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Chapter 1

Introduction

Summary

IgA

Immunoglobulin A (IgA) is the most prevalent antibody at mucosal sites, and has an

Antibodies or immunoglobulins (Ig) are produced by B cells and exist in several isotypes,

important role in defense by preventing invasion of pathogens. Traditionally, IgA has

including IgA, IgG, IgM, IgD and IgE. Each antibody consists of a Fragment antigen binding

been thought of as a non-inflammatory antibody that helps to maintain homeostasis in

(Fab) region which can bind to antigens, whereas the Fragment crystallizable (Fc)-tail

the mucosa. However, in the last decade it has become clear that IgA is a very potent

determines to which isotype class the antibody categorizes. Each immunoglobulin isotype

stimulus to initiate pro-inflammatory cellular processes, especially after triggering the

can bind to specific Fc receptors, with IgA binding to IgA Fc receptors and IgG to IgG Fc

IgA Fc receptor (FcαRI) on neutrophils. It was furthermore described that FcαRI acts as

receptors. IgA is the predominant antibody in mucosal areas and approximately 75% of the

a regulator between anti- and pro-inflammatory responses of IgA. Although neutrophil

daily antibody production is of the IgA class [1]. It consists of two heavy and two light chains

activation is beneficial in (mucosal) infections, abnormal or excessive IgA immune complexes

(Fig. 1A). The variable parts of the heavy and light chains are present in the Fab region,

can induce disproportionate FcαRI-mediated neutrophil migration and in this way initiate a

thereby allowing IgA to recognize a plethora of different antigens. The Fc-tail contains the

perpetuating neutrophil recruitment and activation loop, which will result in severe tissue

constant domains which bind to the IgA Fc receptor, FcαRI. The heavy chains are linked by

damage. Evidence is increasing that aberrant IgA-induced cell activation and migration

a hinge region, which contains O- or N-linked oligosaccharides [2]. Two isotypes of IgA are

plays a detrimental role in several diseases, including auto-immune IgA blistering diseases,

described, namely IgA1 and IgA2, which have a different hinge composition. Whereas the

a subtype of rheumatoid arthritis and ulcerative colitis. Inhibiting FcαRI-mediated cell

hinge of IgA1 contains 13 additional amino acids and multiple sites for O-linked glycans, IgA2

activation could dampen inflammation in these patients.

lacks these sites. Two N-linked glycans can be attached on heavy chains of both IgA1 and
IgA2 [2]. IgA1 is predominant in serum, while the proportion of IgA2 is higher in mucosal
secretions [2].
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Figure 1. IgA and binding of IgA to IgA Fc receptor, FcαRI. a. Serum IgA consists of a monomer, with Fab
regions for antigen binding and Fc-tail for binding to IgA Fc receptor. Dimeric IgA consists of two monomer
connected by J-chain. Secretory IgA consists of two monomers, linked by a J-chain and secretory component
is attached. b. One monomeric or dimeric IgA molecule can interact with two FcαRI molecules. FcR γ-chain
homodimers interact via the negative aspartic acid 11 (D11) with the positive arginine 209 (R209) in the
transmembrane tail of FcαRI. The FcR γ-chain contains ITAMs that are phosphorylated (P) after FcαRI
triggering, which is the start of signal transduction. EC; extracellular, TM; transmembrane, IC; intracellular.
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Both IgA isotypes exists in several forms in the human body (Fig. 1A). In serum it is mainly

Expression and structure of FcαRI

present as monomeric molecule (mIgA). Serum IgA is derived from bone marrow plasma cells
and is present in concentrations of 2-3 mg/ml [3, 4]. Mucosal IgA originates from plasma cells

FcαRI, the IgA receptor, is a transmembrane receptor and a member of the Fc receptor

in the lamina propria, where IgA is produced as a dimeric molecule (dIgA), and the Fc-tails of

immunoglobulin superfamily, which also includes Fc receptors for IgG (FcγR) and IgE (FcεRI)

two monomeric IgA molecules are linked by a joining (J-) chain, co-produced by plasma B-cells

[5, 6, 15, 16]. However, the FcαRI gene is located on chromosome 19 (at 19q13.4) and lies

in the lamina propria. The polymeric Ig receptor (pIgR), which is expressed at the basolateral

within the so-called leukocyte receptor cluster (LRC) [15, 17], whereas genes encoding FcγR

surface of epithelial cells, can bind dIgA and subsequently shuttle it to the luminal site to be

and FcεRI map on chromosome 1 (at 1q21-23) [16]. The LRC includes no other Fc receptor

secreted as the third form, secretory IgA (SIgA). The extracellular portion of pIgR, referred to

genes, but encodes killer inhibitory receptors (KIR) and leukocyte Ig-like receptors (LIR).

as secretory component (SC), is cleaved from the pIgR and remains attached to dIgA molecules.

The amino acid sequence of FcαRI shares more similarity with LRC type of receptors than

The attachment of secretory component provides stabilization, while at the same time partly

with Fc receptors [5]. Orthologues of human FcαRI have been identified in several monkey

blocking the binding site for FcαRI. Therefore, SIgA cannot bind and activate FcαRI.

species like chimpanzees and macaques, but not in mice due to a gene translocation [5, 18].

Monomeric, dimeric and secretory IgA can bind to multiple receptors on immune cells and

FcαRI expression is restricted to cells of the myeloid lineage, including neutrophils,

other cells types, including transferrin receptor (CD71), asialoglycoprotein receptor, Fcα/μR,

eosinophils, monocytes and some subpopulations of dendritic cells and macrophages (e.g.

FcRL4 and DC-SIGN/SIGNR1 (Table 1). The functions of these receptors are further reviewed

alveolar, tonsilar and splenic macrophages as well as Kupffer cells, but not on small intestine

elsewhere [3, 5]. In this thesis I focus on the IgA Fc receptor (FcαRI, CD89), which is the

macrophages) [15, 19-22]. Additionally, it was demonstrated that platelets express FcαRI

prototypic and best characterized IgA receptor.

and can get activated via FcαRI, although the physiological relevance has not yet been
established [23]. FcαRI expression is not observed on mast cells or basophils [24]. FcαRI has
a calculated mass of 30 kDa, however due to heavy glycosylation , this receptor is expressed

Table 1 (Proposed) IgA receptors. SC, secretory component.
Name
FcαRI

Alias
CD89

Expression
Myeloid cells,
platelets

Transferrin
receptor

CD71

Proliferating cells

Asialoglycoprotein
receptor
Fcα/μR

ASGPR

Hepatocytes

CD351

Multiple cells,
including B cells
and macrophages
Mucosal lymphoid Human serum IgA
tissue memory B
cells
Dendritic cells and Carbohydrates,
macrophages
Secretory IgA

FcRL4
DC-SIGN/
SIGNR1

CD209

Polymeric Ig
Receptor
SC-receptors

pIgR

M-cell
receptors

18

(Intestinal)
epithelial cells
Eosinophils
(Murine) M Cells

Ligands
Function
IgA1, IgA2, pentraxins Activation or
inhibition of immune
cells
Transferrin,
Iron uptake
hemochromatosis
protein, IgA1
Asialoglyco-proteins, Removal
IgA1, IgA2
glycoconjugates from
circulation
IgM, polymeric IgA
Internalization of IgM
complexes

70-100 kDa [25].

[7]

The expression of FcαRI is constitutive and independent of its ligand, since IgA deficient
patients express similar levels of FcαRI compared to healthy individuals [26]. Levels of FcαRI

[8]

expression can be modulated by e.g. exposure to inflammatory cytokines, chemoattractants
or lipopolysaccharide (LPS) [5, 15]. Binding of the adaptor protein C-Jun activation domain-

[9]

binding protein-1 (JAB1) to the intracellular domain of FcαRI modulates receptor expression
[27]. Additionally, levels of FcαRI expression can be upregulated by interleukin (IL)-1β,

Inhibit B-cell signaling [10]

Induction of antiinflammatory
immune responses
Polymeric IgA and IgM Transport of IgA or
IgM
Secretory component Eosinophil
degranulation
Monomeric IgA, SIgA Transport of IgA
immune complexes

as a 55-75 kDa molecule on monocytes and neutrophils, while on eosinophils the mass is

Reference
[6]

granulocyte-macrophage colony-stimulation factor (GM-CSF), tumor necrosis factor-α (TNFα) or IL-8, whereas levels of FcαRI expression can be downregulated by interferon-γ (INF-γ),

[11]

transforming growth factor-β (TGF-β) or polymeric IgA [5, 15]. Finally, upregulation of FcαRI
levels on neutrophils occurs via either de novo synthesis or transport from intracellular

[12]
[13]

stores to the cell surface [28]. Thus, expression of FcαRI on the cell surface can be regulated
on multiple levels.

[14]
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Binding of IgA to FcαRI

low capacity to interact with IgA immune complexes in a resting state. However, ligand
binding capacity increases profoundly after stimulation with cytokines like GM-CSF, IL-4

FcαRI consists of two extracellular immunoglobulin-like domains (EC1 and EC2, each of

and IL-5 [44]. In this way, FcαRI becomes primed but surface receptor expression is not

206 amino acids), a transmembrane region (of 19 amino acids) and a short cytoplasmic

affected. After cytokine stimulation, phosphatidylinositol 3-kinase (PI3K) is critical in

tail of 41 amino acids (Fig. 1B) The two extracellular domains are folded with an angle of

downstream activation of protein kinase C ζ (PKCζ)[47, 48], which in turn inhibits glycogen

approximately 90° to each other [29]. The binding site on FcαRI for IgA lies in the extracellular

synthase kinase-3 (GSK-3), resulting in activation of protein phosphatase 2 (PP2A)[48].

domain EC1, while other Fc receptors like FcεRI and FcγRs bind their ligand in EC2 [5, 15, 29-

This phosphatase dephosphorylates serine 263 in the intracellular tail of FcαRI, thereby

31]. FcαRI binds at the interface of the Cα2 and Cα3 domains of IgA in a 2:1 stoichiometry,

increasing its binding capacity [43, 45]. Of note, p38 MAPK is also implicated in inside-out

as one IgA molecule is able to bind two FcαRI molecules [29, 32]. This in contrast to IgG

signaling in human eosinophils, possibly by directly inhibiting GSK-3 [49, 50]. The intracellular

binding to FcγR that bind in a 1:1 ratio. Because of the partial overlap of the IgA binding

domain of FcαRI and the presence of an intact cytoskeleton are necessary for inside-out

site for FcαRI and pIgR, binding of SIgA to FcαRI is partly hampered due to steric hindrance

signaling [44, 45]. Whether FcαRI priming is the result of increased conformational changes

by SC [22, 29, 30, 33-35]. IgA binding to FcαRI induces conformational changes in the hinge

within the receptor (affinity) and/or lateral movement (avidity), as described for integrins

and Fab region of IgA [31]. Both monomeric and dimeric IgA bind to FcαRI with moderate

[51], is still unknown. It is also unclear whether FcαRI priming on neutrophils is necessary,

affinity (Ka=~10 M ), while IgA immune complexes bind avidly. For optimal binding immune

as activation of neutrophils during the isolation procedure from blood precludes these

complexes contain five to six IgA molecules (either monomeric or dimeric) per complex [36].

experiments. However, it was demonstrated that neutrophils from patients with active and

Whereas IgA Fc glycosylation is not critical for binding to FcαRI, FcαRI glycosylation pattern

ongoing dermatitis herpetiformis had increased ability to bind IgA, without alternations in

can influence IgA binding [5, 37]. FcαRI contains six N-glycosylation sites and several putative

receptor expression, which is consistent with receptor priming [52]. In contrast to healthy

6
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O-linked glycosylation sites [3] and deglycosylation of FcαRI N58 increases IgA binding [37].

controls, eosinophils from allergic asthmatic patients bound IgA immune complexes
efficiently without additional cytokine stimulation, indicating differential priming of cells

It has been described that the serum acute phase molecule C-reactive protein (CRP) can

in disease setting [47]. Thus, through inside-out signaling ligand binding capacity of FcαRI

bind to FcαRI [38]. CRP structurally belongs to the pentraxin family of proteins, which

can be rapidly increased.

are characterized by a pentameric ring-like structure bearing five subunits or protomers.
Although these proteins are structurally different from antibodies, it was shown that

FcαRI complex with FcR γ-chain

pentraxins recognize a similar site on FcαRI as IgA, resulting in competition for binding [39,
40]. Although pentraxins were shown to activate FcαRI on rat basophilic leukemia cells and

To react upon invading pathogens, an optimal pro-inflammatory immune response initiated

induced cell activation, the in vivo relevance of the interaction remains to be established

by FcαRI requires intracellular signaling. For this response of FcαRI, association with adaptor

[38]. Recently, it was demonstrated that FcαRI can also directly bind to bacteria, which

signaling molecule FcR γ-chain is a prerequisite [53-55] (Fig. 1B). The interaction between

resulted in cellular activation, supporting interaction of FcαRI with divergent epitopes [41].

FcαRI and FcR γ-chain is based on opposite charges within the transmembrane regions. The

Altogether, FcαRI may play an important role as both innate and adaptive receptor, by

negatively charged aspartic acid 11 (D11) in the transmembrane region of the FcR γ-chain

recognizing uncoated as well as IgA-coated bacteria [41].

tethers to the positively charged arginine 209 (R209) located in the transmembrane region of
FcαRI [53]. Site-directed mutagenesis revealed that the orientation of the positively charged

Ligand binding via inside-out signaling

arginine of FcαRI is critical for the association with the FcR γ-chain [56]. Furthermore, several

Ligand binding of FcαRI to IgA is regulated through inside-out signaling (Fig. 2A) [42].

other amino acids contribute to stable complex formation, such as leucine 14 and 21, tyrosine

This entails that stimulation of cells with cytokines rapidly modulates binding capacity

17 and 25 and cysteine 26 in the FcR γ-chain, and three leucines at position 217, 220 and 224

in response to intracellular signals, without affecting receptor expression levels [43-46].

in the transmembrane region of FcαRI [57, 58].

Experiments with transfectants, eosinophils and monocytes showed that FcαRI exhibits
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The interplay between FcαRI and FcR γ-chain is a strong interaction compared to complex

identified that play a role in the FcαRI signaling cascade. These findings led to the following

formation between FcR γ-chain and other Fc receptors such as FcεRI, FcγRI and FcγRIIIa [16,

model [57, 63] (Fig. 2B).

59]. The receptor domains responsible for tethering to FcR γ-chain are different, since the
transmembrane regions of other Fc receptors are not homologous to the FcαRI sequence and

After cross-linking, the FcαRI-FcR γ-chain complex redistributes to membrane rafts. Src family

the necessary residues are located on the C-terminal instead of the N-terminal. Additionally,

kinases (SFK) are recruited to membrane rafts and clusters with the receptor complex to

complex formation does not involve any known electrostatic interactions, as is observed with

phosphorylate the tyrosines in the ITAMs of the FcR γ-chain [64]. Previous studies found that

the interaction between FcαRI and FcR γ-chain [59]. In contrast, FcαRI shares the positively

the SFK Lyn was responsible for ITAM phosphorylation [64], but recently it was shown that Fyn

charged arginine at the N-terminus with other members of the LRC family, which also interact

is the key SFK for induction of activating responses [65]. Phosphorylated ITAMs subsequently

with FcR γ-chain. The KIRs are an exception, since they contain a positively charged lysine, but

act as docking platforms for a diverse repertoire of signaling molecules. B-lymphocyte kinase

associate with DAP12 instead of the FcR γ-chain [17].

(Blk) and SH2-domain containing proteins such as Syk, phospholipase Cγ (PLCγ), the Src
Homology and Collagen adaptor protein (Shc) and growth factor receptor-bound protein 2

When FcαRI transgenic mice were crossed with FcR γ-chain-deficient mice, the FcαRI surface

(Grb2) are recruited to phosphorylated ITAMs [63, 66]. Syk plays a pivotal role in the signaling

expression was lost, suggesting that association with FcR γ-chain is necessary for stable

process by activating multiple interconnecting pathways (Fig. 2B).

membrane expression in vivo [54] Nonetheless, some data indicate that also “γ-less” FcαRI
can be expressed. This was shown in vitro using cell lines overexpressing FcαRI in transfectants

First, Syk can directly activate phosphoinositide 3-kinase (PI3-K), which results

and γ-less FcαRI was observed in human monocyte and neutrophil subpopulations, although

in the transformation of phosphatidylinositol(4,5)-biphosphate (PI(4,5)P2) into

functionality was limited to ligand binding and receptor recycling via early endosomes [60,

phosphatidylinositol(3,4,5)triphosphate (PI(3,4,5)P3) and triggers the downstream effectors

61]. A single nucleotide polymorphism (SNP) changing serine into glycine at position 248 in

phosphoinositide-dependent kinase-1 (PDK1) and protein kinase Cε (PKCε) (Fig. 2B, 1) [67].

the cytoplasmic tail of FcαRI, enabled γ-less cells to induce IL-6 release after cross-linking the

PI(3,4,5)P3 directly stimulates protein kinase Bα (PKBα, also known as Akt), which was found to

receptor with anti-FcαRI antibodies [62]. Thus, stable interactions between FcαRI and FcR

reside in lipid rafts after FcαRI cross-linking [63]. Additionally, PI(3,4,5)P3 can trigger Bruton’s

γ-chain are important to induce downstream signaling, and loss of FcR γ-chain expression

tyrosine kinase (Btk), thereby activating the family of Rho GTPases and inducing actin

results in limited functionality.

remodelling. Btk also influences PLCγ and protein kinase Cα (PKCα) activity in lipid rafts [63].

Signaling by FcαRI

Second, Syk can directly stimulate PLCγ, which leads to the transformation of PI(4,5)P2 into
inositol triphosphate (I(1,4,5)P3) and diacylglycerol (DAG) (Fig. 2B, 2). The second messenger

ITAM signaling

DAG can mediate protein kinase Cα (PKCα) directly or via release of intracellular calcium,

In general, cells express FcαRI in complex with an FcR γ-chain homodimer on the cell surface

induced by PLCγ. DAG can recruit PKCε, exemplifying additional interconnections between

[53-55]. FcR γ-chains contain immunoreceptor tyrosine-based activation motifs (ITAMs),

the PI3-K and PLCγ pathways. After FcαRI triggering, calcium is released from intracellular

which are conserved sequences containing paired tyrosines and leucines (YxxLx6-8YxxL).

stores, independently of store-operated Ca2+ entry pathways [68].

After receptor clustering, tyrosines in the ITAMs become phosphorylated and act as docking
platforms for signaling molecules. The cellular response following triggering of the FcαRI-FcR

Third, Syk was shown to phosphorylate Shc after FcεRI activation [69]. A similar role for

γ-chain complex depends on the nature of the ligand. Multimeric IgA immune complexes

Syk after FcαRI triggering is hypothesized, since FcαRI ligation was shown to modulate a

trigger potent pro-inflammatory responses after binding to FcαRI. After cross-linking, the

multimolecular adaptor protein complex which was disturbed by Src kinase inhibitors (Fig.

FcαRI-FcR γ-chain complex caps transiently and redistributes to plasma membrane rafts, which

2B, 3) [70]. After Shc phosphorylation, the stable complex of p120cbl (Cbl) with SLP-76 binds

involves the actin cytoskeleton [63]. By isolating lipid raft fractions of transfected cells and by

Shc. Additionally, SH2 domain-containing inositol polyphosphate 5-phosphatase (SHIP)

immunoprecipitation of FcαRI before and after cross-linking, several signaling molecules were

associates with phosphorylated Shc, suggesting that signaling molecules capable of down
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regulating immune responses can also be recruited to the receptor complex. Furthermore,
the adaptor molecule Grb2 can recruit phosphorylated Shc. Grb2 binds to CrkL and guanine
nucleotide exchange factor Sos. Given that Sos is able to exchange GDP-Ras to GTP-Ras, this
multimolecular adaptor complex controls the Ras/Raf-1/MAP kinase cascade.

1

Of note, different signaling molecules displayed a spatial and temporal divergence in kinetics.
For instance, whereas Syk and Blk showed sustained association with lipid rafts, PLCγ and PKBα
had an intermediate interaction profile while FcαRI, FcR γ-chain, PKCε, PI3-K and downstream
effectors of PI3-K displayed a transient association [63]. The activation of these interconnecting
signaling pathways leads to the activation of several transcription factors, including nuclear
factor-κB (NF-κB), AP-1 and Sp1. These transcription factors activate several genes, thereby
propagating pro-inflammatory responses.
ITAMi signaling
Whereas IgA immune complexes induce pro-inflammatory effector functions via classical ITAM
signaling, non-targeted monomeric serum IgA or F(ab)-fragments of anti-FcαRI antibodies
bind FcαRI but are not able to cross-link FcαRI, and induce anti-inflammatory responses
(Fig. 2C) [71, 72]. The process by which these anti-inflammatory responses are mediated
via ITAMs is referred to as inhibitory ITAM receptor signaling (ITAMi) [72, 73]. Monovalent
targeting of FcαRI results in partial phosphorylation of the FcR g-chain by the SFK Lyn, and
involves ERK-dependent recruitment of tyrosine phosphatase Src homology region 2 domaincontaining phosphatase-1 (SHP-1) to sphingolipid-cholesterol-rich membrane domains [65,
71]. Subsequently, cytoplasmic clusters referred to as “inhibisomes” are formed, containing
signaling molecules and inhibitory and activating receptors [73].
SHP-1-initiated actin depolymerization is essential for the formation of these intracellular
clusters. Inhibisomes hamper Syk, LAT and ERK phosphorylation and thereby impair the
function of other activating Fc receptors (like FceRI or FcgR) [73]. Collectively these results
indicate that serum IgA plays an important role in maintaining homeostasis and that ITAMi
signaling dampens pro-inflammatory responses that are induced by other activating Fc
receptors. Of note, the same holds true for monomeric IgG, as signaling via ITAMi has also
been described for FcγRIIa and FcγRIIIa [74, 75].
In conclusion, activating the FcαRI-FcR γ-chain complex leads to intracellular signaling and can
lead to either pro-inflammatory or anti-inflammatory responses, depending on the isoform
of the ligand (multimeric versus monomeric), which in turn recruit different sets of tyrosine
kinases or phosphatases.
24

Figure 2. Signaling by FcαRI. a. Inside-out signaling or priming of FcαRI. Resting FcαRI is serine
phosphorylated (P), and has low capacity to bind IgA. Priming with cytokines leads to signaling via PI3-K and
PKC, which inhibits GSK-3 and leads to dephosphorylation of FcαRI by PP2A, switching inactive FcαRI into an
active, ligand binding receptor. b. Cross-linking of FcαRI IgA-opsonized bacterium induces redistribution of
FcαRI to plasma membrane rafts. Src kinase Fyn phosphorylates the tyrosines in the ITAMs in the cytoplasmic
tail of associated FcR γ-chains. Phosphorylated ITAMs subsequently act as docking platforms for several
signaling molecules. Syk plays a pivotal role, and activates 1) the PI3-K signaling route 2) PLCg, and 3) the
adaptor protein Shc. This results in activation of various cellular processes. c. Binding of monomeric IgA to
FcαRI (in absence of FcαRI cross-linking) leads to partial phosphorylation of ITAMs by Src family kinase Lyn.
This results in recruitment of Src homology region 2 domain-containing phosphatase-1 (SHP-1) to FcαRI.
Subsequently, inhibisome clusters are formed that impair phosphorylation of Syk, LAT and ERK, and hereby
inhibit ITAM signaling via other activating Fc receptors.
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In summary, cross-linking of FcαRI by complexed IgA thus induces robust inflammatory
responses as protective mechanism against invading pathogens. When FcαRI is targeted by

Fc receptors contribute mainly to host defense through engagement with antibodies. When

monovalent serum IgA, however, inhibitory ITAM signaling results in inhibition of neighboring

pathogens invade the body, the process of antibody binding to the micro-organism is called

receptors [71]. Therefore, when monomeric IgA binds to FcαRI, anti-inflammatory functions

opsonization, leading to the formation of immune complexes. Cross-linking of Fc receptors

are induced. Thus, FcαRI on neutrophils and monocytes can mediate a variety of effector

by IgA immune complexes induces several different intracellular signaling pathways leading

functions, both pro- and anti-inflammatory in nature.

to various immune cell specific cellular responses, such as antibody dependent cellular
phagocytosis (ADCP), antigen presentation, antibody-dependent cellular cytotoxicity
(ADCC), superoxide generation and the release of cytokines and inflammatory mediators
[5, 15, 16].
Cross-linking of FcαRI on neutrophils induces different pro-inflammatory functions, including
the release of cytokines and inflammatory mediators, phagocytosis and antibody-dependent
cellular cytotoxicity [15, 76] (Fig. 3). Furthermore, phagocytosis of serum IgA opsonized
particles (bacteria or beads) enhanced the release of neutrophil extracellular traps (NETs),
which was due to increased reactive oxygen species (ROS) production [77]. It has also been
described that FcαRI can induce different forms of neutrophil death, depending on the
inflammatory microenvironment and specific characteristics of ligand-receptor interactions
[78]. Interestingly, cross-linking of FcαRI by complexed monomeric and dIgA induced
neutrophil recruitment and release of the chemoattractant leukotriene B4 (LTB4), leading
to amplification of neutrophil migration [79]. This seems to be specific for IgA, as crosslinking of FcgR by IgG did not induce the essential LTB4 release and consequently did not

Figure 3: Pro- and anti-inflammatory neutrophil functions mediated by FcαRI. Cross-linking of FcαRI
by immune complexes (e.g. IgA-coated tumor cells) on neutrophils mediates several pro-inflammatory
functions, like antibody-dependent cellular cytotoxicity (ADCC). Phagocytosis of IgA-coated pathogens
can also lead to release of reactive oxygen species (ROS), NETosis (release NETs), degranulation, neutrophil
recruitment via the release of LTB 4, and release of cytokines and chemokines. Outlined: Triggering FcαRI
with monomeric (serum) IgA inhibits neighboring activating receptors, thereby dampening cell activation.

mediate neutrophil migration.

IgA and FcαRI in mucosal immunity
In monocytes, IgA immune complex stimulation results in phagocytosis, ROS production,
ADCC and cytokine release [80-83]. Furthermore, activation of FcαRI on monocytes

Functions of IgA

induced receptor shedding, resulting in the release of soluble FcαRI [84]. The shedding

SIgA is important as first line of defense in mucosal areas, by preventing penetration of

of FcαRI depended on the FcR γ-chain, and shedding did not occur after FcαRI cross-

the mucosal wall by pathogenic microorganisms or foreign antigens (Fig. 4) [1, 3, 88]. The

linking on neutrophils [84]. The exact function of FcαRI shedding is unclear, but it has been

predominant presence of hydrophilic amino acids in IgA Fc and the abundant glycosylation

suggested that receptor shedding is an important mechanism for receptor regulation [85].

of both IgA and SC makes SIgA a hydrophilic, negatively charged molecule [89]. In this way,

In IgA nephropathy patients, FcαRI expression on monocytes is decreased, and soluble

SIgA can surround microorganisms with a ‘hydrophilic shell’ that is repelled by mucosal

FcαRI complexed to IgA has been shown to deposit in the mesangium [86, 87]. Thus,

surfaces. Furthermore, SIgA can agglutinate microbes and interfere with bacterial motility

receptor shedding is possibly dysregulated during several diseases, thereby contributing

by interacting with their flagella. Additionally, SIgA is also able to interact with and neutralize

to pathogenesis.

bacterial products such as enzymes and toxins. The opsonic activity of SIgA is, however, poor
compared with dIgA or serum IgA, which is presumably due to partial blockage of FcαRI
binding site on IgA by SC [29, 57]. Additionally, SIgA is unable to trigger efficient phagocytosis

26
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by neutrophils or Kupffer cells, supporting its anti-inflammatory role [22]. However, SIgA

Introduction

mucosal and systemic immune responses. Dimeric IgA can intersect virus particles and

can initiate respiratory burst activity by neutrophils, albeit less efficient compared to serum

interfere with virus replication or assembly when transported through an infected epithelial

IgA. Moreover, this process is dependent on expression of Mac-1 (CD11b/CD18), suggesting

cell, because of its trans-epithelial cell transport. Systemic passive vaccination with dIgA

that SIgA needs this integrin co-receptor to bind or activate FcαRI [33]. The interrelations

could therefore be utilized as therapy to neutralize intracellular viruses in the mucosa [57].

between SIgA and the microbiota has been shown to be a two way path. On one side, SIgA
shapes and diversifies the gut microbiota, while on the other side, the microbiota were

Contribution of FcαRI in mucosal immunity

also shown to have an important role in regulating IgA levels [88, 90-93]. Thus, SIgA plays
important roles in immunity, both by eliciting immune exclusion and by influencing the gut

In homeostatic conditions, mucosal areas contain only a few FcαRI-positive cells. For

microbiome.

example, intestinal macrophages lack FcαRI expression [21], which is consistent with the
proposed anti-inflammatory role of IgA to maintain mucosal integrity during homeostasis.

In homeostatic conditions, dIgA is produced by local plasma cells in the lamina propria and
is transported through epithelial cells via pIgR (Fig. 4; 1). It is then released as SIgA into the

Neutrophils, however, are the first cells to arrive during infection. They are able to

lumen. pIgR/SC-deficient mice, which lack IgA transport through epithelial cells, developed

efficiently phagocytose dIgA opsonized bacteria [98]. Interestingly, cross-linking of FcαRI

increased serum IgG levels, indicating excessive activation of the systemic immune system

on neutrophils by dIgA leads to neutrophil recruitment due to release of the potent

[94]. Additionally, the epithelial barrier function in these mice is affected, as elevated levels

neutrophil chemoattractant LTB4 [79]. Thus, once pathogens have been able to breach

of albumin were found in saliva and feces, supporting leakage of serum proteins [94]. Thus,

the epithelial barrier, and are opsonized with dIgA in the lamina propria, a self-contained

SIgA is important in epithelial barrier function for sustained mucosal homeostasis.

positive feedback loop is initiated, which results in enhanced recruitment of neutrophils
until clearance of invading pathogens has been achieved (Fig. 4; 4). Furthermore, this can

Because of the abundant presence of microbial flora and food components in the intestinal

also result in enhanced NET formation, and prevents systemic dissemination. The ability of

tract, antigens continuously reach the lamina propria through diffusion or transcytosis.

dIgA to recruit neutrophils therefore functions as a second line of defense in mucosal areas.

Dimeric IgA can interact with these antigens, and antigen-dIgA immune complexes are

Additionally, although FcαRI expression on CD103+ dendritic cells was low, IgA immune

subsequently transported back to lumen via the pIgR route (Fig. 4; 2). This is an effective

complex stimulation in the presence of Toll-like receptor ligands induced production of

way to clear the mucosa of undesired excessive immune complexes that otherwise can

pro-inflammatory cytokines, suggesting a role for this immune cell subset during mucosal

trigger unwarranted FcαRI-mediated immune responses.

infections as well [99].

Another feature of dIgA is its ability to neutralize intracellular viruses (Fig. 4; 3). In vitro

Interactions between serum IgA and FcαRI and their role in immunity are more complicated

experiments have demonstrated that addition of specific IgA to the basolateral surface of

and still incompletely understood. On the one hand, monomeric IgA can down-regulate

cultured polarized epithelial cells resulted in intracellular co-localization of IgA and Sendai

activation via other Fc receptors through ITAMi signaling (Fig. 2C) [72]. This likely represents

virus and decreased virus titers [95]. The neutralization capacity of IgA has also been shown

an anti-inflammatory mechanism to prevent uncontrolled release of inflammatory cytokines

for retrovirus in vivo [96]. In addition, intravenous administration of IgA anti-outer capsid

during acute and/or chronic inflammation. By contrast, Kupffer cells in the liver express

viral proteins protected against rotavirus infection, while administration via the lumen

FcαRI, and these cells efficiently eliminated serum IgA-opsonized Escherichia coli bacteria

or intestinal tract was ineffective [97]. This finding supports that transcytosis of IgA via

from portal circulation [22]. Serum IgA interactions with FcαRI on Kupffer cells therefore

epithelial cells is required for in vivo viral inactivation.

represent a third line of defense by removing pathogens that have invaded via the gut and
have infiltrated the portal circulation (Fig. 4; 5).

In summary, SIgA in the mucosal area serves mainly as antiseptic barrier by preventing entry
of pathogens, but can also act as vaccine carrier for delivery of (viral) antigens to induce
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of the myeloid lineage (mostly on neutrophils), which corresponds to the human situation
more closely [54, 100]. The important role of FcαRI in mucosal infections is supported by
in vivo studies in the human FcαRI transgenic mice that express human FcαRI on myeloid
cells. Infection of mice with human IgA-opsonized Bordetella pertussis led to enhanced
bacterial clearance in the lungs of human FcαRI transgenic mice compared to non-transgenic
littermates [101]. In addition, passive transfer of human IgA anti-Mycobacterium tuberculosis
resulted in protection of human FcαRI transgenic mice against infection, but not of FcαRInegative control mice [102].
Taken together, naturally occurring serum IgA (not complexed with an antigen) induces
inhibitory signals via ITAMi through FcαRI to dampen excessive immune responses. However,
cross-linking of FcαRI during infection with dIgA- or serum IgA opsonized pathogens results
in potent pro-inflammatory responses by different myeloid and Kupffer cells in order to
clear the infection. As it was recently shown that FcαRI can also bind directly to bacteria,
FcαRI appears to play an additional role as innate immune receptor during early stages of

Fig. 4. Schematic model of the proposed functions of IgA and FcαRI in mucosal immunity. In homeostatic
conditions, plasma cells in the lamina propria produce dIgA that binds to the pIgR, which is expressed on
the basolateral side of epithelial cells. (1) This complex is transported through epithelial cells, where pIgR is
cleaved, releasing SIgA into the lumen. SIgA protects the mucosa from bacterial penetration, agglutinates
bacteria, interferes with their motility and neutralizes bacterial products. (2) When antigens reach the
lamina propria they will be opsonized by dIgA and can be transported back to the lumen via the same
route as free dIgA, ridding the mucosa of superfluous antigens. During transcytosis IgA can intercept
viruses, interfere with viral synthesis and/or assembly and thus neutralize viruses intracellulary. (4) When
pathogens have breached the epithelial barrier, they are opsonized by dIgA. Neutrophils that express FcαRI
will phagocytose dIgA-opsonized micro-organisms and release LTB 4, which will recruit more neutrophils.
This can lead to a self-controlled positive feedback loop, until pathogens have been eliminated and infection
has been cleared. (5) When pathogens enter the portal circulation, they will be opsonized by serum IgA and
subsequently phagocytosed by FcαRI-positive Kupffer cells, preventing septicemia and disease.

IgA and autoimmune diseases

It was also demonstrated that opsonization of Escherichia coli, Streptococcus pneumonia,

cirrhosis, celiac disease, asthma, inflammatory bowel disease and dermatitis herpetiformis

Staphylococcus aureus, Bordetella pertussis, Neisseria meningitides, Pseudonomas

[103-105].

infection [41]. Thus, when no IgA antibodies are present (yet), direct binding of bacteria to
FcαRI can result in immune activation. In summary, IgA and FcαRI play multifaceted roles
in mucosal immunity.

Because cross-linking of FcαRI by IgA immune-complexes potently recruits and activates
monocytes and neutrophils, the presence of aberrant IgA can result in aggravated proinflammatory responses, leading to tissue damage. This likely play a role in different
inflammatory diseases that are characterized by an increase in serum (auto-) IgA levels, such
as IgA nephropathy, IgA vasculitis, ankylosing spondylitis, Sjögren’s syndrome, alcoholic liver

aeruginosa and Salmonella typhimurium with dIgA or serum IgA resulted in enhanced
uptake by neutrophils, monocytes, macrophages and Kuppfer cells [15, 22, 46, 77, 79, 80,

Skin blistering diseases

98]. Investigating the in vivo role of FcαRI has, however, been seriously hampered by the

IgA autoantibodies have been described in several skin blistering diseases [106]. In these

absence of an orthologue in experimental mouse models. To overcome this limitation,

chronic diseases, IgA is directed against self-proteins involved in maintaining epidermal cell-

two transgenic mouse models have been created. The CD11b promoter was used in one

cell adhesion or against structural proteins of the dermal-epidermal junction. Subsequent

model, which resulted in high human FcαRI expression on monocytes and macrophages

immune activation leads to skin damage and blister formation. In Linear IgA bullous disease

[86]. A cosmid clone bearing the human FcαRI gene, including the regulatory elements,

(LABD), IgA autoantibodies directed against collagen XVII activate FcαRI on neutrophils,

has been used to create a second model. The latter transgenic mice express FcαRI on cells

thereby causing LTB4 release and LTB4 induced neutrophil migration to the skin [107]. Newly
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recruited neutrophils are also activated via IgA with concomitant release of LTB4, leading to

during IgA nephropathy. The exact contribution of monocytes in IgA nephropathy remains to

perpetuating neutrophil accumulation with subsequent “collateral” tissue damage. Release

be elucidated, but FcαRI shedding from monocytes plays an important role in this process.

of ROS and elastase by activated neutrophils was shown to contribute to the separation of
the dermis and epidermis ex vivo, reflecting blister formation [107]. We previously showed

Other IgA receptors play a role in IgA nephropathy as well. Complexed soluble FcαRI-IgA

the potential of blocking FcαRI–IgA in these type of diseases prevented tissue damage in

induced kidney inflammation in FcαRI and human IgA transgenic/knock-in mice through

an ex vivo human skin model of LABD [107].

interaction with the mesangial IgA1 receptor transferrin receptor 1 (TfR1) [112]. Release
of pro-inflammatory cytokines by mesangial cells was increased by soluble FcαRI-TfR1

A continuing neutrophil positive feedback loop likely occurs in other IgA-associated skin

interactions, indicating that soluble FcαRI-IgA cause local mesangial cell activation.

diseases such as dermatitis herpetiformis (DH). This disorder is associated with celiac disease

Furthermore, soluble FcαRI-TfR1 interactions induced the expression of transglutaminase

(gluten–sensitive enteropathy), in which intake of gluten leads to inflammation of the

2 (TGase2), which resulted in up-regulation of TfR1 expression. TGase2 is responsible for

small intestine. In a subpopulation this disease can also lead to cutaneous manifestations.

the induction of a pathogenic amplificatIon loop that facilitates IgA1-sFcαRI deposition

Dermatitis herpetiformis is characterized by IgA autoantibodies directed against epidermal

and the activation of mesangial cells, which makes TGase2 an interesting therapeutic

transglutaminase 3, a protein involved in the construction of the epidermis [108]. IgA

target. Finally, ingestion of gluten, a major food component and a target antigen in celiac

deposits and neutrophil accumulations were found in the skin of these patients, suggesting

disease, exacerbated intestinal IgA secretion and inflammation in human IgA knock-in x

a role for the FcαRI. Interestingly, neutrophils of patients with active DH were more avidly

FcαRI transgenic mice [113]. Increased serum IgA anti-gliadin antibodies were found, which

binding IgA, which could indicate increased priming of neutrophils [52]. Since circulating

correlated with proteinuria in mice and patients [113]. Thus, alimentary antigens could

neutrophils were also shown to increase integrin alpha M (CD11b) expression, they are

provoke the production of autoantibodies, thereby contributing to mucosal pathology. In

hypothesized to more potently bind to the endothelium and transmigrate to IgA deposits

summary, IgA nephropathy is a complex multifactorial disease, and pathogenesis involves

in the skin [52]. In addition to a gluten-free diet [109], blocking the interaction between

co-operation between IgA1, soluble FcαRI, TfR1 and TGase2 on mesangial cells [112].

IgA and FcαRI could therefore be of benefit for this subgroup of patients. This approach
of interfering with IgA-FcαRI interactions could also be appropriate for patients with IgA

IgA vasculitis

pemphigus, a disease characterized by IgA deposition on keratinocytes [106].

IgA vasculitis, a small vessel vasculitis previously known as Henoch-Schönlein purpura, is
considered to represent the systemic form of IgA nephropathy [114]. IgA vasculitis is the most

IgA nephropathy

common form of childhood vasculitis, but can also occur in adults [115]. Symptoms include

IgA nephropathy (IgAN) is the most prevalent form of primary glomerulonephritis that often

palpable purpura, (poly)arthralgia, gastrointestinal disturbances and glomerulonephritis. The

results in end-stage kidney failure. IgAN is characterized by the accumulation of aberrant

disease is usually self-resolving, but a subgroup of patients can develop glomerulonephritis

glycosylated IgA1 immune complexes in the glomerular mesangium [110]. It has been shown

with symptoms similar to IgA nephropathy, which can result in end-stage renal disease. The

that different IgA receptors are involved in the pathogenesis of this disease [111]. FcαRI can

exact pathogenesis is unknown, but IgA vasculitis is characterized by IgA and complement

be shed from the cell membrane, and is referred to as soluble FcαRI, and soluble FcαRI-IgA

deposits, together with neutrophil infiltration [116]. Therefore, IgA-induced neutrophil

complexes were observed in patients with IgAN [86]. Moreover, mesangial deposition of

migration and activation could contribute to tissue damage.

soluble FcαRI-IgA complexes induced glomerular and interstitial macrophage infiltration,
mesangial matrix expansion, hematuria, and mild proteinuria in FcαRI transgenic mice

Other IgA-mediated autoimmune diseases

(generated under the CD11b promoter). As soluble FcαRI is part of the complexes in the

For several other autoimmune diseases, IgA autoantibody interaction with FcαRI may be

mesangium, it is expected that the immune complexes cannot activate surface-bound FcαRI

implicated in aggravation of disease. Rheumatoid arthritis patients have IgA autoantibodies

on neutrophils or monocytes. This possibly explains why no pro-inflammatory loop of FcαRI

against the Fc domain of IgG (rheumatoid factor, RF), and a correlation between IgA RF and

activation and LTB4 release is initiated, and why no large influx of neutrophils is observed

worse disease prognosis as well as severe bone erosion has been reported [117, 118]. Since
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neutrophils induce inflammatory responses via FcαRI, ultimately leading to destruction of
joint tissue. Furthermore, patients with ulcerative colitis display neutrophil accumulations
in their colon, and intracellular stainings of these neutrophils show uptake of IgA-complexes
[79], suggesting a role for FcαRI+ neutrophils in pathology.
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