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Abstract

Antibodies produced in response to a foreign antigen are characterized by polyclonality, not only
in the diverse epitopes to which their variable domains bind, but also with respect to the various
effector molecules to which their constant regions engage. Thus, the antibody’s Fc domain
mediates diverse effector activities by engaging two distinct classes of Fc-receptors (Type-1 and
Type-Il FcRs) based on the two dominant conformational states that the Fc domain may adopt.
These conformational states are regulated by the amino acid differences among antibody
subclasses and by the complex, biantennary Fc-associated A-linked glycan. The diverse
downstream pro-inflammatory, anti-inflammatory, and immunomodulatory consequences of Type-
I and Type-Il FcR engagement are discussed in the context of infectious, autoimmune, and
neoplastic disorders.

Antibodies are the key components linking the innate and adaptive branches of immunity
and are normally produced in response to a foreign antigen to mediate host protection. A
defining characteristic of the antibody response is its polyclonality; antibodies have the
capacity to target a seemingly limitless array of antigens through almost unlimited
diversification of their Fab domains by somatic recombination and mutation. However, it is
becoming increasingly clear that polyclonality of the antibody response applies as well to
the effector molecules that are engaged by the antibody-antigen complex. Thus, while Fab-
antigen interactions are crucial to the specificity of the antibody response, there is a crucial
role for the Fc domain in mediating the diverse effector properties triggered by antigen
recognition, even for processes attributed solely to Fab recognition, like toxin and virus
neutralization: 2. Specific interactions of the 1gG Fc domain with distinct receptors
expressed by diverse leukocyte cell types result in pleiotropic IgG effector functions,
including the clearance of pathogens and toxins, lysis and removal of infected or malignant
cells, modulation of the innate and adaptive branches of immunity to shape an immune
response, or initiation of anti-inflammatory pathways that actively suppress immunity3 4.

As with every aspect of the immune system, multiple layers of regulation exist to finely tune
the interaction of an 1gG Fc domain with its cognate receptors to eliminate any potential for
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self-destructive autoimmunity and uncontrolled inflammation. More specifically, the
capacity of an 1gG molecule to engage the various Fc-receptors (FCRS) is a dynamic and
tightly-regulated process that is primarily controlled by the intrinsic structure and
heterogeneity of the Fc domain of IgG. While traditionally considered to be the invariant
region of an 1gG molecule, the Fc domain displays considerable heterogeneity, arising from
the amino acid differences among the four human subclasses (IgG1, 1gG2, 1gG3 and 19gG4)
and their Gm allotypes and from the complex, biantennary A-linked glycan attached at Asn
297; a site conserved in all the different 1gG subclasses® and species examined to date. The
net result of this Fc heterogeneity translates into hundreds of different Fc structures that can
associate with any one variable region. Ultimately, this substantial structural heterogeneity
of the Fc domain allows for the extrinsic modulation of Fc conformation resulting in
selective engagement of particular classes of FcRs with distinct effector activities. Thus, for
any single Fab a diversity of Fc structures is possible, resulting in distinct effector responses
for any given antigen binding activity.

Based on the two dominant conformational states that the Fc domain can adopt two
structurally distinct sets of 1gG FcRs are now recognized, with selective capacities to engage
each of these conformational states. Type-1 Fc-receptors (Type-1 FcRs) belong to the Ig
receptor superfamily (IgSF) and are represented by the canonical FcyRs, including the
activating FcRs (FcyRlI, FcyRlla/c, and FcyRIlla/b) and the inhibitory FcR (FcyRIIb).
Each of these receptors bind Fc domains in the open conformation near the hinge-proximal
region® (Fig. 1) in a 1:1 complex. On the other hand, Type-II Fc receptors (Type-Il FcRs),
represented by the family of C-type lectin receptors (CLRs), including DC-SIGN
(homologous to SIGN-R1 in mice) and CD23, specifically bind Fc domains in the closed
conformation at the CH2-CH3 interface’ in a 2:1 complex. Given the capacity of each
receptor family to initiate distinct effector and immunomodulatory pathways, the
conformational diversity of the IgG Fc domain serves as a general strategy to shift receptor
specificity in order to actively affect different immunological outcomes.

The well-known roles of Type-I FcRs in mediating antibody-triggered inflammation, as
seen, for example, in autoimmune diseases have been extensively reviewed?: 9. 10, 11,12, 13
In this review, we discuss new observations regarding the structural heterogeneity of the IgG
Fc domain that highlight the intrinsic flexibility of this domain to adapt distinct
conformational states (open or closed) with preferential binding to either Type-1 and Type-II
FcRs. The functional consequences of the Fc domain’s interaction with these two types of
IgG FcRs as well as the molecular events that are initiated upon receptor engagement are
also discussed in the context of recent studies of infectious, autoimmune, and neoplastic
disorders. Defining the molecular and structural determinants that govern the selection of
Fc-mediated effector pathways will provide greater understanding of how antibodies
regulate an immune response, as well as inform on the development of therapeutic
antibodies with specific effector properties.
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IgG Fc domain structural heterogeneity regulates interactions with Type-I
and Type-ll FcRs

Structural determinants of IgG

IgG molecules consist of two identical pairs of polypeptide chains; each polypeptide chain is
organized into modular units of approximately 110 amino acids characterized by genetically
variable (V) or constant (C) domain sequences. These domains adopt a common tertiary
structural motif, the immunoglobulin fold (Ig-fold), which is defined by antiparallel g-sheets
stabilized by a disulfide bond and hydrophobic core interactions'4. Within the Fab domain,
the Ig-fold serves as a robust protein scaffold to accommodate highly variable loop regions
that link the strands of the B-sheets. Antigen recognition, as determined by crystal structures
of antigen-antibody complexes, involves contacts with the complementarity-determining
regions (CDRs) formed by these hyper-variable loops within the Vjgnt and Veavy
domains!®. Variation in the amino acid sequence of CDRs functions as the structural basis
for the broad repertoire of antigen-specific antibodies by providing a heterogeneous protein-
binding surface capable of interacting with diverse ligands.

In contrast to the observed sequence variability of the Fab fragment, the C-terminal constant
domains of both heavy chains (CH2 and CH3) form the Fc fragment, which assumes a
familiar horseshoe-like topology where both CH3 domains stay tightly associated and the
CH2 domains remain further apart. In the cleft between the CH2 domains lies an Fc-
conjugated carbohydrate structure that shields the hydrophobic core of the Fc from solvent
(Fig. 2a). Despite a nomenclature that traditionally emphasizes the invariant nature of the Fc,
careful analysis of structural and functional data reveals that the Fc domain also displays
considerable heterogeneity arising, in part, from differences in amino acid sequences among
multiple 1gG subclasses!®, heterogeneity in the glycan composition, as well as through
highly dynamic regions encompassing the hinge proximal surface and the flexible loops
within the 1g-fold of the CH2 domains?’. 18,

The hinge proximal region of the Fc serves as a consensus binding site for Type-1 FcRs19: 20,
Crystallographic analysis of several 1IgG1 Fc structures consistently shows the hinge
proximal region in a disordered state, though with relatively minor variability in overall CH2
domain orientation. However, rather than lacking defined structure, the hinge proximal
region and the flexible loops involved in receptor binding likely alternate between multiple
conformational states with certain conformers preferentially interacting with individual
ligands. In support of this model, Davies et al. recently solved two high-resolution structures
of human IgG4 Fc, which, when compared to previous high-resolution structures of human
IgG1 Fc, reveal unique conformational folds of the flexible loops of the CH2 domain?l.
More specifically, the FG-loop in 1gG4 flips away from the CH2 domain to prevent Pro 329
from intercalating between Trp residues in Type-I FcRs in the so-called “proline sandwich”
configuration necessary for receptor binding2. Such conformational differences correspond
to the specialized effector functions attributed to both 1gG subclasses with 1gG1
demonstrating greater ADCC activity over 1gG4 as a result of enhanced binding affinity for
activating Type-1 FCRs?2.
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Fc Glycosylation

In recent years, several studies have demonstrated that differential glycosylation of the Fc
fragment modulates the effector function of 1gG23: 24 25 establishing the Fc-associated
glycan as a critical regulatory determinant for antibody activity. The complex, bi-antennary
Fc glycan, which consists of a core heptasaccharide structure conjugated to a highly-
conserved glycosylation site at Asn 297, shows considerable heterogeneity in sugar
composition due to the variable addition of fucose, galactose, bisecting N-
acetylglucosamine, or sialic acid (Fig. 2a). Interestingly, the glycoform profile of serum IgG
varies predictably between health and disease states with autoantibodies produced during
autoimmune or inflammatory reactions preferentially lacking galactose and sialic acid
residues relative to bulk antibodies present in the steady state23: 26. 27, These differences are
observed in both mouse models of autoimmunity, such as K/BxN and MRL/lpr strains that
develop rheumatoid arthritis-like disease, as well as patient cohorts with rheumatoid
arthritis, Crohn’s disease?8, systemic lupus erythematosus?®, and other conditions.
Differential Fc-glycosylation results in altered binding affinity towards FcyRs and
complement factors, which ultimately influences the effector pathways elicited by the Fc
domain. For example, fucosylation and sialylation represent two extensively investigated Fc-
glycan modifications examined to date which reduce affinity specifically for FcyRI111a39 or
all Type-l FcRs23, respectively. Sialylation results in increased conformational flexibility of
the CH2 domain such that the conformational states that preferentially engage Type-II
receptors are more frequently sampled in the population (Ahmed A, Giddens J, Wang LX,
Bjorkman P; personal communication).

Binding to any Type-I or Type-Il FcR requires, at minimum, the presence of the core glycan
group on the Fc despite crystallographic analysis demonstrating that the glycan does not
directly interact with receptors20. This suggests that the glycan modulates receptor binding
affinity by determining the conformational state of the Fc. In support of this view, crystal
structures of aglycosylated Fc fragments typically resolve the Fc in a “closed” conformation,
where the CH2 domains collapse together to occlude the Type-I FcR binding site3L.
Consequently, aglycosylated antibodies fail to bind Type-1 FcRs and lack any effector
function /n vive®2. Thus, a key role for the Fc glycan is to stabilize the Fc in an, “open”
conformation, accessible to Type-I FcR interactions. Due to the bi-antennary construction of
the glycan, one branch (called the a1,6-arm) folds along the protein backbone of the CH2
domain making several non-covalent contacts with amino acid side chains; whereas, the
second branch (the a1,3-arm) extends into the cavity between the CH2 domains where it
interacts with the other a.1,3-arm conjugated to the opposite heavy chain (Fig. 2b). By
occupying this space, the a1,3-arms limit the inter-domain flexibility of the CH2 domains to
maintain the Fc in the appropriate “open” conformation for binding Type-I FcRs.

Crystal structures of Fc fragments yield carbohydrate branches with well-defined electron
density suggesting that protein-sugar interactions significantly restrain mobility of the Fc
glycan. However, NMR analysis indicates that the glycan arms exhibit greater motion than
previously assumed33. This suggests that modifying the Fc glycan with various sugar
moieties may not only alter protein-glycan interactions, but also influence glycan mobility as
a means of fine-tuning Fc conformation. For example, addition of terminal galactose to the
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a1,6-arm more firmly anchored this branch to the Fc protein backbone34, though an
unbound state also exists33. In contrast, the a1,3-arm remains highly dynamic with the
addition of sialic acid further increasing branch mobility. Such glycan dynamics may be a
critical parameter because the position of the glycan arms may determine the spacing
between the CH2 domains and receptor specificity.

Intrinsic Flexibility of the Fc Domain

Several groups have demonstrated that sialylation of the Fc glycan switches the /in vivo
activity of 1gG23: 35 36,37 \Whereas non-sialylated IgG stimulates pro-inflammatory
pathways upon engagement of activating Type-I FcRs, sialylated 1gG suppresses
inflammation associated with autoimmunity. We found that this change in antibody effector
properties coincides with a change in receptor binding affinity, where sialylated Fc
preferentially binds Type-11 FcRs, such as DC-SIGN and CD23, but not Type-l FcRs’: 36.
Though initially surprising, it now appears as if the reciprocal engagement of disparate
classes of receptors is a general property of antibodies. For example, like 1gG, IgE also binds
to Type-I (FceRlI) and Type-Il FcRs (CD23) resulting in either inflammatory or
immunosuppressive responses, respectively. This has been attributed to the intrinsic
flexibility of the Ce3 domain on the Fc fragment of IgE38, which in co-crystal structures
complexed to CD23 or FceRlI reveals two mutually exclusive Fc conformations: a closed
(CD23-bound) or an open (FceRI-bound) one2® 39, The CH2 domain of 1gG lacks the
intrinsic flexibility of the Ce3 domain of IgE in the absence of sialylation. However, upon
sialic acid attachment, we observe structural perturbations in the Fc associated with the
sialylated Fc fragment acquiring greater flexibility compared to the non-sialylated Fc’.
Molecular models that simulate sialylated Fc binding to DC-SIGN predict that the Fc may
adopt a closed conformation as a result of the sialylated a.1,3-arms moving out of the
internal cavity. Consistent with this model, Ahmed et al. recently solved a crystal structure
of a fully sialylated Fc preparation in which the Fc in the crystal is found in both “open” and
“closed” states (Ahmed A, Giddens J, Wang LX, Bjorkman P; personal communication).
Though the a1,3-arms are poorly resolved in this structure, an intriguing finding is that the
aromatic ring of Phe 241, which normally forms a hydrophobic stacking interaction with a
mannose residue at the base of the a1,3-arm, rotates away from the glycan (Fig. 2c).
Potentially, the rotation of Phe 241 severs its interaction with the glycan and provides a
structural link to the greater motion of a1,3-arm measured by NMR and predicted by
molecular modeling.

Fc glycosylation in disease

Regulatory mechanisms controlling Fc glycan composition are not well understood. With
respect to sialylation of the Fc glycan, numerous studies in humans demonstrate findings
consistent with strict control of ST6Gall, the glycosyltransferase responsible for terminal Fc
glycan sialylation. For example, modulation in sialylated Fc abundance on antigen-specific
1gGs following immunization suggests active regulation of ST6Gall over the course of a
vaccine response??. Further, patients with rheumatoid arthritis or Wegener’s granulomatosis
are observed to have specific modulations in abundance of sialylation on antigen-specific
1gG Fcs that correspond with the severity of clinical disease; anti-citrullinated protein
antibodies (ACPA) in rheumatoid arthritis and anti-proteinase 3 (PR3) antibodies in
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Wegener’s granulomatosis have been observed to decrease in abundance of sialylated Fc
during disease flares, whereas sialylation is elevated during periods of clinical

remission2’: 41, Whether low sialylation on Fc glycans of ACPA or PR3 antibodies plays a
role in the pathogenesis of either disease remains to be determined. These and other
observations in the literature suggest that precise regulation of ST6Gall activity (and likely
other glycosyltransferases that act on the Fc glycan) is a fundamental homeostatic process;
this remains an open area for investigation.

Immunomodulatory function of Type-l and Type-ll FCRs

Upon exposure to antigens, specific 1gGs in the peripheral repertoire or generated early in
the antibody response result in the formation of immune complexes, which, in turn,
depending on their Fc conformations, interact either with Type-1 or Type-11 FcRs on effector
cells and on B cells to modulate both humoral and innate immune processes. Balanced
positive and negative signaling through Type-I and Type-11 FcRs are essential for the
development of appropriate immune responses to soluble protein antigens or
microorganisms.

As described above, the specific composition of 1gG subclasses and Fc glycans within
immune complexes dictates the degree to which Type-I or Type-Il FcRs are engaged. The
1gG subclass distribution is regulated by both the cytokine milieu and the biochemical nature
of the antigen. Determinants of Fc glycan composition on IgGs elicited during an active
immune response are not well understood, but data suggest that antigen exposure can induce
glycan modifications on antigen-specific 1gGs and that those modifications may have a role
in shaping an ongoing antibody response3: 49: 42 profound immunomodulation through
immune complex signaling is seen in the regulation of vaccine responses, antigen
presentation by dendritic cells (DCs), B cell selection, and in the exacerbation of infection
by some pathogens; we will consider each of these processes separately.

Vaccine responses

Type-1 FcR-dependent immunomodulation through vaccination with immune complexes can
affect resulting 1gG titer and/or avidity for antigen. Activating Type-I FcRs on DCs,
follicular dendritic cells (FDCs), and macrophages are most relevant in adaptive immune
responses, and bone marrow chimera experiments have shown that DCs and macrophages
have the greatest contribution to priming antibody responses*3. Type-1 FcR expression
critically regulates T cell responses generated by immune complex-primed DCs by
influenxing DC maturation and antigen presentation*4. Signaling through the FcR y-chain
ITAM motifs matures DCs and upregulates MHC and co-stimulatory molecules, a process
required for their function as antigen presenting cells (APCs). Immune complexes have also
been demonstrated to polarize macrophages towards the M2b phenotype, which have
enhanced antigen presentation activity through increased expression of co-stimulatory
molecules®® (Fig. 3a). Signaling through the inhibitory FcyRIlb ITIM pathway regulates
IgG-dependent maturation of both DCs and macrophages; FcyRIIb-mediated inhibition can
be attenuated by the presence of Toll-like receptor (TLR) signaling in conjunction with
activating Type-I FcR signaling. Importantly, DCs that do not receive FcyRIIb inhibitory
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signaling undergo spontaneous maturation, demonstrating the critical function of this
receptor in regulating immune activation#446. 47. A level of control over immune cell
activation may also occur through inhibitory ITAM signaling, induced by low-valency
targeting of activating Type-l FCRs*8,

Antigen presentation

A well-defined consequence of activating Type-l1 FCR engagement is uptake of immune
complexes by endocytosis or phagocytosis*® 59, DCs internalize immune complexes through
Type-I FcR-mediated pathways and efficiently process and present the antigen on both MHC
class I and MHC class Il molecule in a process central to induction of adaptive cellular
immune responses (Fig. 3a). Activation of DCs and subsequent priming of both CD4* and
CD8* T cell-mediated immune responses are significantly enhanced when antigen is
internalized as immune complexes through activating Type-1 FcRs%L 5253, Signaling in cis
through the inhibitory FcyRIlb on DCs negatively regulates antigen presentation, as DCs
derived from FcyRIlb-deficient mice are more potent inducers of T cell activation both /in
vitroand in vivo** 54, Other innate effector cell types also demonstrate increased uptake of
antigens that are present as immune complexes. Type-I activating FcyR pathways on
granulocytes, monocytes, and macrophages triggers degradation of antigens in lysosomal
compartments and production of pro-inflammatory chemokines and cytokines*® %5, This
activity, as with DCs, is moderated by FcyRIIb signaling. It is important to note that
macrophage and DC subsets can differ in FCR expression patterns, a topic that has recently
been reviewed®®.

B cell selection

B cells express a single Type-1 FcR throughout development, FcyRIIb, while the Type-II
FcR, CD23, is also expressed at variable levels during B cell maturation®’: 58, FcyRIIB on B
cells is a key regulator of affinity maturation and B cell repertoire. Exclusive engagement of
FcyRIIB on B cells is pro-apoptotic; however, ligation by immune complexes of FcyRIIB in
conjunction with the B cell receptor results in attenuation of apoptotic signaling in a process
mediated by SHIP%. In this way, B cells with higher affinity for antigen are selected for
survival, while those with receptors of irrelevant specificity or low affinity are more likely to
undergo apoptosis.

In the germinal center, somatically mutated B cells with receptors of higher affinity for
antigen are selected for against immune complexes retained on a specialized stromal cell
type, the FDCs (Fig. 3b). As with B cells, FDCs express FcyRIIB and complement
receptors, both of which are involved in retention of immune complexes. This has been
shown in studies of mice with selective deficiency of FcyRIIB on either FDCs or B cells;
mice with a selective FcyRIIB deficiency on FDCs generate higher avidity antibody
responses, likely resulting from the lack of competition for B cell FcyRIIB binding8%: 61, In
contrast, when only B cells lack FcyRIIB expression, mice generate antibodies of lower
avidity, presumably due to an absence of B cell selection based on specificity/avidity of the
receptor82. Since sialylated immune complexes may also interact with CD237 on GC B cells,
it is likely that regulation of Fc glycosylation provides a means to modulate cell activation
and/or affinity maturation in a novel pathway that remains to be characterized (Fig. 3b).
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Plasma cells express little or no B cell receptor, and display elevated levels of FcyRIIB; they
are therefore subject to unopposed pro-apoptotic FcyRIIB signaling, which is likely to be
involved in the homeostasis of long-lived plasma cells. During an ongoing immune
response, immune complexes can induce FcyRIIB-dependent apoptosis in existing long-
lived plasma cells, suggesting a possible mechanism for maintaining a reservoir of relatively
consistent size that allows for addition of new cells with different antibody specificities®3: 64,

Antibody-dependent enhancement of infection and/or disease

A long appreciated, yet not fully understood immunomodulatory property of Type-l1 FcRs is
their occasional ability to mediate enhanced infection and/or clinical disease. Perhaps the
best studied example of antibody-dependent enhancement (ADE) is secondary dengue
infection, which represents a case of both increased viral infection and associated sequelae:
while primary dengue infection in humans is often asymptomatic or mild in presentation,
subsequent infection with a distinct dengue strain can cause exponentially higher viral titers
along with severe and even fatal disease5® 66. This enhanced disease phenotype during
secondary infection is thought to be caused by low avidity, cross-reactive, non-neutralizing
antibodies generated during the primary infection that mediate increased infection of
monocytes and macrophages through Type-1 FcRs (Fig. 4a). Elevated virus replication in
these cells results in a massive release of cytokines that can cause gastrointestinal
hemorrhage and vascular leakage resulting in the clinical phenotypes of dengue hemorrhagic
fever or shock syndrome®”,

An example of ADE of infection may have been present in the recent STEP HIV vaccine
trial in which pre-existing antibody against the adenovirus vector used to deliver HIV
antigens correlated significantly with increased risk of HIV infection®8. Examples of ADE
of infectious disease, not secondary to increased infection/replication, have occurred during
outbreaks of RSV or measles in humans previously vaccinated with formalin-inactivated
viral proteins and in some severe pandemic influenza virus infections. Disease enhancement
in these situations was thought to occur when immune complexes formed from non-
neutralizing 1gGs deposited in tissues, or formed with viral antigens expressed on host cells
resulting in cytotoxicity and/or complement deposition and inflammation®9: 70 71,

Why some microbes cause enhanced infection and/or clinical disease through antibody
opsonization is not well understood. Adaptation to productive replication in monocytes or
macrophages may be one determinant of cytokine-associated disease enhancement. A
second determinant might be antigenic variability due to multiple serotypes, as with dengue
viruses, or due to continuous selection of novel variants, as with influenza viruses; such
antigenic variability predisposes the host to generation of cross-reactive, non-neutralizing
antibodies that may mediate enhanced uptake and infection through FcRs or, in rare
circumstances, may form insoluble immune complexes that cause disease secondary to
Type-I FcR engagement and inflammation or direct cytotoxicity.
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Type-l Fc-receptors regulate the function of anti-viral, anti-tumor, and

immunomodulatory antibodies in vivo

Type-I FcRs play crucial roles during humoral immune responses against foreign pathogens
or epitopes expressed by malignant cells during tumor immunity. IgG antibodies serve to
bridge the target, which recognized by the antibody’s Fab region, and the activating Type-I
FcRs that are expressed by NK cells, monocytes, macrophages, and other innate immune
effector cells that mediate the antibody’s activity. Upon activating Type-I FcR crosslinking
and ITAM phosphorylation, effector cells mediate cytotoxicity through the release of
cytokines, or are activated to induce phagocytosis of the opsonized target3. Here, we discuss
the roles of Type-I FcRs during the effects carried out by anti-viral, anti-tumor, and
immunomodulatory antibodies /n vivo.

Type-l FcRs during immunity against infectious disease

Type-l FcRs

The important function that Type-I activating FcRs play during immune responses is
exemplified by antibodies that engage antigens expressed by various infectious agents.
While in some instances results from /n vitro viral neutralization assays correlate with /n
vivo protection by a neutralizing antibody, other times the /7 vivo protective capabilities of
an antibody are significantly greater than their /n vitro effects. This disparity can be
explained by the protective contributions FCR-expressing effector cells. Thus, in influenza,
interactions between anti-HA antibodies and activating Type-1 FcRs have been implicated
during /n vivo protection from influenza virus infections by antibodies targeting antigens
including the viral M2 protein2 or HAZ 73, While dispensible for in vitro neutralization, Fc-
FcR interactions are required for /n vivo protection mediated by broadly-neutralizing anti-
influenza antibodies directed at the HA stalk domain2. /n vivo protection required Fc-FcR
interactions after viral entry into target cells, suggesting that effector cells mediated ADCC
of infected cells expressing HA on their surface. Similarly, anti-HIV neutralizing antibodies
mutated to abrogate Type-1 FCR engagement showed an impaired ability to protect macaques
from SHIV infection’4, suggesting that HIV antibodies also recruit FcR-mediated effector
function to mediate their activity /n vivo. Further, in vivo protection from Bacillus anthracis
infection by anti-protective antigen antibodies absolutely requires activating Type-I FcR
engagement: 75, Anti-pathogen antibodies can even be Fc-engineered to enhance
interactions with activating Type-1 FcRs to augment their protective abilities /7 vivol 2. In
each of these models, FcR-expressing effector cells may function at one or both of two
stages: the phagocytosis/cytotoxicity of the antibody-coated pathogen itself, or the
phagocytosis/cytotoxicity of infected cells (Fig. 4b). Thus, multiple classes of pathogen-
specific antibodies interact with Type-I activating FcRs on innate effector cells in order to
mediate their /n vivo protective effects.

recruited by anti-tumor antibodies

Numerous therapeutic antibodies against tumor-specific antigens are currently being
investigated or used in the clinical setting, including those that directly induce cell death,
block survival signals, neutralize growth-supporting ligands, or directly engage Type-I FcR-
expressing effector cells. Rituximab, the first therapeutic monoclonal antibody approved for

Nat Immunol. Author manuscript; available in PMC 2020 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pincetic et al.

Page 10

the treatment of cancer, is widely used to treat different classes of CD20* lymphomas and
leukemias. The mechanism of rituximab has been intensively investigated, and while the
induction of apoptosis and activation of the complement cascade have been proposed as
possible modes of action, the recruitment of FcR* effector cells dominates /in vivo’® (Fig.
4b). Thus, human FcyRIla and FcyRIlla functional polymorphisms correlate with efficacy
of CD20™ cell depletion in lymphoma and autoimmune disease’’: 8. Animal studies using
various murine models have clearly demonstrated that anti-CD20 antibodies absolutely
require interactions with activating Type-l FcRs expressed by monocytes/macrophages for
the depletion of CD20* cells’® 80, A similar mechanism governs the function anti-
HER2/neu antibody (Trastuzumab), since the human FcyRIlla V158F polymorphism that
affects receptor affinity for 1gG1 correlate with antibody efficacy®' 82 and Jn vivo animal
models require activating FcyR expression to prevent HER2* tumor growth’®. FcyRlla
and /FcyRllla alleles are also predictive of efficacy during anti-EGFR antibody (Cetuximab)
therapy of colorectal cancer83. Further, modulating the ability of antibodies to engage
activating versus inhibitory Type-l FcRs on effector cells, either through genetic deletion of
the inhibitory FcyRIlb or Fc-engineering the 1gG Fc to selectively engage activating Type-I
FcRs, modulates the cytotoxic potential of anti-tumor antibodies for increased ADCC and
tumor clearance’®: 84, A striking example of this importance of Type-l FCR engagement by
anti-tumor antibodies is provided by the recently approved anti-CD20 mAb enhanced for
FcRIIIA binding (Obinutuzumab) that extends survival by a year in CLL patients when
directly compared to an unmodified anti-CD20 antibody (Rituximab)8®. Thus, numerous
anti-tumor antibodies require interactions with activating Type-1 FcRs on innate effector
cells to activate ADCC and mediate their therapeutic effects on malignant cells.
Optimization of this pathway is thus critical to the clinical efficacy of this broad class of
therapeutics.

Type-l Fc-receptor engagement for optimal anti-tumor activity of immunomodulatory

antibodies

Antibodies targeting immune regulatory receptors, such as T cell checkpoints or APC
maturation signals, have received intense interest from the cancer immunotherapy field. In
order to enhance an anti-tumor immune response, immunomodulatory antibodies targeting
cell-surface immune receptors can act as agonists or antagonists to either stimulate or block,
respectively, a target antigen resulting in enhanced T cell-mediated responses. Since these
antibodies modulate the signaling pathways triggered by their targets, it was generally
accepted that they would act without the need of effector function or to engage FcR-
expressing cells. However, the surprising contribution of different members of the Type-I
FcR family to the activities of immunomodulatory antibodies has recently been described.

Interactions with the inhibitory FcyRIIB is required for the agonistic activity of antibodies
targeting different members of the TNFR superfamily. For example, an absolute requirement
for FcyRIIb has been described for the /n vivo immunostimulatory and anti-tumor activities
of agonistic anti-CD40 antibodies8®: 87. T cell expansion and activation induced by anti-
CDA40 antibodies were observed in mice lacking all activating Type-1 FcRs (FcerZg™~ mice)
but not in mice deficient for FcyRIlb (Fcgr2b™7). Moreover, dramatically enhanced anti-
tumor responses mediated by CD8* T cells were observed using anti-CD40 IgG antibodies
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that were Fc-engineered to augment interactions with FcyR11086: 87, Studies using
antibodies targeting other members of the TNFR superfamily have described a general
requirement for FcryRIIb engagement by this class of agonistic antibodies. Animal models
using FcR-deficient mice or comparing Fc variants with distinct FcR-binding capabilities
were used to demonstrate that toxicity triggered by agonistic anti-Fas and anti-death receptor
DR4 and DR5 antibodies show a common requirement for FcyRIIb co-engagement for their
optimal therapeutic effects88: 89 90. 91 The general mechanistic basis for these anti-TNFR
therapeutics has recently been described®2. First, the agonistic antibodies function in trans
(i.e., engage FcyRIlb on a distinct cell other than the antibody-bound target cell). Second,
this trans co-engagement is independent of FcyRIlb downstream signaling. Third, distinct
FcyRI1b-expressing cellular populations are required for the activity of the various anti-
TNFR antibodies®2. Taken together, the Type-I inhibitory FcyRIIb acts as a scaffold to
mediate the clustering of TNFR molecules on the membrane and thereby mimic the effect of
multimeric ligands engaging these receptors (Fig. 4c).

Therapeutic immunomodulatory antibodies targeting cell-surface immunoregulatory
molecules, such as the inhibitory receptor CTLA-4, were initially thought to function solely
through antagonizing signals mediated by their targets. However, recent reports have
demonstrated a requirement for activating Type-l FcRs during the anti-tumor therapeutic
effects of anti-CTLA-4 and anti-GITR immunomodulatory antibodies®3: 94, Antibodies
against the immune checkpoint receptor CTLA-4 significantly lose their anti-tumor activity
in mice lacking activating FcRs in colon and B16 melanoma tumor models. The anti-tumor
efficacy of anti-CTLA-4 antibody was found to be associated with FcR-mediated depletion
of intratumoral (but not peripheral) regulatory T cells (Treg)%* (Fig. 4b), thereby calling into
question the common mechanistic paradigm that antagonist antibodies function by blocking
inhibitory signaling. Similarly, intratumoral Treg depletion was observed after in vivo
administration of anti-GITR antibodies in tumor models3. Both CTLA-4 and GITR are also
expressed on effector T cells (Teff), which are essential for the anti-tumor immune response.
However, the elevated expression of these immune receptors on the surface of Treg
compared to Teff and the presence of activated FcR-expressing effector cells in the tumor
microenvironment contributes to the increased Teff/Treg ratio after Treg depletion within the
tumor microenvironment, thereby leading to effective anti-tumor immunity. Ipilimumab, the
anti-CTLA-4 therapeutic being used in the clinic, has an 1gG1 Fc isotype and therefore has
the potential to engage effector cells to mediate Treg depletion, but it remains unknown
whether Treg depletion also occurs in patients treated with anti-CTLA-4. Considering the
new paradigms of Type-1 FcR requirements for the optimal activity of immunmodulatory
antibodies, the development of future antibody-based therapeutics should incorporate Fc
domains that interact specifically with the appropriate FcRs.

Both Type-l and Type-Il Fc-receptors mediate the anti-inflammatory effect of

sialylated IgG

Intravenous immunoglobulin (IVIG) consists of polyclonal IgG molecules purified from
thousands of blood donors. IVIG therapy was initially developed as a replacement therapy
for immune deficient patients with impaired antibody production capabilities. However, in
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the 1980s, Imbach and colleagues®® reported that administration of high doses of IVIG
restored platelet levels in patients suffering from immunothrombocytopenia (ITP), an
antibody-mediated autoimmune disease in which the immune system depletes platelets from
the blood. Ever since, IVIG administration has been included as an approved therapy of
many chronic autoimmune diseases, such as Guillain-Barré syndrome, Kawasaki disease,
and chronic inflammatory demyelinating polyneuropathy (CIDP).

The mode of action of IVIG has been the subject of numerous studies and reviews* 96. 97,
Three key components of the pathway triggered by IVIG infusion have been discovered to
be integral for its immunomodulatory activity in multiple systems: 1) the sialylated Fc
fraction of the immunoglobulins present in the IVIG preparation3> 98, 2) the Type-11 FcRs,
such as DC-SIGN/CD209 (SIGN-R1 in mice)36, and 3) expression of the Type-I inhibitory
FcyRI1b%. Thus, the immunoinhibitory effect of 1VIG was recapitulated in a murine model
of rheumatoid arthritis by employing an /n vitro galactosylated and sialylated recombinant
IgG-Fc fragment3. Since sialylation of the Fc glycan results in reduced affinity for Type-I
FcRs, an additional receptor triggered by this ligand must be responsible for the anti-
inflammatory activity. Mouse studies with I1VIG demonstrated that the sialylated 1gG
fraction binds to murine SIGN-R1 (the orthologue of human DC-SIGN) expressed on
regulatory macrophages, an interaction necessary for its inhibitory activity in vivo3®.
Multiple studies have also demonstrated that FcyRIIb is required for the immunoinhibitory
activity of IVIG during autoimmune disease models3® 99. 100,101 'since FcyRI1b-deficient
mice fail to respond to IVIG or sialyalted IgG-Fc treatment in K/BxN arthritis, ITP,
nephrotoxic nephritis (NTN), and epidermolysis bullosa acquisita (EBA). In addition, IVIG
has been shown to upregulate FcyRI1b expression on monocytes and B cells among
clinically responding CIDP patients'92, and functional polymorphisms of both CD209 (DC-
SIGN) and FCGRZ2B genes are associated with the clinical response to IVIG therapy among
Kawasaki disease patientst03,

A detailed mechanism of how sialylated Fc, the Type-Il FcR DC-SIGN, and the inhibitory
Type-1 FcyRI1b function in tandem to regulate inflammation was described in the K/BxN
serum-induced joint inflammation model. The engagement of Fc-sialylated 1gG by the Type
Il FcR SIGN-R1 on SIGN-R1-expressing regulatory macrophages induces the secretion of
IL-33, a potent Th2-polarizing cytokine known for its pleiotropic effects on various immune
effector cells. 1L-33 secretion subsequently signals basophils to release IL-4 at sites of
inflammation, thereby inducing increased expression of the inhibitory Type-I FcR, FcyRIIb,
on effector inflammatory monocytes (Figure 5) (7). This upregulation of FcyRIIB increases
the threshold of activation for inflammatory effector macrophages, thereby decreasing 1gG-
mediated inflammation.

New data also suggests that other sialylated 1gG-mediated mechanisms may be at play to
regulate inflammation during autoimmunity (Fig. 5). For example, IL-4 and IL-33 are not
involved in the 1VIG-dependent suppression of 1TP104. 105 This observation is consistent
with the recent finding that SIGN-R1, although crucial for IVIG activity during the
preventive treatment of ITP, was dispensable for IVIG activity during the therapy of ITP and
during the late phase in EBA and inflammatory arthritis models®°. Thus, the presence of
additional receptors for sialylated 1gG that act during the later phases of inflammation is
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likely. Sialylated 1gG also engages the Type-Il FcR, CD237. CD23 exists in two isoforms;
CD23a, which is present on mature B cells, and CD23b, which requires induction by IL-4
for expression on T cells, monocytes, Langerhans cells, eosinophils, and macrophages.
While early studies indicated that B cells are dispensable for IVIG activity, only the cytokine
production aspect of B cells was assessed. Thus, the effect of CD23 ligation by sialylated
1gG on antibody and autoantibody production by B cells, as well as the engagement of
CD23 on other innate cellular populations during autoimmunity remains to be determined.

Conclusions

1gG Fc structural diversity and conformational flexibility, controlled by the amino acid
sequence of the Fc isotypes and Fc glycan composition, are essential for regulating antibody
effector functions through differential engagement of particular members of the Type-I and
Type-1l FcR families. Thus, for any individual antibody Fab, a diversity of Fc effector
functions are possible. It is clear that antibody Fc isotype and glycosylation, and thus
effector function, are tightly regulated during immune responses and potentially
dysregulated during autoimmunity. However, the signals that dictate 1gG Fc structure and
effector function /in vivo during the development of an immune response remain poorly
understood. Antibody therapeutics for the treatment of autoimmune disorders, infectious
disease, or tumors require multiple respective effector functions and must consider not only
target specificity, but also which downstream effector functions will be required for optimal
therapeutic efficacy. Thus, optimal interactions with either activating or inhibitory Type-I
FcRs, or Type-Il FcRs must be manipulated during new vaccination strategies and
engineered into next-generation antibody therapeutics.
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Figure 1. Reciprocal engagement of Type-I and Type-l| receptorsby 1gG Fc domain.
a) The Fc domain alternates between open and closed conformations depending on the

sialylation status of the Fc glycan. Non-sialylated Fc adopts an open conformation capable
of binding Type-I receptors near the hinge-proximal surface, whereas the binding site for
Type-11 receptors remains inaccessible. Upon sialic acid conjugation, the Fc acquires a
closed conformation that occludes the Type-I receptor binding site and reveals a binding site
for Type-I1 receptors. (PDB file:3AVE, for non-sialylated Fc structure). b) Schematic and
expression profile of the human Type-1 and Type-I1 receptors known to bind the Fc domain
of 1gG. Type-I and Type-I1 receptors form part of the Ig-family and C-type lectin receptors,
respectively. Mac, macrophage; PMN, polymorphonuclear leukocytes; NK, natural killer;

FDC, follicular dendritic cell; DC, dendritic cell.
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ol,3-arm

ol.6-arm

Figure 2. Glycan-dependent modulation of Fc structure.
a) Crystal structure of Fc fragment of human IgG1 (PDB 1H3Y) depicting the orientation of

the glycan arms with respect to the CH2 domains of the two heavy chains. The interaction
between the a1,3-arms maintains the Fc in the appropriate conformation for FcyR binding.
b) The proline sandwich configuration represents a key contact point between P329 on the
Fc (red) and 2 tryptophan residues on FcyRIII (blue; PBD 1E4K). c) Side-chain interactions
of glycan residues with their respective amino acids. Individual glycan:amino acid
interactions are indicated in red. The ring structure of F241 rotates ~90° in the structure of a
sialylated Fc. d) Schematic view of the principal glycosylation structures attached to Asn
297 of the Fc. The core glycan structure within the rectangle shows the invariable
heptasaccharide group conjugated to the Fc. Sugars beyond the core are attached with
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varying frequencies. GICNAc, N-Acetylglucosamine; Fuc, Fucose; Man, Mannose; Gal,
Galactose; Sial, N-Acetylneuraminic Acid (sialic acid).
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Figure 3. Immunomodulatory functions of Type-l and Type-Il FcRs
a) Antigen presentation. Antibodies bind to soluble antigens to form immune complexes.

Recognition of immune complexes by Type-I activating FcyRs expressed on DCs results in
the engulfment of the complex by endocytosis and DC maturation, including the
upregulation of MHC costimulatory molecules. The internalized antigens are processed and
presented on MHC class | and MHC class Il molecules to CD4* and CD8* T cells, resulting
in their activation to mediate specific effector functions. b) B cell selection. Selection of B
cells with high affinity B cell receptors occurs in the germinal center. FDCs express the
inhibitory receptor FcyRIIB, which binds immune complexes and presents them to germinal
center B cells. The Type-I Fc-receptor FcyRIIB and the Type-Il Fc-receptor CD23 are also
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expressed on the cell surface of GC B cells, facilitating immune complex binding.
Preferential antigen binding by the B cell receptor results in the positive selection of the
respective B cells, enabling them to further differentiate into antibody producing plasma
cells or memory B cells. By contrast, exclusive binding of the presented immune complex
via the inhibitory FcyRIIB leads to the induction of apoptosis, thereby setting a threshold for
the selection of B cells with high affinity B cell receptors. Further, since sialylated immune
complexes may also interact with CD23 on GC B cells, regulation of Fc glycosylation may
provide a means to modulate cell activation and/or affinity maturation in an as-yet
uncharacterized novel pathway.
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Figure 4. Type-l FcR-mediated effector functions.
a) Antibody-dependent enhancement of infection and/or disease. Pre-existing sub-

neutralizing antibodies present from a primary infection (e.g., dengue) bind to viral particles
during a secondary infection with a different viral serotype. These immune complexes are
bound by Type-I activating FcyR expressed on monocytes and macrophages, mediating
increased virus uptake and replication that results in the enhancement of infection. b)
Clearance/cytotoxicity of antibody-coated pathogen, infected/neoplastic cells, or regulatory
T cells. Antibody-opsonized pathogens interact with Type-I activating FcryRs on monocytes/
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macrophages, leading to phagocytosis and clearance. Antibody-coated malignant, virally-
infected, or regulatory T cells also engage monocytes/macrophages or NK cells, resulting in
phagocytosis or cell-mediated cytotoxicity (ADCC) of the target cell. Removal of infected/
tumor cells leads to clearance of disease, while removal of regulatory T cells leads to
enhanced cellular immunity. ¢) Anti-TNFR family agonistic effect requires Type-1 FcyRIlb
expression. Anti-TNFR family antibody (e.g., anti-CD40) binds CD40 on antigen-presenting
cells. FcyRIIb™ cells bind CD40-bound antibody in #rans, thereby acting as a scaffold to
provide the clustering of TNFR molecules on the membrane to mimic the effect of
multimeric ligand engagement and activate TNFR-related pathways (CD40 signaling and
cellular activation).
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Figure5. Both Type-l and Type-ll Fc-receptors mediate the anti-inflammatory effects of IVIG
or sialylated 1gG.

Immune complexes between autoantibodies and autoantigens crosslink Type-1 activating
FcyRs promoting the activation of macrophages and inflammatory autoimmune disease.
Sialylated Fcs engage DC-SIGN/SIGN-RI* macrophages or DCs, promoting 1L-33
expression. This IL-33 signlas activated FceRI+ innate leukocytes (basophils) to produce
IL-4. IL-4, in turn, promotes upregulation of FcyRIIB on effector macrophages, thereby
increasing the activation threshold required to trigger inflammation. Alternatively, as-yet
unidentified Type-1l FcRs expressed by various cell types may also mediate the anti-
inflammatory effects of IVIG or sialylated 1gG through unidentified pathways, depending on
the type and location of the inflammation. WWW
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