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Structure and function relationships in IgA

JM Woof! and MW Russell?

Immunoglobulin A (IgA) has a critical role in immune defense particularly at the mucosal surfaces, and is equipped to
do so by the unique structural attributes of its heavy chain and by its ability to polymerize. Here, we provide an overview
of human IgA structure, describing the distinguishing features of the IgA1 and IgA2 subclasses and mapping the sites
of interaction with host receptors important for IgA’s functional repertoire. Remarkably, these same interaction sites

are targeted by binding proteins and proteases produced by various pathogens as a means to subvert the protective
IgA response. As interest in the prospect of therapeutic IgA-based monoclonal antibodies grows, the emerging
understanding of the relationship between IgA structure and function will be invaluable for maximizing the potential of

these novel reagents.

INTRODUCTION

Genetic sequence analysis and functional comparisons have
shown that immunoglobulin A (IgA) is present in all mammals
(placental, marsupials, and monotremes) and birds. Mammals,
except for rabbits and certain primates, have a single Co gene
encoding the o heavy-chain constant region that defines the
IgA antibody class. Rabbits (Lagomorphs) possess 13 Co. genes,
whereas humans, chimpanzees, gorillas, and gibbons have 2
Ca genes encoding distinct IgA subclasses, termed IgA1l and
IgA2.12 Orangutans, possessing only a single IgA that resem-
bles IgA1, have presumably lost their I[gA2. IgA1 molecules are
marked out by the length of their hinge regions, flexible stretches
of polypeptide at the antibody’s core that separate the regions
responsible for antigen binding and effector capability. The elon-
gated hinge regions of IgA1 are lacking both in IgA2 molecules
and in the single IgAs present in the majority of mammals. This
striking feature seems to have evolved relatively recently through
an insertion event, and represents one of the important distinc-
tions that exist between IgA molecules from different species.
Here, the focus will be on human IgA.

Like all Igs, IgA molecules are made up of pairings of two
identical heavy chains (o-chains in the case of IgA) and two
identical light chains. In humans, the IgA in serum is chiefly
monomeric, comprising ~90% IgA1 and 10% IgA2 (Figure 1a
and b). Further heterogeneity arises because both subclasses
can form dimers. These are stabilized through disulfide link-
ages between the carboxy-terminal 18 amino-acid extension
(tailpiece) of one of the heavy chains of each monomer and a
15-kDa joining or J chain (Figure 1d). Secretory IgA (S-IgA),

the predominant Ig in milk, colostrum, tears, saliva, and the
secretions that bathe mucosal surfaces such as our respiratory,
gastrointestinal, and genitourinary tracts, is chiefly derived from
local synthesis and is mainly dimeric (Figure 1e), although low
levels of some larger polymers, particularly tetramers, are also
present. The subclass proportions vary with mucosal site, but
typically range from 80 to 90% IgA1 in nasal and male genital
secretions, through 60% IgA1 in saliva, to 60% IgA2 in colonic
and female genital secretions.

IgA STRUCTURE

The basic monomer unit of IgA, in common with all antibodies,
is arranged into two identical Fab regions which bind antigen,
linked through the hinge region to the Fc region, which medi-
ates effector mechanisms (Figure 1a and b). Both heavy and
light chains are folded into globular domains, four in each heavy
chain (from the N-terminus VH, Cal, Co2, and Ca3) and two in
each light chain (VL and CL). Each domain adopts the charac-
teristic “immunoglobulin fold”, comprising a 110 residue -sheet
sandwich of anti-parallel strands arranged around a stabilizing
internal disulfide bond.

Apart from the Ca2 domains, there is close pairing of
domains between neighboring chains (VH with VL, Cal with
CL, and Ca3 with Ca3). Inter-chain disulfide bridges further
stabilize the structure. These are found between heavy chains in
the Co2 domain of IgA1 and IgA2 (and not in the hinge region
as seen in IgG). Available X-ray crystal structures>* implicate
three (or four) cysteines on each heavy chain (Cys242, Cys299,
Cys301, and possibly Cys241) in linkages across the upper parts
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Human IgA structure. Schematic diagrams of a, IgA1; b, IgA2; d, dimeric IgA1; e, secretory IgA1; and f, polymeric immunoglobulin receptor.

IgA heavy-chain domains are shown in pink, light-chain domains in light blue, J chain in yellow, and plgR domains (D1-D5) in dark blue. N- and
O-linked oligosaccharides are shown in red and green, respectively. In panel b, the IgA2m(1) allotype is depicted. In panel f, the arrow indicates the
cleavage point to yield secretory component. In ¢ and g, molecular models of IgA1, IgA2m(1), and secretory component based on X-ray and neutron
scattering are shown (accession numbers 11GA, 1R70, and 20CW, respectively). The inset in panel g shows the X-ray crystal structure for domain 1 of
plgR (accession number 1XED). The loops implicated in binding to dIgA are shown in green.

of the Co2 domains. The precise arrangements differ in the
solved structures for IgA1 Fc complexes with different ligands,
suggesting that a degree of disulfide interchange may be pos-
sible. Disulfide bridges also occur between the heavy and light
chains in IgA1 and in one allotypic version of IgA2 termed
IgA2m(2). In the other allotype of IgA2, known as IgA2m(1),
there are generally no heavy-light chain disulfide bonds but
instead there is a disulfide bridge between the light chains
(Figure 1b).

The IgA1 hinge features a 16 amino-acid insertion, lacking in
IgA2, comprising a repeat of 8 amino acids rich in proline, serine,
and threonine, and is decorated with 3-5, or occasionally 6,
O-linked oligosaccharides®~ (Figure 1b). These sugars are gen-
erally small and heterogeneous, composed chiefly of N-acetyl
galactosamine, galactose, and sialic acid. Nuclear magnetic reso-
nance (NMR) analysis of synthetic IgA1 hinge peptides suggests
that O-linked sugars are likely to affect the structure adopted by
the hinge, decreasing its conformational variability.3
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Both IgA subclasses carry N-linked oligosaccharides. In
IgA1l, these glycans are attached to Asn263 in the Co2 domain
and to Asn459 in the tailpiece (Figure 1a). In addition to these,
IgA2m(1) has two further glycans attached to Asn166 in the Cotl
domain and to Asn337 in the Co2 domain (Figure 1b), whereas
IgA2m(2) has yet a further Cal domain sugar attached
at Asn211. Analysis of serum IgAl and S-IgA N-linked
oligosaccharides revealed that the carbohydrates consist of
a family of structures based on a mannosyl chitobiose core,
which display marked heterogeneity in the type and number
of terminal sugar residues (galactose and sialic acid) and the
level of fucosylation.>®° The majority of N-linked glycans are
digalactosylated biantennary complex-type oligosaccharides,
but some triantennary and a small percentage of tetra-antennary
structures were detected.

In dimeric IgA (dIgA), the Fc regions of the two monomers
are linked end to end through disulfide bridges to the J chain!®
(Figure 1d). In particular, the penultimate residue of the tailpiece,
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Cys471, of one of the heavy chains of each monomer forms a
disulfide bridge to the J chain.!! Both Fc domains also contribute
to efficient dimer formation.!>!3

The J chain itself is an extremely highly conserved polypep-
tide believed to adopt either a single B-barrel-like domain'* or
a two-domain structure.!® In polymeric Igs such as dIgA, larger
IgA polymers, or pentameric IgM, a single J-chain molecule is
incorporated. It has eight Cys residues, six of which form intra-
chain disulfide bridges. The remaining two, Cys14 and Cys68,
form covalent links to the tailpiece Cys471 in dIgA.1%16 The
J chain has an N-linked oligosaccharide, chiefly of bianten-
nary complex structure,® attached to Asn48, which along with
the oligosaccharide attached to the IgA tailpiece contributes to
correct dimer formation.!®!!

dIgA is transported into mucosal secretions by the polymeric
Ig receptor (pIgR) expressed on the basolateral surface of cells
making up the mucosal epithelial barrier (Figure 1f). pIgR
specifically binds and transports polymeric Igs. As dIgA is the
predominant polymeric Ig at the mucosal surface, it forms the
receptor’s chiefligand and cargo. Upon binding, the pIgR-dIgA
complex is internalized and transferred across the cell through
a series of vesicles to the apical (lumenal) surface. The extracel-
lular portion of pIgR, now linked by a disulfide bridge to dIgA,
is cleaved to yield a fragment known as secretory component
(SC) (Figure 1f and g). The complex of dIgA and SC, termed
S-IgA (Figure le), is released into the secretions that bathe the
mucosal surface.

The ligand-binding extracellular portion of pIgR folds into five
Ig-like domains, similar to antibody variable domains, named
D1 to D5 from the N terminus, and a further less globular region
containing the cleavage site that releases SC (Figure 1f and g).
In its unbound state, SC is believed to adopt a structure that
curves back upon itself!” (Figure 1g). Interaction with dIgA
requires the first three domains (D1-D3) of pIgR. D4 and D5
seem to contribute indirectly to the affinity of interaction.'® D1
in particular has a critical role in binding dIgA, through surface
loops analogous to the complementarity-determining regions
(CDRs) of variable domains.'>?? Residues of D1 implicated in
the interaction (Thr27-Thr33) lie in a conserved helical turn
in CDR1, whereas the close-lying CDR2 loop (Glu53-Gly54)
may also contribute to binding?! (inset to Figure 1g). Available
evidence is consistent with these non-covalent interactions of
D1 of pIgR and the Fc region of IgA initiating the interaction,
with subsequent formation of a disulfide bond between Cys467
in D5 of SC and Cys311 of the IgA Co2 domain.?>?* In addition,
direct interaction of the ] chain with pIgR is required.'®

Electron microscopy (EM) studies of colostral S-IgA show a
double Y-shaped configuration similar to that seen for dIgA.
Attachment of SC does not seem to change the overall length of
the joined Fc regions. The idea that the domains of SC interact
chiefly with the Fc regions of the dimer (Figure 1e) is sup-
ported by models based on solution structure analysis.?*2>
However, it should be noted that these low-resolution models
fail to account for the interaction sites on IgA Fc that have
been defined by mutagenesis studies in several laboratories
(see below).
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INTERACTION OF IgA WITH HOST RECEPTORS

Between them, serum and secretory forms of IgA interact with
various host receptors. For some of these (FcaRI, pIgR, Fco/uR),
an understanding of their mode of interaction with IgA has been
developed and will be discussed here. For other receptors that
have been described, including the M-cell receptor, the eosinophil
receptor specific for SC and S-IgA, and the transferrin receptor
CD?71, the mode of interaction with IgA ligand is less clear.

Interaction with FcaRI
A key mediator of IgA effector function is FcaRI, also known as
CD89.2° IgA molecules clustered on the surface of a pathogenic
target can trigger various elimination processes through engage-
ment of FcaRI present on neutrophils, monocytes, eosinophils
and some macrophages and dendritic cells. These mechanisms
include phagocytosis, release of cytokines and activated oxygen
species, and antibody-dependent cell-mediated cytotoxicity.
The Fc regions of both IgA1 and IgA2 bind to FcaRI through
the receptor’s membrane distal domain, one of two Ig-like
domains making up the extracellular portion of its ligand-binding
chain. An interaction site on IgA lying at the interface of the Car2
and Co3 domains proposed on the basis of mutagenesis analy-
ses?”?8 was confirmed by resolution of the X-ray crystal struc-
ture of the complex of IgA1 Fc and the extracellular domains
of FcaRL3 The interaction surface comprises a central hydro-
phobic core of IgA residues Leu257, Leu258, Met433, Leu441,
Ala442, Phe443, and the aliphatic portion of Arg382, and FcoRI
residues Tyr53, Leu54, Phe56, Gly84, His85, and the aliphatic
portion of Lys55, with additional contributions from a number
of surrounding charged residues (Figure 2a). Despite homology
between both ligands and receptors, the FcoRI site on IgA differs
markedly from that on IgG and IgE for their specific Fc recep-
tors.?” The latter receptors bind at a hinge-proximal site in the
Fc regions of their respective ligands. One can speculate that, in
the case of FcaRI, the Fc interdomain region was favored over a
hinge proximal site because of steric restriction imposed by the
IgA hinge and the interheavy chain disulfide bridges between
the upper parts of the Co2 domains. Phylogenetic and diversity
analysis of IgA and FcaRI suggests that the FcaRI-IgA inter-
action has evolved under pressure from pathogen IgA-binding
proteins that act as decoys (see below).

Interaction with plgR

In the non-covalent interaction of domain 1 of pIgR with IgA Fc,
the Ca3 domain of IgA is considered to have a major role.!?3!
An exposed loop formed by residues 402-410 that lies at the
upper reaches of the Ca3 domain has been particularly impli-
cated,!*? with residues Phe411, Val413, and Thr414 having
key roles, and the close-lying residue Lys377 and the interface
loop Pro440-Phe443 making some contribution®? (Figure 2b).
Interestingly, the latter loop is also involved in binding FcaRI,
which may offer an explanation for the reported inability of
S-IgA to trigger phagocytosis.** However, D1 of pIgR binds to
only one of the two IgA Fc regions in S-IgA, potentially leav-
ing the other one available for FcaRI engagement, if the correct
orientation is adopted. Indeed, S-IgA is reported to bind FcoRI
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FcaRl site

Fco/uR site

Figure2 Views of IgA1 Fc X-ray crystal structure (accession code 10WO0) showing the interaction sites, as defined by X-ray crystallography or
mutagenesis studies, for a, FcaRl, b, pIgR, and ¢, Fca/uR. One IgA1 Fc heavy chain is shown in light blue, the other in yellow. Interaction sites are

highlighted in contrasting colors. pIgR, polymeric immunoglobulin receptor.

when the integrin Mac-1 is co-engaged,?® and to be capable of
triggering respiratory bursts in neutrophils.3®

Interaction with Fco/uR

Human Fca/pR, a receptor that binds IgA and IgM,> is
expressed in follicular dendritic cells in tonsil,*® and on mac-
rophages, plasma cells, and Paneth cells in the lamina propria
and germinal centers of the intestine.?® Although the function
of human Fco/pR is not yet completely clear, these locations are
consistent with a role in coordinating the immune response,
at least in certain mucosal tissues. Fco/puR maps close to pIgR
on human chromosome 1. Moreover, its N-terminal Ig-like
domain shares homology with domain 1 of pIgR, and the pres-
ence of certain conserved residues suggests that these domains
share a similar structure.?! In particular, the CDR-like loops of
both domains share similarity, implying that they may share a
similar mode of interaction with dIgA. Fca/uR interacts only
with polymeric forms of IgA and IgM,*° but the presence of the
J chain does not seem to be essential.*! The N-linked glycans of
IgA are not required for interaction,*! and based on mapping
mutagenesis experiments, the Co2-Ca3 domain interface of the
IgA heavy chain seems critical for the interaction®” (Figure 2c).
The putative site overlaps with those that bind FcaRI and pIgR
(Figure 2a—c).

OTHER PROTECTIVE FUNCTIONS OF IgA

Glycan-mediated protective activity

The glycans of IgA have been shown to interact with sugar-
dependent receptors or fimbriae on bacterial surfaces?>43
(reviewed in the study by Mestecky and Russell**) and thereby
inhibit attachment of several species of bacteria to mucosal
surfaces. The significance of this interaction in vivo has been
debated, and in some instances, the availability of appropri-
ate blocking sugar residues may depend on their exposure by
cleavage of glycan chains with glycosidases or on the variable
composition of the glycan chains themselves. Potentially, how-
ever, S-IgA can serve as an effector molecule of both innate and
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adaptive immunity, through its constitutive blocking of lectin-
like receptors on microbes and the specific recognition of anti-
gens by its CDR, respectively.®

Interaction with complement
IgA lacks the residues identified in the Fc regions of IgG or IgM
that bind to Cl1q, and consequently IgA does not activate the
classical complement pathway. Although several papers have
reported activation of the alternate pathway by heat-aggregated,
denatured, or recombinantly generated IgA, this seems to be
essentially artifactual, and intact native IgA antibodies com-
plexed with antigen inhibit complement activation induced by
IgG or IgM antibodies.*>~*’ This effect is also replicated by Faba
fragments generated by cleavage of IgA1 antibodies with IgA1
protease.*>#8 It is telling that mixed aggregates of heat-denatured
IgG and IgA activate the alternate pathway in proportion to the
content of IgG, and that C3b becomes covalently linked to the
IgG heavy chains, not to IgA.* Intriguing reports that IgA anti-
bodies promote complement-dependent lysis or opsonization
of encapsulated bacteria probably also arise from facilitation of
alternate pathway activation by bacterial polysaccharides.>*>!
In addition, S-IgA has been shown to activate the lectin path-
way of complement activation, by binding the mannose-binding
lectin.”? However, this depends on the availability of terminal
mannose (or N-acetylglucosamine) residues, which have been
reported on some glycan chains expressed by IgA molecules.”
The in vivo significance of activation of this pathway by S-IgA
(or other molecular forms of IgA) remains uncertain.

Hydrophilicity

IgA is the most hydrophilic of the Igs, which probably reflects its
relatively high level of glycosylation. S-IgA is even more heavily
glycosylated because of the glycans in SC, with an abundance of
sugar residues surrounding the Fc-SC region (Figure 1e). This
may also account for the long-known ability of S-IgA to associ-
ate with mucus.>*>° It is also intriguing to speculate whether
S-IgA could have unique functions in the development or
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N. meningitidis type 2
lgA1 protease

H. influenzae type 2
IgA1 protease

Figure 3 Interaction sites on IgA Fc for bacterial proteins that perturb
IgA function. One IgA1 Fc heavy chain is shown in light blue, the other
in yellow. Interaction sites (highlighted in contrasting colors) for a, SSL7
protein from Staphylococcus aureus from the solved crystal structure of
the IgA Fc—SSL7 complex; b, IgA-binding proteins from Streptococcus
groups A and B based on mutagenesis analysis; ¢, type 2 IgA1 protease
from Neisseria meningitidis implicated in by mutagenesis analysis;

d, type 2 IgA1 protease from Haemophilus influenzae implicated by
mutagenesis analysis.

control of biofilm formation, in which its hydrophilicity might
be expected to facilitate penetration into the water channels.
S-IgA is known to occur in dental plaque, a complex multispecies
biofilm that develops on tooth surfaces. “Classical” functions of
S-IgA antibodies include the inhibition of adherence of microbes
to mucosal surfaces, inhibition of enzymes including the strep-
tococcal glucosyltransferases that synthesize extracellular glu-
cans from sucrose, and blocking of the glucan-binding proteins
of oral streptococci, all of which contribute to the formation of
dental plaque (reviewed in the study by Russell and Kilian>®).

PERTUBATION OF IgA FUNCTION BY PATHOGENIC
MICROORGANISMS

The fact that numerous pathogens have evolved means to specif-
ically evade or subvert the IgA immune response is an indicator
of the importance of IgA in protection against infection. These
evasion mechanisms include proteins that bind specifically to
IgA and SC and inhibit their actions, and specific proteases that
inactivate IgA through cleavage.

IgA-binding proteins

Akin to the well-known IgG-binding bacterial proteins used
widely in research, certain pathogenic bacteria express sur-
face proteins that bind specifically to IgA. For example,
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Staphylococcus aureus produces the SSL7 toxin, which binds to
the Co2-Co3 interface of IgA Fc**7 (Figure 3a). Binding of SSL7
to IgA competitively inhibits FcaRI binding.>” Such blockade
presumably helps bacteria evade the elimination mechanisms
normally elicited by IgA through interaction with FcoRI.

Certain streptococci similarly express proteins that bind
specifically to human IgA. Important examples are Arp4 and
Sir22 on group A Streptococcus®®>® and the unrelated B-protein
on group B Streptococcus.®® These streptococcal proteins also
interact with the IgA Co2-Ca3 domain interface®! (Figure 3b).
Again, they inhibit binding of IgA to FcaRI, as well as the trig-
gering of FcoRI-mediated respiratory bursts,®! suggesting that
this evasion strategy is used by a number of different bacteria.
In fact, binding of specific bacterial proteins to the interdomain
region of Ig Fc regions is a common theme crossing both host
and bacterial species.®?

SC binding by CbpA

Streptococcus pneumoniae uses binding of a surface protein
CbpA (also termed “SpsA” or “PspC”) to pIgR on epithelial
cells as a means to initiate colonization of the nasopharynx.
Domains 3 and 4 of pIgR are involved in complex formation
with CbpA.6%%4 This evasion strategy is tempered by the ability
of free SC and S-IgA to bind CbpA and inhibit binding of the
bacterium to cell-surface pIgR.

Bacterial IgA1 proteases

Certain clinically important pathogenic bacteria including
Neisseria meningiditis, Neisseria gonorrhoeae, Haemophilus
influenzae, S. pneumoniae, and Streptococcus sanguis produce
proteolytic enzymes that are highly specific for the hinge region
of IgA1. These enzymes, termed IgA1 proteases, cleave at spe-
cific Pro-Thr or Pro-Ser bonds within the IgA1 hinge. As the
susceptible sequence is lacking in IgA2, this subclass is resistant
to cleavage. The action of the enzymes on IgA1 results in release
of the Fc region, leaving the Fab regions free to bind antigens
on the bacteria (and to impede access of other Igs) but unable
to trigger any Fc-mediated clearance mechanisms. Thus, the
bacteria are able to evade the protective action normally pro-
vided by intact IgA. The bacteria that produce IgA1 proteases
frequently colonize or gain a foothold at mucosal surfaces, and
are responsible for major oral cavity and genital tract infections,
as well as life-threatening meningitis. The ability to circumvent
the IgA response seems important to their ability to breach
mucosal defenses.

IgAl proteases form a rather diverse enzyme group—e.g.,
some are serine proteases, whereas others are metalloprotein-
ases—and it is therefore difficult to generalize on their substrate
recognition and cleavage requirements. However, the context
of the IgA1 hinge within the IgA protein and the sequence of
the hinge have been shown to be important for recognition and
cleavage by these proteases.®>%° Notably, there is a requirement
for the susceptible bond to be suitably positioned relative to the
Fc.%” For some IgA1 proteases, cleavage of IgA1 requires the
presence of critical elements within the Fc region.®””? For exam-
ple, the Neisseria meningitidis type 2 enzyme seems to require
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residues Pro440-Phe443, an interdomain loop also involved in
the interaction with FcoRI, pIgR, and Fca/ uR70 (Figure 3c). The
H. influenzae type 2 enzyme, meanwhile, seems to require Co3
residues also implicated in binding to pIgR”° (Figure 3d). The
solved X-ray crystal structure of an H. influenzae IgA1 protease
is consistent with Fc involvement, and it has been proposed that
binding of Fc by the protease may stabilize a conformation in
which the IgA1 hinge peptide can access the enzyme’s active site
resulting in cleavage.”!

CONCLUDING REMARKS

A striking theme to emerge from consideration of the interac-
tion sites on IgA for different proteins is that many of these sites
overlap or coincide. Remarkably, several host receptors and a
number of pathogen molecules interact with the same region at
the interface of the Ca2 and Ca3 domains in the Fc region. The
same Fc interdomain region serves as a multifunctional interac-
tion site on other Igs too. In IgG, the FcRn receptor that controls
IgG turnover and transport binds here, as does the staphylococ-
cal protein A and streptococcal protein G. Presumably, in each
case, the interdomain region is intrinsically suited to protein-
protein interactions and has been conserved as a site for key host
receptors. Various pathogens have then targeted this region with
their own proteins that often block interaction of host receptors,
thereby subverting the protective antibody response.

While sharing characteristics with other Ig classes, the distinct
structural properties of IgA lend this antibody class a unique
array of functional capabilities. These arise in part from the abil-
ity to polymerize, which bestows affinity for additional recep-
tors such as pIgR and Fca/uR, and in part from the particular
structural features of the IgA heavy chain. For example, the
extended hinge seen in human IgA1 would seem likely to afford
a greater reach between its two antigen-binding sites,”? allow-
ing this subclass to achieve high-avidity interaction with more
distantly spaced antigens than other Ig isotypes. Presumably, this
may result in more efficient recognition of certain pathogens
that express immunodominant antigens spaced out along their
surface. Furthermore, the long hinge of IgA1 and the location of
the FcaRI interaction site at the Fc interdomain site may provide
for particularly efficient bridging between antigen on a target
cell and FcoRI on an effector cell.??

These advantageous characteristics fit well with the increasing
interest in the possibility of using IgA monoclonal antibodies
therapeutically.”3-7> The efficacy of IgA-based antibodies against
bacterial pathogens including S. pneumoniae,”’¢ N. meningi-
tidis,*” Bordetella pertussis,””’8 and Mycobacterium tuberculo-
sis” is certainly encouraging, while the evidence for the value
of FcaRI-directed therapies in cancer treatment continues to
grow.89-8° The detailed understanding of structure-function
relationships in IgA that is now emerging will be invaluable in
informing the design of a new generation of IgA-based mono-
clonal antibodies.
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