitored for 
changes in their IgA levels and informed about the risks of developing allergies/
autoimmunity [19]. Minor bacterial infections in IgAD patients should be treated 
with antibiotics just as in healthy individuals, and in IgAD patients with atopic 
symptoms, common treatments for allergy could be applied.

In cases of IgAD and autoimmune disorders, IgA antibody-based assays for 
diagnosis of the autoimmune disease can obviously not be used, since it will give a 
false-negative result. However, IgG-based tests or pathological investigation (gas-
trointestinal biopsies) provides alternative approaches [100, 101].

In the cases where it is needed, the primary treatment for IgAD is prophylactic 
use of antibiotics and/or immunoglobulin therapy [102–104]. In case of progression 
to common variable immunodeficiency or addition of IgG subclass deficiency, 
immunoglobulin replacement could be used as treatment, preferably using an 
immunoglobulin brand with a low IgA concentration. Immunoglobulin therapy has 
shown to decrease the incidence of infections in IgAD patients, and with subcutane-
ous administration, no severe reactions due to anti-IgA antibodies have been 
observed [103, 104].
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The induction of IgA production after CD40L stimulation in combination with 
different cytokines [10, 105, 106] has opened up a novel avenue for the develop-
ment of a potential treatment where administration of CD40L and specific cytokines 
could become a new therapy for IgAD.

16.7  Summary

Individuals with IgA deficiency have an increased risk of death the first 10–15 years 
after diagnosis compared to the general population [107]. Additionally, they also 
feel an enhanced fear of contracting infections compared with healthy individuals, 
which significantly correlate with a poorer physical health [108, 109]. There is also 
a difference between asymptomatic and symptomatic IgAD patients when it comes 
to health-related quality of life (HRQL). Based on both physical and mental compo-
nents, the HRQL is significantly reduced in the symptomatic IgAD population, even 
if the phenotype is mild (e.g., infections and/or allergies). Based on these studies, 
IgAD significantly affects the patients HRQL in a negative way. Therefore, it is 
important to continue the research investigating the pathogenesis of IgAD and the 
underlying genetic defect(s) or environmental risk factor(s). By increasing our 
understanding and knowledge regarding the disease clinical prognosis, manage-
ment and treatment strategies can be improved.
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17IgG Subclass and Anti-polysaccharide 
Antibody Deficiency

Esther de Vries

17.1  Definitions

Of all primary immunodeficiencies, predominantly antibody deficiencies (PADs) 
[1] form the largest group. These patients—by definition—do not have relevant 
T-cell deficiency (in laboratory investigations and/or clinically). If they do, they 
belong to another group (e.g., late-onset combined immunodeficiency (LOCID); 
see Chap. 4). In the previous chapters, many PADs of varying severity, mainly 
monogenetic in origin, have been described. Although a lot of questions remain to 
be answered, these entities are well classifiable. Unfortunately, on a population- 
wide basis by far the largest group of PADs is much more difficult to classify. 
Traditionally, common variable immunodeficiency disorders (CVID; see Chap. 3) 
are considered a separate entity, comprising the most severe hypogammaglobu-
linemia patients. However, even for CVID expert opinion varies as to which patients 
with decreased IgG and disturbed specific antibody responses should be classified 
under this diagnosis, some considering combination with decreased IgM or 
decreased IgA sufficient, others only diagnosing CVID in case IgA is decreased  
(± decreased IgM) [2]. Less clear-cut cases are often referred to as “other hypogam-
maglobulinemia” or “dysgammaglobulinemia” and more recently as “unclassified 
primary antibody deficiency (unPAD)” [3]. Within the unPAD group, clinical sever-
ity as well as the results of immunological laboratory investigations and potential 
underlying pathophysiology may differ greatly.
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Over time, subgroups of hypogammaglobulinemia patients have been defined in 
the literature in many ways, often (partially) overlapping each other. The following 
entities have been defined by the Registry Working Party of the European Society 
for Immunodeficiencies ESID [3]:

• IgA/IgGscdef—IgA with IgG subclass deficiency—a combination of sIgAdef 
(see Chap. 16) and sIgGscdef features (see below)

• sIgGdef—selective (isolated) IgG deficiency—decreased IgG with normal IgA 
and IgM (thymoma with IgG deficiency is a separate, well-classified entity; it is 
described in Chap. 18)

• sIgGscdef—selective (isolated) IgG subclass deficiency—≥1 of IgG1, IgG2, and/
or IgG3 subclass deficiency with normal total IgG, IgA, and IgM and normal 
specific antibody responses (isolated IgG4 deficiency is considered clinically 
irrelevant [4])

• SPAD—deficiency of specific IgG/specific antibody deficiency—abnormal spe-
cific antibody responses to polysaccharide antigens with normal IgG, IgG sub-
classes, IgA, and IgM

• sIgMdef—selective (isolated) IgM deficiency—IgM deficiency with normal 
IgG, IgG subclasses, IgA, and specific antibody responses

• unPAD—unclassified antibody deficiency—≥1 of decreased IgG, IgG1, IgG2, 
IgG3, IgA, IgM, or vaccination response, not fitting any of the other definitions 
of primary antibody deficiency (≈ combinations of decreased values and incom-
pletely investigated cases)

All these definitions are solely based upon the results of immunological labora-
tory investigations. It is not clear how useful they really are. There is no consensus 
about the cutoff levels below which the conclusion “deficiency” can be drawn. 
Often words like “marked” or “at least 2SD” are used to indicate that the decrease 
should be large enough to be considered relevant for the clinical situation of the 
patient (age-matched reference values in Table  17.1; these can differ somewhat 
between laboratories). Also, it is important to realize that these definitions can only 
be used to classify a patient if all relevant laboratory investigations included in the 
definition have been performed. Because this is often not the case, and because 
there is currently insufficient evidence that these laboratory-based subgroups have 
clinical relevance, it might be better to combine all these patients under the umbrella 
definition of unclassified primary antibody deficiency (unPAD) [3].

17.2  Epidemiology

Hypogammaglobulinemia can be found at any age; however, the clinical significance 
may differ in different age groups. Newborns produce low levels of immunoglobu-
lins themselves but—when born at term—have high serum IgG levels due to placen-
tal transfer of maternal IgG in the third trimester [6]. Their own production slowly 
increases during the first year of life, while their maternal IgG shows a steady decline. 
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Together, this results in a physiological nadir of IgG at 4–6 months of age [7]. In 
some children, immunoglobulin production matures at a slower rate, resulting in so-
called transient hypogammaglobulinemia of infancy (THI); this is characterized by 
the fact that it resolves with increasing age. There is no consensus about the cutoff 
age after which normalization can no longer be expected. In the past, the age of 3 was 
used as limit, but it seems that it might be as high as 8–10 years. Some but not all of 
these children in fact have an underlying persistent immunodeficiency [8].

Milder hypogammaglobulinemia patients are often missed [9], because of a lack 
of awareness and—even when immunologically screened—incomplete investiga-
tions. Therefore, the true prevalence is unknown. In the literature, around 5–25% 
and 10–25% of patients tested for recurrent respiratory infections are described to 
have sIgGscdef and SPAD, respectively [10, 11]. Truly isolated sIgMdef is probably 
very rare [12]. Estimates using insurance databases in the USA showed a prevalence 
of all primary antibody deficiencies combined of around 1.5–3 per 10,000 [13].

In hypogammaglobulinemic children, there is a slight but significant predomi-
nance of boys [14], whereas this is the case for women in hypogammaglobulinemic 
adults. The reason for this is not yet known.

17.3  Pathophysiology

The five immunoglobulin isotypes (IgA, IgD, IgE, IgG, and IgM) are described in 
more detail in Chaps. 1, 2, and 15. IgG is the most important isotype in the blood; it 
is composed of four different subclasses, IgG1, IgG2, IgG3, and IgG4. IgG1 is the 
largest fraction of IgG; it contains a lot of anti-protein antibodies (e.g., anti-tetanus). 
IgG2 contains a lot of anti-polysaccharide antibodies (e.g., antipneumococcal cap-
sular antigens). IgG3 can also contain anti-protein antibodies. IgG4 is the smallest 
fraction; IgG4 deficiency is considered clinically irrelevant [4]. Immunoglobulins 

Table 17.1 Age-matched reference values for IgG subclasses in serum (g/L)

IgG1 IgG2 IgG3 IgG4

0–1 months 2.4–10.6 0.87–4.1 0.14–0.55 0.039–0.56
1–4 months 1.8–6.7 0.38–2.1 0.14–0.70 0.022–0.36
4–6 months 1.8–7.0 0.34–2.1 0.15–0.80 0.017–0.23
6–12 months 2.0–7.7 0.34–2.3 0.15–0.97 0.012–0.43
1–1.5 years 2.5–8.2 0.38–2.4 0.15–1.07 0.011–0.62
1.5–2 years 2.9–8.5 0.45–2.6 0.15–1.13 0.011–0.79
2–3 years 3.2–9.0 0.52–2.8 0.14–1.20 0.012–1.06
3–4 years 3.5–9.4 0.63–3.0 0.13–1.26 0.015–1.27
4–6 years 3.7–10.0 0.72–3.4 0.13–1.33 0.017–1.58
6–9 years 4.0–10.8 0.85–4.1 0.13–1.42 0.023–1.89
9–12 years 4.0–11.5 0.98–4.8 0.15–1.49 0.030–2.1
12–18 years 3.7–12.8 1.06–6.1 0.18–1.63 0.034–2.3
Adults 4.9–11.4 1.50–6.4 0.20–1.10 0.080–1.40

Source: Vademecum Diagnostisch onderzoek, Sanquin Diagnostiek, 2014, p.101 [5]
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attach themselves to microorganisms (opsonization), facilitating uptake by phago-
cytes. Therefore, immunoglobulin deficiency leads to an increased frequency of 
infections.

It is currently unknown how the different forms of milder hypogammaglobu-
linemia arise. It seems likely that affected patients form a heterogeneous group, 
where several genetic and environmental factors together determine the clinical 
phenotype, severity, and outcome.

17.4  Clinical Features

Hypogammaglobulinemic patients generally present with recurrent “normal” ENT 
and airway infections caused by ordinary bacterial respiratory agents like pneumo-
cocci, Haemophilus influenzae, and Moraxella (Branhamella) catarrhalis. The 
infections can generally be cured by regular antibiotic therapy [14]. When IgA defi-
ciency is also present, gastrointestinal infections with Giardia lamblia are also more 
frequent. However, patients can also be asymptomatic, especially if only IgG sub-
class or IgA deficiency is present. In general, SPAD as well as combinations of 
abnormal laboratory results seem to be associated with more symptoms and more 
sequelae [15]. Specific antibody deficiency against protein antigens is generally 
symptomatic and associated with serious clinical problems.

Most cases do not show a clear Mendelian inheritance pattern; however, affected 
patients can have affected members somewhere in the family with some form of 
hypogammaglobulinemia upon detailed investigation. This can be associated with 
increased incidence of consanguinity [16]. Therefore, it is important to investigate 
family members, at the least by taking a detailed family history.

Chronic fatigue with serious lack of energy is seen in many hypogammaglobu-
linemic patients, often leading to decreased quality of life and less participation in 
society [17]. The recurrent infections may lead to irreversible damage to the middle 
ear, causing hearing loss [18]; the sinuses, causing local obstructive problems [19]; 
and the lungs, causing bronchiectasis with loss of pulmonary function and a further 
increased tendency to develop lower respiratory tract infections [20]. This is already 
found in children [21] and prevalence increases with increasing age [22].

In children, hypogammaglobulinemia should be suspected when the frequency 
of upper respiratory infections does not subside with increasing age. Recurrent 
lower respiratory infections, especially when bacterial in origin, suggest immuno-
logical screening is warranted. When hypogammaglobulinemia is found in a young 
child, this may be THI (see 17.2). Only follow-up over time will show whether this 
is indeed the case. The hypogammaglobulinemia may also worsen over time and 
develop into overt CVID. Unfortunately, currently no absolute predictions can be 
made as to which children that will be. Therefore, follow-up is essential once hypo-
gammaglobulinemia has been diagnosed in a child.

Adult hypogammaglobulinemic patients may be “hidden” among patients with a 
diagnosis of chronic bronchitis, difficult-to-treat asthma, COPD, unexplained bron-
chiectasis, chronic sinusitis, or atypical autoimmunity. Also, in adults hematological 
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malignancy may present with hypogammaglobulinemia. It is important to always 
keep this in mind. In children as well as adults, hypogammaglobulinemia may 
develop during treatment for a hematological malignancy. Especially in adults, it 
is not always clear in those cases which of the two (malignancy or antibody defi-
ciency) is the primary disease.

17.5  Diagnosis and Laboratory Features

Determination of IgG, IgA, and IgM in serum is widely available, but IgG sub-
classes cannot be determined in every country. It is important to draw a sample 
outside of active infections and before administering immunoglobulin substitution 
therapy (this will interfere with the determination of IgG produced by the patient). 
It is important to realize that the lower limit of detection in the laboratory test used 
may overlap the normal age-matched reference values for IgA, IgG3, and IgG4 in 
young children. More sensitive techniques are more expensive, and these are not 
uniformly available.

Determination of vaccination responses is more difficult; techniques to deter-
mine specific antibody titers are generally only present in specialized immunologi-
cal laboratories. It requires comparison between two samples, one taken before and 
one 3–4 weeks after vaccination with a tetanus booster (protein antigen) and uncon-
jugated pneumococcal vaccine (polysaccharide antigen). This should be performed 
and interpreted by an immunologist, and preferably not before 3–4 years of age, 
because of the physiological immaturity of the immune system. Interpretation of the 
results is not straightforward and depends on the age and vaccination history of the 
patient. Moreover, there are no validated age-matched reference values available.

Diagnosing hypogammaglobulinemia as a laboratory phenomenon can thus be 
performed in one or two small blood samples. However, determining when to per-
form these tests and, once done, how to interpret the results is quite another story. 
Many young children present with recurrent ENT and airway infections, especially 
when they visit day care on a regular basis. Also, allergy, parental smoking, bron-
chial hyperreactivity, and adenoidal hypertrophy may play a role in respiratory 
symptoms in children, and a vicious cycle of symptoms, malaise, insufficient diet 
resulting in iron deficiency, viral infections, and superimposed bacterial infections 
may arise [23]. Immunological differential diagnosis in children with recurrent 
ENT and airway infections includes neutropenia (mostly autoimmune, rarely con-
genital) and the rare case of X-linked or autosomal recessive agammaglobulinemia 
(see previous chapters). Other, more rare, non-immunological conditions may also 
be the underlying cause (e.g., cystic fibrosis, ciliary dyskinesia). In adults, smoking, 
asthma, allergy, and COPD are well-known causes of recurrent respiratory symp-
toms. However, these can occur together with antibody deficiency or may be misin-
terpretations of symptoms that are in fact caused by antibody deficiency. It is also 
important to clearly distinguish primary from secondary causes of antibody defi-
ciency such as renal or intestinal protein loss, adverse drug events, and malignancy, 
especially in adults, where secondary forms are much more frequent (Table 17.2).
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A particularly difficult group is formed by children with syndromal abnormali-
ties. When they have recurrent infections, this is generally interpreted as caused by 
abnormal swallowing with aspiration or a result of abnormal airway anatomy. 
Although these factors are often present in these children, many syndromes are 
accompanied by forms of hypogammaglobulinemia of varying severity [24]. 
Recognizing and treating this (with immunoglobulin substitution therapy) may 
greatly increase the quality of life of these children and their families.

17.6  Management and Treatment: Children

Treatment depends on the age of the child, the severity of clinical problems, the fam-
ily history, and the outcome of laboratory investigations [25]. There is not enough 
evidence to support clinical decisions. These are generally taken based on experience 
and expertise, in communication with the parents. It is on the one hand important to 
stress the potential presence of other factors influencing the clinical picture (e.g., day 
care, parental smoking), and on the other hand, it is important to follow up the child. 
It may be THI, but it may also be CVID in development. With increasing age, THI 
becomes less and developing CVID becomes more likely. Bridging these years of 
watchful waiting can be supported by rigorous treatment of occurring infections; tri-
als of antibiotic prophylaxis with, e.g., co-trimoxazole (there is no evidence for this, 
but experts use it widely); or in selected cases a trial of subcutaneous or intravenous 
immunoglobulin substitution therapy (see Chap. 20).

17.7  Management and Treatment: Adults

Treatment in adults depends on the severity of symptoms, the outcome of laboratory 
investigations, the family history, and on the presence or absence of bronchiectasis 
and comorbidities. Active and passive smoking should be discouraged. Also in 
adults, milder hypogammaglobulinemia can be a sign of developing CVID, so fol-
low- up is important. If bronchiectasis is present, antibiotic prophylaxis, with, e.g., 

Table 17.2 Secondary causes of hypogammaglobulinemia

Cause Examples Diagnose by
Drug- induced E.g., steroids, immunosuppressants, 

certain anti-epileptics
History

Infection E.g., HIV, EBV Serology, PCR
Malignancy E.g., CLL, non-Hodgkin lymphoma, 

multiple myeloma
Appropriate lab tests, imaging

Protein loss E.g., nephrotic syndrome, severe burns, 
protein-losing enteropathy

Urinary protein, history, fecal 
alpha-fetoprotein

Source (adapted from): Bonilla FA, et al. International Consensus Document (ICON): Common 
Variable Immunodeficiency Disorders [2]
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doxycycline or azithromycin, may be warranted. Many adults present with a CVID- 
like phenotype, but never develop the full-blown laboratory abnormalities required 
for a diagnosis of CVID. They often also have asthma or COPD, with very frequent, 
prolonged, and severe exacerbations. In those cases, a trial of subcutaneous or intra-
venous immunoglobulin substitution therapy should certainly be considered (see 
Chap. 21). These are complex decisions that should be taken by an experienced 
immunologist.

Summary and Take-Home Messages
1.  Which types of “milder” primary hypogammaglobulinemiaa are encountered in the clinic 

(for definitions see main text)?
    – IgA ± IgG subclass deficiency (see also Chap. 16)
    –  Selective IgG deficiency (≥1 of serum IgG subclasses may be below age-matched 

reference values)
    –  Selective IgG subclass deficiency (decreased IgG4 is considered clinically irrelevant)
    –  Selective IgM deficiency
    –  Selective anti-polysaccharide antibody deficiency
    –  Unclassified primary antibody deficiency: any combination of the above that does not 

fulfil the definition of common variable immunodeficiency disorders (see Chap. 3) and 
that is not explained by a known genetic cause (see previous chapters)

    –  (Unclassified) syndromic immunodeficiency: any of the above alone or in combination, 
with concomitant syndromic features ± a known genetic cause

2.  What is the immunological background?
    •  Immunoglobulins are needed for protection against extracellular, encapsulated bacteria 

such as pneumococci.
3.  What is the typical clinical presentation, and which complications can be expected?
    –  Patients with “milder” hypogammaglobulinemia generally present with recurrent ENT 

and/or airway infections caused by “common” bacterial pathogens like pneumococci, 
Haemophilus influenzae, and Moraxella (Branhamella) catarrhalis.

    –  Infections can generally be cured by regular antibiotics but continue to recur.
    –  Chronic fatigue and lack of energy are often present, with considerable personal and 

societal impact.
    –  Affected individuals can be asymptomatic (especially isolated, selective forms).
    –  Giardia lamblia intestinal infections are more frequent and more difficult to eradicate 

(especially in IgA deficient patients).
    –  Both allergy and autoimmunity can accompany the hypogammaglobulinemia, leading to 

additional problems and loss of quality of life.
    –  Recurring lower respiratory tract infections can lead to bronchiectasis, which can be 

severe, leading to substantial morbidity and decreased life span.
4.  What is the appropriate diagnostic work-up?
    –  Determine serum levels of IgG, IgA, and IgM (any age; take maternal IgG into account 

when interpreting results in young infants).
    –  Determine serum levels of IgG subclasses (not before 3–4 years of age).
    –  Determine anti-polysaccharide antibody titers in serum directed against pneumococcal 

serotypes before and 3–4 weeks after vaccination with unconjugated (polysaccharide) 
pneumococcal vaccine (not before 3–4 years of age; use serotypes not present in 
conjugate vaccines to reach conclusions regarding anti-polysaccharide antibody 
formation).

    –  Always use age-matched reference values that are valid for your laboratory.
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5.  What is the appropriate treatment and follow-up?
    –  Prompt, adequate diagnosis and treatment of infections.
    –  Consider antibiotic prophylaxis (there is currently no conclusive evidence on efficacy, 

choice of antibiotic, or dose, but experts widely use it).
    –  If clinical problems continue, consider referral to an experienced immunologist; such 

patients need repeated immunological evaluations (do not repeat pneumococcal 
polysaccharide vaccination within 5 years), yearly lung function tests including TLCOb, 
and a baseline HRCTc scan of the thorax which is repeated every 2–10 years depending 
on results and severity of symptoms.

    –  In selected cases, subcutaneous or intravenous immunoglobulin substitution can be 
warranted; refer to an experienced immunologist for this.

aIn all cases classified as “milder” primary hypogammaglobulinemia laboratory and/or clinical 
signs of T-cell deficiency (T-lymphocytopenia, T-cell functional defect, opportunistic infections) 
as well as secondary causes (e.g., protein loss, medication) should be absent
bTLCO transfer factor of the lung for carbon monoxide (measurement of diffusion capacity of the 
lung)
cHRCT high-resolution computed tomography (can show bronchiectasis and interstitial lung 
disease)
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18Good’s Syndrome (GS): Thymoma 
with Immunodeficiency

Hans-Hartmut Peter

18.1  Incidence, Etiology, and Pathogenesis

Good’s syndrome (GS) is a very rare disease affecting adults between 40 and 90 years 
of age. The most salient clinical characteristic of GS is the association of thymoma, 
immunodeficiency, and various forms of autoimmunity [1]. How these three pheno-
typic features tie together in etiology and pathogenesis remains even 64 years after 
the first description of GS largely unclear [2]. Two systematic reviews covering 152 
[2] and 47 GS cases [3], respectively, came to similar observations regarding the 
histopathological types of thymoma. Based on the new WHO thymoma classification 
[4, 5], benign A and AB thymomas (formerly spindle cell thymoma, epithelial and 
lymphoepithelial thymomas) make up for >80% of GS associated thymomas, while 
lymphocyte-rich B1 and B2 thymomas amount to 10–12% and malignant thymomas 
to 4–10%. In the Kelesidis cohort [2], diagnosis of thymoma preceded the emergence 
of infections and hypogammaglobulinemia in 42% of the cases, occurred simultane-
ously in 38%, and followed the emergence of symptoms in 20%. The respective fig-
ures in the Chinese cohort [3] were 26, 20, and 54%.

Consecutive large thymoma series from France and Thailand, showing a prepon-
derance of B2 and AB thymomas, outlined a strong association with autoimmune 
diseases (55%), notably myasthenia gravis (39%), and observed GS only rarely [6, 
7]. In the Thai thymoma study [7], the prevalence of autoimmune diseases, immu-
nodeficiency states, and secondary neoplasms was 34.5, 10.3, and 10.3%, respec-
tively. Thymoma patients showed significantly lower percentages of CD4+ T cells 
and interferon-γ production but elevated regulatory T cells compared to healthy 
controls [7].
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A causal relationship between thymoma, severe B cell deficiency (87%), and 
hypogammaglobulinemia (100%) in GS patients has been attributed to pre-B-cell 
suppression by thymoma patients’ lymphocytes [8]. Another case report observed a 
block in early B-cell differentiation [9], but this finding has not been confirmed in a 
larger series nor elucidated at the molecular level. An interferon-like cytokine 
Limitin being produced by bone marrow stroma cell lines has been shown to pref-
erentially suppress early B-cell growth and differentiation [10] rendering it an inter-
esting candidate to link thymus stroma cell hyperplasia to inhibition of early B-cell 
growth.

Low CD4+ T cells counts (73%), low NK cells (57%), and elevated CD8+ T cells 
are common findings in GS [2] and are confirmed in part by the Thai thymoma 
study [7], in which GS was rare. The different prevalence of thymoma histologies in 
both studies may provide some explanation: whereas in cohorts of GS thymomas of 
type AB and A prevail [2, 3], the lymphocyte-rich B2 type is more common in the 
French and Thai thymoma studies [6, 7], which both associate strongly with autoim-
mune diseases but barely with immunodeficiency or GS.

Another interesting case report correlates a thymoma-associated T-cell immuno-
deficiency to an increase of naïve T cells with a reduced ζ-chain (CD247) expres-
sion in the TCR complex of both γδ- and αβ-T cells [11]. The patient presented with 
cutaneous anergy, expansion of γδ-T cells (30%), a polyclonal hypergammaglobu-
linemia, hepatosplenomegaly, lymphadenopathy, and opportunistic infections 
(leishmaniosis), thus a distinctly different phenotype from GS. The thymoma histol-
ogy was B2 with a malignant phenotype requiring cytoreductive chemotherapy. In 
vitro stimulation of naïve CD4+ T cells exhibited a substantially reduced IL2 and 
IFN-γ production. The author did not observe mutations in the ζ-chain. Although 
they found similar reduced ζ-chain expression in three additional thymoma biop-
sies, their findings do not provide a pathophysiological model for GS but underline 
the broad spectrum of possible thymoma-associated immunodysregulation.

18.2  Clinical Presentation of GS

18.2.1  Infections

The clinical picture is dominated by severe, recurrent upper, and lower respiratory 
tract infections with encapsulated bacteria (e.g., S. pneumoniae, H. influenzae, K. 
pneumoniae) typical for hypogammaglobulinemia [2, 3, 12, 13]. In this respect, GS 
resembles X-linked agammaglobulinemia (XLA) or common variable immune defi-
ciency (CVID). However, frequent opportunistic infections, such as CMV, Candida, 
Mycobacteria tuberculosis, Pneumocystis jirovecii, toxoplasma, cryptococcus, dis-
seminated nocardiosis, and JC virus a.o., distinguish GS from XLA and CVID indi-
cating an impaired cellular immunity [12–21]. Table 18.1 lists pathogens that have 
been associated with infections in GS patients.
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Chronic diarrhea is another prominent feature occurring in up to 50% of GS 
patients [2, 22, 23]. Pathogens isolated from these patients comprise enterobacteria, 
Campylobacter jejuni, Salmonella species, Giardia lamblia, and CMV. But in the 
majority of GS patients with diarrhea, no pathogens can be isolated, and the local 
and histological pictures resemble secretory diarrhea or inflammatory bowel disease 
as has been described in CVID patients. Idiopathic diarrhea may improve with 
immunoglobulin substitution and in some cases fully resolved following thymec-
tomy [22, 24].

18.2.2  Autoimmune Disease

As has been mentioned above [6, 7], autoimmune diseases are frequently associated 
with thymomas notably the lymphocyte-rich forms. Not surprisingly, the GS subset 
(thymoma with hypogammaglobulinemia) presents also with a considerable degree 
of autoimmunity [2]. Interestingly, while myasthenia gravis (MG) prevails in thy-
moma without hypogammaglobulinemia [6, 7], pure red cell aplasia (PRCA) with 
and without myelodysplastic syndrome [2, 25–28] and other forms of autoimmune 
anemias (aplastic, macrocytic, autoimmune hemolytic) [2, 14, 28] are the dominant 
autoimmune diseases in GS; together they account for anemic states in over 50% of 
GS patients. In the largest GS cohort [2, 14], PRCA leads the ranking list with 
34.8% followed by MG with 15.7% and oral and vulvovaginal lichen planus [2, 30, 
31] at 13.5% (Table 18.2). Viewing the total spectrum of autoimmune disease in GS, 
it is obvious that bone marrow-associated autoimmune manifestations are prevail-
ing (Table 18.2).

Table 18.1 Pathogens observed in infections of GS patients (ref. 12–21)

Bacteria Fungi Viruses Protozoa
Streptococcus 
pneumoniae

Candida albicans Cytomegalovirus (CMV) Giardia lamblia

Haemophilus 
influenzae

Pneumocystis jirovecii Herpes simplex (HSV) Leishmania

Staphylococcus 
aureus

Toxoplasma gondii Varicella zoster (VZV)

Klebsiella 
pneumoniae

Cryptococcus Human herpesvirus type 8

Moraxella 
catarrhalis

Aspergillus fumigatus JC virus

Salmonella spp.
Campylobacter 
jejuni
Helicobacter pylori
Mycobacteria spp.
Nocardia spp.
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18.3  Laboratory Features of GS

18.3.1  Hematology

Over 50% of GS patients present with various forms of anemia, predominantly PRCA 
[25–28]. A similar percentage of GS patients present with low white blood cell counts 
[3, 32]. Thrombocytopenia has been observed in up to 20% [2, 3, 13]. Multilineage 
pancytopenia seen in GS patients may be driven by bone marrow- infiltrating autoreac-
tive T cells [33]. Pernicious, macrocytic anemia can be associated with atrophic pan-
gastritis and autoantibodies to parietal cells producing intrinsic factor [29]. Regular 
substitution with vitamin B12 is mandatory in these cases. Benign monoclonal gam-
mopathy has been observed in a minority of GS patients [34].

18.3.2  Immunology

The immunological hallmark in GS patients is hypogammaglobulinemia of all 
isotypes associated with low B-cell counts and reduced CD4+ T cells and NK 
cells. Table 18.3 summarizes cumulative findings of 45 patients from the recently 
published Chinese GS cohort [3] and 75 GS patients collected by Kelleher and 
Misbah [13].

Table 18.2 Autoimmune manifestations observed in 89 patients with Good’s syndrome (Adapted 
according to ref. 2, 14)

Autoimmune manifestation associated with 
hematopoietic system Other autoimmune diseases
Pure red cell aplasia (34.8%)

Myasthenia gravis (15.7%)
Oral and vulvovaginal lichen planus (13.5%)

Aplastic anemia (7.9%)
Macrocytic anemia (5.6%)
Autoimmune hemolytic anemia (3.4%)
Monoclonal gammopathy (3.4%)

Diabetes mellitus (2.2%)
Polyarthropathy (2.2%)

Myelodysplastic syndrome (2.2%)
Paroxysmal nocturnal hemoglobinuria (1.1%)
Agranulocytosis (1.1%)
Thrombocytopenia (1.1%)
Idiopathic myelofibrosis (1.1%)

Dermatomyositis (1.1%)
Primary sclerosing cholangitis (1.1%)
Sweet’s syndrome (1.1%)
Ulcerative colitis (1.1%)

61.7% Total 38.0% Total
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18.4  Diagnosis and Differential Diagnosis of GS

Adult-onset acquired immunodeficiency with frequent opportunistic infections 
requires first of all the definite exclusion of HIV infection and idiopathic or acquired 
low CD4 syndromes [35]. However, as hypogammaglobulinemia is untypical in 
these conditions, the most obvious differential diagnosis of GS is CVID or XLA 
which can be distinguished by lower rates of opportunistic infections. The diagnosis 
of thymoma together with hypogammaglobulinemia usually sparks the diagnosis of 
GS particularly when thymoma precedes or occurs simultaneously with symptoms 
of immunodeficiency, which is the case in 46–80% of GS patients [2, 3]. Delayed 
diagnosis of thymoma may obscure the diagnosis of GS for quite some time. Patients 
may be treated for years for various autoimmune diseases, anemia, or hypogamma-
globulinemia before hitting the diagnostic clue with a chest X-ray revealing an 
enlarged anterior mediastinum [2, 36].

18.5  Therapy

Treatment of respiratory tract and gastrointestinal infections require anti-infective 
therapy. As most GS patients are not only hypogammaglobulinemic but lack also spe-
cific antipathogen antibodies, they usually improve with the institution of iv or sc IgG 
replacement therapy. Whenever possible, thymectomy is certainly indicated to estab-
lish the histological diagnosis of thymoma [37]. Moreover thoracic surgeons who 
incidentally remove a thymoma should always test for serum immunoglobulin levels 
and B-cell counts and consult a clinical immunologist to check for autoimmune dis-
eases. Thymectomy often has a beneficial effect on autoimmune manifestations such 
as MG and PRCA or on chronic diarrhea [22, 24]. It may, however, not cure myelo-
dysplastic syndromes. Immunosuppressive drugs such as cyclosporine A or even anti-
thymocyte globulin (ATG) in combination with colony-stimulating factor (G-CSF) 
may be tried to fight CD8+ T cells infiltrating the bone marrow and impeding hema-
topoiesis. In a spectacular case, complete hematopoietic recovery of an aplastic 

Table 18.3 Immunological findings in two cohorts of GS patients [3, 13]

Dong et al. [3] Kelleher [13]
n Percent n Percent

Hypogammaglobulinemia 45/45 100 75/75 100
Low IgG, IgA, IgM 39/45 87 75/75 100
Low/absent B cells 42/42 100 33/38 87
Low CD4+ T cells 37/39 95 9/20 45
Reversed CD4/CD8 ratio 41/42 97 22/30 73
Low NK cell counts 12/13 92 n.d.
Reduced PHA stimulation n.d. 8/20 40
Absent skin DTHa n.d. 12/14 86

aDelayed-type hypersensitivity
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syndrome occurred under Eltrombopag, a thrombopoietin receptor agonist [33]. 
Another inspiring case report concerns a 90-year-old man with a large thoracic mass, 
PRCA, MG, and a history of recurrent HSV infections. Histology of a punch biopsy 
revealed a lymphocyte-rich B1 thymoma. Serum Ig levels and B cells were low con-
firming GS [38]. As the patient was no candidate for surgical thymoma resection, he 
was by way of trial put on rituximab and surprisingly greatly improved his PRCA by 
stabilizing the erythropoiesis. The MG improved under pyridostigmine.

As underlined by many case reports, autoimmune manifestations and hemato-
poietic disturbances are amenable to various, often successful, therapeutic attempts 
including immunosuppressants, cytokines (e.g., G-CSF), thrombopoietin receptor 
agonist, and rituximab. However hypogammaglobulinemia is usually not reverted 
by thymectomy necessitating long-term IgG replacement therapy. The few cases in 
which flow cytometric analysis of blood lymphocyte subsets was performed before 
and after thymectomy did not reveal any significant changes of the low B-cell, CD4 
cell, and NK cell counts [39] indicating that the severe thymoma-induced immuno-
dysregulation is of long-term, persisting nature.

18.6  Prognosis

Given the broad spectrum of complications and opportunistic infections, it is very 
difficult to predict the prognosis of GS patients. If they just suffer from hypogam-
maglobulinemia and infections, they may fare as well as CVID and XLA patients. 
A 20-year single-center survey of 240 patients with CVID, 44 with XLA, and 7 with 
GS [40] suggested that the prognosis of GS is worse than that of CVID and 
XLA. Thus, after 5 and 10 years, 70% and 33% of GS patients, respectively, sur-
vived, compared with 99% and 95% of CVID and/or XLA patients [13, 40]. While 
thymoma itself does not contribute to excess mortality, the main causes of death are 
infections, autoimmune diseases, and hematological complications [13, 40].
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19Differential Diagnosis 
in Hypogammaglobulinemia
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and Federica Pulvirenti

19.1  Hypogammaglobulinemias

Hypogammaglobulinemias are characterized by low or deficient levels of any of the 
immunoglobulins (IgG, IgA, IgM, IgE, and IgG subclasses). This condition repre-
sents a diagnostic challenge for clinicians, due to its association with many patho-
logical entities with different manifestations and outcomes. At the initial evaluation, 
several factors should be considered to correctly recognize the possible cause of 
hypogammaglobulinemia, including age of onset, sex, number and type immuno-
globulin class involved, vaccine responses, clinical manifestations, comorbidities, 
and medications. Clinician must have a high level of suspicion for antibody defi-
ciency for all patients when a serum hypogammaglobulinemia is evident. In the 
registry of European Society for Immunodeficiencies (ESID), the vast majority of 
cases of antibody disorders involve a hypogammaglobulinemia, including common 
variable immunodeficiency disorder (CVID), the most reported one. As described in 
Chap. 3, CVID is characterized by marked decrease of IgG and IgA serum levels, 
recurrent respiratory infections and/or autoimmune features, and impaired vaccine 
response in association with pathological B subset immunophenotype. Some 
patients with a low IgG level and impaired vaccine responses may not fulfill criteria 
for CVID because IgA or IgM level is not low. This form of hypogammaglobu-
linemia with antibody deficiency should be classified as “unspecified IgG defi-
ciency” or “unspecified hypogammaglobulinemia” (see Chap. 17). Alternatively, 
IgG and IgA levels may be low, but vaccine responses may appear normal. In all 
these cases, patients should be assessed repeatedly over time because immunoglob-
ulin levels and antibody function may wane to the point that the above criteria are 
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met and a diagnosis of CVID can be conferred [1]. The age of onset of a serum 
hypogammaglobulinemia should also be taken into account since a physiological 
condition of hypogammaglobulinemia is observed in infants below 2 years of age. 
Thus, before 2 years of age, children with low level of serum immunoglobulins may 
be cautiously defined as having hypogammaglobulinemia and be monitored over 
the time such as most of the patients with hypogammaglobulinemias of infancy can 
normalize IgG values within 2–4 years of age (transient hypogammaglobulinemia 
of infancy) (see Chap. 17). Moreover, serum immunoglobulin levels vary with age, 
so age-specific cutoffs should be used when performing laboratory testing (see 
Chap. 17 for normal values). A basic laboratory work-up that includes testing com-
plete blood count with differential, and measurement of serum immunoglobulin and 
complement levels for human immunodeficiency virus (HIV) antibody, can identify 
children who need further testing and referral to a subspecialist for a suspected 
immunodeficiency disease [2, 3].

In addition to primary antibody defect, hypogammaglobulinemia can be due to a 
broad spectrum of conditions, which can be divided into immunoglobulin produc-
tion diseases such as lymphoid malignancies, infections, and medications and 
immunoglobulin loss diseases such as enteropathies or renal amyloidosis. Due to 
this complexity, at initial evaluation of all patients with low serum immunoglobulin 
level, defined causes of hypogammaglobulinemias must be investigated, according 
to a list of differential diagnosis (Table 19.1), to differentiate primary from second-
ary forms of hypogammaglobulinemia and prescribe treatment when possible.

19.2  Primary Hypogammaglobulinemias

Primary hypogammaglobulinemias are defined as an impaired production of antibod-
ies caused by defects in B-cell number and maturation, reduced survival and activation 
of B cells, and faulty interaction between B and T cells. This condition is an immu-
nological feature common to many primary immunodeficiencies [4, 5]. Differential 
diagnosis of primary hypogammaglobulinemia is quite broad. The laboratory work-
up that should be performed during initial evaluation of suspected primary hypogam-
maglobulinemia should include measurement of serum immunoglobulin levels and 
vaccine responses to a T-dependent and a T-independent antigen. To improve diag-
nostic specificity, flow cytometry analysis of peripheral circulating lymphocytes is 
essential, in order to define T-, B-, and natural killer-cell populations and exclude 
combined immunodeficiency. Measurement of B-cell subsets may also be helpful for 
differentiating CVID from other disorders. Primary immunodeficiencies with autoso-
mal recessive inheritance should be considered in patients with early-onset hypogam-
maglobulinemia mimicking CVID, particularly in a consanguineous family. Thus, the 
differential diagnosis for panhypogammaglobulinemia can vary depending on age of 
onset and includes XLA, transient hypogammaglobulinemia of infancy, autosomal 
recessive B-cell deficiency, X-linked lymphoproliferative syndrome, and combined T- 
and B-cell immunodeficiency with hypogammaglobulinemia and CVID. As general 
rule, lack of B lymphocytes excludes transient hypogammaglobulinemia of infancy 
(Chap. 17) and other causes of primary hypogammaglobulinemias, such as X-linked 
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hyper-IgM (Chap. 15) and X-linked lymphoproliferative disease. Absence of T cells 
directs the work-up toward defects associated with severe combined immunodefi-
ciency. The isolated congenital deficiency of B cells supports the diagnosis of XLA in 
a male subject, but the clinical phenotype can be mimicked by rare mutations in genes 
encoding the μ heavy chain, Igα, Igβ, λ5, B-cell linker (BLNK), leucine-rich repeat-
containing 8 (LRRC8), or the p85α subunit of phosphoinositide 3-kinase (PI3K). 

Table 19.1 List of differential diagnosis in hypogammaglobulinemia

Primary immunodeficiencies
X-linked agammaglobulinemia
CVID and CVID-like disorders
Severe combined immunodeficiency
Hyper-IgM
Selective IgA deficiency
Isolated IgG subclass deficiency
ADA deficiency
Wiskott-Aldrich syndrome
Congenital agammaglobulinemias
Others (LOCID, ICOS deficiency, CD19 deficiency, CD20 deficiency, CD21 deficiency, TACI 
deficiency, LRBA deficiency, BAFF receptor deficiency, TWEAK defects, NFKB2 deficiency, 
WHIM syndrome, thymoma with immunodeficiency, PRKC delta, and PI3K delta-associated 
diseases)
Chromosomal abnormalities
18q syndrome
Trisomy 8
Trisomy 21
Monosomy 22
Secondary hypogammaglobulinemias
B-cell malignancies
Chronic lymphocytic leukemia
Multiple myeloma
Others
Viral infections
Congenital AIDS
EBV
CMV
Drug induced
Steroids
Anti-CD20 therapy and B-cell targeting therapies
Bone marrow transplantation HSCT
Immunosuppressive regimes in solid organ transplantation
Immunosuppressive regimes in autoimmune disease
Antiepileptic drugs
Others
Hypogammaglobulinemia due to reduced Ig half-life
Autoimmune diseases
Protein-losing syndromes
Enteropathy
Lymphangiectasis
Nephropathy
Severe burns
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Details of diagnostic criteria for primary immunodeficiencies with a humoral defect 
are illustrated in other chapters of this volume. A comprehensive search for mutations 
in known primary immunodeficiency genes may be warranted in hypogammaglobu-
linemic patients with unusual clinical features. According to the clinical spectrum of 
clinical manifestations, the age of the patient, and the molecular and immunological 
phenotypes, many of these primary immunodeficiencies should be excluded in this 
differential diagnostic work-up.

19.3  Chromosomal Abnormalities

Several chromosomal abnormalities (chromosome 18q-syndrome, monosomy 22, 
trisomy 8, and trisomy 21) are currently identified as causes of hypogammaglobu-
linemia and can manifest with recurrent infections and mimic CVID. On the other 
hand, patients with genetic abnormalities and recurrent infections should be evalu-
ated for hypogammaglobulinemia, in order to early identify humoral deficiency, 
allow the treatment, and prevent complications and sequelae [6].

19.3.1  18q Syndrome

The incidence of 18q deletion syndrome is reported as 1 in 10,000 live births. The 
characteristic features of the syndrome are short stature, hearing loss, hypotonia, men-
tal retardation, and endocrine disorders, accompanied by autoimmunity. However, the 
pathogenesis of the hypogammaglobulinemia is unclear since no immunoglobulin 
genes are encoded on the 18th chromosome. IgA deficiency is seen approximately in 
24% of patients. Moreover, IgA deficiency has been also reported in other 18th chro-
mosomal abnormalities (ring chromosome 18 and 18q deletion syndrome) as well as 
from 18q deletion syndrome [7]. The immunological deficit was limited to an inability 
to synthesize chains of the IgA molecule in normal amounts and justify the occur-
rence of repeated infections of the respiratory tract [7, 8]. Additionally, in other 
patients, moderate IgM hypogammaglobulinemia has been reported, due to deletion 
of the long arm of chromosome 18.

19.3.2  Trisomy 8

Trisomy 8 is currently identified as a cause of hypogammaglobulinemia and can be 
characterized by recurrent infections, mimicking CVID. Few cases of hypogammaglob-
ulinemia associated with trisomy 8 mosaicism were also described. Immunoglobulin 
levels should be routinely tested in patients with trisomy 8 presenting with recurrent 
sinopulmonary infections, diarrhea, malnutrition, and pernicious anemia. To date, no 
data are available about the link of genes on the chromosome 8 and CVID [9].
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19.3.3  Trisomy 21

Down syndrome is associated with characteristic manifestations of primary 
immunodeficiencies, such as susceptibility to infection, autoimmunity, and a high 
malignancy risk. However, Down syndrome is not considered a primary immuno-
deficiency but rather a syndromic deficiency, due to the relevance of the charac-
teristic neurological delay. Down syndrome individuals may have a high frequency 
of infections, usually of the upper respiratory tract, characterized by increased 
severity and prolonged course of disease, which are partially attributed to defects 
of the immune system. The abnormalities of the immune system associated with 
Down syndrome include mild to moderate T- and B-cell lymphopenia, with 
marked decrease of naive lymphocytes, impaired mitogen-induced T-cell prolif-
eration, impaired specific antibody responses to immunizations, and defects of 
neutrophil chemotaxis associated with infections predominantly of the respiratory 
tract. Recently, a severe reduction of switched memory B cells in Down syndrome 
was demonstrated [10].

19.4  Secondary Hypogammaglobulinemias

The process of generating a different diagnosis in a patient with hypogamma-
globulinemia should include a vigorous search for secondary treatable causes. 
Differential diagnosis could be difficult because of similar clinical aspects in 
primary and secondary forms of hypogammaglobulinemias. Secondary immune 
deficiencies (SID) develop in the course of different diseases and/or as conse-
quence of immune suppressive or immune modulatory treatment. Deficiencies 
may involve innate immunity, adaptive T- and B-cell immunity. Thus, SID 
patients represent a heterogeneous population, including subjects with HIV 
infection, haematological malignancies, malignant solid tumors, hematopoietic 
stem cell transplant (HSCT) and solid organ transplant recipients, patients on 
immune suppressive or immune modulatory treatment for systemic autoimmune 
and inflammatory diseases, and other minor conditions [11]. Given the broad dif-
ferential diagnosis of hypogammaglobulinemia and that primary hypogamma-
globulinemia is often a diagnosis of exclusion, an extensive diagnostic work-up 
should be performed in order to identify a SID (Table 19.2).

Classical conditions of SID due to malignant B-cell lymphoproliferation or con-
ditioning regimes with alkylating agents in transplant recipients are being outnum-
bered by SID conditions caused by an ever-increasing number of therapeutic 
monoclonal antibodies, fusion proteins, and engineered T cells with potential to 
directly or indirectly target the B-cell lineage and plasma cells. With the advent of 
many new potent therapeutic options and their combination with classical drugs, the 
spectrum of hypogammaglobulinemic states caused by innovative treatment strate-
gies has greatly broadened.
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Table 19.2 Diagnostic work-up for the exclusion of secondary immunodeficiencies in patients 
with hypogammaglobulinemias

Physical exam Splenomegaly
Hepatomegaly
Lymphadenopathy
Sings of malnutrition

Symptoms Refractory diarrhea
Chronic cough, sputum, or rhinitis
Dyspnea
Refractory fever

Medical history Number of infections
Similar manifestations in relatives
Age of onset
Diagnosis of chronic diseases, including malignancies
Hospital admissions for infections
Medications

Laboratory 
evaluation

Complete blood count (WBC, RBC, PLT count, Hb)
Blood smear
Biochemistry (LDH, bilirubin)
Complete urine analysis
Stool chemical and physical analysis
Immunoelectrophoresis-serum and urine test
Dosage of serum free light chains
Beta2 microglobulin serum levels
Peripheral Lymphocytes subsets: CD3+, CD3+/CD4+, CD3+/CD8+, 
CD3+/CD4-CD8-; CD19+, CD20+, CD20kappa+, CD20lamda+, CD8+/
CD57+/CD16+
Peripheral B-cell subsets: naïve, MZ, and switched memory B cells

Imaging Chest CT scan: evaluation of nodules, bronchiectasis, consolidation, 
interstitial lung disease, lymph nodes enlargement, mediastinal mass
Abdominal complete ultrasound (or abdominal CT scan): evaluation of the 
spleen, liver diameter and lesions, lymph node number and diameter

Endoscopy Upper gastrointestinal endoscopy with tissue biopsies: to evaluate stomach 
and duodenum
Lower gastrointestinal endoscopy with tissue biopsies: to evaluate ileum 
and colon
Search for Helicobacter pylori, Chlamydia, Campylobacter, Borrelia, and 
CMV by PCR on biopsy specimens

Microbiology Search for CVM, EBV, HIV, HCV, HHV8, and HHV6 by PCR on 
peripheral blood samples
Search for Campylobacter and Protozoa on stool samples

Histology Bone marrow
Lymph nodes
Stomach, duodenum, ileum, colon
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19.4.1  Hypogammaglobulinemia and Malignancies

Immunocompetent patients with cancer can develop immune suppression after che-
motherapy and to post-transplant immunosuppressive therapy. In particular, the find-
ing of a hypogammaglobulinemia is recurrent for patients affected by B-cell chronic 
lymphocytic leukemia (CLL), lymphoproliferative disorders, or plasma cell dyscra-
sias, conditions that must be carefully ruled out at initial evaluation of every patient 
with low immunoglobulin serum levels. Patients suffering from B-cell malignancies 
are prone to acquired hypogammaglobulinemia with specific antibody failure and 
suffer from severe, recurrent, or opportunistic infections, all hallmarks of antibody 
failure. Clinical manifestations can range from recurrent and prolonged respiratory 
or gastrointestinal infections by agents with low pathogenicity to severe life- 
threatening infections. These manifestations are an important cause of morbidity, 
mortality, hospital admissions, and intensive care treatments in this group of patients.

Due to the recurrence of lymphoproliferative disorders in patients with primary 
immunodeficiency such as CVID, it could be difficult to differentiate a hypogam-
maglobulinemia secondary to lymphoma from lymphomas complicating a newly 
diagnosed primary antibody defect. Past medical history positive for recurrent 
infections or hypogammabulinemia, presence of bronchiectasis or other clinical 
features associated to primary antibody deficiency (ie autoimmune diseases) are 
more consistent with malignancy following a primary immunodeficiency. An obser-
vation period after the first finding of hypogammaglobulinemia could also be useful 
for differential diangosis. The diagnosis of lymphoma could be puzzling in patients 
with CVID and other primary antibody deficiency. The histology can be indistin-
guishable from a primary tumor, including absence of EBV antigens on immune 
histology. This may be an important distinction from those lymphoid tumors associ-
ated with another condition confused with CVID, namely, X-linked lymphoprolif-
erative disease, in which EBV-driven tumors are seen. Moreover, it should be noted 
that the histology of lymphoid tissues and bone marrow from hypogammaglobulin-
emic patients without a suspected malignancy varies from microscopically normal 
to grossly abnormal. In addition, the validity of clonality as a marker of lymphoma 
in antibody deficiency is not resolved, as monoclonal proliferations have been 
reported in patients without progression. The histological specimens should be ana-
lyzed by morphological identification, immunostaining, Epstein–Barr virus by in 
situ hybridization to detect EBV-encoded short RNA species (EBER 1 and EBER 
2), TCR and IgH clonality.

19.4.1.1  Hypogammaglobulinemia in Chronic  
Lymphocytic Leukemia

Hypogammaglobulinemia is the most recognized inherent immune defect in patients 
with CLL during their disease course. It occurs in 20–70% of unselected patients 
with CLL, and it is a continuous process developing spontaneously during the 
untreated course of the disease. The incidence increases in patients with advanced 
disease stage and in those with a long disease duration and following 
immunosuppressive therapy. Moreover, infections are the major cause of morbidity 
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and mortality, contributing to 25–50% of deaths. Selected patients with CLL, hypo-
gammaglobulinemia and infections could benefit from Ig replacement treatment 
[12, 13].

19.4.1.2  Hypogammaglobulinemia in Multiple Myeloma
Prevalence of multiple myeloma (MM) is 4–5/10,000 with a predominance of male 
sex. Multiple myeloma is associated with a susceptibility to bacterial infections, 
specifically for encapsulated organisms such as S. pneumoniae. There has been an 
evolution in the spectrum of infections noted, and this has been related to the move 
away from alkylator-based therapies to newer medications such as the purine ana-
logues and monoclonal antibodies that have their own unique impact on immune 
functions.

Hypogammaglobulinemia of the non-monoclonal immunoglobulin heavy 
chain classes has been also reported in monoclonal gammopathy of undetermined 
significance (MGUS) [14]. In adults with antibody deficiency, a bone marrow 
examination might be required to rule out all hematologic malignancies, includ-
ing multiple myeloma and in particular light chain myeloma. The absence of 
defining organ pathology in MGUS raises the possibility that its diagnosis in 
patients presenting with hypogammaglobulinemia—including those diagnosed 
with CVID—could be missed unless a serum protein electrophoresis and serum 
immunofixation are performed. The dosage of serum free light chains was proven 
useful in the differential diagnosis and prognosis of primary and secondary hypo-
gammaglobulinemia [15].

19.4.2  Hypogammaglobulinemia After Bone Marrow 
Transplantation

Allogeneic hematopoietic stem cell transplantation (HSCT) is an established treat-
ment option for many malignant and nonmalignant disorders. In the past two 
decades, peripheral blood stem cells replaced bone marrow as stem cell source due 
to faster engraftment and practicability. As transplant indications and conditioning 
regimens continue to change, whether the choice of the stem cell source has an 
impact on transplant outcomes remains to be determined. HSCT in combination 
with rituximab maintenance therapy might induce persisting hypogammaglobu-
linemia in a considerable number of patients. Hypogammaglobulinemia in particu-
lar appears to be a contributing factor in recurring cytomegalovirus infection in 
organ transplant patients, leading to severe gastrointestinal disease [16].

19.4.3  Congenital AIDS and Other Viral Infections (EBV, CMV)

HIV disease is the most frequent secondary immunodeficiency. It is characterized 
by profound lymphopenia and high susceptibility to opportunistic infections. 
Infection with the human immunodeficiency virus is characteristically associated 
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with hypergammaglobulinemia in both adult and pediatric cases. HIV virus induces 
T-cell lymphopenia by several mechanism: HIV-induced apoptosis, viral cytopathic 
effect, and apoptosis secondary to immune activation. The immunological profile of 
HIV infection is peculiar. In fact, patients show a condition of hypergammaglobu-
linemia in both adult and pediatric cases and a T-cell defect with a difficult to mount 
specific antibody responses to various T-cell-dependent antigens. When infection 
occurs early in development (by transplacental exposure to the virus or from blood 
transfusion in small premature infants), hypogammaglobulinemia can lead to the 
absence of antibody responses on which diagnosis is usually based. Due to the defi-
cient antibody production, children might experience severe recurrent bacterial 
infections, including bacteremia and pneumonia. Moreover, also HIV adult patients 
can show profoundly impaired humoral immunity with hypogammaglobulinemia 
and a high susceptibility to bacterial infections [17].

Congenital and persistent cytomegalovirus (CMV) infection can induce in new-
born neutropenia and other immunologic abnormalities such as decreased serum 
IgG and IgA, depressed T- and B-lymphocyte functions, and decreased natural 
killer activity [18]. Hypogammaglobulinemia is also reported in adult patients with 
disseminate CMV infection. Hypogammaglobulinemia occurring during cytomega-
lovirus infection is transient but deep [19].

Hypogammaglobulinemia is not usually observed during Epstein-Barr virus 
(EBV) infections. Male which developed persistent hypogammaglobulinemia fol-
lowing severe acute infectious mononucleosis have to be evaluated for XLP if other 
immunological abnormalities are observed [20].

19.4.4  Protein-Losing Syndromes (Enteropathy, 
Lymphangiectasis, Nephropathy, Severe Burns)

Excessive serum protein loss from the gastrointestinal tract, from renal tract, and 
from the skin might cause hypogammaglobulinemia. Protein-losing enteropathy 
should be considered in individuals with hypogammaglobulinemia, edema, and 
hypoalbuminemia and in absence of liver or renal diseases. Radiolabeled albumin 
and fecal clearance of alpha 1-antitrypsin have been used for the diagnosis of pro-
tein malabsorption and intestinal losses. Moreover, hypogammaglobulinemia might 
be the underlying cause of an undiagnosed celiac disease, due the lacking of the 
diagnostic serology. In these patients small bowel biopsies have been considered the 
gold standard for the diagnosis [21].

19.4.5  Hypogammaglobulinemia Secondary to Short 
Immunoglobulin Half-Life

Genetic defects in MOGS, the gene encoding mannosyl-oligosaccharide glucosi-
dase (the first enzyme in the processing pathway of N-linked oligosaccharide), 
cause the rare congenital disorder of glycosylation type IIb (CDG-IIb), also known 
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as MOGS-CDG. MOGS is expressed in the endoplasmic reticulum and is involved 
in the trimming of N-glycans. This condition has been described in two siblings 
with CDG-IIb who presented with multiple neurologic complications and a para-
doxical immunologic phenotype characterized by severe hypogammaglobulinemia. 
A shortened immunoglobulin half-life was determined to be the mechanism under-
lying the hypogammaglobulinemia [22].

19.4.6  Drug-Induced Hypogammaglobulinemias

19.4.6.1  Glucocorticosteroids
Glucocorticoid therapy represents the first-line therapy in many disorders, espe-
cially for the treatment of acute exacerbations of the diseases. Its use however has 
been limited by several side effects including infection susceptibility due to second-
ary immunodeficiency. Besides compromising T-cell function, glucocorticoid ther-
apy has also been reported as a cause of secondary hypogammaglobulinemia. While 
an initial drop is common among all patients under glucocorticoid therapy, the 
occurrence of manifest hypogammaglobulinemia additionally depends on pretreat-
ment IgG serum levels. It has been demonstrated that if serum IgG had dropped 
below 5.0 g/L, patients did not recover from hypogammaglobulinemia. Regarding 
glucocorticoid use, daily doses of more than 20 mg for 14 days in individuals (or 
doses >2 mg/kg in children weighing <10 kg) or lower doses over longer periods 
(months to years) may lead to hypogammaglobulinemia. Although hypogamma-
globulinemia with systemic steroid use is well documented, impaired vaccine 
response is more theoretical [23].

19.4.6.2  Cyclophosphamide and Mycophenolate
Mycophenolate and cyclophosphamide therapies are associated with severe 
hypogammaglobulinemia. The lack of immunoglobulins might be explained 
by the high proportion of proteinuric patients, as hypogammaglobulinemia is a 
common finding in patients with nephrotic syndrome. Patients with proteinuria 
should be monitored closely with regard to Ig levels and infections. Especially a 
combination with other immunosuppressive agents, such as atacicept or ocreli-
zumab, has been described to be associated with a higher risk for development 
of severe immunoglobulin deficiency and infections [24]. Prolonged hypogam-
maglobulinemia requiring antibody replacement therapy occurred in 21% of 
ANCA vasculitis patients treated with cyclophosphamide followed by rituximab. 
It could be assumed that hypogammaglobulinemia is also caused by the drugs 
used to treat SLE.  Nevertheless, discontinuation of therapy does not reverse 
hypogammaglobulinemia.

19.4.6.3  Fenclofenac
During treatment with fenclofenac in patients affected by rheumatoid arthritis, 
selective IgA deficiency might develop. The hypogammaglobulinemia is temporary, 
and after withdrawal of drug serum, IgA level returned to normal [25].
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19.4.6.4  Sulfasalazine
Sulfasalazine can induce hypogammaglobulinemia together with thrombocytope-
nia. After stopping the therapy, the serum immunoglobulin levels returned to normal 
level within 3 months [26].

19.4.6.5  Gold Salts
In patients affected by rheumatoid arthritis receiving gold salts, selective IgA defi-
ciency and panhypogammaglobulinemia have been recorded. In some patients 
treated with gold therapy, the immunodeficiency persisted and even required 
replacement therapy [27].

19.4.6.6  Penicillamine
Serum IgA deficiency was described after the onset of D-penicillamine therapy. Special 
immunological examinations revealed a deficiency of the secretory component of IgA, 
while cellular functions of T and B lymphocytes were normal. Regular control of 
serum immunoglobulin levels is mandatory during D-penicillamine treatment [28].

19.4.6.7  Carbamazepine
In patients on long-term carbamazepine therapy, the physician should monitor Ig 
serum levels and the lymphocyte subpopulation. Carbamazepine has been impli-
cated in a variety of immunodeficiency disorders such as agranulocytosis or neutro-
penia, immunosuppressant effects on T cells, absence of B cells, alteration of class 
switch process, impairment of the synthesis of immunoglobulins in B cells, mono-
clonal gammopathy of undetermined significance, and reduced serum IgA and IgM 
with normal numbers of T or B lymphocytes [29].

19.4.6.8  Phenytoin
Panhypogammaglobulinemia mimicking CVID and low levels of mature CD19 + B 
cells may be associated with phenytoin treatment. Patients on phenytoin treatment 
who reported symptoms indicating immunodeficiency lymphocyte subpopulations 
and immunoglobulin levels need to be monitored. Hypogammaglobulinemia is 
always reversible after stopping therapy [30].

19.4.6.9  Valproic Acid
Antibody failure due to valproic acid has been recently reported. This histone 
deacetylase inhibitor can inhibit early B-cell differentiation and activation leading 
to hypogammaglobulinemia [31].

19.4.6.10  Hypogammaglobulinemia After B-Cell Targeting 
Therapies (Directly or Indirectly Targeting B-Cell 
and Plasma Cells)

Patients receiving B-cell-directed therapies, particularly when in combination with 
cytotoxic drugs, are prone to develop SID, which may involve transient or long- 
lasting impairment of humoral and cellular immunity. The leading clinical symp-
toms are severe, recurrent, or opportunistic infections. Well known is therapeutic 
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B-cell depletion by rituximab, a monoclonal antibody against the protein CD20. 
CD20 is expressed on pre-B and mature B-lymphocytes but not on pro-B cells or 
plasma cells. Although not affecting plasma cells directly, the use of anti-CD20 in 
the setting of non-hematological conditions (e.g., autoimmune cytopenias, rheu-
matoid arthritis, desensitization prior to solid organ transplantation) has extended 
the spectrum of SID following anti-CD20 therapy. Indeed, prolonged anti-CD20 
therapy, particularly when in association with preceding chemotherapy, consider-
ably increases the risk of hypogammaglobulinemia [32–34].

In the last years, the number of patients with SID is rapidly increasing because 
of the rapid development of highly effective new drugs. Therapeutic B-cell targeting 
has become more and more popular to overcome various autoantibody-mediated 
clinical conditions. Agents are therapeutic monoclonal antibodies with specificities 
for CD20, CD22, IL6-receptor, BAFF have been recently released, and other are 
under ongoing phase I/II studies. This, together with a widening of clinical indica-
tion in B-cell malignancies, warrants a heightened vigilance with respect to recur-
rent severe infections. A list of therapeutic monoclonal antibodies potentially 
capable of inducing a secondary hypogammaglobulinemia is reported in Table 19.3.

Table 19.3 Therapeutic monoclonals potentially capable of inducing a secondary 
hypogammaglobulinemias

Target Molecule Mechanism Indication Ref.

CD20 Rituximab Depletion of B-cells 
expressing the CD20 
antigen

B-NHL and RA [32–
34]

Ibritumomab 
tiuxetan

Targeting CD20+ cells 
by binding to CD22+ 
follicular B cells and 
destroying through 90 
Yttrium (ß-radiation- 
emitting isotope)

Refractory, relapsing B-NHL as 
consolidation therapy after 
remission induction in previously 
untreated patients with follicular 
lymphoma; adult patients with 
rituximab relapsed or refractory 
CD20+ follicular B-cell NHL

[35]

Obinutuzumab Depletion of CD20 B 
cells

Refractory CLL; follicular 
lymphoma

[36]

Ofatumumab Depletion of CD20 B 
cells

Previously untreated CLL [37]

Ocrelizumab Depletion of CD20 B 
cells

MS (phase II)
RA and SLE (phase III)

[38]

BAFF Belimumab Neutralizing soluble 
BAFF

Non-renal forms in SLE [39]

Tabalumab Neutralizes membrane-
bound and soluble 
BAFF

[40]

Blisibimod Blocking soluble and 
membrane expressed 
biologically active 
BAFF

(Ongoing studies for patients 
affected by SLE, RA, SS, and 
myositis)

[41]

CD3/
CD19

Blinatumomab Targeting and 
promotion of the links 
between cytotoxic T 
cell and malignant 
CD19+ B cells

Philadelphia chromosome negative 
relapsed or refractory B-precursor 
ALL

[42]
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Table 19.3 (continued)

Target Molecule Mechanism Indication Ref.

CD22 Epratuzumab Targets CD22 by 
inhibiting the 
production of the 
pro-inflammatory 
cytokines IL-6 and 
TNF-α by B cells, but 
not the regulatory 
cytokine IL-10

SLE (phase III), in refractory 
aggressive B-NHL (phase II)

[43]

Inotuzumab Binds to the 
endocytotic receptor 
CD22, expressed by 
majority of B cells

Acute B-ALL [44]

Moxetumomab 
pasudotox

Targeting CD22 
conjugated to toxin 
composed of the VH 
and VL portions of an 
anti-CD22 antibody 
connected by a disulfide 
bond and fused to a 
truncated form of 
Pseudomonas exotoxin

Hairy cell leukemia and 
B-lymphoblastic leukemia/
lymphoma B-ALL (phase III 
clinical trials)

[45]

CD19 CD19-targeted 
chimeric antigen 
receptor 
transduced T cells

Killing CD19 
expressing ALL cells

Refractory ALL, after HSCT [46]

CD25 Daclizumab, 
Basiliximab

Binding CD25 on T 
cells

Acute GvH reaction in allograft 
recipients, allograft rejection, MS, 
and in T-cell leukemia

[47]

CD52 Alemtuzumab Binding CD52 and 
promoting the 
cytotoxicity of CD52 
bearing cells

CLL, MS, CTCL, T-cell lymphoma [48]

IL6R Tocilizumab Binding-soluble and 
membrane-bound 
IL-6R, blocking the 
IL-6/IL-6R interactions, 
critical for B-cell 
differentiation, plasma 
blast growth, and 
plasma cell IgG 
production

RA, systemic juvenile idiopathic 
arthritis

[49]

FcRn Inhibition of the 
capability of neonatal 
Fc receptor in salvaging 
IgG from lysosomal 
degradation

(Phase I studies) [50]

TACI Atacicept Binding TACI and 
neutralizing soluble 
April and BAFF, 
impairing B-cell 
differentiation

Ongoing studies in SLE, RA and 
MS already showing a severe 
hypogammaglobulinemia in treated 
patients

[51]
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19.4.6.11  Hypogammaglobulinemia After Immunosuppressive 
Regimes in Solid Organ Transplantation

Hypogammaglobulinemia has been proposed to be a risk factor for infection after 
solid organ transplantation. In heart transplant recipients, infection is a leading 
cause of morbidity and mortality. In orthotropic liver transplant recipients, hypo-
gammaglobulinemia was observed in 26% of the individuals, and it was strongly 
associated with mortality. Moreover, severe hypogammaglobulinemia during the 
first year post-transplantation significantly increased the risk of CMV and fungal 
and respiratory infections, and it may be associated with higher 1-year all-cause 
mortality.

19.5  Conclusion

Hypogammaglobulinemia is a diagnostic challenge for clinicians. After confirma-
tion, it is essential to differentiate primary from secondary forms. Because primary 
hypogammaglobulinemia is an exclusion diagnosis, an extensive work-up should be 
performed in order to identify a cause of SID and prescribe a specific treatment 
when possible. In particular, B-cell malignancies (mainly chronic lymphocytic leu-
kemia) and plasma cell dyscrasias should be excluded in patients with low immuno-
globulin serum levels. For patients with hypogammaglobulinemia and lymphomas, 
it is necessary to discriminate an antibody primary failure or a lymphoid malig-
nancy complicating primary antibody defect from SID.  A period of observation 
after the first finding of a hypogammaglobulinemia, especially in patients who not 
fulfilled the criteria for a primary antibody defect as CVID and in children, could be 
useful to better define the diagnosis. SID patients are often less well defined than 
primary antibody defect as the diagnosis relies only on serum Ig levels rather than 
on proven antibody failure, but their clinical relevance is recognized. Patients with 
SID are unduly susceptible to different types of pathogens depending on the overall 
immunological defects. As for primary antibody defect, numerous studies in patients 
with SID have shown beneficial effects of immunoglobulin replacement therapy, 
resulting in fewer infectious episodes, reduced use of antibiotics, shorter hospital 
stay but no difference in overall mortality [52].

Abbreviations: ALL acute lymphoblastic leukemia, CLL chronic lymphocytic 
leukemia, CTCL cutaneous T-cell lymphoma, GvH graft versus host disease, HSCT 
hematopoietic stem cell transplantation, MS, multiple sclerosis, NHL non- Hodgkin’s 
lymphoma, RA rheumatoid arthritis, SS systemic sclerosis, SLE systemic lupus 
erythematosus
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20.1  Introduction

The clinical spectrum of humoral primary immunodeficiencies (PID) is extremely 
broad; there are many therapeutic strategies targeted on different aspects. Besides 
recurrent infections occurring in the respiratory tract, gastrointestinal tract, skin, 
and soft tissues [1–3], inflammatory complications are frequent and include autoim-
munity, chronic lung disease, bronchiectasis, gastrointestinal disease with or with-
out malabsorption, systemic or localized granulomatous disease, liver disease, 
splenomegaly, and lymphadenopathy [4, 5]. Finally, patients affected by severe 
humoral defects are at higher risk of developing malignancies compared with nor-
mal population, especially in case of hematological neoplasia and solid tumors of 
the gastrointestinal tract. Over the last few years, advances have been made in the 
management of humoral PID, improving patients’ outcomes; these include immu-
noglobulin (Ig) replacement, antibiotics for treatment and prevention of infections, 
respiratory rehabilitation programs, and appropriate therapy for noninfectious com-
plications [6]. Ig replacement is the mainstay of treatment [5]; it has been shown 
that long-term Ig replacement therapy reduces the rate of infections and their long- 
term complications [7–10]. However, despite the reduction of bacterial infections 
using Ig replacement, patients remain more susceptible to complications because of 
an associated T-cell defect or dysregulated immune response that deserves particu-
lar attention. Management is different depending on the defect: common variable 
immunodeficiency disorders (CVID) and agammaglobulinemia require Ig replace-
ment therapy, whereas selective IgA deficiency and isolated IgG subclass deficiency 
usually do not. Irrespective of the specific disease, children with humoral 
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immunodeficiency deserve a multidisciplinary approach since they could show dif-
ferent clinical manifestations over the lifetime. Moreover, the correct relationship 
between a physician and a child’s family is fundamental for a correct and long-
lasting follow- up. Parents need to be understood and supported by healthcare pro-
fessionals. Finally, psychological support could be necessary, especially for 
adolescent patients. In fact, primary immunodeficiencies are lifelong conditions and 
that could be difficult to accept, even by younger patients. The life of the whole 
family can be dominated by the disease, and psychological, social, and economic 
aspects are involved. For all these reasons, psychological assistance should be 
offered. A critical point in the care of the patients is the management of the transi-
tion of 18-year-old patients from pediatric care to adult care. In fact, in many con-
texts all over the world, the approach of adult immunologists to the disease and to 
patients and their families can be very different from that of pediatricians. 
Pediatricians tend to give complete care to PID patients, curing their medical needs 
and taking on the role of coordinator, whereas in hospitals for adult patients, coor-
dination of the whole management is often left up to the patients. Sometimes, 
patients feel this gap and struggle with leaving the pediatric center. For these rea-
sons, transition should be planned carefully starting from adolescence, in order to 
ease patients slowly into adult. During this period of time, autonomy and awareness 
of their medical condition have to be progressively encouraged.

20.2  Management of Minor Antibody Defects

20.2.1  Management of Selective IgA Deficiency

Patients need a regular clinical and hematological follow-up: clinical visits and 
blood tests should be performed every 10–12 months until the age of 10 years; visits 
and blood examinations can be performed every 12–18 months in older children, 
depending on clinical conditions and associated manifestations. In particular, 
patients have to be checked for airway infections that are usually more frequent in 
the first years of life. Signs or symptoms of autoimmune diseases should be searched 
in selective IgA deficiency (sIgAD) as the patients have an increased risk for auto-
immunity [11]. Antibiotic prophylaxis is usually not needed in the pediatric age 
range, and every single episode of infection should be treated depending on the 
severity of the manifestation. Periodic blood examination for autoimmunity is con-
troversial since it cannot prevent autoimmunity itself and is not performed with the 
same periodicity in different countries. The Italian IPINET suggests blood testing 
for autoimmunity every 3 years [12]. The aim is to recognize early the onset of 
autoimmune diseases and to prevent clinical complications. Periodic blood exami-
nations should include blood count, liver and kidney function, thyroid function, and 
specific autoimmunity of the thyroid, pancreas, and gut, with thyroglobulin antibod-
ies, microsomal antibodies, anti-transglutaminase antibodies, and glycated hemo-
globin assessment, respectively. Since selective IgA deficiency can, in a small 
percentage of patients, progress to common variable immunodeficiency disorder 
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[13], serum immunoglobulin levels and blood lymphocyte subpopulations need to 
be routinely checked. An allergic evaluation should be performed in all those cases 
presenting allergy symptoms, since prevalence of allergic disorders increases in 
selective IgA deficiency in children [14] and adults [15]. When concomitant IgG2 
subclass deficiency or impaired antibody responses to bacterial or vaccine antigens 
are present, immunoglobulin replacement therapy may be necessary, especially in 
case of lung damage or recurrent infections. The usual therapeutic doses are indi-
cated, using a product low in IgA, because of the higher risk of having anti-IgA 
antibodies. Diseases associated with sIgAD (such as allergic, intestinal, autoim-
mune, or tumoral diseases) need to be treated conventionally using standard thera-
pies, and their outcome is not dissimilar to those of non-sIgAD patients [16]. 
Prognosis of associated diseases does not change in the presence of concomitant 
sIgAD. Interestingly, sIgAD asthmatic patients appear to be more resistant to stan-
dard therapies [16]. Because of the higher risk of infections, especially respiratory 
tract infections, prevention through vaccines is crucial (see Chap. 22). sIgAD 
patients can receive all vaccines (inactivated or live) included in the vaccination 
schedule and appropriate for their age with the exception of the yellow fever (YF) 
vaccine and the oral poliovirus vaccine (OPV) [17]. The OPV should be replaced by 
the inactivated polio vaccine (IPV). The reason why the YF vaccine is normally 
contraindicated is because sIgAD is a heterogeneous condition, and while most 
patients have no clinically significant immune deficit, others may have low levels of 
T cells and decreased T-cell function. Vaccines against capsulated bacteria are 
strongly recommended [17].

20.2.2  Management of Isolated IgG Subclass Deficiency

Asymptomatic subjects with one or more subclass deficiencies and normal antibody 
responses require no treatment [18]. Since a small proportion of these patients may 
evolve into CVID, they should be monitored periodically, and clinical visits and blood 
checks of subclass levels and immunoglobulins should be performed [18]. Individuals 
with respiratory infections and an IgG subclass deficiency but with normal specific 
antibody production are not candidates for replacement therapy. If severe recurrent 
respiratory infections are associated to a documented specific antibody deficiency, 
Ig therapy is indicated, especially if patients have deficient antibody responses to 
both protein and polysaccharide antigens. Failure of prolonged antibiotic therapy, 
severe symptoms, and persistent radiographic abnormalities also suggest the use of 
Ig replacement therapy. In those cases, therapy can be given with the same dosage 
and intervals as for patients with other primary antibody deficiencies [18]. In case 
of isolated IgG2 deficiency, physicians should make sure that their patients are vac-
cinated against capsulated bacteria (Streptococcus pneumoniae, Neisseria meningiti-
dis, Haemophilus influenzae) with all available conjugate vaccines, because of the 
higher susceptibility to these pathogens due to IgG2 defect. IgG1 deficiency often 
manifests itself as hypogammaglobulinemia: patients need to be treated as hypo-
gammaglobulinemic/agammaglobulinemic subjects, Ig replacement therapy has to 
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be started as soon as possible, and all the other therapeutic strategies for hypogam-
maglobulinemic patients have to be undertaken. As previously described for sIgAD, 
patients with isolated subclass deficiency can receive all vaccines (inactivated or live) 
included in the vaccination schedule and appropriate for their age with the exception 
of the YF vaccine and the oral poliovirus (OPV) [17].

20.3  Management of Major Antibody Defects

20.3.1  Immunoglobulin Therapy

Lifelong Ig replacement therapy is the gold standard for management of primary 
antibody deficiency. Ig replacement therapy was first used by Bruton in a child with 
agammaglobulinemia in 1952 [19]. Today Ig replacement therapy can be adminis-
tered intravenously (IVIG) or subcutaneously (SCIG), the latter with different prep-
arations and administration procedures. SCIG preparations were first introduced in 
the 1980s in the USA and in Europe. The slow infusion technique and the low 
concentration of the preparations available at that time made SCIG impractical and 
less attractive to patients and healthcare professionals. Therefore, IVIG, which 
allowed infusions of higher doses and monthly intervals between infusions, 
remained the preferred route of administration for years. In the last two decades, 
subcutaneous administration of IgG (SCIG) has gained considerable acceptance 
among patients and doctors and is increasingly used worldwide [20–22] so that in 
many countries, both in pediatrics and in adult patients, the proportion of patients 
treated with SCIG has exceeded that of patients treated with IVIG. Different options 
are now available: besides the intravenous route (IVIG), Ig can be given by a stan-
dard subcutaneous (SCIG) route, by a manual rapid subcutaneous push, or by a 
facilitated subcutaneous route using recombinant human hyaluronidase. All routes 
have advantages and disadvantages, but it is very important that patients are treated 
with the route best suited to them and even shift from one route to another, accord-
ing to changing situations and needs. Available Ig products differ in concentration 
of IgG and other plasma proteins, as well as in sodium or sugar content, osmolarity, 
and IgA content. The selection of an Ig product must be individualized, based on the 
clinical condition of the patient and Ig product-related factors. It is usually consid-
ered best practice not to change products and brands. Actually, different commercial 
products are not identical, and patients who tolerate one product may not necessar-
ily tolerate another. However, it is extremely important to consider quality of life of 
patients and their need to reduce the number of infusions in some periods during the 
year (e.g., during travel, vacation, scout camps). In these cases, if the clinical situa-
tion allows it, transient shift from SCIG to IVIG can be planned in order to obtain a 
month interval free from infusions. All immunoglobulin replacement therapies now 
available, independent of the route of administration, have the limitation that they 
replace only IgG, while they are unable to correct defects in secretory antibodies. 
Both intravenous (concentration of IVIG 3–12%) and subcutaneous (concentration 
of SCIG 10–20%) routes provide sufficient amounts of IgG [23, 24]. The purpose 
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of Ig replacement therapy is to prevent infections. The amounts of administered Ig 
and individualized dosage can vary, depending on the baseline level of IgG and on 
the presence of chronic lung or gastrointestinal (GI) damage [25]. Furthermore, the 
optimum trough level of IgG is not universal, and clinical response may be a better 
indicator for dose adjustments [26–28].

20.3.2  Intravenous Immunoglobulin

Based on the goal of preventing infections, universal IVIG routine protocols for 
replacement therapy recommend starting at 400–600 mg/kg every 3–4 weeks. As 
for SCIG, the same total dosage is used, but it should be divided into three or four 
doses to obtain the weekly dose. Therefore SCIG is usually started at 100–200 mg/
kg followed by 160 mg/kg every week [29–32]. It is important to note that doses 
should be rounded to the nearest whole bottle size not to waste immunoglobulin 
which, as with any other blood product, is extremely precious because the supply is 
limited and the demand is constantly rising.

It has been largely demonstrated that patients who maintained IgG trough levels 
at or near the lower limit of normal (>500 mg/dL) had significantly fewer hospital-
izations and infections [18, 33, 34]. Unfortunately, IgG trough levels at or near 
500 mg/dL may not be sufficient to prevent chronic lung disease and chronic sinus-
itis in antibody-deficient patients [18, 35]. Infusion rates can be adjusted to approxi-
mately 5–7.2 mL/kg/h for 10% liquid IVIG formulation [36] which means that a 
25 kg child can complete his/her infusion in less than 1 h.

Differently from SCIG, infusion volume is not a problem for IVIG, with the 
exception of patients with renal or cardiac disease. In these cases, SCIG can be a 
useful and effective alternative. IVIG administration has been demonstrated to be 
very safe, and adverse events (AEs) are extremely rare (Table 20.1). Side effects 
may occur up to 72 h after the infusion [37, 38]. The majority of IVIG side effects 
are mild, transient, and self-limited and do not require discontinuation of therapy 
[23]. The most common AEs (headache, myalgia, nausea, fever, chills) usually arise 
during the infusion or immediately after. These adverse events can be alleviated by 
reducing the infusion rate or by using acetaminophen.

20.3.3  Subcutaneous Therapy

With recent technical advances in IgG formulation, pure and highly concentrated 
SCIG preparations have been developed: they have relatively low viscosity (around 
14–15 millipascal second (mPAs)) and can therefore be infused relatively rapidly 
[20–22]. IgG enters the vascular compartment from the extravascular compartment 
(subcutaneous space) via the lymphatics at a defined rate, which integrates IgG 
catabolism and total IgG distribution, so that IgG is progressively released into the 
circulation. SCIG therapies differ from IVIG in many aspects: as previously 
described, while IVIG is infused every 3–4 weeks, SCIG is typically administered 

20 Management of Humoral Primary Immunodeficiencies in Pediatrics



258

Table 20.1 Adverse events of intravenous immunoglobulins

Systemic and organic 
classification (SOC) 
MedDRA Adverse reaction Frequency
Infections and infestations Aseptic meningitis Not 

common
Emolymphopoietic system 
disorders

Anemia, hemolysis, leucopenia Common
Anisocytosis (microcytosis)
Thrombocytosis

Not 
common

Immunologic disorders Hypersensitivity Common
Anaphylactic shock Not known

Nervous system disorders Headache
Dizziness
Drowsiness, tremors

Very 
common
Common
Not 
common

Cardiac effects Tachycardia Not 
common

Vascular effects Hypertension, flushing, hypotension Common
Thromboembolic events, vasculitis
Acute pulmonary damage due to transfusion

Not 
common
Not known

Respiratory, thoracic, and 
mediastinal effects

Dyspnea Common

Gastrointestinal effects Nausea
Vomit, diarrhea, abdominal pain

Very 
common
Common

Hepatobiliary disorders Hyperbilirubinemia Common
Cutaneous and 
subcutaneous reactions

Rush, itch, urticaria, maculopapular rush, erythema, 
exfoliation

Common

Musculoskeletal and 
connective tissue disorders

Myalgia (spasms, stiffness, pain) Common

Renal and urinary 
disorders

Proteinuria, increase of creatinine value Not 
common

Acute renal failure Not known
Reactions related to 
administration site

Pain (back, limbs, neck, facial pain, arthralgia), 
fever, shivers, influenza-like illness

Very 
common

Fatigue, muscular weakness Common
Pain at injection site Not 

common
Diagnostic exams Hemoglobin decrease, positive direct Coombs test, 

alanine aminotransferase and aspartate 
aminotransferase increase, lactate dehydrogenase 
increase

Common

Modified from https://farmaci.agenziafarmaco.gov.it/aifa/servlet/PdfDownloadServlet?pdfFileNa
me=footer_002278_025266_FI.pdf&retry=0&sys=m0b1l3. Document available by AIFA starting 
from November 28, 2017
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once a week, with the total IVIG monthly dosage divided into smaller portions. 
Therefore SCIG is usually started at 100–200 mg/Kg[29–32]. As for IVIG, dosage 
and interval between infusions must be personalized looking at serum IgG levels 
obtained, infection prevented, and the presence of complications. SCIG results in 
more stable serum IgG levels, avoiding the peaks and troughs associated with IVIG 
[22, 39] (Fig. 20.1). SCIG is associated with fewer systemic AEs than IVIG and 
requires no venous access [20, 22, 39]. Finally, SCIG is easy to use and is easier to 
self-administer, providing patients with flexibility and an improved quality of life 
[40] (Fig. 20.2). Patients treated with SCIG do not need to go to the hospital or to 
infusion centers. Therefore they require less assistance from healthcare profession-
als, reducing the costs associated with Ig replacement therapy, and can take greater 
control over their own therapy. The recommended rate for SCIG 20% is usually 
15 mL/h/site for the first infusion and 25 mL/h/site for subsequent infusions; how-
ever, an infusion rate of 35 mL/h does not increase the frequency of adverse events 
[41], and rapid rates (up to 70 mL/h) have been used and tolerated well [41]. These 
rates are usually not required in the pediatric age range but can be considered for 
adolescents or in special conditions. The volume infused should be carefully calcu-
lated, since it is limited to what can be tolerated comfortably by the patient. However, 
increasing the number of sites used simultaneously per infusion allows larger vol-
umes to be administered. In adults, up to 80 mL per site have been infused [36]. It 
is unlikely that such doses are necessary in the pediatric age range, but they could 
be considered in adolescents needing immune-modulating doses, which are 2.5–5 
times higher than replacement doses. However, increasing both infusion volumes 
and infusion rates may increase AEs. Therefore, to increase volume, number of sites 
should be increased. Up to four sites can be used simultaneously both in adults and 
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Fig. 20.1 Kinetics of serum levels of IgG in the two different routes of administration
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in children, and up to eight sites have been used for single infusions in adults. 
Bifurcated or more highly branched tubing sets can be used to increase the number 
of sites and help limit the total time required for each SCIG infusion. The flexibility 
of using different intervals, volume per site, number of sites, and infusion duration 
allows the best infusion regimens as well as the most comfortable ones to be found 
for each patient.

Generally, AEs of SCIG are of mild or moderate intensity. The most common 
events are local injection site reactions. Systemic AEs – such as headache, fatigue, 
and nausea – are relatively rare. SCIG self-administration requires older children or 
their parents to be trained. Training sessions are usually conducted at hospital, and 
the number of training sessions is variable, depending on the self-sufficiency and 
levels of conscientiousness of patients and families. Nursing teams teach patients 
and parents how to perform SCIG infusions. During the training sessions, the selec-
tion of proper subcutaneous needle gauges and lengths, the selection and rotation of 
infusion sites, the management of local adverse reactions, and the use of pumps and 
other infusion equipment are reviewed. Patients learn how to use aseptic procedures 
and the proper disposal of infusion materials. Generally, parents/older children can 
self-infuse SCIG doses independently after three to four training sessions. Recent 
evidence has demonstrated that the interval between two SCIG infusions can be 

Fig. 20.2 Modified from 
Canessa C et al. SCIG 
therapy in patients with 
primary antibody defect: 
theoretical basis and center 
experience, Pediatric 
Immunology and 
Allergology Magazine 
2010 (3):19–26 with the 
permission of authors
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increased to 10–15 days while respecting the monthly amount, resulting in the same 
clinical and hematological effects [42]. When SCIG is used in patients never treated 
before, it is necessary to consider that weekly SCIG will raise the serum IgG levels 
gradually. If a rapid increase is necessary, a daily SCIG infusion with 100 mg/kg for 
3–5  days can be used and will allow serum levels of IgG of >500  mg/dL to be 
reached in 3–5 days.

20.3.4  Hyaluronidase-Facilitated Subcutaneous 
Immunoglobulins

Recently, a new strategy of delivery of SCIG has been developed to overcome many 
of the limitations of conventional SCIG. In fact, the flow and distribution of SCIG to 
the vasculature are impeded by the glycosaminoglycan hyaluronan in the extracellular 
matrix, which limits the infusion rate and volume per site, necessitating frequent infu-
sions and multiple infusion sites [43]. In the new strategy, the subcutaneous infusion 
of IgG is preceded by an infusion of hyaluronidase, an enzyme that catalyzes the 
depolymerization of hyaluronan, resulting in enhanced drug delivery by increasing 
dispersion and absorption of IgG from the subcutaneous tissues. Consequently, larger 
volumes can be infused in each infusion site. Hyaluronan is depolymerized by hyal-
uronidase so that injectable biologics can spread more easily in the tissues and their 
dispersion and absorption are facilitated. Using hyaluronidase before SCIG infusion, 
patients can take the same IgG dose they would have taken with an IVIG and avoid the 
intravenous access required for intravenous infusions and the repeated SCIG infusion 
needed for conventional SCIG therapy. Treatment effectiveness is comparable to 
IVIG and conventional SCIG treatment and is well tolerated [43].

20.3.5  Subcutaneous Rapid Push (Subcutaneous 
Immunoglobulin Therapy Given by Subcutaneous  
Rapid Push)

An alternative to conventional SCIG infusion is the manual push technique, based 
on frequent (one to seven) infusions per week. This technique consists of the fre-
quent manual infusion of small portions of the weekly dose using a syringe and a 
23- to 25-gauge butterfly needle. A recent retrospective analysis in patients treated 
with SCIG showed that, if the same weekly dose is used, manual push and conven-
tional SCIG are equivalent in terms of serum IgG levels, tolerability, and safety  
[44, 45]. As no pump or tubing is required with the frequent push technique, the cost 
of the procedure is reduced, and time for equipment preparation and maintenance 
are considerably reduced, making this approach attractive to patients [36]. Given 
the increased number of shots (1–7/week), the rapid push technique is preferred by 
adolescents and adults who prefer simplicity and reduced infusion time, but not by 
children 2–10 years of age [46].
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20.3.6  Management of Comorbidities and Complications

As mentioned before, CVID and different forms of agammaglobulinemia can be 
variably associated to different manifestations, such as infections, pulmonary dis-
eases, lymphoproliferative and granulomatous lesions, autoimmunity, gastrointesti-
nal disorders, and other malignancies. The association is more or less strong, 
depending on the underlying humoral defect. Each of these aspects deserves a spe-
cific management (Table 20.2).

20.3.7  Management of Infectious Complications

Children and parents need to be informed about hygienic rules, such as avoiding 
crowded places and contact with sick people and washing hands to reduce risk of 
infection. Children and their families have to be educated about alarming signs of 
infection and the need for prompt clinical examination. Children and parents need 

Table 20.2 Guidelines for management of common variable immunodeficiency and 
agammaglobulinemia

Primary 
immunodeficiency Every 3 months Every year

Depending on 
clinical advice

XLA – autosomal 
recessive 
agammaglobulinemia

 – Clinic evaluation
 –  Blood count, IgG, 

IgA, IgM, 
transaminases, 
azotemia, serum 
creatinine, plasmatic 
glucose, total protein

Protein, urine analysis

HIV, HCV, HBV 
detection by 
PCR
Abdomen 
ultrasound
Fecal occult 
blood test
Pulmonary 
function tests

Pulmonary CT scan 
(suggested every 
5 years after 
10 years old)
Paranasal and nasal 
CT scan
    Periodic sputum 

collection
    Periodic 

evaluation by 
respiratory 
physiotherapist

    Digestive 
endoscopy

Common variable 
immunodeficiency

 – Clinic evaluation
 –  blood count, IgG, IgA, 

IgM, transaminases, 
azotemia, serum 
creatinine, plasmatic 
glucose, total protein

Protein, urine analysis

HIV, HCV, HBV 
detection by 
PCR
Lymphocytic 
subpopulations 
count
Abdomen 
ultrasound
Fecal occult 
blood test
Pulmonary 
function tests

Pulmonary CT scan 
(suggested very 
5 years after 
10 years old)
Paranasal and nasal 
CT scan
    Periodic sputum 

collection
    Periodic 

evaluation by 
respiratory 
physiotherapist

Digestive endoscopy

PCR polymerase chain reaction, CT computed tomography
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to be reminded of all these recommendations periodically. The other main point of 
prevention along with replacement therapy is respiratory rehabilitation. This is par-
ticularly important when chronic upper airway infections are present. In fact, 
36–78% of patients with CVID have chronic sinusitis [47]. It was shown that immu-
noglobulin therapy increases the total survival rate and lowers the number of life- 
threatening infections, but does not influence the degree of clinical chronic sinusitis 
[48]. Because of these reasons, nasal cleaning using different techniques is crucial 
to prevent these manifestations.

After immunoglobulin replacement therapy and respiratory rehabilitation, the 
second line in pharmacological prevention of infection in humoral PID patients is 
antibiotic prophylaxis, especially in patients with bronchiectasis, frequent infec-
tions (generally more than three per year) or disruptive infections (hospital admis-
sion, prolonged periods away from school, and secondary complications such as 
empyema) [49]. Microbiology results, serial sputum testing, and antibiotic sensitiv-
ity of cultured organisms determine the choice of antimicrobial prophylaxis [50]. 
However, the benefit of prophylaxis is under discussion. In fact, some authors sug-
gest that the use of prophylactic antibiotics should be avoided because of an 
increased risk of infection with fungi or other resistant organisms [51]. In pediatric 
patients, the use of antibiotic prophylaxis is limited. Finally, vaccines represent 
another essential tool of prevention of infections. It is fundamental to know which 
vaccines can be administered in each single case, in order not to miss an opportunity 
to protect the patient. Inactivated vaccines can always be administered, since they 
can be less effective but never dangerous for patients with humoral primary immu-
nodeficiency. Different from what has been previously described for patients with 
sIgAD or isolated subclass deficiency, patients with major antibody deficiency 
should not receive live attenuated vaccines.

20.3.7.1  Follow-Up
Besides sensitizing patients, raising the awareness of medical and social caregivers 
concerning appropriate approaches to recurrent infection is critical. Family pediatri-
cians and general practitioners must be informed about a patient’s clinical condition 
as soon as possible after diagnosis. Medical examinations for early detection of 
infections will warrant immediate treatment. Periodic physicals should be carried 
out every 3–6 months. Sputum monitoring and analysis must be performed for all 
cases with productive cough. HBV, HCV, and HIV viral genome must be checked 
annually in all patients receiving Ig products. Periodical evaluation by respiratory 
physiotherapists is suggested, in order to manage new clinical events, to refresh 
rehabilitation techniques to the patient and to verify his compliance to therapy.

20.3.7.2  Treatment
Early treatment of infections at the first signs and symptoms should be considered 
an integral part of the treatment of humoral PID to prevent secondary structural 
damage. Biological samples (blood, cerebral spinal fluid (CSF), sputum, swab, 
stool) must be collected when appropriate before oral or intravenous antibiotic ther-
apy, if possible. Besides culture, molecular methods by PCR (polymerase chain 

20 Management of Humoral Primary Immunodeficiencies in Pediatrics



264

reaction) must always be used for detection of bacterial or viral genome, since they 
have greater sensitivity and specificity [52, 53]. Moreover, quantitative PCR allows 
a conclusive diagnosis to be obtained in less than 2 h. In the meanwhile, empiric 
therapy must be initiated. A prolonged course of treatment should be considered in 
cases with relapse of infections. Because of the nature of the disease, resistant com-
mon organisms, unusual organisms, and opportunistic infections (Pseudomonas 
spp., Mycobacterium tuberculosis) should be reviewed when treatment fails. 
Specifically, in case of persistent rhinitis, otitis, or sinusitis, common pathogens 
usually involved in these infections have to be considered: H. influenzae, S. pneu-
moniae, and M. catarrhalis. Otitis usually needs to be treated for 10 days whereas 
sinusitis for 3 weeks. Parenteral antibiotics are recommended for complicated infec-
tions, such as cellulitis and mastoiditis. In case of chronic sinusitis or other ORL 
complications, a specialistic evaluation could be necessary: local antibiotic therapy 
via aerosol could be prescribed, or prolonged oral antibiotics could be required. 
Endoscopic sinus surgery may be required in selected cases [54].

20.3.8  Management of Pulmonary Complications

Pulmonary complications are very frequent in patients affected by antibody defi-
ciencies. They are the most frequent manifestation of CVID and significantly 
increase morbidity and mortality of these patients [55, 56]. In agammaglobulinemic 
patients, they represent the consequence of infections, whereas in CVID patients 
they can also be due to chronic inflammation. Recurrent pulmonary infections with 
pyogenic bacteria can determine permanent pulmonary damages such as atelectasis, 
bronchiectasis, reticular fibrosis, air trapping, ground-glass attenuation, and/or 
bronchial wall thickening [56, 57]. Even though these complications are more com-
mon in adults, they can already be present at the time of diagnosis in pediatric 
patients [56]. Together with Ig replacement therapy and treatment of upper and 
lower respiratory tract infections, respiratory rehabilitation is the best way to con-
trol lung disease progression, especially when bronchiectasis is already present. 
Postural drainage, inspiratory muscle training, and pulmonary rehabilitation pro-
grams are all effective strategies. Positive expiratory pressure (PEP) mask physio-
therapy improves ventilation and reduces volume of trapped gas [58, 59].

20.3.8.1  Follow-Up
Pulmonary function tests, such as spirometry or the interruption technique (RINT) 
for preschool children, should be done at baseline and every year in pediatric 
patients. High-resolution computed tomography is the gold standard test for moni-
toring lung damage. It should be performed at baseline and every 4–5 years. Its use 
in pediatric patients can be limited by warning about radiation exposure and the 
need of anesthesia for taking the procedure. Other methods  – such as multiple- 
breath washout test – are now studied in PID patients in order to check lung function 
without using radiation. Plain chest X-ray radiography is of limited value; it should 
be considered if the patient is febrile or has pleuritic pain and signs of consolidation, 
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effusion, or collapse. Moreover, because of the probability of radiosensitivity in 
some CVID cases, lower intervals with other X-ray procedures should be avoided 
as screening leads to excessive radiation exposure over time [56, 57, 60–62]. 
However a pulmonary, nasal, and paranasal CT scan is recommended at least at 
10 years of age and then every 5 years. The final choice to prescribe this test takes 
into account the global status of the patient and his clinical evolution. As mentioned 
above, periodic evaluation by a respiratory physiotherapist should be included in the 
follow-up program.

20.3.8.2  Treatment
Different therapeutic approaches are available, depending on type and grade of pul-
monary involvement. Firstly, specific respiratory rehabilitation programs should be 
immediately started if not already underway. In fact, it is essential not only for pre-
vention of pulmonary complications but also for their treatment. Reaching higher 
IgG trough levels (700–800 mg/dL) [63] can be useful. Patients with bronchiectasis 
may require IVIG higher than 600 mg/kg/month to achieve the same serum IgG 
level compared with patients without bronchiectasis [64, 65]. Other possible treat-
ments of lung complications are azithromycin that has anti-inflammatory effects 
[66–68], inhaled corticosteroid fluticasone or nebulized gentamicin for reduction of 
sputum production [69, 70], oral quinolone and aerosolized colimycin or tobramy-
cin for aggressive eradication of colonized Pseudomonas spp. [71, 72], NSAIDs 
[73], and mucolytics [74]. Obstructive airway diseases can be managed with inhaled 
corticosteroids [75]. Clinical response, lung function, and sputum sampling should 
be performed for respiratory health monitoring after starting the treatment. In CVID 
patients with pulmonary diseases, new therapeutic approaches focus on IL-2 ther-
apy [76–79], short- and long-acting inhaled B2-agonists in bronchiectasis [80, 81], 
and leukotriene receptor antagonists [73].

20.3.9  Management of Polyclonal Lymphocyte  
Infiltrative Complications

Polyclonal lymphocyte infiltrative complications are typical of CVID patients. 
Approximately 10–25% of all CVID patients encounter various lymphoprolifera-
tive and granulomatous diseases. Although mean age at onset of these complica-
tions is 20–40 years, they can be seen in pediatric patients as well [82]. Unfortunately, 
Ig replacement therapy has no effect on these manifestations, since they are due to 
an immune dysregulation mechanism [83].

20.3.9.1  Follow-Up
Signs of interstitial lung disease including dyspnea and reduced exercise tolerance 
should be considered in regular visits. Pulmonary function tests can show restrictive 
ventilatory patterns; high-resolution computed tomography can reveal parenchymal 
nodules or ground-glass opacities. Biopsy via open lung or transbronchial surgery 
may be required for large and persistent lymph nodes [82].
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20.3.9.2  Treatment
It is not clear which therapeutic option could be the most appropriate for CVID- related 
lymphoproliferative diseases. High doses of systemic corticosteroids (10 mg/day or 
20 mg every other day or twice daily inhaled beclomethasone) are the first choice for 
interstitial lung disease with restrictive ventilatory defects due to lymphoproliferative 
disease, such as pulmonary granulomas and lymphoid interstitial pneumonitis (LIP); 
but long-term treatment is limited because of the risk of infections [84, 85]. For long-
term therapy, hydroxychloroquine is prescribed with dosages of 200–400 mg a day 
(range: 3.5–6.5 mg/kg) [86–89]. Steroid-sparing immunosuppressive agents have also 
been recommended in special situations when inflammation is predominantly pulmo-
nary, including cyclosporine A (3–5  mg/kg) [83], methotrexate [89], azathioprine, 
mycophenolate mofetil, and 6- mercaptopurine [84]. Monoclonal antibodies as TNF-α 
inhibitors, such as etanercept [90] and infliximab [91–94], can be used in the case of 
generalized granulomatous lesions combined with autoimmunity, but no systematic 
clinical trials have investigated their efficacy and safety. Opportunistic infections like 
Pneumocystis jirovecii pneumonia may result when patients are under treatment for 
lymphoproliferative diseases [95]; for this reason prophylaxis with trimethoprim sul-
famethoxazole is suggested. Treatment recommendations for hepatomegaly and 
lymphadenopathy are also lacking. Splenectomy should be avoided because its effi-
cacy in the treatment of cytopenia is controversial and this surgery strongly predis-
poses patients to severe infections [1, 96].

20.3.10  Management of Autoimmune Complications

Autoimmune-associated disorders are other typical complications of CVID and are 
reported in 20–25% of patients. Agammaglobulinemic patients are less prone to 
autoimmunity: only rare cases of alopecia and glomerulonephritis have been 
described [18]. No preventive modalities are presently available for autoimmune 
manifestations. However, it has been shown that IVIG treatment can decrease the 
incidence of autoimmune diseases and especially autoimmune thrombocytopenia or 
autoimmune hemolytic anemia [97].

20.3.10.1  Follow-Up
General medical vigilance and hematologic laboratory monitoring with intervals of 
3–6 months are ways to monitor hematologic autoimmunity. Besides routine blood 
testing, thyroid function and glycated hemoglobin should be checked annually in 
patients with CVID. Autoantibody assessment has little significance in these patients.

20.3.10.2  Treatment
Common treatment protocols for autoimmunity can be used in patients with 
CVID. In case of hematologic autoimmunity, management is based on intravenous 
corticosteroids (1 g of methylprednisolone in mild disease) or anti-CD20 monoclo-
nal antibodies (rituximab) in severe disorders [98–100]. Persistent autoimmunity 
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can be handled with high Ig immunomodulatory effects (1 g/kg/week) for a short 
time. TNF-α inhibitors might be used in overlapped phenotypes of autoimmunity 
(e.g., infliximab for Crohn’s disease and etanercept for rheumatoid arthritis) and 
polyclonal lymphocytic infiltration [101].

20.3.11  Management of GI Complications and Enteropathy

At present no approach seems to be effective in preventing GI complications in 
patients with CVID or agammaglobulinemia. However, early recognition of viral 
hepatitis, hepatic autoimmunity, and granulomatous disease helps to avoid progres-
sion of CVID cases to regenerative hyperplasia leading to portal hypertension, cho-
lestasis, and hepatic dysfunction. It remains to be proven whether fast treatment of 
intestinal infections improves outcomes for CVID patients [102].

20.3.11.1  Follow-Up
The caring physician should monitor over the course of periodic checkup the occurrence 
of new patient complaints (such as chronic diarrhea) and clinical symptoms (especially 
weight loss), as these may constitute alarm sign [102]. Yearly ultrasonography and fecal 
occult blood testing on three samples are suggested to screen for GI manifestations. 
Search for infectious agents in fecal samples, including parasites and opportunistic 
germs, should be performed in symptomatic cases (diarrhea, weight loss). Giardia lam-
blia, Campylobacter, Shigella, Salmonella, E. coli enteropatogeni, and Cryptosporidium 
must be specifically searched for since patients are more susceptible to these pathogens. 
If an inflammatory disease is suspected, fecal calprotectin assessment can be useful. In 
persistently symptomatic patients, endoscopies are indicated [103]. Almost half of 
CVID patients have chronic diarrhea that can evolve into moderate malabsorption. In 
these cases, body weight, height, and body mass index (BMI) should be periodically 
checked, in order to monitor the nutritional state. Besides specific therapy of enteropa-
thy, a nutritional program should be planned with the dietitian [54].

20.3.11.2  Treatment
The management of severe inflammatory enteropathy that can occur in CVID is 
based on low-dose immunomodulatory drugs (azathioprine or 6-mercaptopurine) 
and TNF-α blockers (infliximab or etanercept) [104, 105]. Management in mild 
inflammatory bowel disease is the same as for immunocompetent patients. The use 
of long-term high-dose corticosteroids is controversial because of the increased sus-
ceptibility to intestinal CMV infection [106, 107].

20.3.12  Management of Malignancy

Decreasing unnecessary exposure of CVID patients to irradiation can reduce risk of 
iatrogenic cancer due to chromosomal radiosensitivity [108].
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20.3.12.1  Follow-Up
Routine clinical and hematological checks with complete blood counts and differ-
ential white blood cell counts are essential for early recognition of lymphoid malig-
nancies that are more frequent in CVID patients. In pediatric patients, yearly 
abdomen ultrasonography and fecal occult blood testing on three samples are indi-
cated for screening of GI malignancies. Specific screening by endoscopy for finding 
mucosal changes should be performed in symptomatic cases. Histopathological 
investigation of enlarged nodes via excision of the whole lymph node is an impor-
tant mean to screen of lymphoid malignancy [109].

20.3.12.2  Treatment
Neoplasia treatment can be done with routine chemotherapy protocols for cancer-
ous patients [105]. Because of the relation of presentation of malignancy and 
impaired T-cell immunity in CVID, allogeneic stem cell transplantation is now con-
sidered in these selected CVID cases. However, it should be noticed that these 
potentially curative approaches are experimental and should only be proposed for 
therapy-refractory, life-threatening complications (late-onset combined immunode-
ficiency subgroup) including a careful process for donor selection [110]. The best 
response of allogeneic stem cell transplantation is seen in patients with non- Hodgkin 
lymphoma (NHL), resolving all CVID-related consequences. Graft-versus-host dis-
ease should be monitored in these patients [111].

20.3.13  Management of Arthritis

Up to 20% of XLA patients develop arthritis. Occasionally this is caused by 
pyogenic bacteria typical of septic arthritis and needs to be treated as in 
nonimmune- deficient subjects. More often arthritis is non-septic but has an 
inflammatory origin, as in juvenile idiopathic arthritis. In this case, besides anti-
inflammatory and immunosuppressive therapy, motorial rehabilitation has a cru-
cial role for recovery. In CVID patients, arthritis can have an inflammatory origin 
as well, and it needs the same therapeutic strategies undertaken in patients with-
out PID [18, 103].
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21.1  Immunoglobulin Replacement Therapy

21.1.1  Introduction and History

The history of immunoglobulin replacement dates back in 1890, when Emil Adolf 
von Behring and Shibasaburo Kitasato demonstrated that protection against diph-
theria or tetanus could be transferred to provide protection in animal model [1]. 
Around the same time, Paul Ehrlich coined the term “antibody” [2]. It was not until 
the World War II that immunoglobulin G became available for clinical use. Indeed, 
Edwin Joseph Cohn developed a technique for blood fractionation [3]. Hence, in 
1952 Ogden Carr Bruton for the first time was able to use a subcutaneous gamma- 
globulin preparation from Cohn fraction II to prevent life-threatening infections in 
agammaglobulinemic patients [4]. Attempts to inject these preparations intrave-
nously resulted in severe anaphylactoid reactions due to spontaneous complement 
activation from immunoglobulin aggregates [5]. For these reasons, intramuscular 
preparations were used at the cost of serious adverse reactions such as pain and 
nerve injury [6] with a poor increase of the immunoglobulin levels [7]. In the 1970s 
the first chemically modified intravenous immunoglobulin preparations became 
available and, 10 years later, enzymatic and chemical modifications helped to sup-
press the complement activation by reducing the ability of immunoglobulins to 
form aggregates [8]. Albeit subcutaneous route of administration was the first to be 
explored, it was then abandoned in favor of intramuscular one. Only in mid-1980s, 
the concept of home therapy with subcutaneous immunoglobulin infusion started to 
gain popularity, especially in Scandinavian countries [9].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91785-6_21&domain=pdf
mailto:giacomo.emmi@unifi.it
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21.1.2  From Donor to Recipient

Intravenous and subcutaneous immunoglobulins (IVIg and SCIg, respectively) are 
therapeutic preparation of normal immunoglobulins G (IgGs) usually obtained from 
a large pool of healthy blood or plasma donors.

Regular donors are thoroughly screened by clinical history in search for known 
risk factors for infectious agents according to the National Regulatory Authorities. 
The obtained plasma is carefully stored at constant temperature (− 20 °C) as to avoid 
complement or coagulation activation. Donations are screened for human immuno-
deficiency virus (HIV), hepatitis C virus (HCV), hepatitis B virus (HBV), hepatitis A 
virus (HAV), and parvovirus B19. If needed, according to the epidemiological situa-
tion of the country of origin of the donor, other screening measures could be imple-
mented. Donations with high-titer anti-A, anti-B, and anti-D isoagglutinin are 
discarded. Various purification processes, usually cryoprecipitation plus chromato-
graphic absorption, will eliminate contaminants that can be responsible for adverse 
events such as prekallikrein activator and activated coagulation factors. In this regard, 
chromatographic procedures are pivotal to the removal of IgA. To eliminate possible 
viral contamination several methods, possibly in combination, are employed, such as 
low pH treatments, pasteurization, solvent detergent, caprylic acid treatment and 
nanofiltration. For these reasons, the products are not identical to each other and can 
vary in concentration, osmolality and IgA, sugar, and amino acid content.

A thorough review about production methods and quality controls of IVIg can be 
found at these two references [8, 10].

21.1.3  Intravenous Immunoglobulins

IVIg are used to treat a large number of diseases. However, their approved indica-
tion can be divided in three major categories (Table 21.1).

HIV human immunodeficiency virus, CLL chronic lymphocytic leukemia, ITP 
idiopathic thrombocytopenic purpura, CIDP chronic inflammatory demyelinating 
polyneuropathy

IVIg are administered through a peripheral venous catheter. The placement of per-
manent central venous access should be discouraged as it has been associated with 
thrombotic and infectious complications [11]. On the contrary, difficult peripheral 
venous access should encourage the switch from intravenous to subcutaneous 

Table 21.1 Indications of intravenous immunoglobulins

Protection Immunomodulation Prevention
Primary immunodeficiencies
Secondary immunodeficiencies
HIV
CLL

ITP
Guillain-Barré Syndrome
CIDP
Kawasaki disease

Bone marrow transplantation
Infections
Graft-versus-host disease
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immunoglobulins therapy [12]. An infusion rate of 0.5–1 mg/kg/min is recommended 
at the beginning, increasing gradually up to 3–4 mg/kg/min. Rates above 5 mg/kg/min 
are associated with more side effects but may be well-tolerated by some patients [13]. 
For these reasons, infusions usually take 2–6 h.

The recommended starting dose is comprised between 400 and 600 mg/kg every 
4 weeks in order to achieve trough IgG levels of 600–800 mg/dL [13]. Three to 4 
months after the first infusion, a patient-centered follow-up should be implemented. 
Routine monitoring ought to be calibrated on age, clinical conditions, and trough 
IgG levels (see after), and it must include total blood cell count and liver and renal 
function [11]. A rapid increase in immunoglobulin level at the beginning of treat-
ment may be observed, followed by a rapid decrease in IgG3 levels (half-life 
7 days), whereas IgG1, IgG2, and IgG4 levels dawn between the third and the fourth 
week after infusion (half-life 21 days). In general, for each 100 mg/kg of intrave-
nous immunoglobulin, IgG levels increase by 250 mg/dL [13].

21.1.4  Subcutaneous Immunoglobulins

Subcutaneous administration of immunoglobulin replacement therapy has gained in 
popularity during the last 20 years. Infusions are usually delivered using infusion pumps 
and administration may take 30–90 min, but it is possible to deliver therapy using 10 mL 
syringes and multiple site of injections. The latter is preferable in children, as the injected 
dose is small. Conversely, adults usually prefer to make use of a pump. Suitable infusion 
sites are the lower abdomen, thighs, and back of the arms. Leanest patients may use the 
upper outer quadrant of the buttocks. Site rotation is not always necessary but recom-
mended, in order to find the preferred site of infusion. Needles are 4–14 mm long and 
24–27 gauges in diameter. Patients should be trained to self-administer the infusion 
therapy in the proper way. This training is usually given by specialized nurses, who tai-
lor patients education based on schooling and the preferred learning style. A complete 
review on the role of infusion nursing is available at this reference [14].

In general, it is recommended to start the replacement therapy intravenously, 
and then, if necessary or preferred (see after), it is possible to switch to the subcu-
taneous route. The first SCIg infusion may be given 1–2 weeks after the last intra-
venous administration. A period of 5–12 weeks is necessary to reach a new steady 
state and, therefore, to eventually perform dose adjustment [13]. When a switch is 
necessary, the following correction factors have been proposed to achieve 
bioequivalence:
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Other experts, especially in Europe, use a 1:1 correction factor. It is thought that 
the correction factor may lose its usefulness in patients receiving higher intravenous 
doses [15].

21.1.5  Facilitated Subcutaneous Immunoglobulins

The flow of SCIg is limited by extracellular matrix, therefore reducing the amount 
of IgG that can be delivered if compared to intravenous infusions by 37% to 53% 
[16]. In some patients, higher doses of SCIg are necessary to reach the trough 
levels, and, in some cases, more than one infusion site is necessary to overcome 
the development of local adverse reactions, namely, a painful lump that can last 
for days. For these reasons, the addition of recombinant human hyaluronidase 
(rHuPH20) has helped to increase the permeability of subcutaneous tissues and 
therefore the administration of higher volumes at a single site. This approach 
increases the flexibility in the frequency of infusions, which now ranges from 
daily to monthly dosing [17].

21.1.6  When to Start Immunoglobulins Replacement [18]

It is recommended to start immunoglobulin replacement therapy in every patient that 
fulfills CVID diagnostic criteria (Chap. 3). Indeed, even if patients with pneumonia 
did not have lower IgG trough levels than patients without infection episodes, when 
clustered according to IgG levels, only the group with IgG lower than 400 mg/dL had 
an increased risk of pneumonia [19]. In addition to this, an increased risk of pneumo-
nia was found in patients that did not reach an IgG level of 400 mg/dL when treated 
with intravenous immunoglobulins [19]. However, three main exceptions exist: the 
patient with reduced, but not absent, immunoglobulin G in the range of 400–600 mg/
dL; the patient with selective antibody deficiencies; and the patients that, despite low 
immunoglobulin levels, do not develop recurrent and/or severe infections. In these 
cases, the benefits of starting replacement therapy are controversial [20]. It is impor-
tant to follow these patients every 6–12 months to assess the number and the severity 
of bacterial infections and the development of the classical complications of CVID, 
such as lymphoproliferation, enteropathy, or granulomatous- lymphocytic interstitial 
lung disease. To date it is unclear whether or not immunoglobulins treatment can 
control the multi-organ involvement related to the disease [18]. What is clear is that 
determination of vaccine responses are pivotal to decide the therapeutic approach 
[18]. When vaccine responses are appropriate, a trial of prophylactic antibiotics 
before considering replacement immunoglobulins therapy has been suggested. Once 
infections become severe and frequent and antibiotic prophylaxis results ineffective, 
a trial of intermittent replacement therapy could be attempted, revaluating the patients 
3–5  months after discontinuation [17]. Multiple cessations are not useful if the 
patients require restarting immunoglobulin therapy more than twice [17]. In patients 
with selective IgA deficiency, replacement therapy should be started only when 
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antibiotic prophylactic therapy is not sufficient to prevent frequent and/or severe 
infections [17]. In this case, SCIg- or IgA-depleted intravenous immunoglobulin 
must be administered [21].

21.1.7  Intravenous or Subcutaneous Replacement?  
[14, 15, 22–24]

Intravenous and subcutaneous immunoglobulins show similar efficacy in protection. 
However, there are many factors that can influence the preferred route of administra-
tion, both patient-centered and health-centered. Regarding patient- centered features, 
compliance is a major issue. In this regard, intravenous administration requires less 
frequent infusions as higher doses can be easily administered with a single infusion. 
Moreover, hospital-based administration may help to monitor the patient closely and 
more frequently. On the contrary, patients that travel frequently (i.e., for work) or that 
live away from hospital may prefer subcutaneous administration. Another pivotal 
factor is the patients’ ability to learn and perform the procedure. Therefore, individu-
alized educational programs are essential in ensuring success.

In relation to health-centered features, intravenous administration should be 
selected when a rapid increase of immunoglobulin levels is necessary in a short time 
as higher doses can be easily administered. Thereafter, according to patient prefer-
ence, education programs may be started in order to switch to the subcutaneous 
route. Subcutaneous administration should be selected when consistent and steady 
IgG levels are necessary, mostly when intravenous route becomes responsible for 
wear-off effects (see after). Moreover, this route is desirable when difficulties in 
venous access are present. On the contrary, intravenous immunoglobulins are pre-
ferred when one or more comorbidities related to the primary immunodeficiency are 
present (i.e., granulomatous-lymphocytic interstitial lung disease, cytopenias, auto-
immune features) as higher doses can be used with benefit in these kinds of patients. 
It is important to remember that relative contraindications of subcutaneous admin-
istration are severe thrombocytopenia, bleeding disorders, anticoagulation therapy, 
widespread eczema, and limited subcutaneous tissue [15]. Regarding adverse reac-
tions, intravenous route is responsible for more systemic effects (i.e., fever, head-
ache, flushing, chills, tachycardia, hypo-/hypertension). These reactions are fewer 
with subcutaneous immunoglobulins, and this route of administration should be 
preferred in these patients. On the contrary, in patients with unacceptable local reac-
tions (i.e., infusion site pain, swelling, erythema), facilitated subcutaneous immu-
noglobulins may help reduce these adverse effects. Likewise, intravenous route is 
an appropriate solution.

21.1.8  Trough Levels

The main goal of immunoglobulins replacement therapy is the minimization of 
infective complications in immunocompromised subjects. A trough level is the 
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lowest concentration of a drug before the next dose is administered. In the case of 
IVIg, the optimal trough level has remained uncertain. From early studies, a level of 
500 mg/dL emerged as the minimum target level of immunoglobulin replacement 
[25]. However, subsequent clinical evidence has suggested higher levels, in general 
>800  mg/dL [26]. These recommendations have been strengthened by a recent 
meta-analysis that found a fivefold higher risk of pneumonia in patients with 
500 mg/dL trough levels when compared with those with 1000 mg/dL [25]. Since 
the level of immunoglobulins that is able to prevent infections varies from patient to 
patient (with a wide range from 500 to 1700 mg/dL), the new concept of individual 
trough has been developed [27]. The target is not directed to reach a particular IgG 
level, yet to improve the clinical outcome of the single patient, according to their 
clinical phenotype and the presence of complications [28]. For example, it is known 
that lower IgG and IgA at diagnosis and very low IgA level during follow-up reflect 
a severe impaired switching process and represented a major risk for lung complica-
tions [19].

21.1.9  Adverse Reactions and Side Effects

21.1.9.1  Immediate Reactions and Anaphylaxis
Immediate IVIg infusion reactions may range from mild to severe life-threatening 
(Fig. 21.1). Headaches, nausea, flushing, mild fever and chills, and joint, muscle, 
and abdominal pain are common, together with hypertension, hypotension, tachy-
cardia, and chest pain. Fatigue, weakness and dizziness might be present the days 

IVIg SCIg

Immediate
reactions

Delayed
reactions

Infusion site pain,
swelling, erythema 

Fatigue

Fever, chills, flushing

Tachycardia,
Hypo-hypertension

Haemolysis

Headache

Acute renal failure

Hyponatremia

Thrombosis
Infectious diseases

Anaphylactoid reaction

Neutropenia

Eczema
Aseptic meningitis

Fig. 21.1 Immediate and delayed reactions to IVIg and SCIg. IVIg intravenous immunoglobulins, 
SCIg subcutaneous immunoglobulins
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after the administration and tend to decrease with the subsequent administrations. 
Anaphylactic and anaphylactoid reactions are uncommon and rarely life- threatening. 
Usually, the reactions can be prevented by slowing the infusion rate. Mild symp-
toms can be managed with antihistamines and acetaminophen. Patients can also be 
pretreated with nonsteroidal anti-inflammatory drug and/or antihistamines in order 
to prevent infusion reactions. In high-risk patients (first-time infusion, previous 
reaction, obstructive lung disease, etc.), corticosteroids can be added into the pre-
treatment protocol.

True anaphylaxis is rarely caused by IVIg and must be treated as needed as 
standard allergic reactions. These reactions are classically attributed to anti-IgA 
antibodies, of either the IgG or IgE isotype. Patients with CVID and/or IgA defi-
ciency might get sensitized by contaminant IgA in IVIg or other blood products 
[29]. The reaction mechanism of IgG anti-IgA is not clear, and it is possibly medi-
ated by immune complex deposition. However, the significance and clinical value 
of anti- IgA antibodies is debated as they are found in healthy subjects as well. 
Moreover, they do not predict always a reaction in IgA deficient patients. In fact, 
numerous factors should be taken into consideration: antibody concentration and 
detection method sensibility (passive hemagglutination, ELISA, RIA), antibody 
isotype (IgG vs. IgE) and class or subclass specificity (IgA1 vs. IgA2), and the 
administration route (IVIg vs. SCIg) [30]. Severe reactions requiring the use of 
epinephrine are exceedingly rare. Patients with anaphylactic or anaphylactoid 
reactions can be switched to slow subcutaneous administration, as this route is usu-
ally well-tolerated [31].

21.1.9.2  Headaches and Aseptic Meningitis
Headache is one of the most common complaints after IVIg infusion, starting 
either during the infusion or several hours later. It usually resolves spontaneously 
in less than 24 h and responds to analgesics. However, sometimes it might last 
longer and be associated with prolonged malaise, myalgia, photophobia, neck 
stiffness, nausea, and vomiting. In these severe cases, cerebrospinal fluid may 
reveal aseptic meningitis, characterized by pleocytosis, elevated proteins, and 
negative research for viral PCRs and bacterial cultures. A positive history for 
migraine is a risk factor for aseptic meningitis, independently of preparation or 
infusion rate [32]. These reactions are more frequent when an immunomodula-
tory high-dose IVIg (1–2 g/kg) is administered, even though they have been also 
reported in patients with low-dose replacement therapy [33]. The mechanism of 
action is unclear. IVIg-mediated osmotic shifts in the meninges and a direct 
inflammatory reaction have been proposed. Atypical anti-neutrophil antibodies 
contained in IVIg preparations have been claimed to activate TNF-α primed neu-
trophils [34].

21.1.9.3  Thrombotic Complications
Thrombosis has been widely reported, especially with high-dose IVIg, whereas it 
seems to be less likely in patients receiving low dose or SCIg [35]. The majority 
(80%) of reported thrombotic events is arterial (stroke and myocardial infarction) and 
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occurs early after IVIg administration. Arterial thrombotic events are associated with 
older age and atherosclerotic vascular disease. Venous thrombosis (deep vein throm-
bosis and pulmonary embolism) occurs less frequently (20%), usually later than 
24  hours after IVIg administration, and is associated with factors contributing to 
venous stasis (i.e., obesity or immobility) [36]. Thrombotic events in the cerebral 
sinus and jugular vein have been reported as well [37, 38]. The mechanisms impli-
cated in thrombotic events are platelet activation and increased adhesiveness, hyper-
viscosity, autoantibodies, or excess coagulation factors in the IVIg. A retrospective 
study reported thromboembolic events, even at low-dose regimens, in correlation with 
higher concentrations of clotting factor XI. Manufacturing and regulations have since 
been changed to test for procoagulant factors [39]. Prevention of thrombotic events 
includes identifying risk factors, adequate prehydration, slower infusion, premedica-
tion with antiplatelet drugs, or low molecular weight heparins [40]. Arterial thrombo-
sis caused by IVIg can be treated with tissue plasminogen activator (tPA) [41].

21.1.9.4  Hemolysis and Cytopenias
Hemolytic reactions can occur after infusions due to the presence of isohemaggluti-
nins in IVIg preparations. They usually involve anti-A and anti-B antibodies, even 
though minor groups like anti-D and anti-K have been implicated as well. In practice, 
most events are subclinical, with mild hemolysis presenting as hyperbilirubinemia 
and positive direct Coombs test. In a large cohort study, 1.6% of clinically relevant 
hemolytic events were reported, with a hemoglobin drop ranging from 0.8 to 5.2 g/
dL. Characteristics of these patients included high-dose IVIg, female sex, non-group 
0 blood and with an underlying inflammatory state [42]. Immunoaffinity chromatog-
raphy is used in modern preparations to reduce the titer of isohemagglutinins [43].

Transient neutropenia can occur 2–4 days after IVIg administration and last 
up to weeks. However, there is no report about severe infections [44]. Naturally 
occurring anti-Siglec-9 (anti-sialic acid-binding Ig-like lectin 9) autoantibodies, 
contained in some IVIg preparations, have been found to mediate neutrophil 
death [45].

21.1.9.5  Pulmonary Complications
Dyspnea and wheezing are relatively frequent but usually mild. Respiratory failure 
can be seen during anaphylaxis and pulmonary embolism. A rare but life- 
threatening adverse reaction is transfusion-related acute lung injury (TRALI), 
mostly associated with platelets and plasma transfusions but reported also with 
IVIg. It manifests with noncardiogenic pulmonary edema within 6 h from the infu-
sion. The pathogenesis of TRALI in the setting of IVIg appears to be related to 
anti-HLA antibodies [46].

21.1.9.6  Renal Failure and Electrolyte Imbalances
Renal failure was initially reported in patients undergoing high-dose IVIg 
 treatment and attributed to immune complex deposition and glomerular necrosis. 
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The decrease in renal function peaks usually 1 week after infusion and might be 
severe and even irreversible, requiring dialysis and transplantation [47]. Most 
renal adverse reactions have been associated with IVIg formulations containing 
sucrose, a sugar that is not metabolized in the kidney and that can cause osmotic 
nephrosis in the proximal tubules [48]. Reports of renal injury with sucrose-free 
IVIg are very rare. There are seldom case reports with maltose containing IVIg, 
but in most cases concomitant risk factors were present. Single cases have been 
reported with D-sorbitol, glycine, and L-proline. The risk factors associated with 
renal failure are concomitant administration of potentially nephrotoxic drugs 
(loop diuretics, angiotensin- converting enzyme inhibitors, angiotensin receptor 
antagonists, cyclosporine, iodinated contrast agent, aminoglycosides, vancomy-
cin), prior renal impairment, diabetes, hypertension, hypovolemia, obesity, and 
dysproteinemias (cryoglobulinemia, monoclonal gammopathies, multiple 
myeloma) [49]. Treatment and prevention aim to monitor renal function, main-
tain adequate hydration, and avoid IVIg overload with slower infusion and 
smaller dose per day [49].

IVIg infusion can cause hyponatremia through a dilutional effect resulting from 
sucrose-induced translocation of water from the intracellular compartment to the 
extracellular one [50]. Pseudo-hyponatremia caused by plasma hyperproteinemia is 
common [51]. In both cases the electrolyte defect is transient and does not require 
any treatment.

SCIg infusions are generally well-tolerated, even in the event of previous adverse 
events with IVIg. Local pain, swelling, and redness in SCIg injection site are com-
mon and can persist up to 3  days. However, those reactions are mild and well- 
tolerated, especially when compared to the IVIg ones [52]. Systemic reaction to 
SCIg are extremely rare, therefore premedication and monitoring of the therapy is 
rarely necessary [53].

21.1.9.7  Infective Complications
As with any blood product, immunoglobulins carry an intrinsic risk for the 
transmission of pathogens. The most notable infection transmitted by IVIg in 
the past has been hepatitis C (HCV). Since 1996, after the adoption of antiviral 
measures during IVIg preparation and PCR screening of samples HCV, trans-
missions have not been reported [54]. Notably, parvovirus B19 is not removed 
by standard IVIg preparations, but it is usually neutralized by the antibodies 
contained in the preparation, although few cases of infection have been reported 
[55]. No cases of HIV transmission have been reported so far, probably because 
the virus is lost during preparation due to its fragility. It has been speculated 
that also prion disease like Creutzfeldt-Jakob could be transmitted by IVIg 
[56]. A case series of patients with immunodeficiency and progressive neuro-
degeneration have been described, but no viral or prion etiologic factor have 
been identified [57].
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21.2  Antibiotics

21.2.1  Antibiotic Prophylaxis

Prophylactic antibiotics are of common use in patients with primary humoral pri-
mary immunodeficiencies, even though there are no guidelines in this regard. A 
different approach is used in patients with or without bronchiectasis.

21.2.1.1  Antibiotic Prophylaxis in Patients Without Bronchiectasis
The use of antibiotics in these patients is common, especially when only a partial 
antibody deficiency or an isolated IgA deficiency is present. A prophylaxis with a 
continuous or seasonal intermittent scheme may be of benefit, particularly in 
patients with more than three infections per year [58].

21.2.1.2  Antibiotic Prophylaxis in Patients with Bronchiectasis
Most of the experience in this field is adopted from cystic fibrosis (CF) patients with 
bronchiectasis and bronchiectasis of other origin. Studies from bronchoalveolar 
lavage indicate that H. influenzae, S. aureus, S. pneumoniae, and viruses represent 
the more frequent colonizers of these patients’ lungs [59]. In this subgroup of 
patients, antimicrobial prophylaxis is generally suggested when sinopulmonary 
infections occur despite pushing up IgG replacement therapy [60].

The most popular prophylactic antibiotics are macrolides, since they present an 
additional anti-inflammatory effect [61]. Azithromycin 500 mg 3 days/week is the 
most common approach [18]. Nontuberculosis mycobacterial (NTM) infection is 
common among patients with bronchiectasis. Azithromycin monotherapy is associ-
ated to mycobacterial resistance when NTMs are present. For this reason, their pres-
ence should be excluded before initiating the antimicrobic prophylaxis.

21.2.1.3  Pseudomonas Aeruginosa
Pseudomonas aeruginosa is a frequent colonizer of bronchiectasis, but true infec-
tions seldom occur. However, this colonization has been associated with the decline 
of lung function and poor prognosis. In CF and non-CF bronchiectasis patients, the 
use of azithromycin for 3 days each week has reduced exacerbations without a clear 
effect on lung function [58, 60].

Nebulized antibiotics may reduce the load of P. aeruginosa in bronchiectasis. 
Inhaled colistin and tobramycin may help reducing exacerbation frequency and 
lung function decline [62, 63]. Premedication with beta2-agonists may be needed in 
order to avoid bronchospasm [64].

21.2.2  Antibiotic Therapy

Most infections in patients with hypogammaglobulinemia are in the upper and 
lower respiratory tract, including sinusitis, otitis, bronchitis, and pneumonia. 
Therefore, empiric antibiotic therapy should be targeted to encapsulated bacteria as 
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S. pneumoniae while waiting for cultures. In patients with bronchiectasis, P. aerugi-
nosa coverage should be taken into consideration. Early treatment of infections is 
necessary, especially in the presence of purulent sputum, in order to avoid second-
ary structural damage. Before initiating any antibiotic therapy, samples should be 
collected to obtain cultures and antibiogram, as unusual microorganisms or antibi-
otic resistance can occur. However, in the setting of upper respiratory tract symp-
toms, viruses are a common cause. Indeed, upper respiratory tract infections respond 
poorly to antibiotics, suggesting that antibiotic usage should be targeted better [65].

Gastrointestinal infections are the second common localization, and therapy 
should be first aimed at rehydration and nutrition and then targeted on the basis of 
biopsies and cultures. The most common cause of infectious diarrhea is Giardia 
lamblia, followed by Campylobacter jejuni and Salmonella species. Other patho-
gens reported are Cytomegalovirus and Clostridium difficile. Notably, despite 
using more antibiotics than the general population, CVID patients aren’t more sus-
ceptible to C. difficile infection. Unusual parasites and fungi, or pathogens like 
Microsporidia or Cryptosporidia, should raise the suspicion of combined immuno-
deficiency [66].

In recent years, Norovirus has been recognized as an important pathogen. While 
in the healthy population it only causes a self-limiting acute diarrhea, in CVID 
patients it can lead to a severe chronic enteropathy, and clearance of the infection 
may be associated with the improvement of villous atrophy. Oral immunoglobulins 
and nitazoxanide have been used to treat Norovirus infections, although only ribavi-
rin has been linked to viral clearance [67].

Atypical gram-negative rods like Helicobacter bilis, also known as Flexispira 
rappini, can cause bacteremia, skin ulcers, arthritis, and osteomyelitis in deeply 
hypogammaglobulinemic patients. Isolation of those pathogens is difficult, as it 
requires selective culture conditions. Therefore, a strict cooperation with microbi-
ologist is needed [68].

Chronic enterovirus meningoencephalitis is a rare complication of deeply hypo-
gammaglobulinemic patients, usually seen in Bruton’s agammaglobulinemia or 
hyper-IgM syndromes. Cases have been reported also in patients with CVID, suc-
cessfully treated with pleconaril [69].

21.2.3  Non-pharmacological Interventions

Bronchiectatic patients may benefit from pulmonary rehabilitation, as it improves 
the removal of secretions from the airways and exercise tolerance [70].

21.3  Hematopoietic Stem Cell Transplantation

Infections in CVID are usually well controlled with IVIg/SCIg. However, a sub-
group of patients has severe autoimmune, autoinflammatory, lymphoproliferative, 
and neoplastic complications that negatively impact the prognosis. Although these 
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manifestations are usually controlled by immunosuppressive and immunomodula-
tory therapies, more invasive treatments are needed when treatment-resistant and 
life-threating complications are present. In all these cases, allogeneic hematopoietic 
stem cell transplantation (HSCT) should be considered as a valid option. The most 
common indications for HSCT are immunologic dysregulation and lymphoma. The 
reported mortality is very high (52%), even though HSCT was curative in most 
patients that survived and half of the patients have also suspended immunoglobulin 
therapy [71]. The diffusion of newborn screening and next-generation sequencing 
will enable the early recognition of genetic forms of combined immunodeficiency 
and CVID associated with severe complications, like LRBA deficiency [72] or 
ADA2 deficiency [73], which might benefit more from early HSCT.
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22.1  Introduction

Vaccines in humoral immunodeficiencies play a pivotal role both in prevention and 
diagnosis.

In predominantly antibody deficiencies (PADs), the increased susceptibility to 
infectious diseases, in addition to autoimmune and malignant complications, results 
in increased morbidity and mortality and has a major role in determining the prog-
nosis. Due to the generally severe course of infections and to the poor response to 
conventional antimicrobial treatment, prevention is crucial in this population. 
Therefore, vaccination, as well as immunoglobulin replacement therapy and antibi-
otic and antifungal prophylaxis, represents the mainstay of individual prevention; 
moreover, on a population scale, vaccines contribute to protection through herd 
immunity [1].

However, several issues need to be considered when performing vaccinations in 
humoral immunodeficiencies:

 1. Hazard of vaccine-induced infection
 2. Likelihood of adequate immune response
 3. Susceptibility to specific pathogens

The first concern is about safety and takes into account the risk of proliferation and 
dissemination of live viral or bacterial agents mainly depending on the degree of immune 
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impairment. Providing specific recommendations for each type of PADs is made diffi-
cult by multiple factors as the rarity of the single conditions, the exclusion of immuno-
compromised individuals from prelicensure vaccines tests, the lack of high-quality data 
and the extreme heterogeneity of clinical expression even among patients with the same 
diagnosis. A tailor-made approach based on the combination of general principles and 
specific evaluation of the patient’s immune function has to be considered the most 
appropriate.

The second issue, probably even more important, concerns lower immunogenic-
ity of vaccines in immunocompromised patients and the consequent possibility of 
not obtaining specific protection against pathogens. Besides their primary inability 
to mount an adequate immune response, also the interference generated by immu-
noglobulin substitutive therapy or the secondary immunosuppression caused by 
immunomodulatory drugs can contribute to the scarce response to vaccination.

Eventually, the specific pathogen susceptibility in the different types of primary 
immunodeficiencies (PIDs) should be considered, guiding specific vaccine 
recommendation.

Mainly because of safety issues, the proportion of vaccinated immunocompro-
mised individuals is below the one of the general population, even though these 
patients have increased susceptibility to vaccine-preventable infections and do not 
have contraindications to vaccination in several cases [2, 3].

22.2  Vaccination in Pad: Prophylactic Use

22.2.1  General Principles

The International Union of Immunological Societies (IUIS) Expert Committee for 
Primary Immunodeficiencies has recently catalogued and classified all known preva-
lent antibody deficiencies into four main groups [4]. This classification, based on 
serum immunoglobulin isotype reduction and B cell number, is of paramount impor-
tance during the diagnostic process. Nevertheless, with respect to a practical approach 
to vaccination, PADs can be broadly classified into mild and severe basing on the 
degree of B cell function impairment and the consequent infection susceptibility [5–
7]. Mild antibody deficiencies include conditions like transient hypogammaglobu-
linemia of infancy (THI), selective IgA deficiency (sIGAD), IgG subclass deficiency 
(IGGSD), or specific antibody deficiency. On the other hand, common variable immu-
nodeficiency disorders (CVID), X-linked agammaglobulinemia (XLA), all forms of 
autosomal recessive agammaglobulinemias, and E47 transcription factor deficiency 
necessarily have to be included, among others, in the severe group.

Viable and nonviable vaccines have different general indications and contraindi-
cations in the above mentioned categories (Table 22.1). Inactivated vaccines can be 
considered safe in all immunocompromised hosts. However, in patients with pro-
found immune impairment, their benefit is unlikely, and their use is not fully justi-
fied especially when receiving immunoglobulin replacement therapy. On the other 
side, the main concern about live vaccine is to cause vaccine-induced infections, for 
which reason they should be used with greater caution in patients with PADs.

L. Lodi and M. de Martino



293

Table 22.1 Vaccination in prevalent antibody deficiencies

Nonviable vaccines Viable vaccines
General principle Exceptions General principle Exceptions
–  Follow vaccination 

schedule of healthy 
individuals

–  Follow 
vaccination 
schedule of 
healthy 
individuals in 
industrialized 
countries

–  Avoid 
administration of:
–  LAIV (use IIV)
–  OPV (use IPV)
–  Adenovirus 

vaccine
–  Ty21a (use 

ViCPS)
– YF

Mild 
PADs

–  Hyporesponsiveness 
should not restrain 
administration

— –  Check T cell 
absolute n.° 
and function if 
doubts about 
associate 
cellular 
impairment 
(Table 22.2)

–  Caution is urged 
with BCG

–  Rule out severe 
PID (e.g., SCID, 
severe PAD) 
before ROTA

Severe 
PADs

–  Not recommended 
because 
ineffectiveness 
especially in 
patients receiving 
IVIG/SCIG

–  Recommended 
also in patient 
on IVIG/SCIG:
– IIV
–  4vHPV or 

9vHPV
–  AVA and 

rabies only in 
postexposure 
setting

Consider BCG 
with extreme 
caution only in 
XLA and only in 
settings at high 
risk of contagionc

–  Use if there is 
evidence of partial 
immune response

–  Consider active 
vaccination in 
CVID group IIa 
receiving IVIG/
SCIG in 
particular with: 
PCV13, PPVS23, 
MCV4, MPSV4, 
MenB, Hibb

Avoid 
administration

Abbreviations: PADs prevalent antibody deficiencies, LAIV live attenuated influenza vaccine, IIV 
inactivated influenza vaccine, OPV oral poliovirus vaccine, IPV inactivated poliovirus vaccine, 
Ty21a live oral typhoid vaccine, ViCPS Vi capsular polysaccharide (inactivated typhoid) vaccine, 
YF yellow fever vaccine, BCG Bacillus Calmette-Guérin vaccine, THI transient hypogammaglobu-
linemia of infancy, SCID severe combined immunodeficiency, ROTA rotavirus vaccine, IVIG intra-
venous immunoglobulins G, SCIG subcutaneous immunoglobulins G, 4v/9vHPV 
quadrivalent/9-valent human papillomavirus vaccine, AVA anthrax vaccine, CVID common vari-
able immunodeficiencies, PCV13 pneumococcal conjugate vaccine (13-valent), PPSV23 pneumo-
coccal polysaccharide vaccine (23-valent), MCV4 meningococcal conjugate vaccine (quadrivalent), 
MPSV4 meningococcal polysaccharide vaccine (quadrivalent), MenB serogroup B meningococcal 
vaccine, Hib Haemophilus influenzae type b vaccine, XLA X-linked agammaglobulinemia
aFreiburg classification of CVID
bVaccines against pathogens for which severe PAD patients are particularly susceptible and for 
which replacement therapy has shown variable levels of protection
cEvidence about safety of BCG in XLA is extremely low for the moment being [6]
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22.2.2  Mild Antibody Deficiencies

In mild PADs the possibility of decreased specific immune response should not 
discourage vaccine utilization. For the lack of safety data in the immunocompro-
mised host and for the significant possibility of harm with a low potential benefit, all 
the following vaccines should be avoided in these group: live oral polio (OPV), live 
attenuated influenza (LAIV), adenovirus, live typhoid (Ty21a), and yellow fever 
(YF) vaccines [7, 8]. In the 2015 report of the Committee on Infectious Diseases and 
in the Pink Book (13th Edition – 2015), Bacillus Calmette-Guérin vaccine (BCG) is 
considered contraindicated too. However, for the absence of systemic infection after 
BCG administration in 50 XLA infants, the risk of disseminated disease in mild 
PADs can be considered even lower than in severe forms, but caution is urged 
because evidence is extremely low [5, 6, 9]. OPV should be avoided in these patients 
and in their household contacts due to several reported cases of paralytic polio after 
vaccine administration [10]. With regard to adenovirus vaccine, the Food and Drug 
Administration has approved its use only in military personnel, and no safety data 
are available in the immunocompromised population [7, 11]. LAIV and Ty21a are 
not listed among contraindicated vaccines in the Red Book: 2015, presumptively 
because their use can easily be substituted by safer inactivated vaccines [5, 7]. 
Moreover, LAIV is licensed only for healthy individuals aged 2–49 [5] years. For 
all the other live vaccines in mild PADs, the possibility of harm is considered small 
and the benefit likely so that the administration is recommended [7].

Among nonviable vaccines Haemophilus influenzae B and pneumococcal vac-
cines are specially recommended [6] due to increased susceptibility in mild PADs, 
and a slightly modified schedule can be followed [7] also basing on laboratory 
detection of specific immune response in the patient (see Sect. 22.2.7).

Accordingly, patients with mild antibody deficiency can safely follow the normal 
vaccination schedule with both viable and nonviable vaccines, only in industrialized 
countries where the contraindicated vaccines are not included for epidemiological 
reasons or for the existence of safer alternatives [7]. In the sporadic case of patients 
with mild antibody deficiency on immunoglobulin substitutive therapy, specific rec-
ommendations should be followed as described separately in this chapter 
(Table 22.1).

22.2.3  Specific Mild Antibody Deficiencies

sIGAD has a tremendously variable clinical phenotype: from completely asymp-
tomatic to more severe with recurrent infections, autoimmune comorbidity, 
decreased T cell proliferation, and high possibility of evolving to CVID [12]. For 
this reason a small proportion of patients with sIGAD could theoretically be harmed 
by live attenuated vaccines [13]. However, in the absence of reported cases of 
vaccine- induced infections in this population and the rarity of such a profound 
immune impairment, children with SIGAD should follow the same vaccination 
schedule of healthy children, also considering that is impossible to define this 

L. Lodi and M. de Martino



295

Table 22.2 Safety cutoff 
levels for MMR and VAR 
separate administrationa

CD4+ T lymphocytes ≥500 cells/μLb

CD8+ T lymphocytes ≥200 cell/μL
T cell proliferation to PHA Normalc

All parameters have to be met
Abbreviations: MMR measles, mumps, rubella vaccine, VAR 
varicella vaccine, MMRV measles, mumps, rubella, varicella 
vaccine, PHA phytohemoagglutinin
aMMRV in immunocompetent individuals has shown to pro-
duce higher fever and higher risk of febrile seizure than separate 
administration of MMR and VAR [8]. No data are available for 
MMRV in the immunocompromised so that its administration 
is not recommended [7]
bA proliferation >50% of control is roughly considered “nor-
mal” depending on laboratories
cLower cutoffs of CD4+ T cell ≥200  cell/μL or percentage 
>15% have shown to be safe in DiGeorge syndrome but still 
have to be confirmed by further studies [7, 18]

condition before 4 years of age [1]. It is otherwise advisable that SIGAD patients 
which start showing manifestations of severe clinical phenotype [12, 14] undergo a 
complete evaluation of immune system before further administration of live vac-
cines. This should be done in order to promptly detect the evolution to CVID or a 
possibly associated T cell impairment. For T cell function assessment, with regard 
to live vaccine administration, it is possible to adopt cutoff levels used in children 
with partial combined immunodeficiencies for the separate administration of mea-
sles/mumps/rubella (MMR) and varicella (VAR) vaccines (see Table  22.2). 
Generally accepted cutoffs are ≥500 CD4+ T lymphocytes/μL, ≥200 CD8+ T lym-
phocytes/μL, and normal mitogen response [6, 15]. Basing on data extrapolated 
from HIV- infected patients and partial DiGeorge syndrome, the separate adminis-
tration of MMR and VAR is considered safe when CD4+ T cell count is ≥500 cells/
μL [16, 17]. However, even minor absolute numbers or percentages of CD4+ T cells 
could probably be considered safe, but more studies are needed to lower these cut-
offs [7, 18] (Table 22.2). Of note, age-related levels of immunocompetence are as 
follows [19]:

• ≥1500 CD4+ T lymphocytes/μL for children 1–11 months
• ≥750 CD4+ T lymphocytes/μL for children 12–23 months
• ≥500 CD4+ T lymphocytes/μL for children 24 months through 5 years
• ≥200 CD4+ T lymphocytes/μL for children older than 6 years

These values are obtained from the guidelines for prophylaxis against pneu-
mocystis pneumonia in children with HIV [19] and may be helpful, together 
with functional tests, when evaluating children younger than 1 year of age with 
suspected PID before the administration of live vaccines as rotavirus vaccine 
(ROTA).
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Infants with presumptive diagnosis of THI have to undergo complete immune 
evaluation to rule out SCID or other forms of immune impairment as severe PADs 
before the administration of ROTA [5, 20, 21]. Newborn screening programs for PIDs 
should be available in all those countries where ROTA is offered in the first year of 
life, and ROTA should not be administered in nursery before discharge because of the 
risk of spread. Infants with THI can normally follow vaccine schedule with nonviable 
vaccines, but if hypogammaglobulinemia persists beyond 1  year of age, complete 
immune assessment has to be carried out before the administration of live vaccines.

22.2.4  Severe Antibody Deficiencies

All live attenuated vaccines are contraindicated in this group of patients [5]. The 
hazard of vaccine-induced infections sums up with a low potential benefit in patients 
that are almost always receiving immunoglobulin substitutive therapy and have 
exogenous protective antibody titers. The likelihood to produce a protective response 
after vaccination is very low in patients with such a profound immune impairment. 
Furthermore, the neutralizing effect exerted on live vaccines by therapeutic IgG 
makes this possibility even lower, as shown for measles, rubella, and varicella in 
several studies [5, 22]. Among live vaccines the only options that may be considered 
are BCG [7], MMR, and VAR [5, 6]; however, there is no consensus in literature, 
and potential risk for the patient should be carefully evaluated in consideration of 
environmental hazard of contagion, immunoglobulin replacement therapy, and spe-
cific pathology (e.g., XLA vs. CVID). No safety data are currently available about 
varicella or rotavirus in this group of patients [6].

Nonviable vaccines are not recommended for prevention in severe PADs because, 
despite being safe, they are unnecessary and ineffective [7], especially for polysac-
charide vaccines that should elicit a T-independent response (e.g., PPV23 and 
MPSV4) [5]. No data are available about efficacy of pneumococcal vaccination in 
severe PADs [6]. All these vaccines can be administered safely to evaluate specific 
immune response before the administration of substitutive IgG (see Sect. 22.4). 
Administration of nonviable vaccines has to be considered only in all those indi-
viduals who still have some residual antibody response and do not receive substitu-
tive IgG.  Inactivated influenza vaccine (IIV) is the first exception to this general 
principle and has to be administered in all patients with severe PADs because it can 
induce cellular immunity and because replacement immunoglobulin preparations 
may not contain protective titers against seasonal strains [23–25]. Human papillo-
mavirus (HPV) vaccine constitutes the second exception and is recommended with 
the same schedule of healthy individuals as it can induce cellular protective immu-
nity [26, 27]. The third and last exception is postexposure prophylaxis of anthrax 
and rabies. Both diseases have no widespread immunity among general population, 
and immunoglobulin preparation does not generally contain protective antibodies. 
For this reason, even if not approved for prevention under the 18 years of age, in a 
postexposure setting, anthrax vaccine should be administered in all individuals 
including children and immunocompromised patients [28]. Similarly, in 
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pre- exposure setting rabies vaccine is offered only to high-risk categories. After 
exposure to infected animals, immunocompromised subjects should receive the 
5-dose vaccine regimen together with specific immunoglobulins [29].

Different from mild antibody deficiencies, smallpox vaccine is contraindicated 
in severe PADs with reference to pre-exposure settings even if no absolute contrain-
dication exists [7, 9].

22.2.5  Specific Severe Antibody Deficiencies

All agammaglobulinemias with extremely low numbers or absent B cells are 
included in the first group of the 2015 IUIS classification of PADs [4] and represent 
the classical example of isolated B cell deficiency. With regard to vaccination, they 
are classified in the severe group together with other PADs like CVID. However, 
their pathogenesis does not primarily involve cellular immunity, and the immune 
defect is severe but apparently limited to the humoral compartment. This could be a 
critical point in differential management of agammaglobulinemias versus other dis-
orders of the severe group like CVID that can have a less profound reduction of 
serum immunoglobulins but a variably associated T cell function impairment. No 
killed vaccines can be effective in agammaglobulinemias, unless detection of some 
remnant Ig production as it can happen in XLA. For the previously mentioned rea-
sons, IIV, HPV, rabies, and anthrax vaccines are the main exceptions to this princi-
ple. However, mainly basing on studies on T cell response in XLA [30–32], some 
authors [2] suggest that all vaccines with protein antigens could be helpful because 
even a partial immune response could contribute to the protection offered by substi-
tutive IgG. Among these, PCV13 should be the first considered in these patients 
because of possibly insufficient titers in the immunoglobulin preparation [13] and 
patients’ increased susceptibility to pneumococcal invasive diseases.

On the other hand, all live vaccines should be avoided, but Shearer et al. [6] agree 
that measles, varicella, and BCG could be considered if strictly necessary and with 
extreme caution in isolated agammaglobulinemic patients like XLA but not in 
CVID or CVID-like disorders. It is the opinion of the authors that MMR and VAR 
administrations constitute a risk that should not be taken, at least in all individuals 
receiving substitutive IgG.  No data are available about safety of ROTA in these 
patients, for which reason newborn screening programs that include KRECs detec-
tion on dried blood spot [33, 34] can be of paramount importance to avoid vaccine- 
induced infections.

In CVID, due to the variable level of T cell function impairment, it is difficult to 
produce general vaccine recommendations. Different patterns of vaccine exposure, 
due to the late onset of the disease, can also play a role in determining the risk of 
vaccine-induced infections which is difficult to evaluate [6]. No cases of dissemi-
nate infection after administration of LAIV in CVID patients have ever been 
reported, but there is some evidence of transmission from close contacts who 
received the viable vaccine to patient with CVID [6]. For this reason, in CVID, all 
live vaccines should be avoided with no exceptions [7].
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Nonviable vaccines are generally not recommended in CVID as for all the other 
severe PADs, especially in patients receiving immunoglobulin substitutive therapy. 
IIV and HPV are the only exceptions of proved efficacy. In particular IIV in CVID 
has been recently reviewed, and available data suggest benefits from its administra-
tion in these patients and in their household contacts [35]. Moreover, a recent study 
of Goldacker et  al. encourages active immunization of CVID patients with anti- 
peptide and anti-polysaccharide vaccines in addition to IgG replacement therapy 
[36]. This practice is not currently considered a standard care component [1, 37], 
but it could be advisable in those patients with higher probability of specific immune 
response (CVID group II of Freiburg classification) and for those vaccines for which 
replacement therapy has shown variable levels of protection [38].

22.2.6  Other Humoral PIDs

Some other PIDs with a major component of humoral impairment, like class switch 
recombination defects (e.g., CD40 and CD40L deficiency), have been recently clas-
sified in the combined immunodeficiency (CID) group because of their pathogene-
sis and their associated cellular dysfunction [4]. ICOS and LRBA deficiency are 
part of this group too [4]. For these disorders, despite the striking impairment of 
humoral component, vaccine recommendation for CID should be followed. 
Inactivated vaccines can have some residual efficacy in mild CIDs when IgG 
replacement therapy is not in use, while live vaccines are generally proscribed. 
Milder CID can also tolerate live vaccines, but in this case a patient-specific assess-
ment of cellular compartment is mandatory and should rely on safety cutoff levels 
derived from partial DiGeorge syndrome and HIV-infected patients (Table 22.2) [7].

With regard to vaccination in PADs like TWEAK defects; TACI, NFKB2, BAFF 
receptor, CD19, and CD21 deficiencies [4]; and all other novel humoral immunode-
ficiencies with recent phenotypical characterization, an approach similar to the one 
used in CID should be adopted in order to rule out a major immune impairment that 
can pose the patient at risk of vaccine-induced infection. This approach may be 
considered cautionary, but even if pathogenesis has been clearly elucidated and 
seems to affect only the humoral compartment, these defects can show tremendous 
variability in clinical and immune phenotype. To date, only few reports are available 
for each of these defects, and categorization into severe or mild group is difficult, so 
that a complete assessment of immune function is imperative.

PRKC delta deficiency, despite the significant impairment of B cell lineage with 
low memory B cells and hypo-IgG, is classified among immune dysregulation dis-
eases and in particular among autoimmune lymphoproliferative syndromes (ALPS) 
because of its intrinsic defect in apoptosis and because of its clinical and laboratory 
phenotype [4]. For this reason vaccination in PRKC delta deficiency may arouse 
some concerns about possible triggering of autoimmune flares [7] derived from 
studies on rheumatic diseases [39]. However, the theoretic possibility of dispropor-
tionate immune response and consequent increase of disease activity should not 
refrain the current immunization practice because benefits of infection prevention 
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are much more relevant than possible damages produced by an eventual disease 
flare [40]. Lower immunogenicity and risk of infection by attenuate pathogens 
should be considered carefully with proper evaluation of protective antibody titers 
and the definition of the degree of immunosuppression caused by immunosuppres-
sive drugs [7, 40] (Table 22.3 and Section on 22.2.8.2 “Specific Population: Patients 
on Immunosuppressive Drugs”).

Warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syndrome 
is a disorder of intrinsic and innate immunity that shows also an important impair-
ment of the humoral compartment with low immunoglobulin levels and reductions 
of B cell number. In these patients the increased susceptibility to HPV infections 
gives HPV vaccine special importance mostly because safety and efficacy of quad-
rivalent HPV (4vHPV) vaccine have been demonstrated [41]. No studies on 9-valent 
HPV vaccine (9vHPV) in WHIM are available. However, 9vHPV has been approved 
for immunocompromised persons [42] and expands the protection offered by 
4vHPV, so that it likely constitutes the best option for these patients.

22.2.7  Increased Susceptibility to Specific Pathogens: Dedicated 
Vaccines

In addition to group-specific recommendations, some vaccines deserve specific 
analysis because of their importance in patients with humoral immunodeficien-
cies. Increased susceptibility to bacteremias and sepsis and central nervous sys-
tem and gastrointestinal infections caused by several pathogens have been 
observed in PAD patients [1]. Encapsulated bacteria, like Streptococcus pneu-
moniae or Haemophilus influenzae type B (Hib), are responsible for the great 
majority of infections [43].

Table 22.3 Drug-related levels of immunosuppression [5]

Mild immunosuppression Heavy immunosuppression
Patients receiving:
  •  <20 mg/day of prednisone or equivalent 

for ≥14 days
  •  <2 mg/kg/day of prednisone or equivalent 

for ≥14 days for patients weighing <10 kg
  • Alternate-day corticosteroid therapy
  • ≤0.4 mg/kg/week of methotrexate
  • ≤3 mg/kg/day of azathioprine
  • ≤1.5 mg/kg/day of 6-mercaptopurine

Patients receiving:
  •  ≥20 mg/day of prednisone or equivalent 

for ≥14 days
  •  ≥2 mg/kg/day of prednisone or 

equivalent for ≥14 days for patients 
<10 kg

  • TNF-α antagonists
  •  Anti-B-lymphocyte monoclonal 

antibodies
  • Cancer chemotherapy
  • Within 2 months after SOT
  • Within 2 months after HSCTa

Abbreviations: SOT solid organ transplant, HSCT hematopoietic stem cell transplant, GVHD graft 
versus host disease
aHeavy immunosuppression is frequently longer depending on the type of transplant, donor, and 
stem cell source. Posttransplant complications like GVHD and their treatment is also to be 
considered
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Because of this increased susceptibility, modified schedule should be considered 
in these patients in order to obtain a complete protection, especially in those indi-
viduals that are not receiving substitutive IgG. Therapeutic immunoglobulin prepa-
rations contain variable but generally protective antibody levels against 
pneumococcus and Hib, while titers against meningococcus are even more variable 
[7, 38]. For these reasons vaccines against these pathogens should be offered to all 
those patients who show at least a partial immune response, according to some 
authors, even if they are receiving substitutive IgG [36].

In the light of the accumulating data regarding possible PPSV23-related immune 
tolerance, immunization with PCV13 has to be the one of choice; moreover, PCV13 
booster doses can be administered every 5 years after normal vaccination schedule 
[1, 7]. However, to expand protection against more serotypes, a PPV13/PPSV23 
combined schedule may be used with the following timing: PPSV23 may be admin-
istered in children older than 2 years of age at least 8 weeks after the last PCV13 
administration, and it can be followed by a PPV23 booster dose after at least 5 years 
[44]. The administration of more than two doses of PPVS23 before the age of 65 has 
to be avoided [45]. Children with IGGSD (in particular IgG2 deficiency), eventually 
associated with SAD or sIGAD, may receive two doses of pneumococcal conjugate 
vaccine at ages when one would normally be sufficient in order to enhance immu-
nity [1, 46].

Patients with PADs should receive at least one dose of Hib during their life, even 
after the 5 years of age when the vaccine is no more recommended in the general 
population [7].

Different from complement component deficiencies and anatomic or functional 
asplenia, PADs are not listed among those conditions that increase the risk of menin-
gococcal infection, so that these patients should follow normal schedule and, in the 
USA, avoid MCV4 between 2 months through 10 years of age unless traveling or 
residing in endemic areas or communities with meningococcal disease outbreak 
[47]. In all those countries, like many European ones (e.g., Italy, Spain, Portugal, 
France, Germany, the UK, etc.), where monovalent C conjugate meningococcal 
vaccine (MenC) is recommended, vaccination should be scheduled as for healthy 
individuals before 10 years of age [48]. Similar risk categories (asplenias and com-
plement deficiencies) have been identified for MenB, so that humoral immunodefi-
ciencies do not need specific scheduling and normal administration timing can be 
followed in the countries where the vaccine is licensed [49]. MCSV4 is not recom-
mended in individuals younger than 55 years of age when the conjugate vaccine is 
available [50].

MMR and VAR are listed among risk-specific vaccines in severe antibody defi-
ciencies, and indication is given to consider the administration [9]. This indication 
likely refers to agammaglobulinemias and to the possibility of inducing cellular 
immunity; however, there is no consensus in literature, and other authors consider 
the possibility of harm significant, the benefit unlikely so that administration is not 
recommended [7].
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22.2.8  Special Populations

22.2.8.1  Vaccination in Patients with Humoral Immunodeficiency 
Receiving Immunoglobulin Therapy

IgG replacement therapy is the mainstay of treatment of severe PADs, but occasion-
ally intravenous or subcutaneous immunoglobulins (IVIG or SCIG) are used also in 
milder defects when chemoprophylaxis is not effective in preventing recurrent 
infections. Moreover, exogenous IgG can be used to modulate a dysregulated 
immune response that can be part of the clinical picture in some humoral immuno-
deficiencies like CVID. With regard to infection prevention, therapeutic IgG play 
several roles like neutralization of toxins and opsonization of pathogens with con-
sequent complement-mediated lysis and killing by phagocytes and NK cells. 
Common immunoglobulin preparations contain protective antibodies against most 
of the pathogens included in the primary childhood immunization schedule with 
variable but generally protective titers against Hib and the different pneumococcal 
serotypes [7]. Even more variability is encountered with anti-meningococcal anti-
bodies [38]. No protection can be granted against seasonal strains of influenza and 
against all those pathogens that do not have diffuse immunity in the general popula-
tion which constitutes the pool of donors.

Circulating antibodies, regardless if endogenous or exogenous, do not generally 
interfere with the immune response elicited by the antigens contained in nonviable 
vaccines so that their administration can be previous, simultaneous, or subsequent 
to the immunoglobulins [51]. A different anatomic site should be chosen for vaccine 
administration if the patient is receiving SCIG [5]. Simultaneous administration of 
immunoglobulins and the specific vaccine is recommended for prophylaxis after 
exposure to certain diseases like HBV, tetanus, and rabies [51].

For the abovementioned principle and for their capacity to evoke a cellular immune 
response, IIV and HPV are recommended in all patients receiving IVIG or SCIG 
[23–27]. Moreover, antigenic shift and drift of influenza virus do not allow the cre-
ation of herd immunity in the general population, so that common immunoglobulin 
preparations cannot be considered protective against seasonal strains and annual vac-
cination is recommended in all patients receiving substitutive IgG [1]. Conjugate 
polysaccharide vaccines can be considered in all those individuals who maintain at 
least a partial immune response, especially if the vaccine is offered in order to protect 
against pathogens with increased susceptibility in the disease [5, 7, 36].

Different from nonviable vaccines that are generally not affected by circulating 
antibodies to the antigen, live vaccines may be affected because specific antibodies 
can interfere with pathogen replication that is necessary to evoke the immune 
response [51]. In particular, response to measles, rubella, and varicella is affected, 
while response to YF and OPV does not seem to be altered [5, 22, 52]. Anyhow, YF 
and OPV are generally contraindicated in humoral immunodeficiencies so that spe-
cial recommendations about timing have to be observed only when talking about 
MMR and VAR. A minimum of 2 weeks, broadly corresponding to the incubation 
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period, should be waited before the administration of immunoglobulins if the vac-
cine was the first given product [51]. If this period has not been respected, specific 
immune response should be tested or the vaccine repeated [51]. Conversely, if thera-
peutic Ig was first administered, complete degradation should be waited to avoid 
interference, and this period may vary from 3 to 11 months depending on the con-
centration of antibody in the product [51]. A complete list of recommended inter-
vals between the administration of immune globulin preparations and measles- or 
varicella-containing vaccines can be found in the Appendix A of the Pink Book (13th 
Edition – 2015), but the generally accepted interval after IVIG given for substitutive 
therapy in immunodeficiencies (300–400 mg/kg) is 8 months [9].

22.2.8.2  Vaccination in Patients with Humoral Immunodeficiency 
Receiving Immunosuppressive Drugs

Patients with humoral immunodeficiencies can exhibit autoimmune diseases and 
need immunosuppressive treatment. Although necessary, pharmacological immu-
nomodulation can produce secondary immunodeficiency that goes beyond the 
humoral compartment. In these patients, in addition to the evaluation of the primary 
immune defect, it is essential to assess the degree of drug-related immunosuppres-
sion, especially with regard to vaccination. High- or low-level immunosuppression 
can be identified basing on drug type, dosage, duration of therapy, and route of 
administration (Table 22.3) [5].

Patients with low-level immunosuppression can safely receive viable and nonvi-
able vaccines [5, 53]. Individuals on steroid physiological replacement therapy or 
receiving steroids by topical skin application, local injection, or aerosol inhalation 
can be incorporated in the previous category, and no concern should be raised about 
safety or efficacy of the vaccination [5].

Patients with heavy immunosuppression should receive nonviable vaccines at 
least 2 weeks before the initiation of therapy and live vaccines at least 4 weeks 
before, especially when a long period of treatment is planned. When high-dose 
immunosuppressive therapy was not planned, inactivated vaccines can safely be 
administered even during therapy, but their efficacy may be impaired so that admin-
istration should be repeated after cessation of treatment [7]. Live vaccines are con-
traindicated during high-dose immunosuppressive medication.

With regard to intervals for vaccine administration after cessation of therapy, 
2 weeks should be waited when high-dose steroids have been administered for less 
than 14 days, even if some authors recommend immediate administration. When 
high-dose steroid treatments have lasted more than 14 days, vaccine administrations 
have to be delayed for 4 weeks after stopping therapy [5]. Immune reconstitution 
after termination of drugs other than corticosteroids is extremely variable and 
depends on several factors. Therefore, it is difficult to define recommendations 
about the time frame after cessation of therapy that could grant immunogenicity for 
inactivated vaccines and safety as well as efficacy for live vaccines [5].
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22.2.8.3  Household Contacts of Patients with Humoral 
Immunodeficiency

OPV should be avoided in household contacts of patients with humoral immunode-
ficiency because of documented risk of transmission and possible vaccine-related 
complications in immunodeficient patients [5]. All other vaccines, including live 
ones like MMR, VAR, MMRV, and ROTA, should be administered following nor-
mal routine schedule with no restrictions, neither for travel vaccinations including 
YF and Ty21a [5].

Annual immunization with IIV is particularly recommended in household mem-
bers who are 6 months of age or older, in order to prevent possible close sources of 
contagion. In particular, IIV is to be preferred to LAIV even if risk of transmission 
is mainly theoretical and explicit contraindication does not include household con-
tacts of patients with humoral immunodeficiency [5]. LAIV, in fact, should not be 
administered (or contact avoided for at least 7 days if LAIV is given) only in house-
hold members of:

 – Patients with SCID
 – Patients who received hematopoietic stem cell transplantation (HSCT) within 

2 months
 – Patients receiving treatment for graft versus host disease (GVHD) [5]

In order to diminish the risk of transmission, individuals living with immuno-
compromised patients should schedule periodic vaccination with pertussis vaccine, 
while MMR and VAR should be up to date [6]. Immunocompromised patients 
should avoid contact with individuals developing varicella rash after VAR, and iso-
lation of the immunodeficient person is recommended until skin lesions have 
cleared. If contact occurs, risk of transmission is low, and when it has occurred, the 
vaccine-strain varicella virus has maintained its attenuated characteristics. For this 
reasons, in the Red Book: 2015, the administration of varicella zoster immunoglob-
ulin preparation or IVIG is not indicated even if some authors still consider it ade-
quate [5–7].

22.2.8.4  Vaccination in Pregnancy: Women at High Risk to Deliver 
a Child with Humoral Immunodeficiency

Pregnant women without an up-to-date immunization history should routinely 
receive tetanus, diphtheria, pertussis vaccine (Tdap), and IIV. However, when there 
is high suspicion of being pregnant with a child at risk of humoral immunodefi-
ciency, the mother should also be offered with PCV13, Hib, and meningococcal 
vaccines [6]. This practice, thanks to the placental passage of maternal antibodies, 
would grant to the newborn passive immunity against the abovementioned patho-
gens at least during the first months of life, while diagnosis is better defined and 
treatment can be initiated.
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22.2.8.5  Vaccination for Travel in Patients with Humoral 
Immunodeficiency

Patients with humoral immunodeficiency planning a travel to regions with different 
endemics should be evaluated by a specialist in travel medicine together with a 
physician aware of the patient’s immunocompromised state [54]. When feasible, 
vaccination should be started soon enough to allow serological testing and eventual 
booster immunizations before departure. Beside the selection of appropriate travel 
vaccines depending on the itinerary, travel counseling can be a good opportunity to 
review routine immunizations status.

Travel vaccines may include YF, typhoid vaccines, polio, Japanese encephalitis, 
meningococcus, cholera, rabies, and HAV. Safety and effectiveness, especially of live 
vaccines, must be weighted with the risk of contracting natural infection together with 
the availability of alternatives for passive protection. For instance, immunocompro-
mised patients, who are not likely to respond to hepatitis A (HAV) vaccine or those 
who do not have enough time for immunization, should receive specific intramuscular 
immunoglobulin prior to travel [5]. Patients that are already receiving IVIG or SCIG 
do not need additional antibody protection against HAV. However, awareness should 
be raised in the patients receiving IVIG or SCIG that common immunoglobulin prep-
arations do not contain protective titers against pathogens, like rabies, whose immu-
nity is not widespread in the general population. For this reason, when risk of exposure 
is high and vaccination is contraindicated or likely ineffective, hyperimmune globu-
lins can be administered preventively in order to grant passive protection.

Inducing immunity to cholera can be challenging in patients with humoral immu-
nodeficiencies because protection is mainly based on mucosal humoral immunity 
[55]. In June 2016 an oral live attenuated single-dose vaccine against cholera (lyophi-
lized CVD 103-HgR) was approved in the USA for adult travelers (aged 18 to 
64 years) to risk areas [56]. Apparently, no difference in adverse events was reported 
among HIV-infected recipients of an older formulation of CVD 103-HgR [57]. 
However, safety and effectiveness have not been established among immunocompro-
mised people, so that vaccination should be avoided in these individuals and in their 
household contacts [56]. Killed whole cell monovalent (O1) vaccine with recombi-
nant B subunit of cholera toxin (WC-rBS) and killed modified whole cell bivalent (O1 
and O139) without the B subunit (WC) have been proved safe in extremely large 
populations including HIV-positive and other immunocompromised individuals [55]. 
Eventually, in patients with humoral immunodeficiency, concerns should be raised 
regarding efficacy, as long as lower immunogenicity has been observed in HIV-
infected individuals with the lowest CD4 counts [55]. Further studies are needed to 
evaluate additional dose regimens in these populations. Of note, heat-labile toxin (LT) 
of enterotoxinogenic Escherichia coli (ETEC) is structurally similar to cholera toxin 
B, and immunological cross-reaction has been demonstrated. For this reason WC-rBS, 
different from WCs, may provide some protection against ETEC [55]. As for general 
population, food and water precautions together with frequent handwashing are fun-
damental for cholera prevention especially in immunocompromised hosts.
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Adequate counseling about prophylactic and preventive measures should be 
offered to patients with humoral immunodeficiencies which have a higher risk to be 
harmed by diseases that cannot be prevented by vaccination, like travelers’ diarrhea 
or malaria [54].

22.2.8.6  Vaccination in Patients with Humoral Immunodeficiency 
Undergoing HSCT

HSCT does not constitute a primary therapeutic option in patients with antibody 
deficiencies [58]. Thus far, only limited experiences with XLA and CVID are avail-
able [59, 60], but new strategies to minimize ablative regimens are under study for 
patients with PADs [58]. Approach to vaccination in candidate and recipients of 
HSCT can rely on national and international guidelines [61, 62]. In particular, 
patients with PADs already have peculiar immune features in a pretransplant set-
ting, so that in case of HSCT, an appropriate immunization strategy for pre- and 
posttransplant period should be planned by the specialist in clinical immunology 
together with the hematologist that will conduct the HSCT.

22.3  Vaccination in PADs: Diagnostic Use

Vaccines can be used as a diagnostic tool to evaluate the capacity of the immune 
system to mount an adequate response against specific antigens. This response 
relates to patients’ possibility of defending themselves from natural infections [63]. 
For this reason, specific antibody production is of paramount importance for the 
evaluation of the humoral immune system, and it is part of the diagnostic criteria of 
many clinical entities like SAD or CVID. The assessment of specific response to 
protein and polysaccharide antigens, in fact, is considered the main functional test 
in the evaluation of B cell compartment, and it is generally used together with quan-
titative determination of serum immunoglobulin levels.

Assessing response to both protein and polysaccharide antigens is fundamental 
in order to identify two well-described patterns of nonresponse:

 1. Failure to respond solely to polysaccharide antigens
 2. Failure to respond both to polysaccharide and protein antigens [63]

Distinct clinical entities generally show one of these two phenotypes. When pro-
tein response is impaired, it is extremely unusual to find a preserved response to 
polysaccharide antigens. T-dependent antigens, in fact, constitute a strong stimulus 
in evoking a specific immune response, so that when this is impaired, we are gener-
ally facing a major immunodeficiency with a global impairment of immune func-
tion. Response to protein-polysaccharide conjugate vaccines represents a hybrid, 
and it is not routinely used in the primary assessment as its effects are not fully 
standardized [64].

22 Vaccines in Humoral Primary Immunodeficiencies



306

At the present time, the procedure for qualitative assessment of antibody func-
tion involves in vitro assays (ELISA is considered the one of choice) used to detect 
specific antibody titers produced in vivo as a response to standardized antigens [63]. 
Vaccines used in routine immunization schedules represent the main source of these 
standardized antigens. However, novel vaccine antigens can be used in specific situ-
ations of interference, like immunoglobulin substitutive therapy or infusions with 
plasma products. In particular ΦX174 bacteriophage, rabies and Japanese encepha-
litis may be administered. Nonetheless, they are all protein antigens, and each of 
them shows specific limitations. The ΦX174 bacteriophage is available only in 
selected research centers [65], normal response to rabies vaccine has not been fully 
defined [63], and Japanese encephalitis can be an option only in selected countries 
like European ones where the vaccine is licensed but at the same time is not rou-
tinely administered nor endemic [66].

When evaluating specific antibody response, IgG is the only immunoglobulin 
isotype that has to be considered, because, differently from IgA and IgM, it is the 
only one representing a long-term protection [63].

When poor antibody response is detected in a baseline setting, it is necessary to 
administer an immunization booster in order to prove, with an antigenic challenge, 
if a pattern of nonresponse is actually present [63]. Pre- and postvaccination titers 
have to be determined in the same laboratory with the same method 4–8 weeks after 
vaccine administration. Earlier testing would not allow completion of seroconver-
sion, while later testing would not permit to perceive the difference between poor 
response and rapid loss of immunologic memory.

The response to protein antigens is generally tested through the quantitative 
determination of antibody titers against tetanus and diphtheria toxoids. It is consid-
ered protective a level of:

• 0.01–0.1 IU/mL for diphtheria
• >0.1 IU/mL for tetanus [67]

In children, antibody titers should be determined only after a complete immuni-
zation series, which includes three doses of anti-tetanus and anti-diphtheria vaccine. 
In adults, immunization history is fundamental, because after several years from the 
last booster dose, antibody titers may have naturally decreased, especially diphthe-
ria’s one [68]. In those cases, administration of a booster dose will restore protection 
and will allow to document a normal humoral response to protein antigens.

The assessment of polysaccharide antigen response is more complex than that to 
proteins, and it is generally carried out through the determination of antibody titers 
against multiple pneumococcal serotypes [63, 69].

Antibody response to polysaccharide antigens is not a component of routine 
immune investigation in children younger than 2 years. In fact, it has historically 
been determined that children younger than this age have a minor and variable 
capacity to respond to T-independent antigens because of age-dependent immuno-
logic maturation [70]. Moreover, pure polysaccharide vaccines may endanger the 
patient inducing tolerance and impairing the efficacy of conjugate vaccine adminis-
tered subsequently [71]. In these age groups, polysaccharide response can be tested 
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indirectly with quantitative determination of isohemagglutinin titers: anti-A and 
anti-B. These antibodies are naturally produced against gut flora polysaccharides, 
and only their complete absence in patients older than 6 months of age can be sug-
gestive of an antibody production defect. Moreover, normal titers, composed of IgG 
and IgM, do not exclude immunodeficiency and are naturally absent in individuals 
with AB blood group [72].

In individuals older than 2 years of age, responsiveness to polysaccharide anti-
gens is generally tested through the determination of antibody titers against 23 
pneumococcal serotypes. A single-serotype IgG concentration is considered protec-
tive when ≥1.3 μg/mL [63, 73], but it has scarce significance if considered singu-
larly. In fact, different pneumococcal serotypes have completely different 
immunogenicities so that a high isolated response to one serotype cannot be consid-
ered as indicative of normal polysaccharide response.

If the patient has already received PCV13, when evaluating polysaccharide 
response, only those serotypes that are not included in the conjugated vaccine have 
to be considered. In particular, when studying a child with a history of recurrent 
infections, normal serological response to pneumococcus requires:

• ≥50% of protective titers (≥1.3 μg/mL) against serotypes not included in the 
conjugate vaccine if previously administered, in patients 2 to 5 years of age

• ≥70% of protective titers (≥1.3 μg/mL) against serotypes not included in the 
conjugate vaccine if previously administered, in patients older than 6 years of 
age [63]

This means that if PCV13 has normally been administered in the first year of life, 
the response have to be evaluated basing on the 11 serotypes (2, 8, 9 N, 10A, 11A, 
12F, 15B, 17F, 20, 22, and 33F) included in PPV23 and not in PCV13.

For instance, a child under 6 years of age with recurrent infections but normal 
polysaccharide response will have protective titers against 6 or more serotypes out 
of these 11. If the same child were older than 6 years of age, a normal response 
would be identified by the presence of protective titers against 8 or more of the 11 
serotypes not included in PCV13.

When children with recurrent infections have lower proportions of protective 
titers, they can be considered deficient, and PPV23 may be administered (at least at 
8 weeks from PCV13 and after 2 years of age) in order to expand protection and to 
test specific antibody response against pure polysaccharide. Repeated booster doses 
of PPV23 are not recommended because they can induce tolerance and efficacy is 
absent especially in non-responder [73–75].

Deficient responsiveness to PPV23 can be classified as follows, basing mainly on 
the percentage of protective titers (≥1.3 μg/mL) documented against the different 
serotypes:

• Severe phenotype has ≤2 protective titers, and protective titers present are low 
(<2.0 μg/mL).

• Moderate phenotype has ≥3 protective titers, but proportion is <70% in over 6 
and < 50% in under 6.
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• Mild phenotype.
• Rapid memory loss [63].

When evaluating relative increase in a postvaccination setting, proportion of 
neo- protective titers is fundamental, but it should be determined through the 
accurate analysis of single-serotype pre- and postimmunization titers. In fact, 
the higher the single titer was in a pre-vaccination setting, the lower the increase 
will be after PPV23 administration [76, 77]. Limited data are available about 
how much an already protective titer should increase after a booster dose. 
However, a twofold increase is considered adequate if preimmunization titers 
were lower than 4.4 to 10.3 μg/mL depending on the pneumococcal serotype 
[76]. Accordingly, mild phenotype is identified as the incapacity to generate a 
twofold increase in patients that had lower pre-vaccination titers compared with 
the one mentioned above or a general failure to generate protective titers against 
multiple serotypes.

Rapid memory loss can be identified when, despite a good vaccine-response, the 
patient continues to suffer from recurrent infections. In this case retesting of anti-
body titers is repeated within 6 months from the last immunization, and titers have 
already decreased below the protective levels. Isolated hyporesponsiveness to poly-
saccharide antigens with normal response to proteins is typical of mild humoral 
immunodeficiencies like SAD, IGGSD, and sIGAD.

22.4  Herd Immunity: A Social Issue

The importance of vaccinations in humoral immunodeficiencies as prophylactic and 
diagnostic tool is crucial. Moreover, their role is not confined to the single-patient 
care, but it obviously goes further being relevant on a population scale. The term 
“herd immunity” refers to the reduction of infections in the general population even 
among susceptible individuals because of presence and proximity of immune indi-
viduals [78]. The advent of immunizations is the reason of rare occurrence of poten-
tially deadly childhood infections like rubella, varicella, measles, or pertussis. In 
industrialized countries, population have become complacent with this rarity which 
has generated the misbelief that these diseases are disappeared and will not return 
[6]. Moreover, population is everyday more sophisticated and likely to oppose to 
vaccine recommendations so that maintenance of high coverage is more difficult as 
the diseases decline in incidence. Anti-vax sentiment is a complex issue whose roots 
slip into clear disinformation, fear of conspiracy, new libertarian philosophies, reli-
gious views, and fear of severe side effects like development of autism, despite vast 
evidence of the contrary [6, 78]. Immunodeficient individuals are obviously the 
most endangered from the loss of indirect protection in the general population. It 
would be desirable that all healthcare providers contribute to patients and parents 
adequate information and that national and international programs are implemented 
to fight the phenomenon and correctly spread scientific evidence among the 
public.
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23Malignancy in Predominantly Antibody 
Deficiencies (PAD)

Claudia Wehr

23.1  Introduction

Paul Ehrlich in 1909 proposed a role of the immune system in cancer surveillance 
[1], a hypothesis that later was elaborated by Burnet [2]. The predisposition of 
primary immunodeficiency (PID) patients to malignancies has long been recog-
nized [3]. Also patients with secondary immunodeficiency, e.g., acquired immuno-
deficiency syndrome, recipients of hematopoietic stem cell transplantation, and 
kidney transplant recipients are at increased risk for malignancies [4–6]. The 
importance of the immune system in controlling malignancies is currently further 
emphasized by the success of checkpoint inhibitor treatment, e.g., anti-PD1 anti-
bodies in treatment of cancers. Herein, the evidence for cancer predisposition in 
primary humoral immunodeficiency is reviewed. Other primary immunodeficien-
cies accounting for a substantial part of cancer predisposition in PID, e.g., ataxia-
telangiectasia, Nijmegen breakage syndrome, X-linked lymphoproliferative 
syndrome, are not in the scope of the article and have recently been reviewed else-
where [7].

According to the current classification of the International Union of 
Immunological Societies Expert Committee for Primary Immunodeficiency [8], 
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PAD comprises more than 30 entities (Table 23.1). Most of the entities are molec-
ularly defined, e.g., BTK (Bruton’s tyrosine kinase) mutations in X-linked agam-
maglobulinemia providing the means to exactly define the patient cohort. However, 
some entities are molecularly defined with only a few patients published, render-
ing epidemiological studies on cancer incidence impossible, e.g., UNG (uracil-N- 
glycosylase) deficiency. Common variable immunodeficiency (CVID) represents 
the most prevalent entity within PAD. CVID is defined according to clinical crite-
ria with predominant hypogammaglobulinemia (https://esid.org/Working-Parties/
Registry/Diagnosis-criteria) and a varying degree of T-cell deficiency in some 
patients [9]. This caused CVID to be used as an umbrella diagnosis for undefined 
PID in some of the older cohorts. About 2–10% of CVID patients—in preselected 
cohorts up to 30%—carry monogenetic defects [10, 11]. At the same time, it has 
become clear that the pathophysiology of CVID is complex and multi-facetted in 
the majority of patients, and some of the “monogenetic” defects turned out later 
to be genetic modifiers, e.g., TNFRSF13B (TACI) mutations [12]. As the field of 
genetics and genomics has rapidly evolved over the last years and as not all CVID 
patients undergo targeted or non-targeted sequencing, some molecularly defined 
PID might be included into CVID cohorts: NFKB1 and NFKB2 mutations and 
CTLA-4 and LRBA deficiency, the latter being nowadays grouped within regula-
tor T-cell deficiencies or combined immunodeficiencies, respectively. Activating 
mutations in PI3K-delta lead to an immundysregulatory syndrome with a high 
prevalence of lymphoma [13, 14] with some of these patients formerly being sub-
sumed under the diagnosis of CVID These aspects have to be kept in mind when 
interpreting registry data on CVID patients. Despite the limitations due to retro-
spective and/or uncontrolled studies and small patient numbers in many of the 
PAD subgroups, Table 23.1 summarizes the evidence for predisposition to malig-
nancies in PAD classified according to the IUS classification [8]. CVID and BTK 
deficiency will be discussed separately in the text below.

Table 23.1 PAD according to IUIS classification and association with malignancy

PAD with severe reduction in all serum immunoglobulin isotypes with profoundly decreased or 
absent B cells
BTK deficiency (X-linked 
agammaglobulinemia)

See text

μ heavy chain deficiency Autosomal recessive agammaglobulinemia, no clear 
association with malignancies, case reports for gastric 
adenocarcinoma exist [46]

Lambda 5 deficiency
CD79A deficiency
CD79B deficiency
BLNK deficiency
PI3KR1 deficiency
E47 transcription factor deficiency Only few patients published, no association with malignancy 

reported [47, 48]
Thymoma with immunodeficiency Good’s syndrome: patients display invasive infections and 

autoimmunity, no malignancies besides thymoma reported 
[49, 50]

Severe reduction in at least two serum immunoglobulin isotypes with normal or low number of B 
cells
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Table 23.1 (continued)

CVID See text
CD19 deficiency Subsumed in CVID cohorts
CD81 deficiency
CD20 deficiency
CD21 deficiency
TACI deficiency
BAFF receptor deficiency
TWEAK deficiency Few patients reported, patients have recurrent warts [51] 

which might predispose to HPV-associated cancers
NFKB2 deficiency No association with malignancies reported [52–54]
MOGS deficiency Few patients reported [55, 56], early deaths
TRNT1 deficiency Sideroblastic anemia with B-cell immunodeficiency, periodic 

fevers, and developmental delay, often death in first decade 
due to cardiomyopathy, no association with malignancy 
reported [57, 58]

TTC37 deficiency Trichohepatoenteric syndrome: no association with 
malignancy reported [59], one case report of a patient with 
hepatoblastoma [60]

Severe reduction in serum IgG and IgA with normal/elevated IgM and normal numbers of B cells
AID (activation-induced cytidine 
deaminase) deficiency

Autosomal recessive immunodeficiency with hyper-IgM 
syndrome, follicular hyperplasia in lymph nodes frequent, but no 
association with lymphoma or other malignancy reported [61, 62]

UNG (uracil-N-glycosylase) 
deficiency

Only three patients reported, follicular hyperplasia in lymph 
nodes is common, UNG-deficient mice are predisposed to 
B-cell lymphomas [62]

INO80 deficiency Only two patients reported, leads to mild DNA repair defect, 
predisposition to malignancies possible [63]

MSH6 deficiency DNA mismatch repair defect, predisposes to solid tumors (esp. 
HNPCC, endometrial cancer) and lymphomas [64] and   Online 
Mendelian Inheritance in Man, OMIM®. Johns Hopkins 
University, Baltimore, MD. MIM number: {600,678}: 
{12/72015}: World Wide Web URL: https://omim.org/)

Isotype or light chain deficiencies with generally normal numbers of B cells
Activated PI3K-delta Increased incidence of lymphoma in 13–28% of patients [13, 14]
PI3KR1 loss of function No malignancies reported
Ig heavy chain mutations and 
deletions (other than 𝜇 chain)

Can be asymptomatic, association with malignancy unknown

IGKC (kappa light chain) deficiency Only few patients reported, all B cells express lambda light 
chain without clonality [65]

IgA with IgG subclass deficiency No increased risk for neoplasms in IgA deficiency [23] 
reported

Specific antibody deficiency with 
normal Ig concentrations and 
normal numbers of B cells

No data available

Isolated IgG subclass deficiency
Transient hypogammaglobulinemia 
of infancy with normal numbers of 
B cells

Prospective studies with follow-up into adulthood of this 
patient cohort are lacking, no association with malignancy 
reported

CARD11 gain of function mutations “B cell expansion with NF-κB and T cell anergy” (BENTA) 
disease; one case of CLL reported, constitutive NF-κB 
activation might predispose to B cell lymphoma [66]
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23.2  Predisposition to Malignancy in PAD

Multiple case series and registry surveys addressing the incidence of malignancies in 
PID were published over the last decades. Due to the rarity of PID, the results of many 
of the studies rely on relatively few patient numbers, and the results have to be inter-
preted with caution. The largest and most recent cohort on cancer epidemiology in 
patients with primary immunodeficiency reports data from 3658 US PID patients 
(USIDNET) and a control group including approximately 26% of the US population 
from “Surveillance, Epidemiology and End Results Program Estimated Cancer 
Incidence” of the National Cancer Institute [15]. Mayor et al. point out that—in con-
trast to many other previous registry reports—the incidence of the most common can-
cers in the general population (breast, colorectal, lung, prostate cancer) was not 
increased in PID patients, whereas the incidence of lymphoma, skin, and thyroid can-
cer was significantly increased compared to the general population. Data published 
from the Dutch national registry of PID patients [16] on 745 children and adults showed 
an increased incidence of lymphoma, leukemia, skin cancer, and rare solid tumors (thy-
mus, endocrine gland) in PID patients compared to the Dutch general population. 
Similar findings were reported from Australian patients (n = 1135) from the Australasian 
Society of Clinical Immunology and Allergy PID Registry [17]. Of note, the relative 
risk increase of leukemia was in both studies based on extremely low case numbers. 
The increased incidence of thymoma in these cohorts most likely reflects the inclusion 
of patients with immunodeficiency due to thymoma and does not reflect an elevated 
risk of PID patients for thymoma. Consistent throughout all studies [15–18] is the 
increased risk of lymphoma for PID patients. Other neoplasms are most likely only 
increased in subgroups of PID, e.g., stomach cancer in CVID, and results from differ-
ent registries vary depending on the percentages of different PIDs within the cohorts.

23.3  CVID

Malignancies are among the main causes of death in CVID patients [19–21] with 
gastric adenocarcinoma and lymphoma being the most common malignancies.

23.3.1  Lymphoma

The incidence of lymphoma in CVID is 7× increased for women and 8.42× increased 
for men [15]; other studies have found lower [17] or higher fold increases [22–24]. 
Lymphoma subtypes in CVID are mostly B-cell-derived high-grade non-Hodgkin 
lymphomas (NHL). As in the general population B-NHLs can be EBV associated in 
some cases, but—albeit exact statistic data are lacking—there does not seem to exist 
an overrepresentation of EBV-associated lymphomas in CVID [25]. This is in con-
trast to other combined PIDs with disturbances of T- and NK-cell surveillance (e.g., 
XLP1, XIAP, CD27 deficiency) where EBV-associated lymphoproliferation/malig-
nancies are a hallmark of the disease. T-cell NHLs are rarely seen in CVID and 
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should prompt a review of the CVID diagnostic criteria and exclusion of a DNA 
repair deficiency [25]. Follicular lymphoma, a low-grade lymphoma accounting for 
20–25% of NHL in the normal population, has also rarely been described in 
CVID. If marginal zone lymphoma, another low-grade NHL, is more prevalent in 
CVID compared to the general population is questioned [25] albeit the hypothesis 
of chronic antigenic stimulation in mucosa-associated lymphoid tissues (MALT) in 
the context of humoral immunodeficiency leading to increased lymphoma incidence 
offers an attractive pathophysiological concept [26]. Treatment of NHLs in CVID 
can be conducted according to entity and standard hematologic protocols if there is 
no suspicion of a DNA repair deficiency and if the general condition and comorbidi-
ties of the patient allow for it. In contrast to treatment of non-PID lymphoma 
patients, it is suggested to evaluate hematopoietic stem cell transplantation in first 
remission [27, 28].

Establishing the diagnosis of lymphoma in CVID patients can be hampered by 
the fact that about ¼ of patients display benign lymphadenopathy [29] resulting 
from reactive lymphoid hyperplasia or granulomatous inflammation and ill-defined, 
irregular germinal centers [30]. Also borderline malignant lymphoproliferation can 
be present in CVID patients [25, 31]. For these reasons, lymph node extraction is 
preferred over lymph node biopsy in CVID patients with suspicion of lymphoma. 
Further pitfalls are expansions of oligoclonal CD8 T cells infiltrating the liver or 
bone marrow sometimes resembling large granular lymphocyte leukemia [25]. In 
summary setting both the optimal time point for lymph node excision and histologic 
evaluation of lymphatic proliferation in CVID is challenging and should be done by 
experts in the field and on an interdisciplinary basis.

23.3.2  Gastric Adenocarcinoma

In the most recent and largest analysis on cancer predisposition in PID, the inci-
dence of stomach cancer was 5× increased in men and 4.29× in women with CVID 
compared to the general population [15]. Vajdic et al. reported a 7.23× increase, 
[17] while older studies suggested an even higher increase (10−47× fold) [23, 24]. 
If there is a true decline in incidence of stomach cancer in CVID due to increased 
treatment of Helicobacter pylori or if this finding results from methodological dif-
ferences remains an open question. A reason for the predisposition to gastric adeno-
carcinoma is the high prevalence of known risk factors for gastric cancer in CVID 
patients compared to the general population: atrophic gastritis, Helicobacter pylori 
infections, and intestinal metaplasia [32, 33]. CVID patients develop gastric cancer 
earlier in life compared to non-PID patients with gastric cancer, and the most com-
mon histologic subtype is tubular adenocarcinoma [34]. Prognosis is poor and treat-
ment is conducted according to oncological algorithms. Endoscopic screening for 
gastric cancer in selected CVID patients has been suggested [33] but was not for-
mally investigated. Given the high prevalence of gastric pathology including malig-
nancies in CVID patients, dyspepsia should prompt esophagogastroscopy without 
further delay.
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23.4  X-Linked Agammaglobulinemia (XLA)

Mutations in Bruton’s tyrosine kinase (BTK) lead to early-onset infectious sus-
ceptibility due to absence of B cells and agammaglobulinemia; a substantial part 
of patients suffer from autoimmune arthritis or inflammatory bowel disease [35, 
36]. Cutaneous T-cell lymphomas have been reported in a few cases [37–39]. 
Other case reports suggest an increased incidence of gastric adenocarcinoma and 
colorectal cancer in XLA [40–42] and screening endoscopy revealed adenoma-
tous polyps in two of four screened XLA patients [43]. However, these (case) 
studies might underlie a publication bias. While the registry study by Vajdic et al. 
found the relative risk of stomach cancer increased in XLA on the basis of one 
single case [17], others could not confirm an increased incidence of malignomas 
in XLA patients [44], and the largest registry study on malignancies in PID does 
not comment on this question due to limited number of patients in this subgroup 
[15]. In summary, there remains uncertainty if XLA patients are predisposed to 
malignancies or not.

The increased frequency of malignancy in PAD emphasizes the role of the immune 
system in controlling the development of malignancies but more specifically sup-
ports the hypothesis that in certain conditions B lymphocytes may be involved in this 
function [45]. Indeed, malignancies can constitute a late complication in PID, but 
they can also constitute the first manifestation of it, leading to an unusual course of 
the malignancy. Hence, the physician who cares for primary immune deficiency 
patients has to keep in mind that beyond infection and immune dysregulation, the 
occurrence of malignancy has to be actively searched and cared for.
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24Humoral Primary Immunodeficiency 
and Autoimmune and Inflammatory 
Manifestations

Aleš Janda and Marta Rizzi

24.1  Autoimmunity and Inflammatory Manifestations 
in Primary Immunodeficiencies [1–4]

Primary immunodeficiencies (PIDs) are inherited disorders that are caused by 
impaired immune responses. They belong to the group of rare diseases. The esti-
mated prevalence of PIDs is 4–5/100.000 live births. The conditions are inherited in 
polygenic as well as monogenic trait. More than 300 genes involved in the patho-
genesis of PIDs have been described. Originally, the PIDs were defined by increased 
susceptibility to recurrent, chronic, atypical, or severe infections. However, the 
underlying functional impairment of the innate and/or adaptive arms of the immune 
system may also lead to cancers and immune diseases as allergy, inflammation, and 
autoimmune diseases. Indeed, the defining features of many PIDs are the autoim-
mune and inflammatory (A/I) conditions with or without increased susceptibility to 
infections. While in other PIDs, A/I occur only in a subset of patients.

The apparent paradox of under- and over-function of the immune system leading 
to PID and autoimmunity can be overcome by the concept of immune dysregula-
tion. It has been clearly established that the genetic defects that affect, for example, 
T- and B-cell development compromise not only the ability to generate a diversified 
repertoire of lymphocytes capable of recognizing multiple pathogens but also 
impinge on mechanisms of central and peripheral tolerance, hence favoring A/I 
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manifestations. A number of immune-related genes have been shown to be involved 
both in development and tolerance. The accent on the dysregulation aspect is also 
highly relevant for the complex therapeutic approaches combining substitutional 
with immunosuppressive means.

24.2  Frequency of Autoimmune and Inflammatory 
Manifestations in Patients with Primary 
Immunodeficiencies [1]

A recent extensive analysis encompassing data on more than 2000 patients with PID in 
French national register [1] revealed that about a quarter of those patients suffer from 
at least one A/I condition. The manifestations spanned through all known A/I symp-
toms with autoimmune cytopenia being the most frequent one, followed in frequency 
by gastrointestinal disorders, skin ailments, and rheumatic conditions. About a third of 
the affected patients did experience more than one A/I manifestation. The relative risk 
of developing A/I manifestation was 3- to 14-fold higher in patients with PIDs com-
pared to the normal population. The A/I manifestations occurred throughout the life; by 
the age of 50 years, 40% of the patients were affected. The A/I conditions affected 
patients suffering from all types of PIDs (CVID, other B-cell PID, T-cell PID, innate). 
However, the risk of their occurrence as well as the type of A/I differed. Patients with 
CVID and CID carried the highest risk of developing A/I. On the other hand, the T-cell 
defects predisposed the patients to the earlier manifestation of A/I. T-cell PIDs were 
more frequently associated with immune cytopenia and rheumatologic manifestations. 
Interestingly, allergy was the only independent A/I risk factor other than the type of 
PID. In contrast to the general population, the gender bias was not observed in PID 
patients: males and females were equally affected with A/I symptoms. Of note, there 
was a similar risk of developing A/I in patients with PIDs with inherent increased sus-
ceptibility to infections as in patients with PIDs that are characterized by autoimmunity 
and lymphoproliferation. This fact supports the hypotheses that A/I symptoms are inte-
gral part of PIDs. Early onset of infections as well as the PID treatment (e.g., IVIg 
substitution) did not affect frequency of A/I. It means that in PIDs, the repeated stimu-
lation of immune system through infections does not lead to initiation of A/I condi-
tions. Not surprisingly, the presence of A/I conditions negatively influenced the quality 
of life of the patients as well as their survival. A manifestation of A/I prior HSCT was 
associated with worse survival after hematopoietic stem cell transplantation.

24.3  Pathophysiological Mechanisms Leading 
to Autoimmunity and Chronic Inflammation in Patients 
with Primary Antibody Deficiency [1, 5, 6]

Based on the general pathogenic mechanisms leading to autoimmunity, the molecu-
lar defects leading to primary antibody deficiency (PAD) as well as to autoimmunity 
and/or chronic inflammation (A/I) may be sorted according to the impact on 
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lymphocyte development: (1) defects of early lymphocyte maturation and central 
tolerance and (2) defects of peripheral lymphocytes activation or development. The 
first group includes defects that manifests in the bone marrow or the thymus; the 
second one encompasses defects affecting mature lymphocytes. A few critical steps 
in the development of mature B cells can be identified: B-cell activation, affinity 
maturation and class-switch of immunoglobulin receptors, and lymphocyte traffick-
ing. Flawless interactions between lymphocytes (especially T and B cells) are 
essential prerequisite of successful maturation. A number of those steps take place 
within germinal center response.

The molecular defects leading to PAD and/or A/I manifestation can be sorted 
based on the disrupted steps within the B-cell development. Defects that are primar-
ily characterized by defective antibody production are depicted in the Table 24.1 
and Fig.  24.1. Immune dysregulation conditions in which antibody deficiency is 
observed only in subsets of patients are listed in Table 24.2 and Fig. 24.2.

Within the defects in early lymphocytes maturation and central tolerance, we 
can distinguish defect of lymphocyte development in the bone marrow and in the 
thymus. When the block in B-lymphocyte development is not complete but leaky, 
such as in XLA or in PI3KRI deficiency or in Omenn syndrome, caused by hypo-
morphic defects in the enzymes involved in immunoglobulin genes recombination 
(e.g., RAG1 and RAG2) or in DNA repair processes (e.g., Artemis), the B and or T 
cells that are generated are oligoclonal. Due to their low frequency and an impaired 
natural selection process, the cells with autoreactive T or B receptors (TCR, BCR) 
may survive and clonally expand. The patients will have lymphopenia with impaired 
negative selection and central tolerance and plentifully available survival factors 
(e.g., BAFF). Hence, the autoreactive cells benefit from the lack of competition and 
can expand in the periphery. The defect in the thymic function leads to defective 
negative selection of self-reactive T cells. This disturbance might be caused by 
gross structural changes of thymus as in DiGeorge syndrome (impaired develop-
ment of the third and fourth branchial pouches). As the T cells are important in 
B-cell peripheral maturation, the patients with DiGeorge syndrome have frequently 
hypogammaglobulinemia.

The second group of conditions in which hypogammaglobulinemia is associated 
with immune dysregulation is characterized by defect in peripheral lymphocytes 
maturation and activation. The mature (follicular) B cells that leave bone marrow 
are “antigen inexperienced.” These cells must first undergo activation via the B-cell 
receptor (BCR). The activated cells move to the germinal center where they interact 
with T (follicular helper) cells. The T-B cooperation promotes the affinity matura-
tion for the antigen and class switch (of the immunoglobulin gene) and further 
development into memory and immunoglobulin-producing cells (plasma cells). 
This occurs in the germinal center (GC) response. The B cells shuttle via chemo-
kine signals between the dark and the light zone of the germinal center to complete 
their maturation. The chemokine signals control also relocation of the B cells once 
they are selected into memory compartment. Therefore, cell trafficking is an essen-
tial component of a functional germinal center response. Genetic defects disturbing 
any of these mechanisms may impinge on the production of high-affinity 
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class-switched antibodies, as well as their quality and their selection contributing to 
the risk of self-reactivity. Indeed, dysregulated B-cell activation, with hyperactiva-
tion of the BCR, has been discovered in CVID cohorts, as well as in patients suffer-
ing from other immune dysregulation syndromes (Figs.  24.1 and 24.2). In both 
groups hypogammaglobulinemia and A/I manifestations were present. B-cell acti-
vation is, for instance, affected by gain-of-function (GOF) mutations of B- or T-cell 
activation/effector molecules such as in APDS (activated PI3K-delta syndrome), in 
BENTA (B-cell expansion with NF-κB and T-cell anergy) or in PRKC-δ deficiency. 
When the signalling threshold of BCR is affected, the first phase of the immune 
response is disturbed, resulting in either disturbed selection of antibodies or their 
impaired production. Mutations in genes coding for component of the NF-κB path-
way that is downstream of BCR signalling may also manifest with combination of 
humoral immunodeficiency and immune dysregulation, for example, mutations in 
genes coding for MAP3K14, NEMO, IKBA, or BCL10. Impairment of genes coding 
for proteins that are involved in cytoskeleton metabolism plays an important role in 
B-cell activation as well, as the cytoskeleton controls recruitment of signalling mol-
ecules into the lipid rafts and formation of immunological synapse. This is a case in 
defects in WASP, DOCK2, DOCK8, or LRBA. The cross talk between T and B cells 
is essential to maintain both antibody production and self-tolerance, and indeed, the 
defects in proteins involved in T-B cooperation can be associated with immune 
dysregulation and humoral immunity, as it is the case for deficiencies in CD40L, 
CD40, ICOS, CD27, and CTLA-4. One of the crucial roles of the T-cell signalling 

HSC

Pro-B

Pre-BI

Pre-BII

Immature

Transitional Follicular B

Follicular B

T cell

GC B cell

Memory

Plasma cell

Marginal zone

1. Early lymphocytes
development / Central

tolerance
XLA, PI3KRI,

Good syndrome

2. B cell activation
APSD1/2,
BENTA

4. GC response
CVID, NFκB2,
CD19, CD81,
TACI, TWEAK

3. Affinity
Maturation / CSR
AID, UNG, MSH6

BM Spleen

Fig. 24.1 Primary antibody deficiency associated with defect in B cell development and autoim-
munity and immune dysregulation
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to B cells is inducing somatic hypermutation (SHM) and class-switch recombina-
tion (CSR), hence also the defects in affinity maturation and CSR such as genetic 
mutations in AID, or other genes involved in DNA repair such as UNG and MSH6 
are associated with both risk of autoimmunity and humoral immunodeficiency. The 
function of GC response is complex and requires a subtle modulation of signals 
mediated mainly by cytokines. Indeed, defect in cytokines (IL21), cytokine recep-
tors (IL21R), or signalling (STAT3 GOF) is correlated both with humoral immuno-
deficiency and autoimmune manifestations. The GC reaction requires also the 
elimination of self-reactive specificity and the positive selection of specific antibod-
ies into the memory compartment. In this mechanism apoptosis and Fas-signalling 
play an important role. Mutations in FAS or in its downstream signalling are associ-
ated with autoimmune phenomena and in a proportion of patients with humoral 
immune deficiency.

There are other mechanisms leading to immune dysregulation that are not associ-
ated with primary defect in antibody-secreting function, and therefore in those 
cases, the immune dysregulation is not associated with hypogammaglobulinemia. 
Oppositely, in many of those conditions, a hypergammaglobulinemia has been 
described.

Transitional Follicular B

Follicular B

T cell

GC B cell

Memory

Plasma cell

Marginal zone

2. B cell activation
DOCK8, DOCK2,
CARD11, BCL10,

WASP, NIK, NEMO,
IkBa (GOF), PKCδ

4. GC response
IL-21, IL21R, ALPS,
HSC STAT3 (GOF)HSC

CLP

Pre-BI

Pre-BII

Immature

3. T-B cooperation
CD40L, CD40,
ICOS, CD27,

CTLA-4, XLP 1/2

1. Central Tolerance
Di George Syndrome

1. Early lymphocytes
development / Central

Tolerance
Omenn Syndrome

T cell

BM Spleen

Thymus

Fig. 24.2 Primary immunodeficiency with autoimmunity and/or inflammatory manifestations as 
leading symptoms that may be associated with defect in B-cell development and antibody 
deficiency
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Within the defects of central tolerance, the APECED syndrome (autoimmune 
polyendocrinopathy-candidiasis-ectodermal dysplasia) is the most prominent rep-
resentative. It is caused by defects in AIRE, gene expressed in medullary thymic 
epithelial cells encoding a transcription factor that enables expression of multiple 
tissue-specific antigens. This process is decisive for clonal deletion of the auto-
reactive T lymphocytes. Defects in this gene result in a clinically broad range 
of autoimmune manifestations. Defective peripheral tolerance is seen in IPEX 
(immune dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome. It 
is linked to the dysfunction of the transcription factor FOXP3, widely considered 
to be the master regulator of the regulatory T-cell lineage. It leads to the dysfunc-
tion of regulatory T cells and the subsequent autoimmunity. Further examples are 
defects associated with increased type I interferon signature that are caused by 
constituently increased interferon production or impairment of its degradation. 
The patients present most often with SLE-phenotype. Other examples are defects 
of early complement components (C1q, C1r/s, C2, C4, C3, C5-9) and defective 
removal of cell debris that are also associated with SLE-like clinical symptoms. 
The congenital defects of phagocytes, defects in intrinsic, and innate immunity 
and autoinflammatory disorders have no or only mild B-cell phenotype and tend 
to hypergammaglobulinemia.

Of note, there are a few defects in the B-cell development that are associated 
with hypogammaglobulinemia, in which no autoimmune or inflammatory phenom-
ena have been described. This could be caused by complete block in B-cell develop-
ment with no leaky phenotype. On the other side, the missing observation of A/I 
manifestation in these patients may be due to the low number of cases or the short 
observation period in case of the new defects.

24.4  Management of Patients with Primary Antibody 
Deficiency and Autoimmune or Inflammatory 
Symptoms [7–9]

The treatment of patients presenting with immunodeficiency as well as autoimmu-
nity or chronic inflammation is challenging as it needs to preserve a balance between 
infection susceptibility and needs for immunosuppression.

The main pillar of the treatment of patients with antibody deficiency is the intrave-
nous (IVIg) or subcutaneous (SCIg) immunoglobulin substitution. Apart from its 
obvious function of substituting the missing antibodies, the immunosuppressive fea-
ture of high dosing can be beneficial. Antibiotics, antiviral, and antifungal agents are 
frequently used in infection prophylaxis. Interestingly, there is no evidence that reduc-
tion of infection episodes contributes to the prevention of A/I manifestation in PIDs.

Steroids are a backbone of immune modulation in autoimmune diseases. Their 
application is, however, limited due to significant side effects. High-dose steroid 
therapy is lymphotoxic and may cause secondary hypogammaglobulinemia. Their 
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application within PIDs is often restricted because of their broad immunosuppres-
sive effect. Autoimmune cytopenia is the most frequent indication for their admin-
istration. In chronic granulomatous disease, steroids are successfully used to reduce 
granuloma formation due to hyperinflammation. Disease-modifying drugs 
(DMARDs), e.g., methotrexate, hydroxychloroquine, ciclosporin A, or mycopheno-
late mofetil, used ordinarily in rheumatology, are applied frequently to control the 
autoimmune or inflammatory symptoms within PID field, too. Those drugs reduce 
primarily the proliferation capacity as well as the activation of lymphocytes. They 
impair negatively the antibody response to antigen as well; however, they rarely 
cause hypogammaglobulinemia or significant increase in susceptibility to 
infections.

The most known representative of modern targeted therapy is rituximab. The 
depletion of B cells expressing CD20 has been first used in patients with B cell 
lymphomas; currently this approach inherited part of treatment of many autoim-
mune manifestations, especially autoimmune cytopenia. The therapeutic mecha-
nism is based on the fact that B cells are crucial for elicitation of autoimmunity. 
Through elimination of all B cells, also the autoreactive cells are removed. During 
the repopulation it is expected that the B cells restore their tolerance to self and 
express non-autoreactive B-cell receptor (BCR). Nevertheless, rituximab has to be 
applied with caution, as a secondary antibody deficiency may be induced in predis-
posed individuals. The B-cell repopulation may be delayed or completely fail. This 
regeneration failure may damask underlying (beforehand undetected) B-cell devel-
opment defect or worsen the existing one. Another surface molecule that can be 
specifically targeted is CTLA-4. This molecule plays an important role in interplay 
between T and B cells. It is a negative regulator of T-cell activation. Synthetic 
CTLA-4-Ig (abatacept) may dampen T-cell activation and reduce autoimmune and 
inflammatory symptoms. It is approved for usage in a number of rheumatic dis-
eases. Its administration in the field of PID (e.g., CTLA-4 or LRBA deficiency) is, 
similarly as for the other targeted drugs, experimental. Inhibition of intracellular 
pathways can be executed via blockade of mTOR (e.g., rapamycin or sirolimus) or 
JAK-kinase (e.g., baricitinib). The immunomodulatory therapy emerge as a possi-
ble frontline therapy for PIDs with as well as without A/I manifestations.

Causative therapy in many PIDs as well as in autoimmune and inflammatory 
conditions is immune reconstitution via hematopoietic stem cell transplantation 
(HSCT) or gene therapy. Due to its still remarkable toxicity and risk of secondary 
hypogammaglobulinemia are those approaches reserved for the most severe cases.

24.5  Conclusion

Immunodeficiency, autoimmunity, and chronic inflammation are all caused by dys-
regulation of the immune system. The particular symptoms may overlap and in 
some cases require the same treatment, e.g., administration of immunomodulators. 
The clinical diagnosis of autoimmune symptoms in the context of primary antibody 
deficiency as well as the detection of underlying immunodeficiency in autoimmune 
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diseases or chronic inflammatory conditions is troublesome. The presented over-
view of the overlapping phenotypes may serve to improved diagnostics and ease the 
application of targeted therapy in the indicated cases.
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25Chest Complications in Patients 
with Primary Antibody Deficiency 
Syndromes (PADS)

Helen M. Chapel, Consuelo Anzilotti, and Smita Y. Patel

25.1  Which Primary Antibody Deficiencies (PADS) Are 
Complicated by Chest Involvement?

Primary antibody deficiency syndromes (PADS) are a heterogeneous group of pri-
mary immune disorders involving only failure of antibody production (B cell fail-
ure) and not cell-mediated (T cell failure) failure, though a few innate defects are 
linked to antibody failure [1–3]. rAntibody failure results in recurrent or severe 
bacterial infections due to the inability to mount specific antibody responses and 
consequentially subnormal serum immunoglobulin levels [4]. The most commonly 
occurring of these symptomatic conditions are the common variable immunodefi-
ciency disorders (CVID) with a prevalence of approximately 1:25,000–1:50,000 in 
a general population and the less common agammaglobulinemia due to mutations in 
the Bruton tyrosine kinase gene (BTK)—known as X-linked agammaglobulinemia 
(XLA) (Chap. 3)—or other rare genes causing B cell failure [5]. Mutations in genes 
involved in class switch recombination also result in B cell failure and poor IgG and 
IgA production but are accompanied with T cell abnormalities (Chap. 15) and so are 
not strictly PADS but combined immune deficiencies (CIDs). Other syndromes, 
some undefined and of varying severity, including partial antibody deficiencies due 
to missing or low levels of IgG subclasses, make up the rest of these symptomatic 
diseases (Chap. 17). Selective IgA deficiency (SIgAD) alone is usually asymptom-
atic (Chap. 16). With the exception of SIgAD, primary antibody failure syndromes 
result in recurrent bacterial infections of the respiratory tract and, if these are severe 
or prolonged infections, risk bronchiectasis. Non-infective complications, such as 
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interstitial lung diseases, do not seem to be features of undefined PADs or IgA with 
IgG subclass deficiencies, other partial IgG deficiencies, or specific antibody defi-
ciencies (SPAD) unless these progress to more severe defined CIDs [6].

25.2  Why Consider Chest Diseases?

The morbidity of recurrent bacterial chest infections is considerable in any popula-
tion but is a cause of significant problems and mortality in those with primary anti-
body failure, particularly those in the more severe end of the spectrum, namely, 
CVIDs and XLA [7–10]. Airway infections are predominantly caused by encapsu-
lated bacteria and can lead to persistent structural lung disease such as bronchiecta-
sis, significantly after pneumonia in CVID patients [8]. The presence of 
bronchiectasis is strongly associated with mortality in both CVIDs and XLA [11, 
12]. Deaths from bacterial infection are much reduced since the advent of appropri-
ate immunoglobulin replacement therapy [11, 13].

In addition, around 15% of CVID patients suffer interstitial lung diseases that are 
not associated with bacterial infections, CMV, EBV, or HHV8, though the exact 
nature of these complications remains unknown [14]. These are usually persistent and 
a cause of death due to respiratory failure or infection in about half the patients. 
Although bacterial infections, including those in the chest, can be largely prevented 
with adequate immunoglobulin (Ig) replacement [11, 15, 16], interstitial lung diseases 
are of unknown etiology and variable histology, and treatment remains controversial.

This chapter reviews the frequency and types of chest infections, the organisms 
involved and appropriate therapies, the resulting bronchiectasis in some but not all 
PAD patients, and how to detect this. In addition we examine the interstitial lung 
diseases associated with CVID patients, how to investigate and classify these, and 
then how to consider treatment.

25.3  Chest Infections

The frequency of upper and lower tract infections in the two most common forms of 
symptomatic antibody failure, namely, XLA and CVID, is >98% in untreated patients. 
In those with less severe antibody deficiency, the frequency is unknown since there 
are no screening programs for IgG subclass deficiencies or specific antibody deficien-
cies, though anecdotal data suggests a small, selected proportion of such patients not 
only have recurrent chest and/or sinus infections but do respond to immunoglobulin 
replacement. In our experience these patients do not progress to interstitial lung dis-
eases (ILD), though there is some data on ILD of unknown cause in a few patients 
with IgG subclass deficiencies [17]; whether or not this is related to recurrent infec-
tions and is therefore preventable remains unknown. Our data suggests that specific 
antibody deficiency (SAD) seems to presage more complex PID eventually [6].

Respiratory infections may result in bronchitis or pneumonia in the lower tract. 
The pathogens found most commonly are the encapsulated pyogenic bacteria, such 
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as Haemophilus influenzae, Streptococcus pneumoniae, or Staphylococcus, though 
other organisms frequently cause infections at other sites. Rhinoviral infections are 
often prolonged prior to Ig therapy and may result in secondary bacterial infections 
in the chest. Fungi and respiratory viruses do not usually cause primary infections 
in patients with pure antibody failure.

Prompt antibiotics for these particular organisms, including longer courses and 
higher doses, are the mainstay of treatment for chest infections, in addition to pro-
phylaxis with Ig. Microbial cultures for persistent infections, with antibiotic sensi-
tivities, are required since organisms may often be resistant. Antibiotics with good 
mucosal penetration, such as azithromycin, are particularly useful for both therapy 
and prophylaxis (though actual evidence in unspecified PAD patients is sparse). It is 
helpful for patients to recognize incipient infection and to have antibiotics at home 
so that prompt treatment can begin at once.

Prophylactic replacement Ig reduces the frequency of all infections, including 
those in the chest. The Oxford data showed a reduction of all bacterial infections in 
90 patients following individualized Ig replacement, to a rate of 0.02 pneumonias/
patient year. Persistent infections were due to 9 patients of whom 5 were also receiv-
ing immunosuppressive drugs [11]. This data was supported by the meta-analysis of 
Orange et al. [15] and the information from Quinti and colleagues [18]. The Italian 
group showed that risk factors for pneumonia post Ig therapy include a persistently 
low serum IgG level (<4 g/L), low levels of IgA at diagnosis (<0.07 g/L), and bron-
chiectasis in CVID patients and bronchiectasis alone in XLA.

Ig therapy also reduces inflammation when used in immunomodulatory doses, 
though whether or not this occurs with lower replacement doses remains speculative. 
Prophylactic antibiotics are used in patients with severe structural damage whether due 
to bronchiectasis or ILD, but these patients do run the risk of resistant bacteria, so lim-
iting the usage to patients with frequent significant infections in high-risk periods (such 
as winter) or rotating antibiotics are helpful strategies, though evidence is limited.

25.4  Bronchiectasis

The causes of bronchiectasis in the general population include severe infections 
such as pneumonia, childhood illnesses such as whooping cough and measles (now 
rare since widespread immunization), complications of allergy such as allergic 
bronchopulmonary aspergillosis, cystic fibrosis, or rare ciliary abnormalities. 
Smoking predisposes to bronchiectasis as well as COPD [19]. However in PAD 
patients, bronchiectasis is strongly associated with repeated or severe chest infec-
tions [11], though the possible contribution of smoking to bronchiectasis is not 
always noted in PID databases.

Not all PAD patients suffer from bronchiectasis [20]. The prevalence of bronchi-
ectasis in PAD patients varies with the type of disease, age of the patient, geographi-
cal location, time of disease progression, and dose of Ig replacement; even in the 
CVID group, different centers report different percentages of patients with bronchi-
ectasis [8]. In CVID patients this ranges from 27 to 60%, whereas in boys with 
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XLA, the figure is higher, between 60 and 90% [9, 21]. The precise figures for IgG 
subclass deficiencies or SIgAD are unknown, but bronchiectasis is unusual.

Structural damage is an infection-related complication. In CVID patients, there 
is a significant association of bronchiectasis with previous pneumonia but no asso-
ciation between bronchiectasis and the disease-related complications of CVID, i.e., 
cytopenias or lymphoproliferation. Lucas et al. [11] found no association in their 
study between bronchiectasis and low IgG or IgA levels at diagnosis, but with the 
Italian data [18], that of Litzman et al. [22], and in Brazil [23], there were significant 
associations between low IgA and bronchiectasis; these study populations had a 
higher prevalence of bronchiectasis than in the northern European patients, and 
more patients in those cohorts were smokers.

Early detection of the presence of structural lung disease is essential to ensure 
the correct dose of replacement Ig in order to prevent breakthrough infections, as 
well as setting up monitoring for progression. Persistent cough and sputum produc-
tion are standard clinical signs but are not always reliable [21]. Chest X-ray (CXR) 
is a relatively insensitive method of detection for bronchiectasis as are pulmonary 
function tests (PFT) [24]. A normal lung function (FEV1 > 80% predicted) does not 
preclude the presence of bronchiectasis; 59% of the patients with a normal lung 
function had bronchiectasis in a recent European study [21].

Imaging techniques, in particular high resolution computed tomography (HRCT), 
are considered the gold standard for diagnosing structural lung diseases [25]. 
Bronchial wall thickening, mucus plugging, and atelectasis are features of bronchi-
ectasis. The difficulties of providing a standardized evaluation of chest CT scans in 
antibody deficiencies, in order to determine the exact prevalence, severity, and pro-
gression of this important infection-related complication, have been emphasized in 
a recent multicenter study in Europe [21]. Recently standards have been described 
and these should be universal [26]. Two groups have investigated magnetic reso-
nance imaging (MRI) as an alternative that causes less radiation damage [27, 28], 
but there are no long-term studies for this type of monitoring as yet.

Management of bronchiectasis in PAD patients is based on protocols for bron-
chiectasis of other etiologies, as there is insufficient evidence relating solely to PAD 
patients. It is sensible to use protocols for cystic fibrosis for severe bronchiectasis 
and to manage the patients in conjunction with a respiratory specialist with an inter-
est in bronchiectasis, to ensure access to physiotherapy and nebulized treatments. It 
is also important to consider the role of standby and/or appropriate prophylactic 
antibiotics, particularly in the winter months, if breakthrough infections occur. 
Physiotherapy is essential, and breathing exercises/brisk activities (including learn-
ing a wind instrument for reluctant teenagers) help to keep the lungs dry. Monitoring 
infections depends on patients keeping careful note of all infections (in upper and 
lower respiratory tracts), for which patient diaries are often helpful. Liaison between 
primary care physicians and specialist immunologists, to reconsider the dose of Ig 
replacement if infections recur, is crucial [29].

Longitudinal data over 22  years shows that in order to prevent breakthrough 
bacterial infections, a higher starting dose of Ig at 0.6 g/kg/month is needed for 
bronchiectatic patients [11], compared with 0.4  g/kg/month for those without 
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bronchiectasis. As in all patients, this can be modified later depending on the fre-
quency of infections while on Ig therapy. There is speculation as to why bronchiec-
tatic patients need more Ig. The hypothesis that lower levels of recycling of Ig via 
FcRn result in the need for higher replacement is based on the finding that levels of 
mRNA for FcRn were reduced in 28 bronchiectatic CVID patients [30]. Furthermore 
FcRn mRNA levels correlated with extent of bronchiectasis and with a rapid rate of 
IgG decline when measured on days 7 and14 after IVIg infusion.

25.4.1  Interstitial Lung Diseases

Interstitial lung diseases (ILD) are mainly late complications in patients with the 
lymphoproliferative phenotype of CVID [8]. Some rare patients with partial immu-
noglobulin deficiencies have been described with ILD [17], but this is uncommon 
and not described at all in XLA.

Not all patients present with symptoms [31, 32], which makes ILD difficult to 
detect making a baseline HRCT obligatory in CVID patients [33].

Whereas HRCT is useful for the diagnosis of bronchiectasis, CT features indi-
cating ILD are variable, as shown in Fig. 25.1.
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Fig. 25.1 HRCT findings in CVID patients in large study by European Chest Group [21]
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The features chosen by the European Chest CT Group [21] are those typically 
found in PAD patients [23]. The distribution of these features in CT images from 282 
patients, from 15 immunodeficiency centers in 9 countries, was classified as in Fig. 
25.1. The findings present in >20% of patients of 232 CVID patients are shown. 
Arrows indicate those that suggest ILD

In relation to lymphoid interstitial pneumonitis, there may be architectural distor-
tion due to lymphocytic infiltration, parenchymal bands, ground glass, or nodules.

Excessive lymphadenopathy in the chest suggests infection, lymphoid malig-
nancy, or lymphoid dysregulation. It is important for the reporting radiologist to dis-
cuss the clinical history and to recommend biopsy if there are any positive findings.

Our findings (m/s in revision) show that there were no well-formed granulomata 
in our series of 29 patients biopsied between 1986 and 2016, while 11 had nodules 
on CT; hence we could rule out any correlation between CT nodules and the pres-
ence of granulomata. Since some patients have done well on follow-up, having 
recovered on corticosteroids alone and then weaned off such treatment, however, 
others (50%) have died within a few years of respiratory failure. There was no cor-
relation between outcome and CT findings or histology in our CVID patients, sug-
gesting that there is probably more than one pathology. CT must lead to biopsy—CT 
alone is not enough [14].

Attempts to define histological types of ILD by biopsy findings have been 
fraught. There is no international consensus on the reporting of chest biopsy results, 
and classifications are changing fairly rapidly as outcomes are slowly being related 
to findings. The American Thoracic Society/European Respiratory Society 
Classification of 2002 was updated in 2013 and has not yet been used in relation to 
CVID ILD, though a manuscript is in preparation (REF RICE et al.). Kokosi et al. 
[34] provide a useful descriptive account of the various histological patterns. 
However the other series of CVID patients have used different classifications. The 
Mount Sinai group [35] used that of Guinee [36], whereas the histological findings 
analyzed by Rao et al. [37] were based on the varying patterns found in their patients.

The initial term used [38] to describe ILD in CVID patients—granulomatous and 
lymphocytic interstitial lung disease (GLILD)—is a broad term in which GLILD is 
described as noninfectious, diffuse lung disease in CVID patients. The authors’ ini-
tial view was that biopsies exhibited both granulomatous and lymphoproliferative 
histologies; however, in the Mount Sinai series [35] and in ours, well-formed granu-
lomata are not found, and this term is now acknowledged to lack any prognostic or 
etiologic significance [37]. We also believe, with previous authors, that this “rather 
heterogeneous collection of pathologic findings and … insufficient prospective data 
on the natural history of this complication of CVID” is not useful, since the different 
histological patterns described and variations between the different admittedly 
small series reported so far suggest there is not a single common etiology of ILD in 
CVID patients.

We chose to divide the histological features in our study according to the Rao 
paper [37], that is, into unexplained inflammation, either bronchiolar or interstitial; 
lymphocytic infiltration, due predominantly to B cells or T cells; organized infiltra-
tion or diffuse sheets; granulomata; organizing pneumonia or interstitial fibrosis. 
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The most common pattern in our patients and those of Maglione [35] and Rao et al. 
[37] is non-organized lymphocytic infiltration—see Fig. 25.2. In most cases these 
were T cells, with only 1/6 in the former paper and 2/16 showing B cell predomi-
nance in the latter.

In some of our patients, the infiltrating T cells were shown to be CD4 (as above), 
but other Oxford patients had an excess of CD8 cells on immunochemistry, suggest-
ing a different etiology. Furthermore, although B cells are often present, only one in 
our series showed B cells in follicles with germinal centers (Fig. 25.3), as did 1/6 
from Mount Sinai and 1/16 in Wisconsin.

However Rao also found granulomata  in association with diffuse interstitial 
inflammation. We found no well-formed granuloma in 15 biopsies and only 1 poorly 
formed granuloma in 1 biopsy. This is in contrast with those found in the Wisconsin 
patients where the frequency of granulomata ranged from mild (1+) in 8 (50%) of 
16 cases, moderate (2+) in 5 (31.25%) of 16 cases, and severe (3+) in 2 (12.5%) of 
16 cases. Acid-fast bacilli and Gomori methenamine-silver stains were negative for 
microorganisms in all cases [37]. This suggests either different susceptibilities in 
our populations or different etiologies of ILD. Furthermore it is essential to review 
findings with clinicians, histopathologists, and radiologist together.

 Only one series so far has included the patient outcomes, so we have considered 
this in our study. We looked at outcomes in relation to the histological findings (m/s 

CD4

CD8

Fig. 25.2 Typical histology of lung biopsy in CVID-ILD showing infiltration of T cells and 
reduced lung spaces
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in revision). We had three patients who appear to have recovered ILD in that they 
have not received corticosteroid treatment for >6 years. We concluded that there are 
several different types of pathology, since not only were there different histological 
patterns but varying outcomes. At present it is difficult to provide a particular prog-
nosis for an individual patient with ILD.

The question of predictive markers for ILD is important. Serum beta2 microglobu-
lin levels are useful but not proven; raised levels indicate lymphocytic activity, and 
markedly increased levels suggest lymphoid hyperplasia [35, 39] in the absence of 
poor renal function. Reduced gas transfer also indicates ILD non-specifically and 
should be done regularly on all patients suspected of ILD, alongside HRCT. Not sur-
prisingly, in a recent study [40], the presence of splenomegaly was found to be asso-
ciated with ILD in CVID patients, confirming that this is part of the lymphoproliferative 
CVID phenotype. These authors also suggested that a history of ITP or AIHA, low 
serum IgA level, or percentage expansion of CD21low B cells might be useful to 
identify those at high risk. A case report in an atypical antibody- deficient child with 
ILD suggested that positron emission tomography (PET) and monitoring by CMV-
specific immune response, beta2-microglobulin level, and IgM paraproteinemia were 
useful, but this child may have had a combined immune deficiency [41].

As with other inflammatory interstitial lung conditions, most CVID patients with 
ILD respond to corticosteroids in the first instance, with improvement in symptoms 
(if present) and less fatigue. Objectively, gas transfer levels also improve. How to 
treat with corticosteroids is important in patients whose immune systems are already 
compromised. High doses (up to 60  mg od) tapered rapidly (within 6–8  weeks) 
resulted, in our experience, in relapse of pre-existing HSV and candida infections. 
Changing to low doses (10 mg od), tapered slowly over 6–8 months, reduced these 
complications, and this protocol was just as effective at reducing fatigue and improv-
ing both HRCT findings and gas transfer. All patients should remain on replacement 
immunoglobulin therapy at 0.6  g/kg/month; there is no evidence at present that 
increasing the dose of therapeutic immunoglobulin is beneficial; however, those 
with an infective cause of ILD may respond on starting immunoglobulin [42].

CD3 CD20

Fig. 25.3 Sparse CD3 T cells and an excess of B lymphocytes forming lymphoid follicles—cour-
tesy of Natalja Kurjane
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A few patients have recovered from ILD, suggesting that an environmental cause 
such as covert infection may have accounted for rare cases of ILD in CVID patients 
[42]. However in most patients, ILD does relapse (suggesting immune dysregula-
tion) and a steroid-sparing agent is required. Immunosuppressive agents used 
include azathioprine, particularly in patients with infiltrating T cells, rituximab for 
those with B cell follicles, or a combination of the two [38]. MMF has proved to be 
effective in some patients, both in our series and in a recent report [43]. Other agents 
have failed to improve ILD in CVID patients, including methotrexate (beware lung 
fibrosis anyway). What is the most satisfactory therapy in the long term—after ste-
roids in the short term? Until we know the aetiologies, we have no idea, though 
MMF is widely used, currently it is yet unproven.

25.4.2  Other Lung Conditions

It is rare to diagnose lung cancer in antibody-deficient patients; given the infection 
load and repeated chest infections, patients are motivated not to smoke [44]. 
However, in early [17, 44] and in the more recent series [40, 44], there were pre-
dominance of smokers, many with COPD. In our series there were no smokers.

MALTOMA or NHL in the chest can be mistaken for ILD in CVID patients, in 
whom there is a high incidence of such malignancy anyway [25, 35]. These condi-
tions are distinguishable on biopsy in experienced hands. MALTOMA may precede 
NHL by years or even decades (in two of our patients), and both are more likely to 
occur in CVID patients, particularly those with the cytopenic or lymphoprolifera-
tive clinical phenotypes.

Chronic infection with mycobacteria is rare in patients with pure antibody defi-
ciency, though common in HIV and primary T cell deficiencies too. If nontubercu-
lous mycobacteria are found, a possible T cell defect should be investigated.

25.5  Conclusions

In regard to chest complications in patients with antibody deficiency, it is really 
important to check the original diagnosis to ensure that the patient does not have a 
CID, since the chest problems are quite different in CIDs [45]. Adequate prophylac-
tic replacement Ig has been shown to reduce the frequency of recurrent or severe 
chest infections, including those in the chest, and is essential for all proven antibody- 
deficient patients. Dosage depends on the severity of bronchiectasis and other com-
plications and should be adjusted according to any breakthrough infections during 
lifelong monitoring. Prompt appropriate antibiotic treatment of breakthrough infec-
tions is essential.

Bronchiectasis as a complication of severe or recurrent pneumonia must be mon-
itored with follow-up CT at appropriate intervals until newer imaging procedures 
with less radiation risk are proved to be helpful. Prophylactic antibiotics may be 
needed at times, and close liaison with a local chest physician is always 
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recommended, as with ILD.  Self-administered bronchial clearance will prevent 
many bacterial infections and help recovery of infection.

Detection of ILD in individual CVID patients is not dependent on symptoms, 
though new symptoms should lead to suspicion of ILD and therefore a repeat chest 
HRCT. Since symptoms are of little help in diagnosis of ILD, it is important to do a 
baseline HRCT at diagnosis, since patients with CT changes need a biopsy to con-
firm ILD and may require treatment to prevent progression. In particular, nodules on 
HRCT make biopsy obligatory—preferably by HRCT guidance—to determine the 
nature of these nodules which may represent actual or incipient lymphoid malig-
nancy [33, 35] or ILD but are unlikely to be due to granuloma.

Pathologists should be asked to search for findings of ILD in particular when 
reporting of biopsy results in CVID patients, as well as searching for any evidence 
of bacterial or viral infections. Immunochemistry is essential as this may give a clue 
as to relevant etiology and therefore treatment; malignancy must be excluded though 
this requires expert interpretation [46, 47].

Lack of consistency on histological examination, other than lymphocytic infiltra-
tion, suggests different pathologies. It is essential to review findings with clinicians, 
radiologists, and pathologists together, for each individual patient. We also need 
international agreement on the histological reporting of these biopsies for compari-
son across databases [14]. Pathology may depend on when the biopsy is taken, so a 
standard protocol is needed, and patients have to be persuaded that this will enable 
early therapy that may provide a better outcome. Biopsies late in the disease course 
in five patients in our series showed interstitial fibrosis with or without organizing 
pneumonia; all patients died within 2 years, suggesting that these features may indi-
cate poor prognosis.

As suggested by Harville [14], combining data sets internationally, with agreed 
protocols, is essential until prospective studies are set up. In the future it is hoped that 
genetic studies might indicate specific risk polymorphisms, but even with improved 
and earlier diagnosis, we still need to determine which patients require which thera-
peutic interventions for effective control of this often fatal complication.

With 4 images or tables
Drs Natalja Kurjane and Uli Baumann have given permission.
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26Gastrointestinal Complications 
in Primary Immunoglobulin Deficiencies

Jiri Litzman

The gastrointestinal tract (GIT) lymphoid tissue (GALT) is the largest immune organ 
in the body. Because of continuous exposure to foreign antigens of both microbial and 
non-microbial origin, it not only forms a barrier protecting the body from pathogens 
but also initiates and regulates the immune response to various antigens (Chap. 2). 
Local inflammatory stimuli from the GIT are important for adequate immune response 
however may lead to various pathological states, even in patients with an otherwise 
“normal” immune system. In the case of immunodysregulatory disorders, including 
immunodeficiencies, the danger of insufficient or inadequate reactions is markedly 
increased, leading to various immunopathological states in many patients, some of 
which can frequently be observed also in immunocompetent patients. The others are 
relatively unusual, with a marked increase in patients with immunodeficiencies.

In patients with immunoglobulin deficiencies, the gastrointestinal tract is the sec-
ond most frequently affected system, after the respiratory system. All GIT organs 
can be affected; however, it is mainly the stomach, small and the large intestines, 
and also the liver that are predominantly affected.

26.1  Prevalence of Gastrointestinal Complications in Primary 
Antibody Deficiencies

The frequency of gastrointestinal (GI) complications shows a large variation 
among studies. This is influenced by whether only clinical gastrointestinal mani-
festations are reported or diagnoses are based on endoscopic and histopathologic 
findings. The results markedly depend on the fact whether and how frequently 
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endoscopic investigations are performed, whether they are indicated strictly on 
actual clinical demand or performed routinely, as a part of clinical follow-up. 
Quite frequently, histologic abnormalities can be present even in patients without 
clinical symptoms. In a Dutch group of patients with common variable immuno-
deficiency disorders (CVID), endoscopy was performed in 30 patients, only 6 of 
whom had a previously established gastrointestinal disease. In the group of CVID 
patients with no previous gastrointestinal disease, only 3/24 (13%) had unremark-
able endoscopic or histologic findings, while 21/24 (88%) had a pathologic histo-
logic or endoscopic finding, the most frequent being nodular lymphoid hyperplasia 
(NLH - 15/24 patients, 63%) [1].

Many gastrointestinal symptoms are not present at the time of diagnosis but 
develop during the course of the diseases: for instance, in an Italian study, 14% 
of 224 CVID patients suffered from chronic diarrhea at diagnosis but 22.4% in a 
mean 11-year follow-up. Only in 3% of CVID patient GIT diseases were the only 
clinical manifestation at the time of diagnosis [2]. Also Mannon et al. showed 
that CVID patients with gastrointestinal symptoms differed from asymptomatic 
CVID patients by having a significantly longer disease duration [3]. Similarly, 
only 2/73 patients with X-linked agammaglobulinemia (XLA) had chronic diar-
rhea at diagnosis; however, it was documented in 14 of them during the mean 
10-year follow-up [4].

GI complications can be observed most frequently in patients with CVID: The 
most extensive European survey of CVID reports enteropathy in 9% of 2212 
patients [5]. An Iranian study showed GIT complaints in 19/39 (48%) patients, 11 
of them (28%) suffered from chronic diarrhea [6]. Hermans reported various gas-
trointestinal problems (chronic diarrhea, achlorhydria) in 60% of CVID patients; 
42% had malabsorption [7]. Kainulainen reported GI problems in 30 (32%) of 95 
Finnish patients with CVID [8]. Hermaszewski and Webster reported diarrhea 
complaints in 96/240 patients with CVID [9]. In an American study, GI symptoms 
were present in 73/473 (15.4%) patients, and malabsorption developed in 28/473 
(5.9%) patients [10]. In a Norwegian study, 48/103 (47%) CVID patients suffered 
from at least one predefined GI symptom (blunting [34%], pain [30%], diarrhea 
[26%], satiety [14%], and constipation [13%]) [11]. Compared to patients with 
“classical CVID,” GI complications are even more frequent with patients with 
late-onset combined immunodeficiency (LOCID) (75 vs. 42%, p = 0.01) in a large 
French study [12].

GI complications in patients with XLA are less frequent; although a study from 
Poland reported various GIT symptoms in 28/44 (64%) patients, 21 (48%) suffered 
from recurrent diarrhea episodes [13]. Two studies are available from the USA: 
using the data from the US Immunodeficiency Network (USIDNet), 71/200 (35%) 
XLA patients had a concurrent GI manifestation, the most frequent was intermittent 
(38%) or chronic (26%) diarrhea, and 9.5% were reported to be suffering from 
enteritis and/or IBD [14]. In a previous US study, recurrent gastroenteritis was 
reported in 46/201 (23%) patients; in 14% recurrent gastroenteritis was present at 
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the time of diagnosis [15]. Recurrent gastroenteritis was reported in 14/73 (19%) 
XLA patients in an Italian survey in [4]. Hermaszewski and Webster reported diar-
rhea complaints in 19/44 (43%) patients with XLA [9].

Protracted or recurrent diarrhea was observed in 24/79 (34%) patients with 
X-linked hyper-IgM syndrome (CD40L deficiency). If an infectious agent was 
determined, Cryptosporidium was the most frequent (21% patients) [16]. A slightly 
higher number of patients with diarrhea were reported by Levy et al., 31/56 patients 
(55.3%), leading to failure to thrive in 20 (64.5%). Again, Cryptosporidium was the 
most frequently documented etiological agent [17].

Recurrent diarrhea was present in 5/29 patients with hyper-IgM syndrome due to 
activation-induced cytidine deaminase (AID) deficiency [18].

A large study performed in Sweden showed increased (6.0%) inpatient and 
hospital- based outpatient visits because of GI infections in patients with IgA defi-
ciency (IgAD) compared to matched controls (1.8%) [19].

26.2  Causes of GI Pathology

26.2.1  Infections

Acute, recurrent, or chronic diarrhea of infectious origin is a common manifestation 
in humoral immunodeficiencies. They may be caused by bacteria, viruses, or 
protozoa.

Gastrointestinal infections in CVID patients were more frequent in patients with 
undetectable IgA levels (47 [36%] out of 131 patients) than in patients with residual 
IgA production (19 [16%] out of 120 patients) showing the impotence of IgA, even 
in residual levels, in protecting against GI infections [20]. This may also explain the 
fact why immunoglobulin derivatives used for replacement treatment, which almost 
exclusively include IgG, are ineffective in preventing GI infections in hypogamma-
globulinemic patients [21].

26.2.1.1  Bacterial Infections
The spectrum of bacterial infectious agents leading to diarrhea is similar to immuno-
competent persons, including infections with Campylobacter jejuni and Salmonella 
species [20, 22, 23]. Surprisingly, despite frequent antibiotic treatment, the patients 
with CVID do not suffer from increased Clostridium difficile infection frequency. 
Protection by anti-Clostridium difficile antibodies administered in immunoglobulin 
derivatives used for the replacement treatment may be an explanation [24].

Infection by Helicobacter pylori (Hp) is also frequently observed in CVID 
patients, leading to atrophic gastritis resembling the autoimmune one and leading 
to pernicious anemia [25]. Hp infection was detectable in 14/34 (41%) CVID 
patients with dyspeptic symptoms [25]. Malamut et al. observed Hp infection in 8 
(26.7%) of 30 patients in whom gastric biopsy was available [23]. Other 
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combined data show an 18% prevalence, not different from the general population 
[26]. Hp may in CVID patients promote chronic gastritis or gastric cancer [27]. 
Even if adequately treated, eradicating Hp requires several courses of therapy and 
has a tendency to recur [2]. However Hp eradication does not lead to the retreat of 
gastric pathology [23].

Also the frequency of Hp-infected persons in IgAD patients did not differ 
from the control group (24.2 vs. 23.6%, respectively). However, comparing 
Hp-positive persons, IgAD patients frequently had more severe gastritis com-
pared to the control persons (61.9 vs. 21.6%, P < 0.001), such as duodenal ulcers 
(33.3 vs. 10.8% p = 0.01) and also NLH (9.9% vs. none, p = 0.011) [28].

Bacterial overgrowth in the small intestine can commonly be observed in CVID 
[29, 30]. For diagnosis the hydrogen breast test can be used.

26.2.1.2  Protozoal Infections
Infection by Giardia lamblia is frequent in CVID but also in IgAD patients. The 
infection may cause watery diarrhea, abdominal cramps, and bloating. ELISA, 
PCR of stool samples, duodenal fluid, or duodenal biopsies increase the diagnos-
tic sensitivity when compared to a stool’s microscopic examination. Despite 
treatment, in CVID patients, the disease frequently has a prolonged course, 
showing the immunodeficient organism’s disturbed ability to eradicate the proto-
zoa [31–33]. In one study, Giardia lamblia infection was detected in 14/50 CVID 
patients, one course of nitroimidazole led to Giardia eradication only in 5 of 
them, while the remaining ones required repeated courses [23]. Chronic giardia-
sis leads to villous flattening similar to that that seen in celiac disease and severe 
malnutrition [34].

Giardia was also repeatedly described in patients with XLA [14], with 
X-linked hyper-IgM syndrome [16, 17], and with hyper-IgM syndrome due to 
AID deficiency [18].

A significant GI pathogen in patients with X-linked hyper-IgM syndrome is 
Cryptosporidium, leading not only to diarrhea but also to sclerosing cholangitis  
[16, 17]. Cryptosporidium was observed in CVID patients as well [22].

26.2.1.3  Viral Infections
The prevalence of GI viruses was shown to be increased in patients with CVID. In 
ome study GI viruses were identified in 12/28 (25%) CVID patients, compared to 
6/66 (9%) in healthy controls. Adenovirus was the most prevalent [35]. This positiv-
ity was more common in patients with diminished serum IgA levels, and patients 
with GI viruses had significantly lower secretory IgA levels in their stools compared 
to patients without GI viruses or healthy controls [35].

Another virus associated with chronic diarrhea in CVID patients is norovirus, 
which was observed in stool and small bowel biopsies in eight patients with CVID 
enteropathy, five of them required long-term intravenous nutrition due to intestinal 
failure. The virus was not detectable in ten CVID patient’s stools without diarrhea. 
In three of the affected persons, the symptoms resolved after spontaneous viral 
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clearance (one patient) or oral ribavirin treatment (two patients) [36]. This observa-
tion lacks published confirmation from other centers. No norovirus RNA positivity 
was observed in GI biopsies from 52 Norwegian CVID patients with various GI 
symptoms [11].

Cytomegalovirus can also be a cause of chronic colitis in CVID patients [22, 37].

26.2.2  Inflammatory Complications

The second large group of complications are inflammatory disorders where autoim-
munity may play various degrees of importance, sometimes more suspected than 
really confirmed. These include mainly atrophic gastritis, autoimmune hepatitis, 
CVID-associated autoimmune enteropathy, and inflammatory bowel disease (IBD).

Approximately 8–22% patients with CVID suffer from granulomatous disease 
[38]. Noncaseating granulomas may be present in many organs including the GIT 
[22]. In a large French study including 436 patients, 59 (13.5%) had granulomas in 
one or more organs. Of them, in nine patients where the GIT was involved, the pres-
ence of granulomas was associated with clinical symptoms such as diarrhea and 
weight loss [39].

The majority of these diseases will be discussed in more details in the next part 
of the review.

26.2.3  Malignancy

Malignancy frequency is increased, mainly in patients with CVID occurring in 
approximately 6–9% of the patients [40], lymphoma and gastric carcinoma being 
the most significantly increased [41]. This increase was not documented in IgAD or 
XLA.

In a study published in 1985, which included 220 patients with CVID being fol-
lowed for 11  years, a 47-fold increase of gastric cancer and 30-fold increase of 
lymphoma compared to the general population were documented [42]. A multi-
center Scandinavian study reported standardized incidence ratio (SIR) for gastric 
cancer 10.3 (95% confidence interval [CI], 2.1–30.2). The SIR for lymphoma was 
12.1 (95% CI: 3.3–31.0). There was no cancer increase in of CVID patients’ rela-
tives suggesting that the cancer is related to the patients’ immunodeficiency, but not 
to the genetic traits shared with their relatives. This study did not show an increased 
malignancy frequency in IgAD [41]. The study of Vajdic et  al. from Australia 
showed SIR for all malignant neoplasms 1.95 (95% CI, 1.37–2.57), for non- Hodgkin 
lymphoma 12.1 (95% CI, 6.03–21.6), and for gastric cancer 7.23 (95% CI, 0.88–
26.1) in 416 CVID patients [43]. A p53 pathway alteration in gastric mucosa was 
observed in 18% (6/34) of CVID patients [25]. A possible decreased risk for gastric 
cancer seen in CVID patients in recent years may be explained by a possible posi-
tive role for Hp infection elimination in CVID patients [10].
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De Petris et  al. analyzed the features of gastric adenocarcinoma in six CVID 
patients. These cancers were generally observed in younger patients than in the 
overall population with gastric cancer. These cancers were moderately to poorly 
differentiated of intestinal type, frequently with intratumoral lymphocytes. In no 
patient, Hp infection or enterochromaffin cell-like hyperplasia was observed in the 
fundus [44].

Although recognized as a risk factor for gastric cancer, it is probable that Hp 
infection does not explain the increased carcinoma risk in CVID patients, as the Hp 
infection does not seem to be more frequent than in the general population [27]. 
High pH or the presence of ethanol facilitating the penetration of N-nitroso com-
pounds into the mucosa may contribute to cancer development in patients with 
chronic gastritis [27].

A population-based matched cohort study of 125 IgAD patients in Sweden 
showed an increased hazard ratio (HR) for any GI cancer (1.64, 95% CI = 1.07–
2.50), but not HR for lymphoma [45].

26.3  Typical Gastrointestinal Complication in Concrete 
Primary Antibody Production Deficiencies

Regarding concrete diseases with primary disturbed antibody production (see 
Table 26.1), the most frequent GI complications can be seen in patients with CVID, 
where all types of complications may be present and frequently lead to a significant 
patient morbidity and sometimes also mortality. GI problems lead to decreased 
body mass index, iron saturation, serum albumin levels, and D-xylose absorption in 
affected patients [3].

In patients with XLA, predominant complications of GIT are infections, while 
autoimmune/inflammatory diseases are much less frequent than in CVID; the fre-
quency of tumors is also probably not markedly increased. In patients with IgAD, 
markedly increased celiac disease frequency was documented [46], and also NLH, 
pernicious anemia, Crohn’s disease, and ulcerative colitis were repeatedly reported 
[47–51]; however these complications are much less common than in CVID. Some 
patients may suffer from infectious complication.

Patients with X-linked hyper-IgM syndrome suffer from diarrhea mainly caused 
by Giardia lamblia or Cryptosporidium parvum. Oral ulcers, periodontitis, or anal 
ulcers frequently accompany neutropenia. Cryptosporidium may also infect a bili-
ary tree and lead to the development of sclerosing cholangitis with progression to 
cirrhosis and cholangiocarcinoma [16, 17, 52]. In approximately one half of patients 
with protracted or recurrent diarrhea, no etiologic agent was identified [16].
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26.3.1  Mouth Cavity and Esophagus

Oral manifestation of immunoglobulin immunodeficiencies is not frequent. Sarcoid- 
like granulomas [53] or necrotizing periodontitis [54] was observed in patient with 
CVID.  In IgAD, children were documented as more frequently having caries in 
primary but not in permanent dentitions [55].

The esophagus is also not frequently affected in patients with humoral immuno-
deficiencies. However in the study of Daniels et  al., in 5/10 patients prominent 
intraepithelial lymphocytosis and in 4/10 intraepithelial leukocytes accompanied by 
candida were observed in an esophageal biopsy [22].

Table 26.1 The most significant clinical manifestation of the most frequent primary antibody 
deficiencies

Immunodeficiency
Defect and 
pathogenesis

Major laboratory 
characteristics GI complications

Common variable 
immunodeficiency 
disorders (CVID)

Various genes 
involved at least in 
a proportion of 
patients
Pathogenesis is 
usually unknown 
and may be 
different in 
dependence of 
genetic defect

Decreased serum 
levels of IgGg and 
decreased IgA, and/
or IgM, disturbed 
specific antibody 
response

GIT infections, NLH, 
villous atrophy, 
atrophic gastritis, 
IBD-like colitis, 
nodular regenerative 
hyperplasia, 
malignancy

X-linked 
agammaglobulinemia

BTK mutation, 
defect in B-cell 
development

All serum isotypes 
markedly decreased
No B cell in the 
blood

GIT infections, other 
GE complications rare
Chronic diarrhea in 
some patients

Selective IgA 
deficiency

Pathogenesis 
unknown

Serum 
IgA < 0.07 g/L; IgG 
and IgM not 
decreased

Increased frequency of 
celiac disease, other GE 
complications 
comparable to normal 
population

X-linker hyper-IgM 
syndrome

Deficiency of 
CD40L (CD154) 
leading to 
disturbed isotype 
switching and 
other T- and B-cell 
disturbances

Low IgG and IgA 
levels, normal or 
increased IgM levels

Cryptosporidium 
enteritis, sclerosing 
cholangitis

BTK Bruton tyrosine kinase, GI gastrointestinal, GIT gastrointestinal tract, NLH nodular lymphoid 
hyperplasia
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26.3.2  Stomach

Approximately one half of CVID patients suffer from achlorhydria due to atrophic 
gastritis with a predominantly antral involvement. It is accompanied by an abnormal 
Schilling’s test and decreased serum gastrin levels, resulting also in pernicious ane-
mia syndrome [56]. No anti-gastric parietal cell antibodies or antibodies against 
intrinsic factors were detected in CVID [57, 58].

In an Italian study, signs of chronic gastritis were observed in routine esophago-
gastroduodenoscopy in 10.2% of CVID patients at diagnosis and in 21.8% in a 
follow-up when endoscopy was performed every 2 years in every CVID patient [2].

The histology of intestinal biopsies does not show a uniform pattern. Biopsy 
showed a wide spectrum of abnormalities starting from non-specific changes to 
pathology resembling an acute gastric GVHD pattern [59].

In 34 patients with dyspeptic problems in whom upper gastrointestinal endos-
copy was performed, chronic gastritis was observed in 20, most frequently diffuse 
gastritis (15 patients), 9 of them had multifocal chronic gastritis, metaplasia in the 
antrum or the body was observed in 4 patients. In total, 14 (34%) patients were 
observed with a Hp infection; all had histological signs of chronic gastritis. Chronic 
active gastritis was more frequently observed in Hp-positive (79%) than in 
Hp-negative (20%) patients. Normal mucosa was observed in Hp-negative patients 
only [25].

A cross-sectional study of nine stomach biopsies showed morphology similar to 
gastric acute graft-versus-host disease (GVHD) in four cases: single cell necrosis in 
the glands and variable dense mononuclear cell infiltrates with obliteration of occa-
sional glands and crypts; three of these patients had similar changes in small bowel 
and colon biopsies. Although less than one apoptotic body was seen in the stomach 
of healthy persons, in CVID patients it ranked 0 to 5 per 10 glands, similar to GVHD 
and human immunodeficiency virus (HIV) infection. One other biopsy showed 
active superficial gastritis, while two other biopsies were unremarkable. Plasma 
cells were notably absent in all but one biopsies [59].

In a Norwegian study, gastroscopy of 50 CVID patients showed gastric metapla-
sia of the duodenal bulb in 13 patients; 19 had abnormalities in the stomach—intes-
tinal metaplasia (6), atrophic gastritis (9), and fibrosis (13) [11].

In Daniels et al.’s study, 36 gastric samples from 18 patients were available. In 12 
patients lamina propria lacked plasma cells. The stomachs of 11 patients (61%) 
showed lymphoid aggregates; an increased apoptosis was detected in 6 patients. 
Four patients (22%) had lymphocytic gastritis pattern; intraepithelial neutrophils 
were observed in eight patients (44%) [22].

In a French study upper endoscopy showed macroscopic abnormalities in 77% of 
50 patients with GI symptoms which included erythematous (27%), follicular 
(13%), atrophic (27%), and ulcerative (10%) gastritis [23]. Hp infection was present 
in eight (26.7%) patients, six of them showed intestinal metaplasia. Control endos-
copy 3 years after Hp eradication still showed persistent gastric atrophy despite Hp 
absence [23].
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As mentioned above, gastric cancer frequency is increased in CVID patients.
Gastric abnormalities seen in CVID are not observed in increased frequency in 

other types of primary hypogammaglobulinemia, showing that they are not related 
simply to immunoglobulin deficiency but probably to other mechanisms.

26.3.3  Small Intestine

Mainly in CVID patients, two typical complications can be met in the small intes-
tine—villous flattening and nodular lymphoid hyperplasia. These complications 
frequently accompany each other.

26.3.3.1  Nodular Lymphoid Hyperplasia
Nodular lymphoid hyperplasia (NLH) is characterized by the presence of multiple 
nodules, 2–11 mm in diameter, distributed in the lamina propria or in the superficial 
submucosa of the small intestine but also the stomach, colon, or rectum. 
Histologically they are characterized by markedly hyperplastic mitotically active 
germinal centers and well-defined lymphocyte mantles. B cells are present but no or 
few plasma cells. Lamina propria and villi apart of the nodules may appear normal. 
NLH usually does not cause significant clinical problems but can be accompanied 
by abdominal pain, chronic diarrhea, bleeding, intussusception, or obstruction. The 
nodules cause only partial or minor disturbance of the villous pattern [60, 61].

The NLH frequency in the general population is not known but is probably low. 
In CVID patients, general estimation is 20% of CVID patients [61]; however, the 
published frequency varies between 8% (Italian study, where all CVID underwent 
repeated endoscopy) [2] and 53% of CVID patients in whom endoscopy was per-
formed for various reasons [1]. Although reported, NLH is much less common in 
patients with IgAD [47–50] or in IgG subclass deficiency [62].

The cause of NLH is not known. Previously, Giardia lamblia infection was sup-
posed to be a cause; however, Hermans et al. [7] did not observe disappearance 
after Giardia lamblia was treated with metronidazole. However, reports of endo-
scopic improvement after successful treatment of chronic giardiasis were pub-
lished as well [33].

26.3.3.2  Villous Flattening
Chronic small bowel inflammation, sometimes referred to as CVID-associated 
autoimmune enteropathy, is frequently associated with unexplained chronic diar-
rhea, weight loss, steatorrhea, and malabsorption of minerals and fat-soluble vita-
mins [40]. However, the inflammation is frequently not limited to the small intestine; 
signs of “microscopic colitis” can be observed in these patients as well [63]. On the 
biopsy, villous blunting with crypt distortion is most frequently observed; however, 
the picture may be variable (see below). In some patients the enteropathy may have 
a severe course with extensive superficial and deep ulcers that may cause the perfo-
ration of the small bowel [64].
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Overall prevalence in the general CVID population is not known; it depends on 
the cohort of patients in whom biopsy was performed, generally varying between 4 
and 12% [40]. Biopsy-proven lymphocytic infiltration in lamina propria and intraep-
ithelial mucous with villous atrophy was reported in 9% of 334 CVID patients in a 
European survey [65]. In patients of Persian origin, intestinal villous atrophy was 
observed in 11/79 CVID patients (13.9%) [66].

A histological feature frequently resembles acute intestinal GVHD. Enterocytes 
become flattened and vacuolized, and there is increased epithelial apoptosis. Chronic 
inflammation in the lamina propria lacks plasma cells and may include neutrophils 
[22, 23, 59, 67, 68].

In a French study, upper endoscopy performed in 41 patients with GI symptoms 
showed macroscopic abnormalities in the duodenum in 68% of patients: disappear-
ance of folds and mosaic pattern (22%), nodular lymphoid hyperplasia (44%), and 
ulcerative duodenitis (2%). Histologically, NLH and GVH-like lesions (see below) 
were present in 49% and 12.2% of patients, respectively. Profound plasma cell 
depletion was present in 83%, villous atrophy in 51%, and chronic lymphocytic 
duodenitis in 56% of the patients [23].

In another study, small intestine villous atrophy was observed in 10/32 (31%) of 
CVID patients with gastrointestinal symptoms or anemia. Patients with villous atro-
phy more frequently had anemia than patients in whom villous atrophy was not 
observed; these patients also had lower body mass index. However, there was no 
significant difference in the frequency of diarrhea between these two groups [69].

Daniels reported 39 small bowel biopsies of CVID patients—paucity of B cells was 
present in 68%, prominent lymphoid aggregates in 47%, and increased apoptosis in 
21% of patients, 25% had villous blunting and increases in IEL mimicking celiac dis-
ease, 32% had intraepithelial granulocytes, and one had collagenous colitis pattern [22].

The histologic finding of reduced plasma cells in an intestinal biopsy was signifi-
cantly associated with typical CVID abnormalities: an increase of CD21low cells and 
decrease of switched memory cells and increases in serum levels of soluble CD14 
(monocyte activation) and soluble CD25(T-cell activation) [11]. These associations 
were not observed with lymphoid hyperplasia or an increase in IEL cells [11].

CT or MRI can demonstrate a significant intestinal mucosal enhancement and 
intestinal wall thickening [67].

The mechanisms leading to CVID enteropathy are unknown; however, disturbed 
T-cell function was suggested as a possible mechanism [23], such as autoimmune 
mechanism [14]. Enteropathy was also reported in patients with chronic norovirus 
infection [36] and Giardia lamblia infection [34]. Although related to Giardia lam-
blia infection, effective treatment of Giardia does not lead to the disappearance of 
histological abnormalities [34].

The histologic picture and clinical symptoms of enteropathy associated with 
CVID may resemble celiac disease; meta-analysis from 2015 showed a 9.2% preva-
lence of possible celiac disease in CVID patients [70]. To distinguish these condi-
tions on a biopsy, plasma cells are usually absent in CVID, compared to celiac 
disease where they are present [68]. Also, in contrast to celiac disease, the 
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intraepithelial cells did not have an increased percentage of TCRγδ cells; they were 
predominantly CD3+ CD8+ [23]. A presence of lymphoid follicular hyperplasia 
also distinguishes CVID-associated enteropathy from classical celiac disease in 
immunocompetent patients, but as lymphoid hyperplasia and the absence of plasma 
cells are a typical CVID feature, these markers cannot exclude the coexistence of 
CVID and celiac disease [67].

In Malamut et al.’s study, findings reminiscent to celiac disease—an increased 
count of intraepithelial lymphocytes (IELs) (>30 IELs/100 enterocytes) were pres-
ent in 31/41 (75.6%) patients with GI symptoms; it was associated with villous 
atrophy in 21 (68%) patients, although the atrophy was more often partial (Marsh 
IIIa n = 13) than severe (Marsh IIIb–IIIc n = 8). Unusual findings for celiac dis-
ease—strong neutrophil infiltration, severe rarefaction of plasma cells, and follicu-
lar lymphoid hyperplasia were present in 36%, 96%, and 55% of these patients, 
respectively [23].

Gene expression profiling in pars descendens of the duodenum of patients with 
increased IEL did not cluster with the profile of patients with untreated celiac dis-
eases but were similar to CVID patients with a normal IEL count [11].

As patients with CVID produce small amounts of specific antibodies, including 
autoantibodies, determining celiac disease-associated autoantibodies (anti-tissue 
transglutaminase, tTG; anti-endomysium, EMA) or antibodies against gliadin has 
very limited significance. However, these antibodies were occasionally observed in 
CVID patients [23, 68].

HLADQ2/DQ8 haplotypes are used as a susceptibility marker for celiac disease, 
and positivity may determine patients with a probability of response to a gluten-free 
diet [23, 68, 71]. However, several CVID patients negative for these haplotypes may 
occasionally respond to a gluten-free diet [23].

Treatment of CVID colitis is problematic. Immunoglobulin treatment has no 
effect on GI symptoms [23]. Steroids (budesonide or prednisone) may lead to sig-
nificant reduction of diarrhea and malabsorption [23, 72]. The results of treatment 
by infliximab are contradictory [23, 73].

Supportive treatment should include replacement by water-insoluble vitamins and 
antiresorptives to prevent osteoporosis. In severe cases, an elementary diet or total 
parenteral nutrition may be required. Treatment with antibiotics is ineffective [21].

26.3.3.3  IgAD and Celiac Disease
Celiac disease frequency in IgAD patients is increased. Meta-analysis of six previ-
ously published studies calculated a prevalence of 9.9% [70] compared to the cur-
rently calculated prevalence of 1:133 in the general population [74]. The prevalence 
of IgAD in celiac disease patients was calculated as 1:39 [75].

The pathogenic mechanism may not only be related to IgA production deficiency 
but also to shared genetic background. Although the results of different studies are 
contradictory, HLA-B8,DR3,DQ2 haplotype is a significant genetic risk factor for 
IgAD acting in a multiplicative model [76]. In celiac disease, haplotypes DQ2/DQ8 
are the most important genetic predisposing factors [74].
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Because of the absence of IgA production, serological tests for IgA anti-tTG or 
anti-EMA are not reliable; IgG antibodies against these antigens must be deter-
mined. The histopathology of celiac disease in IgAD patients is indistinguishable to 
the pathology seen in patients with conventional celiac disease [24].

26.3.4  Colon

Hermaszewski and Webster reported IBD (Crohn-like, ulcerous colitis-like) pres-
ence in 4% CVID patients [9] similar to Resnick et al. [10], although it may be 
higher. Colitis leads to diarrhea, rectal bleeding, and abdominal pain [21].

Colitis observed in patients with CVID had various histological pictures. Probably 
the most frequent was a picture resembling GVHD with apoptotic bodies in crypts 
and the loss of isolated glands. Lymphocytes on the surface were increased. The sur-
face epithelial cells were flattened. The inflammatory infiltrate in lamina propria was 
predominantly composed of lymphocytes, but also macrophages were occasionally 
present [3, 59]. However, also other pictures may be present—acute colitis with a loss 
of occasional crypts or acute colitis with no single cell necrosis in the crypts and the 
presence of neutrophils in lamina propria and infiltrated crypt epithelium (a pattern 
suggestive of acute self-limited colitis) [59]. Occasionally the colitis can be consistent 
with the diagnosis of collagenous colitis with pseudomembrane formation [77].

Daniels et al. described sets of colon biopsies in 16 CVID patients. The paucity 
of plasma cells was observed in 63% and prominent apoptosis in 50% of samples, 
38% biopsies had a lymphocytic colitis pattern, and two had a collagenous colitis 
pattern [22].

Malamut et  al. reported colonoscopy results in CVID patients: inflammation, 
NLH, and ulcers were present in 26, 31, and 14% of patients respectively. Colonic 
biopsies of 35 patients showed microscopic colitis in 9 (26%) cases, Crohn’s dis-
ease-like lesions in 4, and ulcerous colitis in 1. Lesions of unspecified acute colitis 
were present in 9 (26%), lymphoid follicular hyperplasia in 15 (43%), and GVH-
like lesions in 5 (14%) patients [23].

The frequency of IBD in XLA patients is not as markedly increased as in CVID, 
although the frequency of 4/112 (3.6%) obtained from a web-based survey of 
patients with XLA in the USA was significantly above the general population’s 
prevalence of 0.4% [78].

Treatment of colitis in CVID is similar to the treatment of other IBD. 
5-Aminosalicylic acid or local steroids (budesonide) are recommended; if insuffi-
cient, immunomodulators like azathioprine/5 mercaptopurine can be used [21]. The 
use of infliximab is also possible in refractory cases [73].
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26.3.5  Liver

The frequency of liver diseases is increased in patients with primary hypogamma-
globulinemia. Twenty-seven (11.9%) out of 248 CVID patients had significant liver 
dysfunction in the study by Cunningham-Rundles and Bodian [79], similar to 
43/473 (9.1%) in the subsequent study from the same center [10]. In the studies 
from the 1990s, the most frequent was chronic hepatitis C [79], which can be 
ascribed to hepatitis C virus transmission via immunoglobulin derivatives. Primary 
biliary cirrhosis [10, 79], granulomatous hepatitis [17, 79], and chronic active hepa-
titis [66] were also described in CVID patients.

Chronic hepatitis was present in 13/201 XLA patients, 8 of them suffering from 
hepatitis C [15]. Chronic active hepatitis was noticed in 2/33 XLA patients from 
Iran [80].

The most frequent liver complication in CVID is nodular regenerative hyper-
plasia (NRH). It was reported in 5% [81]–12% [82] of patients with CVID; how-
ever, the number may be underestimated. In the Oxford study, NRH was present 
in 13/16 patients in whom liver biopsy was performed. It was associated with 
hepatomegaly, granuloma elsewhere in the body, cytopenias, lymphoprolifera-
tion, and enteropathy [82]. NRH is characterized by diffuse regenerative hepato-
cyte nodules, less than 3  mm in diameter without fibrosis [82], the nodules 
compress surrounding hepatic parenchyma and the portal and central veins, 
which may lead to portal hypertension, esophageal varices, and splenomegaly 
[81]. It is not accompanied by piecemeal necrosis. It manifests by elevating alka-
line phosphatase (ALP) accompanied by an increase in aspartate aminotransfer-
ase (AST)/alanine aminotransferase (ALT) levels. ALP increases to twofold 
above the upper limit of normal baseline. In some patients an increase in liver 
enzymes reaches a plateau, while in others it undergoes a further increase. An 
increase in AST/ALT occurs over the same period as ALP, but it is much milder. 
An increase of bilirubin and decrease of albumin are infrequent; however, leuko-
penia and thrombocytopenia due to hypersplenism may be present [81]. Some 
patients may have normal ALP serum levels; ALT or gamma- glutamyl transpep-
tidase (gGT) may be the only liver enzyme increased [82]. NRH may lead to 
portal hypertension with life-threatening bleeding from gastric or esophageal 
varices [83].

In some patients, the ALP levels gradually increase, may be fluctuating, or may 
decrease after an initial increase [82].

The association with autoimmune diseases, T-cell intrasinusoidal infiltration, 
and portal vein endotheliosis suggests a possible autoimmune mechanism [84].

NLH was observed also in patients with HIGM and XLA [84].
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26.4  Conclusion

As seen in the previous text, diagnosing gastrointestinal complications in patients 
with humoral immunodeficiencies may be very complex and difficult, requiring the 
collaboration of clinical immunologists with gastroenterologists, histopathologists, 
X-ray specialists, microbiologists, and other medical specialists. In complicated 
cases, these non-immunologists must be well oriented in the problematics of immu-
nodeficiency diseases requiring the formation of specialized centers dealing with 
immunodeficient patients.
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