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Fcy receptors (FcyR) are cell surface glycoproteins that mediate cellular effector
functions of immunoglobulin G (IgG) antibodies. Genetic variation in FcyR genes can
influence susceptibility to a variety of antibody-mediated autoimmune and inflammatory
disorders, including systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA).
More recently, however, genetic studies have implicated altered FcyR signaling in the
pathogenesis of inflammatory bowel disease (IBD), a condition classically associated
with dysregulated innate and T cell immunity. Specifically, a variant of the activating
receptor, FCyRIIA, with low affinity for IgG, confers protection against the development
of ulcerative colitis, a subset of IBD, leading to a re-evaluation of the role of IgG and
FcyRs in gastrointestinal tract immunity, an organ system traditionally associated with
IgA. In this review, we summarize our current understanding of IgG and FcyR function
at this unique host-environment interface, from the pathogenesis of colitis and defense
against enteropathogens, its contribution to maternal-fetal cross-talk and susceptibility to
cancer. Finally, we discuss the therapeutic implications of this information, both in terms
of how FcyR signaling pathways may be targeted for the treatment of IBD and how FcyR
engagement may influence the efficacy of therapeutic monoclonal antibodies in IBD.

Keywords: Fcy receptor, IgG, inflammatory bowel disease, intestinal immunity, mucosal infections, neonatal
immunity

INTRODUCTION

The gastrointestinal (GI) tract comprises a series of organs whose primary functions are digestion,
absorption, excretion, and to host a vast and diverse community of microbial commensals.
The stomach and small intestine contribute to physical and chemical digestion and absorption,
while the colon is primarily involved in the desiccation and compaction of waste (1). To aid
these functions, the human GI tract is colonized by trillions of microorganisms that together
form the microbiome, including at least 1,000 species of bacteria, the major component of the
commensal flora. Microbial colonization increases progressively along the GI tract, with the colon
harboring 10'°-10'? organisms per gram of luminal contents and elevated species diversity. In the
lower GI tract of healthy individuals, anaerobes dominate, including Bacteroides, bifidobacterial,
fusobacteria, and peptostreptococci, while aerobes, such as enterobacteria, are present at lower
densities (2).
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A state of mutualism exists between the host and the
commensal microbiota, whereby bacteria benefit from the
energy-rich sources of food, and the host salvages essential
compounds from indigestible nutrients, such as dietary
polysaccharides. In this scenario, the host immune system
has an essential role in maintaining on-going symbiosis by
limiting tissue invasion by resident microbes and keeping
detrimental inflammatory responses at bay. This is achieved by
dynamic cross-talk between microbes, intestinal epithelial cells
(IECs), and tissue-resident leukocytes (3, 4) and includes the
production of anti-microbial peptides and mucus by IECs, the
induction and secretion of immunoglobulin (Ig)A by intestinal
plasma cells, and the dominance of an anti-inflammatory
milieu that suppresses damaging responses to luminal microbes.
In return, the microbiota interacts with and educates the
intestinal immune system, with consequences for both local and
system inflammation.

While classically associated with systemic pro-inflammatory
responses, recent studies have demonstrated that constitutive
production of GI anti-microbial IgG is a feature of adult
homeostasis with roles in immune cell maturation, defense
against infection, and maternally-acquired neonatal immunity
(5-8). Furthermore, historical observations of de novo anti-
microbial and autoreactive IgG in patients with inflammatory
bowel disease (IBD) (9-11) have been brought into renewed
focus by the identification of a polymorphism in the activating
receptor FcyRIIA that alters susceptibility to ulcerative colitis
(UC) (12-14), with subsequent studies demonstrating the
pathogenic role of anti-microbial IgG in colitis. In this
review, we will address the role that IgG and subsequent Fcy
receptor (FcyR) engagement by local GI-resident immune
cells plays in intestinal immunity and inflammation, and the
consequence of this interaction for defense against infection,
immune maturation, detrimental inflammatory disease,
and cancer.

Abbreviations: ADCC, Antibody-dependent cell-mediated cytotoxicity; AHR,
Aryl hydrocarbon receptor; AID, Activation-induced cytidine deaminase; APRIL,
A proliferation-inducing ligand; BAFF, B cell activating factor; BCR, B
cell receptor; CD, Crohn’s disease; ¢cDC, Classical/conventional DC; CRP, C
reactive protein; DC, Dendritic cell; DSS, Dextran sodium sulfate; FcyR,
Fcy receptor; FcRn, Neonatal Fc receptor; GALT, Gut-associated lymphoid
tissue; GI, Gastrointestinal tract; GIcNAc, N-acetylglucosamine; GM-CSE
Granulocyte-macrophage colony-stimulating factor; GWAS, Genome wide
association study; IBD, Inflammatory bowel disease; IC, Immune complex;
IEC, Intestinal epithelial cell; IFN, Interferon; Ig, Immunoglobulin; IL,
Interleukin; ILC, Innate lymphoid cell; ITAM, Immunoreceptor tyrosine-based
activating motif; ITIM, Immunoreceptor tyrosine-based inhibitory motif; IVIg,
Intravenous immunoglobulin; MHC, Major histocompatibility complex; MLN,
Mesenteric lymph node; MNP, Mononuclear phagocyte; NOD, Nucleotide-
binding oligomerization domain; NET, Neutrophil extracellular trap; NK,
Natural killer; pANCA, Perinuclear anti-neutrophil cytoplasmic antibodies;
PBMC, Peripheral blood mononuclear cell; PGE2, Prostaglandin E2; PI3K,
Phosphatidylinositol3-kinase; pIgR, Polymeric immunoglobulin receptor; PRR,
Pattern recognition receptor; RA, Rheumatoid arthritis; REGIITy, Regenerating
islet-derived protein III-y; SAP, Serum; SCFA, Short chain fatty acid; SLE, Systemic
lupus erythematosus; SNP, Single nucleotide polymorphism; SYK, Spleen tyrosine
kinase; TLR, Toll-like receptor; Th, T helper cell; TNFE, Tumor necrosis factor;
Treg, Regulatory T cell; TRIM21, Tripartite motif-containing protein 21; UC,
Ulcerative colitis.

IgG SUBCLASSES AND EFFECTOR
FUNCTION

IgG antibodies are the most abundant immunoglobulin isotype
in human serum and extracellular tissue fluid, accounting for
10-20% of all plasma protein and 70-75% of total Ig (15).
IgG subclasses exhibit diverse effector functions, including the
ability to activate complement via the binding and activation of
Clq, the engagement of FcyRs on immune cells, and the direct
neutralization of toxins and microbes (16). With pleiotropic
roles in immunity, detrimental IgG-driven immune responses
are associated with several inflammatory and autoimmune
disorders, including systemic lupus erythematosus (SLE) and
rheumatoid arthritis (RA) (17, 18), but IgG antibodies are
also key effector molecules that contribute to anti-microbial
immunity. Generally, IgG antibodies are known for their high
antigen affinity, driven by somatic hypermutation, and are key
molecules involved in immunological memory, although these
functions vary depending on IgG subclass.

FcyRs are cell surface glycoproteins that bind to the Fc
portion of IgG antibodies (19). They are widely expressed across
cells of the immune system and are responsible for mediating
the cellular effector functions of IgG, including immune cell
migration and maturation, the production of inflammatory
mediators, and the elimination of opsonized microbes (20).
There are several activating FcyRs (FcyRI, FcyRIIA, FcyRIIIA,
and FcyRIIIB in humans; FcyRI, FcyRIII, and FcyRIV in mice)
and a single inhibitory receptor, FcyRIIB, in both humans
and mice, with most exhibiting low-to-medium affinity for IgG
(Figure 1). The neonatal Fc receptor (FcRn) and the intracellular
tripartite motif-containing protein 21 (TRIM21) also bind to
immunoglobulins following their internalization (15, 21). FcRn is
a major histocompatibility complex (MHC) class I-like molecule
that binds to the Fc domain of IgG in a 2:1 stoichiometry with
micro- to nanomolar affinity at pH 6.5 within acidic endosomes
(22). As well as protecting IgG from degradation with endothelial
and myeloid cells, FcRn plays a key role in the active bidirectional
transport of IgG across barrier surfaces. It is expressed by
murine IECs until weaning and throughout life in the human GI
tract. This allows the retrieval of IgG and IgG-antigen immune
complexes from the gastrointestinal lumen for phagocytes
within the lamina propria, as well as mediating the secretion
of IgG (23-26).

For classical FcyRs on the cell surface, productive signaling
is initiated by the cross-linking of several receptors into
signaling synapses on the cell surface through high-avidity
antigen:antibody immune complexes (IC), aggregated IgG,
or IgG-opsonized cells and surfaces (Figure2). Upon cross-
linking, phosphorylation of immunoreceptor tyrosine-based
activating motifs (ITAMs) located on the intracellular domain
of activating FcyRs or on the associated common vy-chain
(also known as FceRIy/FcRy) occurs. ITAM phosphorylation
activates signaling cascades via SRC family kinases and spleen
tyrosine kinase (SYK), resulting in downstream activation
of phosphatidylinositol3-kinase (PI3K) and phospholipase-Cy.
FcyRIIB contains an intracellular immunoreceptor tyrosine-
based inhibitory motif (ITIM), which becomes phosphorylated
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FIGURE 1 | Human and murine Fcy receptors. Schematic of human (A) and murine (B) classical Fcy receptors embedded in the plasma membrane. Activating
receptors contain intracellular ITAMs on the intracellular domain of the a chain or in the associated common y-chain (yz; encoded by FCER1G). Activating FcyRs are
shaded in blue and inhibitory FcyRIIB is shaded in red. IgG affinity-altering variants are highlighted beneath the respective human FcyR, with the low- and high-binding
variants and associated IgG affinities colored in purple and orange, respectively, in the table. Binding affinities are indicated as Kz (M*1 ). ITAM, immunoreceptor
tyrosine-based activating motif; ITIM, immunoreceptor tyrosine-based inhibitory motif.

upon cross-linking with activating FcyRs or the B cell receptor,
initiating the recruitment of inositol phosphatases, most notably
SHIPI, to the signaling synapse to dampen IgG-mediated
responses (18). Activating and inhibitory FcyRs are co-expressed
on many immune cells, and their relative expression and activity
determines the activation threshold of cells upon encounter of
ICs or opsonized targets.

While IgG is the dominant ligand for FcyRs, they can
also signal in response to binding to other soluble effectors,
such as pentraxins, including C reactive protein (CRP) and
serum amyloid P (Figure2) (27, 28). In particular, CRP

mediates FcyRIIA-dependent internalization of damaged
cells, self-antigens and microbes by human monocytes and
neutrophils, via binding to phosphorylcholine moieties,
chromatin, and histones (29, 30).

There are four IgG subclasses in humans (IgG1-4) and mice
(IgG1, IgG2a/c, 1gG2b, and IgG3). Human IgGl is the most
abundant and predominantly targets soluble protein antigens and
membrane proteins (15). The generation of IgG1 is largely T cell
dependent and it exhibits potent effector function (31). As such,
IgGl is frequently exploited in pharmaceutical settings for the
production of therapeutic monoclonal antibodies (32). In mice,
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FIGURE 2 | Effector functions of IgG antibodies and FcyRs. (A) IgG-opsonized antigens and cells can engage the classical complement pathway via binding to C1q.
(B) IgG immune complexes, aggregated, or deposited IgG can bind to activating or inhibitory FcyRs on the surface of immune cells, particularly those of the innate
immune system. Activating FcyRs (aFcyR) can also bind to pentraxins, such as CRP, linking to cellular responses to innate humoral immunity. (C) Specific glycosyl
variants of IgG can bind to C-type lectin receptors, such as Dectin-1 and SIGN-R1, to mediated activating FcyR-independent immune function.
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the effector profile of IgG2a and IgG2b is most similar to human
IgG1 and show the greatest effector function in vivo in several
settings (17). Human IgG2 responses (IgG3 in mice) are almost
completely restricted to T cell-independent bacterial capsular
carbohydrates, although anti-carbohydrate IgG antibodies of
other subclasses do exist (33). IgG2 and IgG4 antibodies have
a short, rigid hinge region compared to IgG1 and 3, resulting
in impaired antibody flexibility, and this dictates to a certain
extent the affinity of these molecules for FcyRs and Cl1q. Human
IgG3 antibodies are the most effective subclass in terms of their
activating effector functions, with enhanced binding to Clq and
increased affinity for FcyRs, but they exhibit a blunted half-
life due to impaired recycling via the FcRn (34). Finally, IgG4
is associated with induction by allergens following repeated or
long-term exposure to antigen in a non-infectious setting, as well
as in immune responses to parasitic infections (15). Given its
relatively high affinity for the inhibitory receptor FcyRIIB, an
ability to spontaneously dissociate and form bispecific antibodies
(35), and the capacity to compete with IgE for allergens, 1gG4 is
often seen as an inhibitor of effector responses (36).

Beyond subclass, IgG effector functions can be fine-tuned
through post-translational modification, most notably via N-
linked glycosylation, which alters antibody stability, FcyR affinity
and complement activity (37-40). Each IgG heavy chain carries
a single covalently attached biantennary N-glycan at the highly
conserved asparagine 297 residue in each of the Fc fragment
Cy2 domains, with over 900 IgG glycoforms possible (41).
Biantennary complexes can contain additional bisecting N-
acetylglucosamine (GIcNAc), core fucose, galactose and sialic
acid residues (42).

Defucosylated IgG exhibits enhanced FcyRIIIA affinity (43),
while sialylation promotes anti-inflammatory functions of IgG
by reducing FcyR affinity and promoting binding to the C-
type lectin receptor, SIGN-R1 (DC-SIGN in humans) (37,
44, 45). Indeed, sialylation is required for some of the
protective functions of intravenous immunoglobulin (IVIg).
Agalactosylated IgG, with two oligosaccharide chains ending

in GIcNAc rather than galactose/sialic acid, is termed GO (no
galactose) (19). GO IgG can activate complement via binding to
mannose binding lectin and can bind the mannose receptor on
phagocytes (46, 47).

In summary IgG antibodies are powerful effector molecules
that can mediate tissue inflammation by complement activation,
engagement of classical FcyRs and C-type lectin receptors
(Figure 2). They are the dominant circulating antibody in
humans and mice, with documented roles in defense and
autoimmunity but their contribution to immunity in the
gastrointestinal tract is much less well-defined.

IMMUNITY IN THE GASTROINTESTINAL
TRACT

The frontline barrier between the external environment in the
lumen of the GI tract and host tissues is the intestinal epithelium.
This physical and biochemical barrier consists of an outer-most
layer of thick secreted mucus, a single-cell layer of IECs, and the
underlying non-epithelial mucosal cells, including a network of
leukocytes found within the lamina propria, muscularis layers,
and organized lymphoid follicles (48).

The largest mucosal barrier in the human body, the intestinal
epithelium is continuously renewed by pluripotent intestinal
epithelial stem cells located in the base of the crypts in a
manner regulated by the local stem cell niche (49). Although
absorptive enterocytes are the most abundant cell subset, IECs
form a heterogeneous network of cells with distinct functions.
For example, secretory Paneth cells and goblet cells produce
anti-microbial peptides and mucins, respectively, while M cells
transcytose antigens across the intestinal epithelium to the
Peyer’s patches beneath. Enterocytes also produce a restricted
repertoire of anti-microbial peptides throughout the GI tract,
such as the C-type lectin regenerating islet-derived protein III-
vy (REGIIIy). The ability of IECs to form an effective barrier
depends on their ability to act as frontline sensors of microbial
stimuli through their expression of pattern recognition receptors
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(PRRs), including Toll-like receptor (TLR)5 and nucleotide-
binding oligomerization domain (NOD)-like receptors (50-52).
In turn, IEC-derived cytokines play essential roles in shaping the
microbial structure of the GI tract, as well as the activation state
of local immune cells during both homeostasis and inflammation
(50, 53, 54). For example, interleukin (IL)-18 (50), IL-25 (55),
thymic stromal lymphopoietin (56), and B cell-stimulating
factors, including a proliferation-inducing ligand (APRIL) (57),
are induced by PRR signaling in IECs and act to regulate local
immunity. The importance of the epithelium in intestinal health
is illustrated by genetic polymorphisms linking epithelial health
and effector function with susceptibility to IBD and systemic
inflammatory diseases, as shall be discussed later (58, 59).

Beneath the epithelium, the intestinal mucosa and submucosa
houses a range of innate and adaptive immune cells (Figure 3).
Tissue-resident macrophages and dendritic cells (DCs) promote
tolerance to intestinal commensal via anti-inflammatory cytokine
production (including IL-10, and TGFf, see section below). In
addition, there are substantial populations of intestinal T cells,
and the balance between regulatory T cells (Tregs) and T helper
(Th)17 cells plays a fundamental role in determining whether
there is mutualism with commensals or if their presence provokes
inflammation. This is of particular interest, given the association
of dysregulated IL-23/type 17 responses in the pathology of
IBD and their role in defense against enteropathogens, such as
Citrobacter rodentium (60-65).

IL-17A production by Thl7 cells, Y8 T cells and group
3 innate lymphoid cells (ILC3s) at epithelial barriers sites
can play a central role in intestinal inflammation (66-69).
IL-17 promotes neutrophil recruitment to tissues via the
induction of CXCL1, CXCL2, and CXCL8, while IL-17A-induced
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and matrix metalloprotease can sustain neutrophil activation
and survival (70-72). IL-17 can also induce expression of anti-
microbial peptides (73) and promotes the maintenance of the
intestinal epithelial barrier (74-76), therefore IL-17 has both
pro-inflammatory and homeostatic roles. The IL-17-inducing
cytokine IL-23 can also stimulate interferon (IFN)y secretion
by inflamed colonic lamina propria cells (77), which in turn
contributes to inflammation through the activation of tissue-
resident macrophages, apoptosis of IECs, and augmentation
of antigen processing (63). Studies utilizing IFNy-deficient
mice or [FNy-depletion confirm its contribution to intestinal
inflammation in murine models (78-80).

IL-10 is the prototypical anti-inflammatory cytokine. Most
classically associated with Foxp3* Tregs, IL-10 functions to
suppress lymphocyte and myeloid immunity through a variety
of mechanisms. Within the GI tract, the critical role of this
cytokine is acutely illustrated by associations between ILI10R
single nucleotide polymorphisms (SNPs) and UC, as well as the
widespread use of the Helicobacter hepaticus infection model:
the presence or absence of IL-10R signaling dictates whether an
otherwise tolerated bacterium induces colitis (81-83). Beyond
Tregs and macrophages, regulatory B cells and epithelial cells
also contribute to the intestinal IL-10 pool (84-86). Indeed,
Rosser et al. demonstrated that microbiota-dependent IL-6 and
IL-1p production was sufficient to induce IL-10-producing B cells

within mesenteric lymph nodes (MLNs) that contain systemic
inflammation (85), while adoptive transfer of these cells is
sufficient to suppress intestinal inflammation (86).

ANTIBODIES IN THE GASTROINTESTINAL
TRACT

IgA in the GI Tract

While constituting only 10-15% of total serum Ig, IgA is the
major antibody isotype at mucosal surfaces (87). Of the two
major isoforms in humans (IgAl and 2), IgA2 is associated
with mucosal sites and has enhanced resistance to proteolysis.
The intestinal epithelium has the capability of transporting of Ig
into the lumen via expression of the polymeric immunoglobulin
receptor (pIgR). Following pIgR binding and internalization at
the basolateral IEC surface, dimeric IgA is released at the apical
membrane by proteolytic cleavage of the secretory component
of pIgR, forming secretory IgA. Once within the lumen,
secretory IgA participates in the maintenance of mutualism
through mechanisms collectively known as immune exclusion.
This includes the ability to neutralize toxins and pathogens in
the absence of complement fixation (88), the anchoring and
agglutination of microbes within the mucus layer (89), as well
as the recently described ability to “enchain” dividing bacterial
daughter cells to limit microbial colonization and evolution, and
promote elimination from the body (90). Natural or low-affinity
IgA can also deliver antigens to M cells for transport into Peyer’s
patches for the induction of adaptive immune responses (91).

Gut-draining MLNs, gut-associated lymphoid tissues (GALT),
including Peyer’s patches and isolated lymphoid follicles, and
the intestinal lamina propria itself have been proposed to be
sites for IgA generation, with the mode of IgA generation
differing across tissues (87, 92). Local IgA production within
the lamina propria and isolated lymphoid follicles is thought
to be largely T cell-independent, given the absence of abundant
T cell zones, instead relying on B cell-intrinsic TLR signaling
and secretory factors released by DCs and non-haematopoietic
cells (57, 93). The MLNS, caecal patch, and Peyer’s patches can
support both T cell-dependent and -independent IgA induction,
with the former linked to invasive species of commensals and
pathobionts (94-97).

IgG in the Gl Tract

IgG1™ and IgG2™ plasma cells are present in the human gut. Both
polyreactive and antigen-specific responses have been identified
that target both foreign (commensals and enteropathogens)
and self-antigens (10, 98). All antibodies show evidence of
antigen-mediated selection and somatic hypermutation, with
little difference in antigen reactivity between IgG isotypes, and
no evidence of clonal relation between IgG and IgA responses
within donors.

IgG2b and IgG3-producing B cell populations were also
identified in the Peyer’s patches and MLN of healthy adult
mice, consistent with human observations. Murine I1gG was
elicited primarily by commensal-driven TLR signaling on B cells
in a T cell-independent manner. Despite the relatively lower
concentration of mucosal IgG compared with IgA, intestinal
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FIGURE 3 | Schematic of major leukocyte populations in the intestine during homeostasis and their expression of FcyRs. Migratory DCs promote B cell IgA
class-switching and T cell polarization in GALT and MLNSs, including regulatory T cells (Treg) and Th17 cells. The balance of Tregs and Th17 cells is critical for
maintaining intestinal homeostasis and suppressing excessive responses to the microbiota. CD11b* ¢cDC2s have an A:l ratio skewed toward FcyRIIB expression, as
observed in DCs in other organs. FcyR-expressing DCs and monocyte-derived macrophages within the lamina propria support T cell and ILC3 activation via
commensal-dependent production of cytokines, including IL-1p and IL-23. Tissue-resident macrophages are dependent on IL-10 for their suppressive function. APRIL
and BAFF production by DCs and macrophages supports local plasma cell survival. Macrophage A:l ratio is skewed toward activating FcyRs and tuneable to the local
milieu. Plasma cells and B cells express FcyRIIB, regulating survival and BCR activation threshold in these cells, respectively. Blue receptor, activating FcyR; red
receptor, inhibitory FcyRIIB; S-IgA, secretory IgA; MLN, mesenteric lymph node; GALT, gut-associated lymphoid tissue; DC, dendritic cell; APRIL, a
proliferation-inducing ligand; BAFF, B cell activating factor; IESC, intestinal epithelial stem cell; ILC3, group 3 innate lymphoid cell.

IgG responses exhibit broad microbial reactivity. Furthermore,
most commensals bound by IgA antibodies in the murine gut
also engage serum IgG2b and IgG3, while certain species of
commensal microbes are uniquely opsonized by IgG3 across
bacterial phyla (7).

The signals that lead to the local generation of IgG within
the gastrointestinal tract have not been completely defined.
However, Escherichia coli LPS has been shown to induce the B
cell enzyme activation-induced cytidine deaminase (AID) and

T cell-independent class-switch recombination to I1gG2b and
IgG3 in mice through dual B cell receptor (BCR)/TLR4 signaling
(99, 100), and this may contribute to IgG generation in GALT.
Indeed, a subset of IgG3- and IgG2b-expressing B cells within the
Peyer’s patches and MLN express the Bl cell marker CD43, a B
cell subclass specializing in T cell-independent IgG production
(7). T cell-dependent IgG responses have also been reported from
B2 and follicular B cells in the GI tract, although the nature of the
signals dictating T cell dependency remains to be determined.
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Higher affinity T cell-dependent responses may be reserved for
invasive or epithelium-adherent species, in a manner analogous
to IgA (90, 101) and consistent with the role of immune IgG in
protection from enteropathogens (6, 102). Natural antibodies of
the IgG3 subclass have also been described in mice and shown
to interact with ficolins and mannose binding lectin that bind to
bacteria, leading to FcyR-mediated phagocytosis by monocytes
and inflammatory cytokine production (103).

Fcy Receptors and Their Expression in

Immune Cells in the Gl Tract

FcyRs are expressed by a number of immune cells within the GI
tract, conferring the ability to respond to local IgG IC, and we will
consider each cell type in turn:

Intestinal Macrophages

Macrophages play a central role in tissue homeostasis and
inflammation, with increasingly appreciated non-immune roles
in tissue function. Within the GI tract, macrophages are
found throughout the lamina propria, the connective tissue
that underlies the intestinal epithelium, as well as between the
circular and longitudinal muscle layers (104-106). Here, they are
continuously exposed to microbial stimuli and play a central role
as key guardians of the homeostatic milieu through their potent
phagocytic capacity and ability to produce an array of cytokines
and chemokines.

Elegant studies by Bain et al. demonstrated that adult
intestinal macrophages are largely derived from CCR2-
dependent Ly6C monocyte recruitment, a process dependent
on the microbiota (107). Although intestinal macrophage
numbers are unaltered in germ-free mice (108), commensal
microbes influence macrophage activation state (109),
for example via the production of short chain fatty acids
(SCFAs) (110).

In homeostasis, intestinal macrophages are skewed toward
anti-inflammatory functions, including the basal production
of IL-10 (104, 111, 112). Indeed, macrophage-derived IL-10
can dampen IL-23-mediated colitis and promote regulatory T
differentiation in vitro (111, 113).

During colitis, infiltrating monocytes are redirected toward a
more pro-inflammatory macrophage phenotype (112, 114), with
elevated production of IL-1f, IL-23, and tumor necrosis factor
(TNF). These, in turn, promote Th1/Th17 and innate lymphoid
cell (ILC) activation. Thus, inflammatory macrophages are the
principle mediators of tissue inflammation in several murine
models of intestinal pathology (60, 115-119).

Intestinal macrophages express a number of cell surface
receptors, including TLRs, C-type lectin receptors, NOD-like
receptors, and FcyRs (120). Indeed, FcyRI (CD64) is often
used to discriminate between macrophages (FcyRIT) and
dendritic cells (FcyRI7) in the GI tract (121). Studies in
human monocyte-derived macrophage and murine bone marrow
derived macrophages demonstrate expression of all canonical
FcyRs, and expression is tuneable to the local environment: Th2
cytokines, such as IL-4, upregulate the expression of FcyRIIB and
decrease the so-called activating/inhibitory ratio on macrophages
(122-124). Generally, however, FcyR expression is skewed in

favor of activating signaling (125, 126). A comprehensive analysis
of FcyR expression in human gastrointestinal macrophages,
across different anatomical regions of the gut, and in health and
disease has yet to be performed.

FcyR cross-linking in vitro induces a potent macrophage
inflammatory response, characterized by the production of IL-18,
IL-6, IL-10, IL-12, and TNF-q, as well as chemokines including
CXCL8 (127). Interestingly, several studies have highlighted a
link between TLR and FcyR co-stimulation and the induction
of a Th17 polarizing macrophage phenotype. Stimulation of
human M2 macrophages and DCs with IgG-opsonized bacteria
induces IL-1f and IL-23 expression (128-130). Given the
role of these same macrophage-derived cytokines in intestinal
pathology, FcyR cross-linking by anti-commensal IgG signaling
could contribute to Th17 cell activation and inflammation in
the human gut. However, some murine studies suggest that IgG
immune complexes can inhibit LPS-induced IL-1p and TNF
production in BMDMs, a phenomenon at least partly dependent
on prostaglandin E2 (PGE2) production (131, 132). Therefore,
further work is needed to understand whether in vitro-derived
macrophages accurately reflect tissue macrophage activation by
IgG immune complexes in vivo, particularly in the complex
environment of the gastrointestinal tract.

Intestinal Dendritic Cells

DCs sit at the interface of innate and adaptive immunity, their
primary function being the transport of antigen from peripheral
sites to draining lymph nodes in a CCR7-dependent manner
for MHC-dependent presentation to T cells. Additionally, DC-
derived cytokines play key roles in shaping innate and adaptive
immune responses, including T cell polarization, B cell class-
switch recombination, and innate lymphoid cell activation
(Figure 3) (105, 133).

There are two main subsets of classical or conventional DCs
(cDCs) derived from DC-specific precursors: BATF3-dependent
cDCls and IRF4-dependent cDC2s (134). In the murine
intestine, several DC subsets have been characterized that
variably express CD11b and CD103, with unique functions
in health and disease (105). CD103" CDI11b~ cDCls
predominantly reside within GALT and are specialized in
cross-presentation, while CD103" CD11b* cDC2s are found
within the lamina propria and migrate to the MLN for
presentation of exogenous antigens to CD4™ T cells and promote
humoral immunity. CD103" CD11b™ ¢DCs are essential for
IL-6-dependent Th17 generation in the small intestine and colon
(135) and necessary for the generation of IgG- and IgA-class-
switched B cell responses to flagellin in MLNs (136). CD11b™
CD103™ DC subsets have also been described with the capacity
to induce IL-17A and IFNy production by T cells (137, 138).
CD103" DCs have also been identified as major sources of IL-23
in the context of Citrobacter rodentium infection, a widely used
model of human attaching-effacing Escherichia coli infection
(139-141). CD103" DCs are also essential for the maintenance
of tolerance via the induction of gut-homing CCR9™ FoxP3™
Tregs and IgA™ plasma cells, both within MLNs and GALT
(88,97, 133, 142).
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DCs express FcyRI and FcyRIIA in humans, and FcyRIII
in mice, although FcyR expression is skewed toward inhibitory
FcyRIIB in immature DCs. Indeed, FcyRIIB blockade leads to
spontaneous DC maturation and the induction of a cytokine
programme characterized by TNEF, IL-6, CXCL8, and IL-12p70
production (127, 143, 144), although as with macrophage studies,
these data are generated on in vitro differentiated DCs. Analysis
of Immgen consortium datasets on in vivo differentiated DCs
identifies FcyR expression with ¢cDC2s (126). This expression is
tightly regulated, with maturation signals, such as LPS or IFNy,
down-regulating FcyRIIB to allow for IgG-induced cell activation
via activating FcyR ligation. DCs efficiently process FcyR-
internalized antigen and upregulate MHC and co-stimulatory
molecules for robust antigen presentation to T cells (145-147).
Furthermore, FcyR cross-linking on DCs induces CCR7 and
matrix metalloprotease expression that facilitates their migration
from inflamed peripheral sites to local draining lymph nodes
(148). As well as its role in IgG recycling, FcRn has also
been demonstrated to mediate the presentation of immune
complexed antigens by DCs; FcRn engagement by immune
complexes protects antigens from degradation following FcyR-
mediated internalization, preserving them for presentation and
cross-presentation to CD4 and CD8T cells, respectively (149).
Therefore, classical FcyRs and FcRn play a key role in DC antigen
presentation to T cells through a variety of mechanisms.

As with macrophages, comprehensive information on FcyR
expression in human gastrointestinal DCs across different
anatomical regions of the gut is currently lacking.

Intestinal Neutrophils

The most abundant circulating leukocyte, neutrophils are first
line inflammatory responders specializing in anti-microbial
defense. This includes microbial internalization and killing,
the release of proteases and reactive oxygen species, cytokine
production, and the formation of neutrophil extracellular
traps (NETs) (150). These functions are critical for defense
following barrier breach, but their potent pro-inflammatory
capability inevitably means that neutrophils may also contribute
significantly to collateral tissue damage during inflammatory
responses. Beyond microbicidal activity, neutrophils can shape
adaptive immunity, for example via the production of APRIL and
B cell activating factor (BAFF) in the marginal zone of the spleen
(151), and may even be able to present antigen to T cells (152-
154) identifying neutrophils as a more versatile immune subset
than previously appreciated.

Neutrophils have long been associated with inflammation
in patients with IBD and in defense against enteropathogens,
rapidly recruited to the mucosa by resident and inflammatory
mononuclear phagocytes (MNPs) (155, 156). However, their role
in intestinal inflammation remains enigmatic, exhibiting both
detrimental and protective functions in a context-dependent
manner (157-159), including the production of barrier-
protective IL-22 (160). The extravasation of neutrophils into
the intestine is also observed during homeostasis, where their
engulfment by resident MNPs suppresses 1/23a induction (161).

Neutrophils constitutively express FcyRIIA and FcyRIIIB in
humans, and FcyRIII and FcyRIV in mice, with low levels

of FcyRIIB in both species (162-164). FcyR cross-linking has
profound effects on neutrophil function, as expected of cells
acutely poised to respond to stress. This includes NET formation
(165), cytokine production, such as IBD-associated TNF and
oncostatin M (166, 167), endothelial cell adhesion (168),
phagocytosis (169), and reactive oxygen species production
(170). Unsurprisingly, therefore, polymorphisms affecting FcyR
function have consequences for the IgG-mediated activation of
neutrophils. Most notably, three variants of FcyRIIIB exist (NA1,
NAZ2, SH) that exhibit differential activity. NA1 is associated with
enhanced uptake of IgG-opsonized erythrocytes (171), while SH
enhances surface FcyRIIIB expression (172). Furthermore, copy
number variation in FCGR3B correlates with FcyRIIIB surface
levels, IC uptake, and soluble serum FcyRIIIB (164).

B Cell Response

As well as being the source of antibodies, B cells are also
themselves regulated by IgG via expression of FcyRIIB, where
it cross-links to the BCR to increase the cellular activation
threshold and suppress antibody production (18). Furthermore,
direct cross-linking of FcyRIIB on the surface of mature B cells
and bone marrow-resident plasma cells can directly mediate
apoptosis, thereby limiting the peripheral pool of antibody-
producing cells (173, 174). As such, FcyRIIB has a critical
role in maintaining humoral tolerance. Whether local IgG-IC
engagement of FcyRIIB in GALT similarly regulates B cells in the
gastrointestinal tract is currently undetermined.

Innate Lymphocytes

ILCs are a recently identified class of immune cells that are
enriched at mucosal sites, such as the GI and respiratory tracts
(175). ILCs subsets mirror those seen for T cells. Natural killer
(NK) cells represent the innate cytotoxic equivalent of CD8" T
cells, whereas non-cytotoxic helper ILCs resemble CD4™" T helper
cells. All helper ILCs, hereafter referred to simply as ILCs, express
IL-2Ra and IL-7Ra, but unlike T cells and B cells, they do not
express somatically-rearranged antigen-specific receptors (176).
Helper ILC subsets are divided into ILC1s, ILC2s, and ILC3s that
largely mirror the transcription factor-dependence and cytokine
effector profile of Th1, Th2, and Th17 cells, respectively.

Given the importance of Thl7 biology in the gut, it is
unsurprising that the GI tract represents one of the major sites
of ILC colonization. Mature NKp461 ILC3s reside primarily in
the intestinal mucosa and require RORyt for their development
(177-179). Lymphoid tissue inducer (LTi) cells primarily reside
within SLOs and represent a distinct ILC3 subset that develops
partly independently of other helper ILCs (180). They contribute
to lymphoid organogenesis and regulate local immunity
through MHC-II expression and cytokine production (181-184).
Through their production of IL-22, ILC3s play a critical role
in the reinforcement of the intestinal epithelial barrier. Early
studies demonstrated that C. rodentium infection induced innate
intestinal IL-22 production that was dependent on IL-23 and the
microbiota (117, 185). Subsequently, several studies have shown
that IL-22R signaling mediates REG family AMP production, IEC
fucosylation, and epithelial stem cell proliferation (64, 186-191).
ILC3s are also an important source of GM-CSF, a key regulator

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 805


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Castro-Dopico and Clatworthy

IgG/FcyR in the Gut

of tissue immunity. In complementary studies, ILC3-derived
GM-CSF was shown to orchestrate monocyte and granulocyte
recruitment to the inflamed large intestinal lamina propria in
anti-CD40 and H. hepaticus models of colitis (192-194).

FcyR expression has not been extensively investigated in
ILCs. Their cytotoxic counterparts, NK cells, express activating
FcyRIIC and FcyRIITA in humans, and FcyRIII in mice, but not
FcyRIIB (195, 196). FcyR signaling on NK cells stimulates the
targeted release of cytotoxic molecules to kill opsonized cells, a
process known as antibody-dependent cell-mediated cytotoxicity
(ADCCQ), as well as IFNy and TNF-a release (197, 198). Several
lines of evidence suggest that FcyR signaling may impact ILC
function, either directly or indirectly. Firstly, FcyR signaling on
MNPs may drive ILC3 activation through the production of type
17-inducing cytokines, such as IL-1p and TL1A (129, 199, 200).
Secondly, FcyRIII expression has been identified in murine ILC3s
in global transcriptomic studies (201, 202). Therefore, FcyR
expression may be a common feature of cytotoxic and helper
ILC subsets.

INTESTINAL IgG IN HEALTH AND
PATHOGEN DEFENSE

Neonatal Immunity

The acquisition of maternally-derived secretory antibodies
in utero and through breast milk provides neonates with an
important source of immunity prior to the development of the
host immune system (203). Mucosal pathogens are a major cause
of death in children below the age of 5, with epidemiological data
indicating that breastfeeding confers a 20-fold reduction in infant
mortality from diarrhea. In this setting, maternally-derived IgG
plays a key role in the maintenance of mutualism between the
neonate and microbiome, tolerance toward innocuous dietary
and environmental antigens, and systemic protection from
pathogenic challenge (5-8, 204, 205).

Koch et al. demonstrated that in the absence of intestinal
FcRn-mediated IgG uptake, neonates exhibited enhanced
bacterial translocation to the MLN and compensatory mucosal
inflammatory responses, most prominently exacerbated T
follicular helper responses and germinal center B cell activation
(Figure 4) (7). This response was subsequently superseded
by de novo anti-microbial IgG generation after weaning.
Similarly, maternally-derived intestinal IgG was demonstrated
to mediate protection against Heligmosomoides polygyrus, both
through luminal delivery via milk and FcRn-mediated epithelial
transport from the circulation (206). In a model of commensal
colonization, Macpherson and colleagues further demonstrated
the requirement for maternal IgG antibodies in the development
of tissue-resident immune cells in neonates. Neonatal expansion
of small intestinal NKp46™ ILC3s and IL-22-dependent genes,
such as REGIIIy, was IgG-dependent, driven by the retention and
subsequent transfer of microbe-derived metabolites to offspring
as immune complexes (5) (Figure 4). Strikingly, this included
ligands for AHR, a key transcription factor mediating ILC3
development (178, 207). Consequently, offspring to colonized

dams were better able to control intestinal microbial challenge
and suppress systemic dissemination of bacteria.

Beyond microbial recognition, intestinal IgG plays a key role
in tolerance to innocuous antigens. In a recent elegant study,
Ohsaki et al. demonstrated that epicutaneous sensitization of
pregnant mothers with model allergens resulted in suppressed
allergic responses in offspring subsequently challenged with the
same antigen (8). Lower allergen-specific IgE titres, impaired
mucosal and systemic Th2 activation, and reduced anaphylaxis
was attributed to intestinal FcRn-mediated allergen:IgG immune
complex uptake and presentation within MLNs by tolerogenic
DCs which, in turn, induced protective mucosal Tregs. Indeed,
given the roles for FcyR signaling in DC activation, this suggests
IgG-mediated trafficking and presentation may be a common
mechanism of immune complex-mediated immune responses
in DCs across tissues (148). Whether similar mechanisms
exist for the induction of microbe-induced Tregs remains to
be established. Furthermore, how DC presentation of IgG-
opsonized antigens may be altered during mucosal inflammation,
and whether this induces pro-inflammatory T cell responses that
promote microbial elimination has yet to be explored.

Intestinal and Systemic Infection

In healthy adult mice, microbe-specific IgG is largely excluded
from the intestinal lumen, suggesting that its major site of action
is in the intestinal wall, where it combats invasive microbial
species, and in protection from systemic challenges. For example,
IgG responses induced by gram negative bacterial antigens have
been demonstrated to confer FcyR-mediated protection against
systemic E. coli and Salmonella challenge (205). Indeed, murine
IgG2b is known to effectively engage FcyRs and complement
receptors, suggesting a role in the activation of mucosal
phagocytes (208). A striking aspect of this response is its inherent
flexibility, tuneable to fluctuations in microbial loads and to
genetically-determined variation in the strength of the mucosal
innate immune system. For example, defective TLR signaling
or oxidative burst production augments gut T cell-dependent
microbial IgG titres that act to preserve mutualism in vivo (204).
Therefore, IgG-mediated anti-commensal responses represent
an essential and plastic mechanism required to maintain host-
microbe mutualism and mediate protection from systemic
pathogen spread.

The context of antigen delivery to GALT is a critical
determinant of subsequent humoral immune responses. Antigen
presentation in inflamed or infected mucosae, or from high
antigenic loads, induces potent antibody responses due to
alterations in adjuvant-derived signals, leading to high-avidity T
cell-dependent antibodies that contribute to specific elimination
of the inductive bacterial species (90, 209). As well as being
induced continuously in GALT largely independently of T cells,
de novo T cell-dependent IgG has been identified in models of
intestinal infection, where it has been shown to make essential
contributions to sterilizing immunity.

In murine models, B cells are required for clearance of
C. rodentium, although this was independent of secretory
IgA and IgM (102). Although initial disease activity and
bacterial containment was equivalent between B cell-sufficient

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 805


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Castro-Dopico and Clatworthy IgG/FcyR in the Gut

Antigen/allergen Opsonized
immune complexes microbes
~ L - 4
1-5—\ Maternal IgG
Y L in breast milk

A

WA TN\;\ VWA “WN V {\/\/\]\’\(\}\/\/\‘"\\(\\“/\/\/\“'\n:/\/‘_/\“‘l\’\]\/\_"\\(\'\"\f\/\‘\!\j\/\’\/\W\/\’V\!\l\/\,’\/‘“ AN
1 . 1
{ FcRn-mediated | | ‘
! intestinal transport :
N N N 8 B ¥v¥ A X R R R 7* » » B ,L,‘\ »w v W W B )

¢ FcRn-mediated
placental transport

19G1/2 (humans)

IgG2b/3 (mice De novo I9G
MUGCU(;I-SA ’ ( N ) production
A CIRCULATION
Tolerogenic DC NKp46* Opsonized commensals i~~~ LT
g ILC3s and enteropathogens Pathogen

FcRn-dependent IgG-mediated FcyR-mediated microbe Systemic pathogen
antigen presentation  transfer of microbial elimination pRIEGHoN
¢ products and SCFAs l _____________________________

Allergen-specific

Endogenous B cell induction
Treg

Tissue destruction

AHR activation
IL-22

FIGURE 4 | IgG in intestinal homeostasis. FcRn-mediated placental and epithelial transport contributes to the neonatal anti-microbial IgG repertoire in early life,
mediating protection against opportunistic mucosal invasion. Maternally-derived IgG contributes to protection from allergic responses through FcRn-mediated antigen
presentation by DCs to T cells for regulatory T cell induction. IgG-mediated transfer of microbial molecules, such as SCFAs, also supports appropriate immune cell
development. In adult humans and mice, anti-microbial IgG is generated throughout life in GALT, contributing to systemic protection from infection through
engagement of FcyRs on myeloid cells. In humans, FcRn is continuously expressed within the intestinal epithelium, allowing for bidirectional trafficking of IgG and
immune complexes between the intestinal lumen and lamina propria for antigen delivery to local FcyR-expressing myeloid cells. SCFA, short-chain fatty acids; ILC3,
group 3 innate lymphoid cell; FcRn, neonatal Fc receptor; AHR, aryl hydrocarbon receptor.
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mice exhibited enhanced mucosal inflammation and severe crypt ~ role for T cell-dependent antibody responses (211). Adequate
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infection control. Disease susceptibility was rescued only by  mediated bacterial sensing within the intestinal epithelium.
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recruitment (212). Monocyte-derived IL-12 was required for
induction of Thl cells (213), with IFNy being an effective
driver of IgG class-switching (214, 215), suggesting a possible
mechanism for this effect. As well as complement-fixing activity
(216), the contribution of FcyRs to IgG-mediated protection in
this model was investigated using Fc receptor common gamma
chain (FcRy)-deficient mice, which lack productive signaling
from activating FcyRs (217). FcRy-deficient mice phenocopy
B cell-deficient mice, succumbing more rapidly to infection,
with increased bacterial burden and mucosal inflammation. In
the absence of FcyR signaling, MNP-mediated C. rodentium
phagocytosis, cellular maturation, and inflammatory cytokine
production was impaired, as was antigen presentation to T cells.
In an elegant study, Kamada et al. demonstrated the specific
targeting of virulence factors on invasive strains of C. rodentium
by mucosal IgG, consistent with their ability to adhere to the
intestinal epithelium and elicit inflammation (6). In contrast,
non-virulent strains and commensals residing predominantly
within the lumen remained untargeted. Both MNPs and
neutrophils are required for FcyR-mediated protection, with
neutrophils shown to directly access opsonized bacteria within
the intestinal lumen (6). Furthermore, more recent work from
Caballero-Flores et al. has demonstrated that this IgG-mediated
protection against C. rodentium can be vertically transmitted to
offspring via breast milk (218).

In humans, FcRn expression is not limited to a brief
developmental window, allowing the entry and retrieval of IgG
from the intestinal lumen throughout health and disease. The
importance of this was demonstrated in transgenic murine
experiments with forced expression of human FcRn in murine
IECs (26). This bidirectional transport allowed the secretion
of IgG into the lumen, the subsequent uptake of opsonized
bacteria, and the induction of local antigen-specific CD4%"
T cell responses required for clearance. Therefore, cross-talk
between CD4™" T cells and IgG-expressing B cells appears to
be required for effective intestinal pathogen clearance. FcRn-
mediated protection has also been demonstrated in a mouse
model of Helicobacter pylori infection, with reduced IgG levels in
gastric juice of challenged FcRn-deficient animals, with increased
bacterial penetrance and activated lymphoid follicles compared
to controls (219).

Beyond models of murine bacterial challenge, several studies
in non-human primates have also identified roles for IgG in
anti-viral mucosal immunity. Passive administration of anti-
HIV neutralizing IgG can prevent mucosal viral transmission
in rhesus macaques following oral administration (220, 221).
The Fc domain of anti-HIV broadly neutralizing antibodies
was required for anti-viral activity in vivo (222) and could be
further enhanced through Fc domain engineering to augment
Fc-mediated activating FcyR engagement (222). Fc domain
modification to increase FcRn binding also increased the serum
half-life of the antibody and enhanced mucosal tissue localization
(223). In a recent study, it was demonstrated that the site of
immunization influences the dominant protective mechanisms
of elicited Igs (224). Intramuscular vaccination induced an
IgG-dominated response, with protection correlating most
strongly with FcyR-mediated viral phagocytosis by monocytes. In

contrast, mucosal vaccination via aerosol elicited an IgA-skewed
response that correlated with neutrophil-mediated phagocytosis.
Protection via mucosal vaccination also correlated significantly
with FcyRIIA binding, suggesting that mucosal vaccine-specific
IgA and IgG may cooperate to drive neutrophil-mediated viral
clearance in vivo. Despite these differences in mechanism, both
routes were equally effective in suppressing viral infection.
Similarly, passive transfer of serum rotavirus-specific IgG has
been shown to suppress oral rotavirus infection in naive pigtailed
macaques (225).

IgG, FcyRs, AND INTESTINAL
INFLAMMATION

Inflammatory Bowel Disease

Inflammatory bowel disease is a chronic relapsing inflammatory
disorder of the GI tract that causes considerable morbidity and
is associated with an increased risk of colonic cancer (156, 226,
227). There are two main subtypes, Crohn’s disease (CD), and
UG, that differ in their clinical and pathological presentations.
CD may affect any part of the GI tract and is associated with
transmural inflammation affecting the entire mucosa and the
formation of granulomas. In contrast, in UC, lesions are localized
to the large bowel, resulting in continuous superficial mucosal
inflammation and ulceration of the intestinal wall, with micro-
abscess formation and neutrophil infiltration within the lamina
propria common.

GWA studies (GWAS) have contributed significantly toward
the understanding of the pathogenesis of IBD, with the immune
system and its interaction with the microbiome lying at the
core of disease susceptibility. Disease is driven by a genetic
predisposition to aberrant mucosal immune responses toward
the microbiota in the context of poorly-defined environmental
factors, with unique and shared genetic traits between CD and
UC (156). Furthermore, many disease-associated mechanistic
pathways in IBD are shared with other extra-intestinal diseases,
including ankylosing spondylitis and psoriasis (14, 228). A
pathway implicated by genetic studies in both UC and CD is the
IL-23/IL-17 cytokine axis (61). A SNP associated with an amino
acid substitution in the cytoplasmic domain of IL-23R conferred
significant protection against IBD. Several murine studies also
support a pathogenic role for IL-23 in the intestine, ascribed to
its ability to drive Th17-mediated inflammation (229-231). In
human studies, antibodies against the common p40 subunit of
IL-12 and IL-23 led to increased rates of clinical response in CD
compared with placebo.

More generally, innate cytokine production is dysregulated
in IBD, including TNF and IL-1f (63). This is notably reflected
in the efficacy of anti-TNF IgG monoclonal antibodies in the
treatment of human disease (156, 232). Furthermore, clinical
trials are underway for the use of Anakinra (IL-1Ra), an IL-1f
antagonist, in the treatment of severe treatment-resistant UC
(IASO trial) (233, 234). In addition to its role in mediating
neutrophil inflammatory responses (235), IL-1f has important
roles in type 17 immunity in concert with IL-23, particularly in
the expansion and maintenance of Th17 cells within inflamed
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tissues (236). Strikingly, Ghoresch et al. demonstrated that
combined stimulation of naive T cells with IL-23, IL-18, and
IL-6, in the absence of TGFf, was sufficient to induce a
pathogenic subset of Th17 cells (237), while dual IL-23 and
IL-1p stimulation has been shown to bypass the requirement
for CD28-mediated co-stimulation for the induction of human
Th17 cells (238). Despite the advances in our understanding of
how these cytokines drive T cell-mediated pathology in the gut,
therapeutic targeting of the downstream effector cytokines has
proved unsuccessful, or even detrimental, in the treatment of
IBD, as observed with monoclonal antibodies targeting IFNy or
IL-17A (63).

De novo 1gG generation has long been associated with
chronic intestinal inflammation in IBD patients (9, 10, 98,
239) (Figure5). IBD-associated IgG appears to be directed
against components of the commensal microbiome, particularly
flagellin (11, 239). A significant proportion of UC patients
also develop of auto-antibodies. Perinuclear anti-neutrophil
cytoplasmic antibodies (pANCA) are observed in two thirds of
UC patients (240-242), while antibodies against colonic goblet
cells have been observed in some subjects (243). CXCR4™ IgG
plasmablasts have been described in the inflamed colonic mucosa
of patients with IBD (200), suggesting local IgG production.
However, despite these reports, a systematic characterization of
the IBD-associated IgG repertoire and the identification of the
cellular mechanisms by which IgG might contribute to IBD
pathogenesis has been lacking.

Genetic studies in IBD support the thesis that IgG play a role
in UC pathogenesis (Figure 5). A variant of FcyRIIA was initially
associated with protection from UC in a Japanese case control
study (13), and this was confirmed in a metanalysis of GWAS
that included data from more than 70,000 patients. The FcyRIIA
variant encodes a histidine or arginine at position 131 (H/R131)
within the second Ig-like domain, resulting in variable ligand
affinity (244, 245), with reduced binding affinity for IgG1 and
IgG2 in the R131 variant receptor compared to the H131 receptor
(31, 246), the major IgG isotypes detected in the human gut
(10). In UC, homozygous R/R131 individuals are protected from
disease (odds ratio = 0.63; P = 1.56 x 107!2) (13), suggesting
that IgG plays a pathogenic role within the gut rather than
being merely a bystander of inflammation. Of note, the FcyRIIA
H/R131 SNP has been associated with susceptibility to a number
of other autoimmune and inflammatory conditions. For example,
the high-affinity H131 polymorphism is associated with Kawasaki
disease and systemic vasculitis (247).

To further investigate the role of IgG in UC, we first assessed
the extent to the fecal microbes were opsonized by IgA or
IgG. In contrast to household controls, where <10% of luminal
bacteria were bound by IgG, up to 80% of commensal microbes
were IgG-opsonized in UC patients (248). In support of local
production of this anti-commensal IgG, we found a marked
increase in both heavy chain Ig gene transcripts within UC
mucosal biopsies, as well as enrichment of several FcyR gene
transcripts and associated signaling pathways. To investigate
the pathological significant of these observations, we used
dextran sodium sulfate (DSS)-induced colitis to interrogate the
impact of IgG and FcyR cross-linking of intestinal inflammation.

Kobayashi et al. previously demonstrated that exposure to DSS
leads to de novo production of anti-flagellin IgG, a dominant IgG-
targeted antigen in human IBD (249). We confirmed this and
demonstrated a more widespread IgG response against multiple
bacterial species, including both commensals and pathobionts.
This was driven in part by the de novo emergence of IgG-
producing B cells and plasma cells within the colonic mucosa
and GALT, in line with previous observations (9, 98, 200).
Immune cell profiling identified CX3CR1"T monocytes and
macrophages as the major FcyR-expressing colonic cell types,
including expression of the risk receptor FcyRIIA in humans.
Furthermore, these cell subsets represent the dominant source of
IL-1B production, one of the dominant inflammatory cytokines
in human and murine colitis. Passive transfer of anti-flagellin IgG
was sufficient to augment pro-IL-1p expression by colonic MNPs
in mice exposed to DSS and enhance disease severity in a manner
analogous to experiments by Kobayashi et al., whereby naive
mice exposed to anti-flagellin IgG exhibited enhanced weight loss
and pathology scores. To assess the contribution of MNP FcyR
signaling to this disease augmentation, we made use of transgenic
mice with different FcyR A:I ratio through manipulation of
the inhibitory receptor, FcyRIIB. Fcgr2b™/~ mice exhibited
elevated MNP pro-IL-1f expression both in vitro and in vivo,
leading to exacerbated colonic type 17 T cell responses, and
impaired recovery from DSS exposure, effects mitigated by IL-
18 blockade. In contrast, macrophage-intrinsic FcyRIIB over-
expression imparted protection to DSS-induced colitis over
non-transgenic littermate controls, demonstrating that MNP-
intrinsic FcyR signal strength determines the magnitude of
intestinal inflammation.

Our demonstration of the cellular and molecular mechanisms
by which IgG-commensal immune complexes might drive
inflammation in UC raise several additional questions. Genetic
susceptibility studies in IBD to date have focused on FCGR2A,
but variants in other FcyRs, particularly FCGR2B, may be of
relevance to disease pathogenesis. For example, FcyRIIB-T232
(rs1050501) results in an isoleucine-to-threonine substitution
in the receptor transmembrane domain of the receptor
leading to exclusion of the receptor from sphingolipid rafts
(250-252). FcyRIIB-T232 is associated with susceptibility to
SLE (253, 254), and at a cellular level, with exacerbated
pro-inflammatory responses to IgG immune complexes in
macrophages and DCs (255). Conversely, the FcyRIIB-T232
genotype is associated with enhanced protection against some
infections, including malaria (254). The activating FcyRIIIA-
V158 variant, encoding a valine rather than a phenylalanine at
position 158, exhibits enhanced affinity for all IgG subclasses
(31) and is associated with susceptibility to rheumatoid
arthritis (256, 257) and immune-mediated thrombocytopenic
purpura. These SNPs in inhibitory FcyRIIB and activating
FcyRIIIA have profound effects on IgG-mediated inflammation,
and certainly have the potential to influence susceptibility
to, or progression of, intestinal inflammatory disease. A
comprehensive genetic profiling of FCGR polymorphisms in
IBD will be required to address this question, but has
previously been technically challenging due to the sequence
similarity between the FcyR genes (that have arisen by
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FIGURE 5 | Involvement of IgG in intestinal inflammation. (A) There are multiple lines of evidence for the involvement of IgG and FcyR signaling in the pathogenesis in
IBD. In genetic studies, the low-affinity FcyRIIA-R131 variant is associated with protection from UC in several independent cohorts. Systemic and local induction of de
novo anti-commensal IgG and auto-antibodies, such as pANCA, is observed in human IBD, while IgG* plasma cells and FecyR-expressing cells are enriched in
mucosal biopsies from IBD patients with active disease. In murine studies, de novo IgG production is observed, and passive transfer of anti-flagellin IgG to naive
animals exacerbates DSS-induced colitis. FcyR signaling strength determines the magnitude of intestinal inflammation in this model. In humans, IgG immune complex
stimulation of intestinal LPMCs drives inflammatory cytokine production, including IL-1B. (B) IgG and FcyR in intestinal inflammation: Inflammation is characterized by
an increase in the generation of local anti-commensal IgG. These immune complexes cross-link FcyR on colonic MNP, leading to NLRP3 and ROS-dependent IL-18
production. IL-18, in turn drives Th17 immunity propagating inflammation. ROS, reactive oxygen species; MNP, mononuclear phagocyte; LPMCs, lamina propria
mononuclear cells.

gene duplication), and to the copy number variation at this  (122), reduced complement-dependent cytotoxicity (266), and
locus (258). is an essential component of IVIg. Furthermore, agalacotsylated
A further interesting question raised by our study is whether =~ IgG exhibits reduced binding to FcyRIIB (38). Taken together,
abnormalities in the IgG glycome may be present in patients  these data suggest that IgG profiles in IBD are skewed toward
with IBD, and the extent to which these may influence a pro-inflammatory phenotype, as observed in other antibody-
the pathogenicity of anti-commensal IgG. Aberrations in IgG ~ mediated autoimmune diseases (19). Strikingly, five genes
glycome have been described in several autoimmune disorders, = known to regulate IgG glycosylation show robust association
and in individuals with impaired responses to infectious  with IBD (IKZF1, LAMBI, MGAT3, IL6ST, and BACH2) (42),
agents, such as Mycobacterium tuberculosis. The development of  including genes encoding galactosyltransferases (41). Given the
widescale IgG profiling via so-called “systems serology” by Alter  association between pathological IL-23R signaling and IBD, and
and colleagues has further implicated distinct IgG glycosylation  the observation that IL-23-derived Th17 immunity promotes IgG
patterns with IgG functionality and immune reactivity in various  class-switching and inflammatory glycosyl patterns (267), these
disease settings (259-261). Increased agalactosylated IgG has  pathways may reinforce one another for the augmentation of
been observed in patients with RA and SLE, a state which  pathology in the GI tract.
favors IgG binding to activating FcyRs, as well as a reduction While the majority of studies focusing on FcyR signaling
in IgG sialylation (41, 262, 263). In IBD, abnormal patterns  in GI immunity have focused on MNP and DC biology (200,
of IgG glycosylation have also been described, with increased 217, 248, 268), relatively little is known about how FcyR
agalactosylated IgG in both UC and CD (264), and decreased  signaling in neutrophils may contribute to intestinal pathology.
IgG sialylation detectable in CD (42, 265). Sialylated IgG is  Neutrophils are massively expanded in IBD (155) and express
associated with increased binding to non-classical Fc receptors, ~ FcyRIIA and FcyRIIIB, as well as lower levels of FcyRIIB,
such as DC-SIGN (45), the induction of FcyRIIB on effector cells  making them candidates to directly promote IgG-mediated
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inflammation. Furthermore, the emergence of pANCA IgG in
two-thirds of UC patients directly implicates neutrophils in
the ongoing intestinal humoral response (240-242). Indeed,
increased FCGR3B gene copy number is associated with
susceptibility to UC, directly implicating the FcyR-neutrophil
axis in IBD (269). The mechanisms by which this axis leads to
disease susceptibility, however, remain unexplored.

IgG in Inflammation-Associated

Intestinal Cancer

IBD is associated with a significant risk of developing colorectal
cancer. Endogenous and therapeutic monoclonal antibody
responses can contribute to tumor rejection in vivo through a
variety of mechanisms, including DC-mediated T cell activation
and NK cell-mediated ADCC (270, 271). Indeed, in the gut,
anti-tumor immunity is impaired in the absence of functional
IgG responses (268). Consistent with its ability to induce cross-
presentation, FcRn-deficient DCs from the MLN of colitogenic
mice were impaired in their ability to induce IFNy production
by OT-I cells in vitro (149), while MLN CD8 T cells from FcRn-
deficient mice were equally impaired in their ability to produce
granzyme B and IFNy following ex vivo re-stimulation. In the
context of tumorigenesis, DC-specific FcRn expression protected
against the development of colorectal cancer and lung metastases
in the Apc™™"/* and DSS/azoxymethane (AOM) models via the
homeostatic mucosal activation of endogenous tumor-reactive
CDS8T cells (268). This protection was dually dependent on
cross-presentation and IgG-IC-driven IL-12 production by DCs.
In summary, FcyR-driven immune responses have the potential
to contribute to both pathological and protective inflammation
in IBD and cancer.

FcyR PATHWAYS IN THE TREATMENT OF
INTESTINAL DISEASE

Targeting FcyR Signaling in IBD

Our demonstration of the mechanism by which anti-commensal
IgG might drive intestinal inflammation in UC also has
therapeutic implications for IBD, particularly given the finding
that high levels of colonic IgG and activating FcyR receptor
transcripts are associated with resistance to TNF blockade (248).
Strategies aimed at reducing the production of pathogenic
IgG or blocking its effector function via FcyRs, including B
cell depletion, plasmapheresis, and IVIg administration, are
commonly used in several inflammatory disorders but their
application to IBD has not been studied extensively. No
randomized control trials exist for IVIg but a meta-analysis
identified a handful of case reports which indicated that IVIg can
induce a rapid improvement in steroid resistant CD (272, 273),
and there are reports of utility in UC (274). A single randomized
controlled trial exists for the anti-CD20 antibody rituximab
in UC, where the number of patients included precludes any
robust conclusions (275). In UC, of 16 patients who failed to
respond to standard therapies, half demonstrated a response at
4 weeks compared to 2 of 8 placebo-treated patients, although
this was not maintained to 12 weeks in a further half of patients.
However, this study was substantially underpowered, given that

studies examining the efficacy of anti-TNF therapies contain
hundreds of patients (234). The efficacy of rituximab in depleting
mucosal B cells in this study is unclear, given the use of CD20
expression itself to determine depletion, which may be masked
by rituximab. Rituximab leads to pan-B cell depletion, which can
exacerbate allo- and auto-immunity due to removal of regulatory
B cells (276-278) and may be a sub-optimal therapeutic strategy,
although rituximab does not appear to exacerbate UC in this
instance. Finally, the experimental design of this study does
not investigate the effect of repeated B cell depletion, which
is associated with long-term treatment response in RA (279).
Therefore, the question of whether B cell manipulation may be
of benefit in UC has not been adequately addressed.

FcRn inhibitors are currently under development for use in
autoimmune diseases, and effectively reduce serum IgG (280-
283). Given the prominent role for FcRn in the GI tract,
this may also influence IgG epithelial transport and immune
complex-mediated local T cell activation within the mucosa of
IBD patients.

As well as targeting IgG generation, therapeutic manipulation
of FcyR signaling may also prove effective in IBD. Although
small molecule SYK inhibitors were shown to be beneficial in
RA patients (284), off-target side-effects are common given the
widespread expression and function of SYK (285). Modulation
of FcyRIIB activity is central to many newer therapies.
Enforced co-localization of FcyRIIB with CD19 on B cells using
an engineered anti-CD19 monoclonal antibody successfully
suppressed humoral immunity in peripheral blood mononuclear
cell (PBMC)-engrafted SCID mice (286). Furthermore, small
preliminary studies have demonstrated efficacy of soluble human
FcyRIIB in the treatment of ITP and SLE (285). However,
a deeper understanding of the mechanisms of IgG-mediated
inflammation in the GI tract are required for the development
of sophisticated therapeutic strategies.

FcyR Influence on Therapeutic Intervention
Beyond targeting IgG-mediated inflammation therapeutically, it
is known that FcyR polymorphisms can influence the efficacy of
monoclonal antibody therapies in IBD. CD patients homozygous
for the high affinity FcyRIIIA-V158 variant demonstrated
improved biological responses (as determined by reduced
CRP), and a trend toward improved clinical responses, to
infliximab compared to FcyRIIIA-F158-bearing individuals (287,
288). NK cells and PBMCs from FcyRIIIA-V158 homozygotes
exhibited increased antibody binding and ADCC in response to
infliximab. Furthermore, FcyR-dependent effector function has
been implicated in mediating protective functions of infliximab
at least partly via its ability to form anti-inflammatory immune
complexes with trimeric TNF (289, 290). Genetic variation in
FcyRIIA can also influence responses to therapeutic monoclonal
antibodies, for example the efficacy of rituximab therapy in B-cell
lymphomas (291).

FcyR function also has a key role in the effector function of
therapeutic monoclonal antibodies in tumor immunotherapy,
including checkpoint blockade (292, 293). The specific
contributions of FcyR-mediated effector functions have been
uncovered through the generation of Fc-optimized antibodies.
FcyR-optimized anti-CD25 IgG shows improved ability to
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deplete intra-tumoral Tregs by bypassing the upregulation
of FcyRIIB by tumor-associated macrophages and c¢DCs
(292). Similarly, anti-CTLA4 IgG requires an Fc domain for
activity (294), with hIgG2 antibodies driving FcyRIIA-mediated
intra-tumoral Treg depletion in humanized mice (293).
Strikingly, FcyRIIIA co-engagement on APCs by anti-CTLA4
IgG also augmented APC-T cell interaction and promoted
pro-tumoricidal effector T cell responses (295).

These considerations extend to colorectal cancer, where
patients treated with cetuximab, a monoclonal IgG1 antibody
directed against EGFR, displayed improved survival in the
presence of the high-affinity FcyRIIA-H131 variant (296).
However, despite these advancements, a significant proportion
of patients remain unresponsive to treatment (293) and further
studies are required to determine the impact of these FcyR-
mediated effector functions in immunotherapy.

CONCLUSION

Despite the identification of IgG positive cells in colonic biopsies
more than 40 years ago by Baklien and Brandtzaeg (9) and
the subsequent confirmation of the anti-microbial specificity
of this mucosal IgG (239), research into the role of IgG
antibodies in an otherwise IgA-dominated organ system has been
relatively limited. However, the identification of FCGR2A*A519G
(rs1801274) as the most-significant non-HLA genetic variant
associated with UC in a Japanese GWAS (13), confirmed in
candidate gene studies (odds ratio 0.70-0.84) (297, 298) and in
a subsequent meta-analysis of IBD GWAS (14), has brought the
potential role of mucosal IgG in inflammation into focus.
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