
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Targeting APRIL

Guadagnoli, M.

Publication date
2013

Link to publication

Citation for published version (APA):
Guadagnoli, M. (2013). Targeting APRIL. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/targeting-april(79460dac-b770-419d-a2d5-43d73444f773).html


Chapter 1 
Introduction





Introduction

1
1. APRIL, BAFF and their receptors
1.1 The TNF family 
A group of soluble or membrane bound cytokines are classified as members of the Tumor Necrosis 
Factor superfamily. The family name was chosen after its archetypal member Tumor Necrosis Factor 
(TNF), which was defined by its ability to generate lysis of many cell types, including tumor cells 1;2. 
The receptors for these ligands also constitute a gene superfamily called the TNF Receptors family 
(TNFRs) and share common structural and signalling features 3;4.
This large family of ligands and receptors show pleiotropic biological effects, such as proliferation, 
differentiation and cell death which was observed in many cell types and different systems 4. TNF 
ligands, such as CD40L, CD27L, TNF, APRIL and BAFF coordinate and structure the immune 
system 5-7. Other members have been linked to cell death induction (Fas, TRAIL, TNF) 8;9, while  others 
tune developmental or homeostatic processes, such as bone formation (RANKL) 10 and hair follicle 
development (EDA) 11. The family thus plays a crucial role in several very diverse biological processes.
The elected stoichiometry of a typical TNF ligand is a trimer, composed of three homo- or sometimes 
heterotypic subunits 4;12;13. In several cases one trimeric ligand can bind different receptors and, in some 
instances, has the ability to form higher complexity oligomeric forms 14. TNF ligands are type II proteins 
that can be secreted or exist in a membrane-bound form 4. The latter is shown to potentially deliver 
a signal inside the cell by its own, a mechanism called “reverse signalling” (shown for Fas ligand 15). 
TNF receptors contain extracellular Cysteine Rich Domains (CRDs) to interact with their respective 
ligands 4. The number of CRDs can vary from one to five. Typically, receptors containing multiple 
CRDs use only the 2nd or the 3rd (starting from the N-terminus) CRD for ligand binding. For some 
receptors, such as Fas, TNFR1 and TNFR2, the first CRD encodes a so called Pre-Ligand Assembly 
Domain (PLAD), which is distinct from the ligand binding area 16. This region allows receptors to 
organize as dimers or multimers on the surface in the absence of ligand and is suggested to be crucial 
for signalling 17. 
TNF receptors trigger signalling via two principal intracellular adaptor molecules: TRAFs (TNF 
receptor-associated factors) and Death Domains adaptor proteins (DD) 4. For receptors that harbour a 
DD (such as Fas and TNFR1), ligand engagement typically causes the recruitment of TRADD (TNFR-
associated DD protein) and/or FADD (Fas-associated DD protein) adaptors. TRADD is involved in 
apoptosis induction via FADD, but also crucial for recruitment of TRAFs, regulating survival signaling. 
TRAF motif bearing receptors can interact with at least six different TRAF molecules (TRAF-1-6) and 
typically activate survival stimuli through NF-kB and other cellular responses involving important 
kinases such as p38 and JNK. How different receptor complexes activate downstream signalling is 
still matter of research. Recent studies pointed out that ubiquitination is a major regulator in TNF-
induced signalling 18. Other TNFRs can also modulate their signalling via interaction of MyD88, a 
known Toll-Like Receptor (TLR) adaptor molecule 19.
Due to their key function in immunity, genetic alterations in TNF or TNFR superfamilies are associated 
with several diseases, such as: autoimmune lymphoproliferative syndrome (ALPS; FAS mutations), 
common variable immunodeficiency (CVID; TACI mutations), tumor necrosis factor receptor 
associated periodic syndrome (TRAPS; TNFR1 mutations) and hypohidrotic ectodermal dysplasia 
(HED; EDA1/EDAR mutations); reviewed in Lobito et al. 20.
After almost 4 decades, continued efforts to unravel their physiological relevance combined with 
their attractive potential as therapy targets, still make TNF ligands and their receptors a high 
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interest research area. In this review we will focus on the role of APRIL and BAFF in physiology and  
pathology.

1.2 The APRIL/BAFF axis 
APRIL (A PRoliferation Inducing Ligand) is one of the last discovered proteins among the family of 
TNF ligands. This immunological cytokine is involved in multiple aspects of B cell physiology via 
binding to its TNF-receptors TACI and BCMA5 (Figure 1). APRIL can also bind Heparan Sulfate 
Proteo-Glycans (HSPGs) through a site of the molecule that is distinct from the site binding to TNF-
Receptors (Figure 1)21;22. APRIL shares 30% sequence identity with another TNF member, BAFF and 
together they form a small subfamily. This is further exemplified by the observation that BAFF can 
also bind TACI and with lower affinity BCMA but, different from APRIL, it can specifically interact 
with its unique receptor BAFF-R (or BR-3) (Figure1). 
As a result of an intergenic splicing, the N-terminal part of the APRIL protein can be fused to the 
C-terminal portion of TWEAK (TWEAK exons 1-6, APRIL exons 2-6), generating a hybrid protein, 
TWE-PRIL, which is shown to be membrane bound (Figure 1) 23.
The physiological functions to date describe APRIL and BAFF as factors at the edge between acquired 
and innate immunity due to their regulatory functions on both “conventional B2” and “innate-like” 
B1 and Marginal zone (MZ) B cells, deepened in Paragraph 2 (“APRIL and BAFF in Immunity”). In 
brief, APRIL has been shown to sponsor survival and/or proliferation of B cells and to be involved in 
important B cell specific mechanisms such as Class Switch Recombination (CSR), Antigen Presenting 
Cells (APC) function and Plasma Cells (PC) formation 5.  

Figure 1. The APRIL-BAFF axis. APRIL and BAFF can be proteolitically cleaved (small arrows) and released as 
soluble factors. APRIL can bind and oligomerize via interaction with Heparan Sulfate Proteo-Glycan (HSPGs). 
BAFF can also aggregate as a big oligomer composed of 60 repeated trimeric subunits (60mer, not shown). 
TACI is the only receptor bound by both APRIL and BAFF with high affinity. TACI can, on its own, interact 
with HSPGs (indicated by dashed arrow). BAFF can also bind BCMA. BR-3 can bind only BAFF. TWE-PRIL 
is predicted to be membrane bound and to retain the same binding characteristics of APRIL. APRIL-BAFF 
hetero-trimers could also exist as membrane bound (not shown) and potentially bind all three receptors.

BCMA TACI BR-3

APRIL

BAFF

HSPGs

TWE-PRIL

APRIL/BAFF 
heterotrimers
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Due to differential receptors expression at varying stages of B cell maturation and distinct ligand 
expression, BAFF and APRIL have been described to cover non-redundant roles in most of the cases. 
Yet, not enough clarity has been achieved to address their specific roles, which is complicated due to 
their overlapping receptor usage.
Beside their involvement in tuning important aspects of the immune system, the study of the APRIL/
BAFF axis gained particular attention due to an alleged role in a number of B cell malignancies 
(comprising Hodgkin`s Lymphoma, Non-Hodgkin`s Lymphoma and Multiple Myeloma, described 
in Paragraph 3, “APRIL and BAFF in cancer” ) and Autoimmunity. 
In addition, APRIL has been reported to stimulate in vitro and in vivo growth of solid tumor-derived 
cell lines, which do not show apparent TACI and BCMA expression 24. The ability of APRIL to stimulate 
solid tumors still lacks important clues that specifically address whether another undefined APRIL 
receptor or indirect mechanisms are involved.
The aim of our work was to establish an effective strategy to inhibit APRIL and to deepen knowledge 
on its receptor usage. My thesis will focus on the characterisation and usage of two specific anti-APRIL 
inhibitory antibodies and on the construction of APRIL Receptor-Selective variants aimed to provide 
better insight on APRIL-mediated effects, both in physiology and cancer.

1.3 The structure of APRIL and BAFF 
APRIL and BAFF are classified as type II transmembrane proteins that can be released as soluble 
ligands after proteolytic cleavage on a furin convertase consensus site. Nevertheless the Mechanism 
of ligand secretion has been shown to differ. BAFF can be cleaved and released once the protein is 
expressed as a full-length molecule on the cell membrane 25;26. In contrast, APRIL has been reported 
to be proteolytically cleaved inside the cell, in the Golgi apparatus 27, leading to the conclusion that 
APRIL acts solely as a soluble factor. 
This finding has been more recently challenged by detection of membrane-bound APRIL on Acute 
Myeloid Leukemia (AML) samples 28, Chronic Lymphocytic Leukemia cells (CLL) 29 and recently 
on inflammatory macrophages 30. This might indeed be the case for δ-APRIL, a splicing isoform 
predicted to be membrane bound and to lose HSPGs interactions 31. Alternatively, TWE-PRIL is a 
form of APRIL that ends up on the membrane.
BAFF and APRIL share relevant sequence identity (30%) within their TNF homology domain 32, but 
present with substantial structural differences in the assembly of their tri-dimensional structures. 
Examination of crystallized APRIL revealed the formation of a compact trimeric ligand 32. In contrast, 
BAFF crystallography data showed the formation of higher oligomerized structures, composed of 
20 trimeric subunits (60mer) 14;33;34. This BAFF specific “capside-like structure” was shown to occur 
thanks to a bulging region (-DE loop, also called “flap region”) absent in the APRIL structure 34. 
Different from BAFF, APRIL contains a basic amino-acidic sequence stretch, separate from the TNF 
homology domain, where HSPGs can interact 21;22. We recently showed that binding to HSPGs confers 
on APRIL the ability to multimerise, potentially achieving similar oligomerized structures as found 
for BAFF 35. APRIL multimerisation is crucial for receptor activation and this will be explained and 
discussed .in section 1.5 "receptor binding versus activation: the case of TACI" . Another structural 
feature of APRIL and BAFF relies on the possibility to organise their quaternary structure in hetero-
trimers (HT) 13 (Figure 1), as also shown for LTα and LTβ 12. These biologically active APRIL/BAFF 
trimers are found to be elevated in patients with autoimmune disorders, but their physiological role 
is still to be uncovered 36. 
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1.4 TACI, BCMA, HSPGs and BR-3: Structure, Binding and Affinities 
TACI, BCMA and BR-3 lack a signal peptide and therefore are classified as Type III membrane-
anchored proteins. 
The extracellular (N-terminal) part of a typical TNFR contains multiple copies of ~40 amino acid-
residue cysteine-rich domains (CRDs) 17, which are crucial for ligand binding. BCMA and BR-3 are 
unusually small TNFRs as they have only one or even a partial CRD respectively 38;39. TACI differs 
from BCMA and BR-3 since it contains two CRDs (namely CRD1 and CRD2, Figure 2) although a 
splicing variant exist that encodes a shorter form of TACI lacking CRD1 38. The naturally occurring 
“short-TACI” still retains high affinity to both APRIL and BAFF and is capable of signalling. The 
presence of CRD1 on TACI has been explained as a result of gene duplication, stabilised in biology 
most likely for its ancillary ability in forming higher complexity ligand interactions and probably 
higher degrees of regulation (discussed in section 1.5). The elusive complexity of TACI also relies 
on its specific ability to bind Syndecan-2, which is an HSPG (Figure 1), postulated to provide itself 
sufficient inputs for TACI activation and signaling 40.

Figure 2. Schematic representation of the APRIL-BAFF receptors. Empty boxes indicate intracellular 
TRAF interaction modules. Black dots represent the interaction site for MyD88. Syndecans are also shown to 
interact with TACI although their binding region is not known.
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Syndecans and Glypicans) are constituent of the cell’s “sugar coat” and are important for 

cell-extracellular matrix interaction and signaling 41;42.

Figure 2

Schematic representation of the APRIL-BAFF receptors
Empty boxes indicate intracellular TRAF interaction modules. Black dots represent the interaction site for 
MyD88. Syndecans are also shown to interact with TACI although their binding region is not known.

It has not been trivial to get a clear picture of the real affinities of these receptors for APRIL 

and BAFF. Commonly used recombinant receptors are organised in a dimeric form where the 

-Fc portion of an immunoglobulin is fused to the receptor. This generates significant avidity 

forces that increase the apparent affinity value. For monomeric receptors the consensus is that 

BAFF can bind BR-3 and TACI with high affinities (nM range) while BCMA is bound by 

BAFF at least two orders of magnitude weaker. APRIL, on the other hand, can bind 

monomeric TACI and BCMA in the nM range while no binding at all has been revealed for 

BR-3 31;37. When receptors are used in their dimeric form (Ig-fusion proteins) all the observed 

affinity values are increased to the sub-nanomolar range, probably due to a strong effect of 

avidity with the exception of BR-3 that still does not bind APRIL 5. Our BIAcore based 

affinity measurements, confirmed the values for BCMA- and TACI- Fc (Table 1). 

The affinity of APRIL for HSPGs is considerably lower, calculated to be in the µM range 5.

Table 1 -

hBCMA-Fc:hAPRIL = 0.38nM;    mBCMA-Fc:hAPRIL = 0.14nM

hTACI-Fc:hAPRIL = 3.9nM;        mTACI-Fc: hAPRIL = 4.4nM

TACI

Short TACI

BCMA

BR-3

TRAF interacting site

Transmembrane domain

TIR-less MyD88 binding site

CRD1CRD2

6  5       3  2  1

3

6  5          2  

6  5          2  

partial CRD

TACI

Short TACI

BCMA

BR-3

TRAF interacting site

Transmembrane domain

TIR-less MyD88 binding site

CRD1CRD2

6  5       3  2  1

3

6  5          2  

6  5          2  

partial CRD

CRD1CRD2

6  5       3  2  1

3

6  5          2  

6  5          2  

partial CRD

HSPGs are complex polysaccharides characterized by long dimeric glycosaminoglycans units 
(Glucosamine and Iduronic or Glucuronic acid) attached to a protein core. HSPGs (such as Syndecans 
and Glypicans) are constituent of the cell’s “sugar coat” and are important for cell-extracellular matrix 
interaction and signaling 41;42.
It has not been trivial to get a clear picture of the real affinities of these receptors for APRIL and BAFF. 
Commonly used recombinant receptors are organised in a dimeric form where the -Fc portion of 
an immunoglobulin is fused to the receptor. This generates significant avidity forces that increase 
the apparent affinity value. For monomeric receptors the consensus is that BAFF can bind BR-3 and 
TACI with high affinities (nM range) while BCMA is bound by BAFF at least two orders of magnitude 
weaker. APRIL, on the other hand, can bind monomeric TACI and BCMA in the nM range while no 
binding at all has been revealed for BR-3 31;37. When receptors are used in their dimeric form (Ig-fusion 
proteins) all the observed affinity values are increased to the sub-nanomolar range, probably due to a 
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Table 1

hBCMA-Fc:hAPRIL = 0.38nM   mBCMA-Fc:hAPRIL = 0.14nM
hTACI-Fc:hAPRIL = 3.9nM mTACI-Fc: hAPRIL = 4.4nM

strong effect of avidity with the exception of BR-3 that still does not bind APRIL 5. Our BIAcore based 
affinity measurements, confirmed the values for BCMA- and TACI- Fc (Table 1). 
The affinity of APRIL for HSPGs is considerably lower, calculated to be in the µM range 5.

1.5 Receptors binding versus activation: the case of TACI 
Trimeric ligands, such as APRIL and BAFF can interact with three independent receptors molecules 
but this “3 to 3” binding is not necessarily reflected in a productive signalling. This is in fact the 
case for TACI, shown to be tonically activated only by HSPG complexed APRIL or multimerised 
BAFF 43;44. Membrane-bound APRIL and BAFF or cell-expressed syndecans-2 are also predicted to 
possess the right structural complexity for TACI activation. These findings point to a scenario where 
the cell-expressed receptor (TACI) can be activated or “ignored” (only binding) depending on the 
structural complexity of the ligand.
Different from TACI, BCMA and BR-3 require less stringent ligand complexity and are postulated 
to be strongly activated by trimeric ligand forms 45.
The reported case of TACI is not totally new among the TNF family. TNFR2, Fas and CD40 can be 
preferentially activated by the respective oligomerized membrane-bound ligands 46-48.

1.6 TRAF adaptor molecules involved in TACI, BCMA and BR-3 activation
TNF receptor-associated factors (TRAFs) are intracellular proteins that can bind TRAF-binding 
sequences present in several receptors, including TACI, BCMA and BR-3 (Figure 2). In a steady state, 
TRAFs occur as trimers but have low affinity for their monomeric receptor binding sequences. When 
three (or more) intracellular receptor tails are clustered together by the ligand, the enhanced avidity 
results in recruitment of multiple TRAF molecules thus allowing high affinity binding 49. Depending 
on the specific TRAF, this leads to either stabilisation or degradation of the trimerized TRAF and the 
beginning of the signalling cascade, typically centered on the activation of the NF-kB survival pathway. 
TACI interacts with TRAF2, TRAF5 and TRAF6 and can activate the classical NF-kB pathway and 
the transcription factors AP-1 and NF-AT 50;51. It has been shown that activation of TACI occurs 
only if at least two trimeric TRAF complexes are recruited. This implies the formation of a receptors 
cluster involving at least six receptors tails 52, an activation mechanism of higher complexity than the 
one needed for BR-3 activation 44. The situation is in fact different for BR-3 that can only interact, 
via an unusual TRAF binding sequence, with TRAF3, leading to its degradation 53. This is probably 
shortcutting the need for higher order receptor clustering 44 as TRAF3 degradation directly leads to 
activation of the NIK kinase and activation of the alternative NF-kB pathway 44;54.
BCMA has been reported to interact with TRAF1-2 and-3 in one study, but with TRAF-5 and -6 in 
another study. BCMA triggering leads to activation of the classical or NIK dependent NF-kB pathway 
and the JNK and p38 pathway 55;56.
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Despite the fact that a number of studies revealed different TRAFs interacting with receptor molecules 
and pointed out pathway activation, these were all based on reporter systems based on receptor over-
expression. The signal transduction elicited by BCMA, TACI and BR-3 in physiological relevant models, 
can therefore be largely different. 
APRIL stimulation and pathway activation via its receptors is typically translated in up-regulation of anti-
apoptotic proteins (such as BCL-2, BCL-xL and MCL-1) and down-regulation of pro-apoptotic molecules 
(such as BAX and BIM) 57. These observations are particularly evident in hematopoietic malignancies, 
such as Hodgkin Lymphoma, Non Hodgkin Lymphoma, B-CLL and MM 58-61, where APRIL and BAFF 
have been reported to induce survival signals (Paragraph 3, “APRIL and BAFF in Cancer”).

2. APRIL and BAFF in immunity
2.1 T-dependent and T-independent regulation of B cell function 
The study of APRIL, BAFF and their receptors provided important insights on how similar 
immunological stimuli can be integrated into both Adaptive and Innate type of responses.
B cell immune responses are simplistically divided into two categories depending on their ability 
to respond to antigens with or without T cell help 45;62. Protein antigens are captured, processed 
and expressed on antigen presenting cells (APC) that, in turn, either activate effectors cytotoxic T 
lymphocytes (CTLs) or helper T cells (Th). CTLs can directly kill the infection reservoir, while Th 
cells have the ability to aid antigen primed B cells towards antigen-specific antibodies production, 
giving rise to the so-called adaptive immune response. The first step towards a specific response 
is the CD40L-dependent isotype switching of the antibody heavy chain to generate “advanced” 
immunoglobulins (containing different effector functions 63 ) without changing the actual antigen 
specificity, a process known as class switch recombination (CSR). B cells involved in this T-dependent 
immune response are defined as B2 B cells and require the formation of well-defined lymphonodal 
B cell areas, referred as germinal centers (GC or follicular centers; Figure 3). In these proliferative 
centers B cells increasingly adopt higher antigen specificity via a mechanism that involves somatic 
mutations in the variable region of antibody gene segments (Somatic Hyper-Mutation, SHM). This 
way, the already broad possibilities of the germ-line encoded B cell receptors (antibodies) can switch 
towards potentially “unlimited” antigen recognition possibilities. 
The final products are terminally differentiated non-dividing B cells (plasma cells, PCs) that start to 
appear after few days from the original antigen exposure. Plasma cells are characterised in mice by 
the expression of CD138 (Syndecan-1) and the loss of B220 B cell marker. PCs are able to produce 
high amounts of specific antibodies and to persist in the organism for years (also called Long Lived 
Plasma Cells, LLPCs). All the antigen-specific PCs that developed without entering the GCs are 
thought to be short-lived (3-5 days) and produced germline-encoded specific antibodies 64. Short 
Lived Plasma Cells and/or Plasmablasts (often indicated as the same cellular species) are considered 
a transient stage of PC development.
Little is known about the developmental relationship among these types of PCs sub-populations as 
well as the factors mediating such maturation 65;66. A study following the expression of an important 
regulator of B cell terminal differentiation (Blimp-1) 67 revealed remarkable heterogeneous Antibody 
Secreting Cell (ASC) populations 68.
This articulated, highly specific, but delayed (~one week) adaptive immune response would not 
be sufficient to control rapidly replicating pathogens. A more rapid initial response is exerted by a 
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distinct set of B cells found in the marginal zone of the spleen (MZ B cells) and in the peritoneal and 
pleural cavities (B1 B cells) 69;70. 
These extra-follicular B cells promptly react towards antigens in a T-independent manner. 
B1 B cells are different form “conventional” B cells (B2 B cells) since they have been suggested to 
originate from fetal liver precursors 71;72 and to subsequently mature in the peritoneal cavity and spleen. 
Together with splenic MZ B cells, B1 cells posses a state of active readiness, expressing elevated Toll 
Like Receptors (TLRs, able to recognise a variety of pathogen-associated molecular patterns) and 
germ-line encoded immunoglobulins, thus providing a first line defence against micro-organisms 
including encapsulated bacteria. 
Two types of model T cell-independent antigens (type-I and type-II) are classified depending on 
their signals for B cell activation. Both antigens are polysaccharides that can derive from the bacterial 
capsule. Type-I (NP-LPS) antigens use as a second signal TLR-4 activation while type-2 (NP-Ficoll) 
depend on antigenic B cell receptor (BCR) clustering. 
An anatomically separated immune area, where T-independent and T-dependent B cell responses 
can also occur, is the gut-associated lymphoid tissues (GALT). Here most of the antibodies produced 
possess an IgA isotype. Dimeric IgA is transcytosed by the epithelial cell into the lumen of the gut. 
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Figure 3

APRIL and BAFF in immunity -
APRIL/BAFF receptors are differentially expressed depending on B cell maturation stage. BR-3 (gray) is an 
important receptor for maturation of normal (B2, light red) and Marginal Zone (MZ, dark red) B cells in the 
spleen. TACI (red) can be up-regulated after TLR engagement on MZ (spleen) and B1 B cells (peritoneum) thus 
becoming responsive to APRIL. APRIL can be produced autocrinally or by Dendritic Cells (DC) and 
Neutrophils (not shown). APRIL, via TACI, can induce both T-independent (black antibodies) and T-dependent 
(blue antibodies) Class Switch recombination (CSR). In the peritoneal cavity, IgA is the main immunoglobulin 
isotype produced by APRIL stimulation.  BCMA (green), appears to be mainly expressed on plasmablasts (P. 
Blasts) and Plasma Cells (Bone Marrow) where it supports their survival. Osteoclasts (OCs) are important 
APRIL producing cell specie in the Bone Marrow.  

BAFF/ BR-3, an essential signal for B cell development -

Immature Bone Marrow-derived B cell precursors enter the spleen to undergo their 

maturation process. A functional BCR is essential to allow immature precursors (T1 and T2 

staged B cells) to differentiate into mature (M) or marginal zone (MZ) B cells 74;75 (Figure 3). 

In addition to BCR, BAFF signals are crucial for B cell maturation as evidenced by the BAFF 

KO mouse which presented with a 90% B cell loss beyond the T1 stage 76;77.

In general the phenotype of the BAFF KO mice is due to lack of survival signals since the B 
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Figure 3. APRIL and BAFF in immunity. APRIL/BAFF receptors are differentially expressed depending on 
B cell maturation stage. BR-3 (gray) is an important receptor for maturation of normal (B2, light red) and 
Marginal Zone (MZ, dark red) B cells in the spleen. TACI (red) can be up-regulated after TLR engagement 
on MZ (spleen) and B1 B cells (peritoneum) thus becoming responsive to APRIL. APRIL can be produced 
autocrinally or by Dendritic Cells (DC) and Neutrophils (not shown). APRIL, via TACI, can induce both 
T-independent (black antibodies) and T-dependent (blue antibodies) Class Switch recombination (CSR). 
In the peritoneal cavity, IgA is the main immunoglobulin isotype produced by APRIL stimulation.  BCMA 
(green), appears to be mainly expressed on plasmablasts (P. Blasts) and Plasma Cells (Bone Marrow) where 
it supports their survival. Osteoclasts (OCs) are important APRIL producing cell specie in the Bone Marrow. 
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IgA immunoglobulins are particularly resistant to bacterial proteases and are important as first line 
defence against pathogens. Mucosal IgA levels can be produced by activated B1 B cells  or by B2 B 
cells located in the Peyer`s Patches 73;74 (Figure 3). 

2.2 BAFF/ BR-3, an essential signal for B cell development 
Immature Bone Marrow-derived B cell precursors enter the spleen to undergo their maturation 
process. A functional BCR is essential to allow immature precursors (T1 and T2 staged B cells) to 
differentiate into mature (M) or marginal zone (MZ) B cells 74;75 (Figure 3). In addition to BCR, BAFF 
signals are crucial for B cell maturation as evidenced by the BAFF KO mouse which presented with 
a 90% B cell loss beyond the T1 stage 76;77. 
In general the phenotype of the BAFF KO mice is due to lack of survival signals since the B cell 
specific over-expression of the anti-apoptotic molecules BCL-2 and BCL-xL, significantly rescued 
B cell numbers and function 79;80. This profound loss of B cells is shown to fully depend on BAFF 
signalling via BR-3 as BR-3 KO mice, or a mouse strain containing a defective BR-3 protein (A/
WySnJ), presented  similar phenotypes 81;82. Importantly, both BAFF-KO and BR-3-KO mice were 
shown to have un-altered peritoneal B1 B cells, pointing to a BAFF/BR-3-independent development. 
Accordingly, TI-type II humoral responses, mainly reflecting B1 B cell activity, were not affected.

2.3 TACI in Innate and Adaptive Immunity 
B2, B1 and MZ B cells differentially express APRIL/BAFF receptors depending on their maturation 
stage and phase of antigen response (Figure 3). 
B1 and MZ B cell types express TACI and BR-3, but appear devoid of BCMA. Different from B2, B1 B 
cells have the ability to strongly up-regulate TACI (and to a lesser extent BR-3) after TLR engagement, 
while this appears not to occur upon BCR stimulation 19;83;84. TLR stimulation (TLR9 or TLR4) of splenic 
B cells also enhanced the autocrine production of APRIL and BAFF and this led to a fast plasmablast 
formation 85. Blood CD11clo Dendritic cells and peritoneal Macrophages also appear to be important 
APRIL and BAFF producers in response to Type-I particulate antigens 86. Although BR-3 is also up-
regulated and has the capacity (together with TACI) to induce CSR 87, this T-independent humoral 
machinery is thought to mainly depend on TACI. In agreement, the TACI-KO mouse showed an 
almost complete absence of T-independent type II (TI-II) antibody production 50, while the BR-3 and 
the BCMA KO mice showed unaltered TI-II responses 88-90. 
Ligand dependency in TACI-mediated B1 and MZ activity is still difficult to assess as both APRIL and 
BAFF-Tg mice, although different, showed phenotypes largely dependent on B1 and MZ activity 106;107.
In summary, peritoneal B1 or splenic Marginal Zone B cells are “quick sensors” of infection that, via 
TLR-induced regulation of TACI respond to APRIL and BAFF in a T-independent fashion 91. TACI, 
in this scenario, is supposed to be the crucial receptor.
Nevertheless, TACI does not exclusively play a role in T-independent B cell responses, indeed 
its expression also appears on Follicular B cells (Figure 3). A recent study showed that TACI can 
induce CSR in cooperation with CD40L via MyD88, a TLR signalling adaptor that activates NF-kB 
(Figure 2) 19;84. This recent finding fits with a previous study where TACI was shown to support 
CD40-driven differentiation of Plasma Cells 92. 
In accordance with the role of TACI in promoting humoral immunity, rare mutations in the TACI gene 
(C104R and A181E), are associated with Common Variable Immuno-Deficiency (CVID) in humans 93.
Despite the fact that TACI is able to deliver positive signals supporting the cellular machinery that 

16



Introduction

1
drives T cell-independent and T cell-dependent humoral responses, TACI also exerts a yet unexplained 
inhibitory regulation on B cell homeostasis. Different from BR-3 KO mice, TACI-KO mice displayed 
a hyper-proliferative phenotype of the mature B cell compartment 94. A second study revealed that 
this exacerbated proliferation led to fatal autoimmunity and, moreover, it was suggested that TACI 
had the ability to induce apoptosis in a murine B cell line 95.
This apparent “TACI paradox” points to a potentially distinct function of the receptor in the two 
immune compartments characterized by naive and terminally-differentiated antibody producing B 
cells 84. An alternative explanation of these results, however, suggests that TACI could be secreted 
from the cell surface and as such dampens the BAFF and APRIL-mediated response by acting as a 
decoy receptor. Absence of this decoy function in the TACI-KO may lead to overstimulation and 
eventually result in the observed auto-immunity. 
Taken together, these results show a role for APRIL and BAFF in mediating both innate and acquired aspects 
of B cell immunity via TACI. Further studies are needed to understand the intricate biology of TACI 44;96.

2.4 BCMA and Plasma Cells 
Different from BR-3 and TACI, BCMA does not appear to be involved in the early steps of B cell 
maturation 77, where indeed its expression is low or absent 31;97 (Figure 3). Despite a first observation 
showing BCMA-KO mice to have unaltered B cell numbers and unaffected humoral responses against 
TD and TI antigens 90, a second group showed that the role of BCMA relied on sustaining long-lived 
plasma cells (LLPCs) elicited after immunogenic challenge (PE-CFA or NP-KLH) 98. Consistent 
with these results, a recent study demonstrated that Blimp-1, an important transcription factor for 
PCs development, directly regulated BCMA expression 99. Whether BCMA activity on terminal 
differentiation of B cells is induced by APRIL and/or BAFF binding is still object of investigation and 
varies depending on the model studied.
In the study of O`Connor BP and co-workers 98, treatment of immunised mice with TACI-Fc (blocking 
both APRIL and BAFF) reduced by two-fold the number of Antibody Secreting Cells (ASCs) in the 
bone marrow, which possibly represented LLPCs. APRIL and BAFF can therefore both be important 
in this BCMA mediated effect. In agreement with a possible redundant function is the observation that 
specific BM ASCs production (NP28-KLH) after 3 months from immunisation could be supported by 
either APRIL or BAFF 100. Nevertheless, in another model study, mice immunised with the NP21-CGG 
antigen presented ASCs formation in the bone marrow after just 6 days 21. Subsequent treatment of 
immunised mice with BCMA-Fc (blocking APRIL and BAFF) resulted in a two-fold decrease of 
Plasma Cells in the BM, but BR-3-Fc treated mice (blocking BAFF alone) did not show any alteration 
of BM PCs compared to control. This might reflect a model where APRIL alone or APRIL and BAFF, 
but not BAFF alone, can be involved in a BCMA mediated effect. 
An important difference between APRIL and BAFF exists in the way they interact with PCs characterised 
by the high expression of Syndecan-1 (CD138). A study showed that BM PCs derived from the C5-
epimerase KO mouse (where the native HSPGs conformations are disrupted) could only be in vitro 
stimulated by BAFF and not by APRIL, according to an important HSPG role for APRIL signalling 101.
BCMA function in sustaining generation or the mere survival of different ASCs (LLPCs, Short Lived 
Plasma Cells or Plasmablasts) and APRIL/BAFF ligand dependency is still uncertain and requires 
further experiments.
Our un-published observations found elevated levels of Plasma Cells (revealed as B220-, CD138++ and 
LyC6+) in the bone marrow of 6 months old APRIL TG mice. We are currently investigating whether 
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this is the result of APRIL-BCMA interaction using an antibody able to preferentially block APRIL 
interaction with TACI (described in Chapters 2 and 3).

3. APRIL and BAFF in cancer
A number of B cell malignancies (Hodgkin, Non Hodgkin Lymphomas and Multiple Myeloma) are 
suggested to receive important survival stimuli from an aberrant APRIL/BAFF loop between the 
diseased microenvironment and the arising malignant cells. This important survival axis is shown 
to happen via APRIL/BAFF binding to their receptors but the precise mechanism indicating ligand 
and receptor dependency has not been fully understood yet.
In addition, APRIL (and not BAFF) has been found to be important in solid tumors of different 
origins without apparent TACI and BCMA expression.
This chapter will describe the reported evidences on the role of APRIL and BAFF in different types 
of malignancies.

3.1 Chronic Lymphocytic Leukemia (CLL) 
Chronic Lymphocytic Leukemia (CLL) is characterised by the clonal expansion of a particular 
population of malignant B cells expressing CD5, a distinctive CLL marker. Several microenvironmental 
factors, combined with genetic hits, are shown to play a pivotal role in CLL. Such microenvironment-
derived signals strongly contribute to survival of malignant clones. This is supported by the 
observation that CLL cells rapidly undergo apoptotic death when cultured in vitro, indicating a 
strong microenvironment dependency. APRIL and BAFF are both listed among the most important 
micro-environmental factors related to the establishment of CLL 102. 
The origin of CLL, in both human and mice, is postulated to find its precursors in B1 B cells, an 
“innate like” B cell population characterised by CD5 expression.
Different animal models have been developed that mimic the CLL disease: TCL-1, TRAF2DN/BCL-2 
and APRIL TG mice 103. Although different, all these models led to a similar leukemic cell expansion 
reminiscent of CLL, as evidenced by CD5 positive B cells expansion.
The TCL-1 mouse was constructed in a way that the T Cell Leukemia gene-1 (TCL-1) is expressed 
under the control of a VH promoter-IgH-Eµ enhancer, targeting transgene expression in immature 
and mature B cells 104. These mice develop, within 4-8 months, uncontrolled expansion of B1-like B 
cells (CD5+/IgM+) in the peritoneal cavity and later on in spleen and bone marrow.
A second animal model for CLL is the TRAF2DN/BCL-2 TG mouse, where the anti-apoptotic gene 
BCL-2 and an isoform of TRAF2 (TRAF2DN that mimics TRAF1) are over-expressed in the lymphoid 
system 105. These animals develop small B cell lymphoma with many similarities to CLL, as detected 
by expansion of B cells with a B1 phenotype (B220int, IgM+ and CD5+). 
Finally, the third mouse model considered to mimic CLL establishment is the APRIL TG mouse. T 
cell specific over-expression of the soluble APRIL protein, lead to the age-related expansion of B1 B 
cell-associated Neoplasms 106. Disease “penetrance”, in this case, is remarkably lower than the other 
two CLL models, suggesting APRIL to be an important factor but per se not sufficient to achieve a 
clear disease establishment/progression.
Interestingly, in vivo over-expression of BAFF, also led to B1 cell expansion but its main phenotype is 
characterised by a severe B cell hyperplasia and autoimmunity 107;108. The BAFF TG mouse per se is not 
considered a model for CLL, but it is important to consider that autoimmune symptoms are often present 
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in CLL patients as complication of the disease 109. Importantly, the double TG mouse expressing TCL-1 and 
BAFF (TCL-1/BAFF-TG), presented a considerably faster CLL establishment due to enhanced survival of 
CLL cells 110, supporting the notion that CLL cells derive survival signals from their microenvironment. 
We are currently evaluating the effect of APRIL over-expression in the TCL-1 CLL mouse model 
(Chapter 6), but the observation that APRIL expression by itself induces a CLL-like phenotype already 
suggests a role for this ligand in CLL. In agreement, we detected high APRIL mRNA expression in 
human CLL cells and higher amounts of circulating APRIL in serum of CLL patients compared to 
healthy donors 106. In a retrospective study, we confirmed that higher APRIL serum levels in CLL 
patients correlated with a poorer prognosis 111.
Interestingly, BAFF serum levels were lower than healthy controls while CLL cells were shown to 
have higher membrane expression of both APRIL and BAFF as compared to normal B cells 112-114. 
This can be explained by BAFF mainly existing in its membrane-bound form or, as pointed by the 
work of Kern C. and co-workers 114, soluble BAFF might be complexed to a different BAFF isoform 
(delta-BAFF) preventing cytokine recognition. 
Nevertheless, the work of Novak A. J. and co-workers 115, found elevated BAFF levels in a subgroup 
of CLL patients with familial lymphoproliferative disorders suggesting that this ligand does act also 
as a soluble survival factor in a subset of CLL, but not in all CLL patients. 
Screening of APRIL/BAFF receptors on CLL cells revealed TACI, BCMA and BR-3 expression 113;116;117. This 
fits with the ability of CLL cells to be APRIL and BAFF responsive in vitro through a paracrine but also 
an autocrine survival loop 115. Certain cell species present in the stromal micro-environment were in fact 
found to produce high amounts of APRIL and BAFF. These cells are not tumor-derived and include CD14+ 
monocyte-derived Nurse Like Cells (NLCs) 118 and stromal microvascular endothelial cells (MVEC) 119. 
APRIL/BAFF inhibition via BCMA-Fc or TACI-Ig in a system where CLL cells were co-cultured with NLC 
or MVECs could significantly decrease the CLL viability. Of note, the use of BR-3-Fc as a decoy receptor 
(BAFF specific) was shown not to interfere with the CLL survival loop 118. This obviously does not exclude 
a role for BAFF, but does indicate that APRIL alone is sufficient to induce survival.
In summary, APRIL and BAFF are two emerging important survival cytokines that, via their aberrant 
expression on the CLL itself or from a diseased microenvironment, contribute to the establishment 
of CLL. These factors are therefore considered as important therapeutic targets in CLL.

3.2 Hodgkin Lymphoma 
Hodgkin Lymphoma (HL) is characterised by the clonal accumulation of mononuclear malignant 
cells, referred as Hodgkin Reed-Sternberg cells (HRS). These malignant B cells express a distinctive 
CD30 antigen and are thought to derive from GC precursors due to the presence of somatically 
mutated Ig V region genes 120. HRS cells usually constitute less than 10% of the tumor mass and 
retrieve important survival stimuli from inflammatory myeloid cells (macrophages, neutrophils and 
eosinophils) expressing APRIL and BAFF 5;58;85;97.
Chiu A. and co-workers 58 showed that HRS cells, which expressed TACI and BCMA, but no BR-3, 
could respond to exogenous APRIL and BAFF. Ligand stimulation tipped the balance towards the 
expression of anti-apoptotic proteins (BCL-2, BCL-xL and MYC) and induction of the NF-kB pathway. 
Both malignant HRS cells and reactive infiltrate myeloid cells, were found to express APRIL and BAFF. 
In addition, a role for HSPG in APRIL-mediated signalling was also shown, as Heparinase treatment 
of HRS cells abolished APRIL binding and proliferation.
However, up to now in vivo evidence linking APRIL/BAFF expression in supporting HL is lacking. 
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3.3 Multiple Myeloma 
Multiple Myeloma (MM) is a fatal neoplasia that originates in the Bone Marrow where malignant 
Plasma Cells (CD138+) and a diseased stroma compartment exchange mutual growth factors. As a 
result, expansion of neoplastic PCs is paralleled by a malignant microenvironment featuring increased 
neoangiogenesis and exacerbated osteoclasts (OCs) bone resorption activity 121.
A role for OCs in mediating survival of MM cells has been also reproduced in vitro 122. Although MM 
cells can produce APRIL and BAFF themselves or derive it from BM stromal cells (i.e. monocytes 
and neutrophils) 60;123, OCs were suggested to be the main source for APRIL and BAFF 124;125. TACI-Fc 
treatment of a co-culture of OCs and primary MM cells remarkably decreased the viability of the 
malignant cells to the same levels of MM cultured alone. This indicates that OCs provide an important 
survival signal for MM cells via APRIL and/or BAFF 126.
Importantly, this was confirmed in an in vivo model using the primary myelomatous SCID-hu 
mouse 125;127. In this model, human fetal bones were inserted subcutaneously in 17/Icr-SCID mice 
and, after a period to allow proper bone engraftment, primary MM cells were directly injected into 
the implanted bone. Human immunoglobulins, OCs numbers and MM bone engraftment were 
significantly reduced when animals received TACI-Fc, and to a lesser extend BR-3-Fc, as treatment. 
This confirmed that the APRIL/BAFF survival loop is an important tumor-supporting mechanism 
in Multiple Myeloma. In agreement, APRIL and BAFF serum levels were both found to be generally 
increased in MM patients compared to healthy controls 60;127.
Analysis of APRIL/BAFF receptors on MM cells revealed BCMA to be broadly expressed while BR-3, 
according to its down-regulation on late-staged B cells, was mostly absent. TACI expression was 
more heterogeneous and it could discriminate two clusters of MM patients, based on -high or –low 
receptor expression 124;127. The TACIlow group had clinical parameters associated with bad prognosis 
and a “plasmablasts signature” reflecting lower BM dependency. The role of TACI in this disease was 
also underlined by the fact that both APRIL and TACI could interact with syndecan-1 (expressed on 
the membrane of MM cells) generating a survival loop 128. Interestingly, levels of Syndecan-1 in MM 
patients are associated with poor prognosis and disruption of heparan sulphate chains (using bacterial 
or human heparinases) or Syndecan-1 targeted RNAi delayed myeloma tumor development in vivo 129.
Although APRIL and BAFF are now evident therapeutic targets in MM, further studies to asses 
APRIL/BAFF and  receptors contributions in this disease are needed.

3.4 APRIL and solid tumors 
One of the first observations after the APRIL gene was cloned was its expression in a number of 
cell lines, many of which were derived from solid tumors 24. Moreover, soluble APRIL-transfected 
murine fibroblasts (NIH-3T3) showed remarkably higher in vitro and in vivo growth compared to 
control transfectants. Interestingly, in the work of Rennert P. and co-workers 130, neither TACI nor 
BCMA were found to be expressed in NIH-3T3. This held true for human adenocarcinoma (HT29 
and SW480), lung carcinoma (A459) and melanoma (ME260) cell lines where, even though TACI 
and BCMA were absent, they still retained the ability to bind APRIL and not BAFF. Importantly, 
in vivo BCMA-Fc treatment (blocking APRIL and BAFF) impaired tumor growth of two different 
subcutaneous implanted tumor cell lines indicating APRIL to act as a soluble factor also in solid 
tumor models. Deshayes F. and co-workers, found similar characteristics in a panel of glioblastoma 
cell lines 131. Other findings using a panel of solid tumors-derived human biopsies, indicated that 
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APRIL mainly derived from the surrounding microenvironment (i.e. infiltrating neutrophils) rather 
than the tumor itself but it was retained onto the tumor cell 132.. 
Important clues that deepened knowledge on this TACI/BCMA-independent APRIL stimulation, 
came from the discovery of HSPGs as the third APRIL interactor. In fact our group showed that 
heparin (an HSPG-like molecule) could completely interfere with the APRIL-HSPG interaction and 
this blocked binding and APRIL-induced proliferation of solid tumor cell lines 22.
Despite this important finding, it remains to be addressed whether HSPGs itself is mediating the 
APRIL effect or another, yet not discovered, TNF receptor is involved. 

4. Short overview of the thesis
In this thesis we describe the development of two APRIL antagonistic antibodies namely hAPRIL0.1A 
(hA.01A) and hAPRIL.03A (hA.03A) in order to effectively block APRIL function in cancer (Chapter 
2 and 3). In Chapter 2 we assess their functionality in vitro and in vivo and show their potential as 
therapeutic agents. In Chapter 3 we focus on the characterisation of the APRIL epitopes recognized 
by these two antibodies using a new epitope mapping technique. These findings provide a rational 
for their different inhibitory characteristics.
In order to decipher the individual role of TACI and BCMA in APRIL mediated cell stimulation, we 
describe the construction of APRIL receptor-selective variants, able to trigger activation of either 
TACI or BCMA respectively (Chapter 4). Using these ligands we reveal a distinct role for BCMA 
and TACI in B cell activation.
In Chapter 5 we focus on the role of APRIL and its receptors usage in a murine model of chronic 
lymphocytic leukemia (CLL).
Chapter 6 is dedicated to the role of APRIL in a mouse model of colon cancer. 
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