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Summary

The antiviral activity of antibodies reflects the bifunctional properties of these molecules. While
the Fab domains mediate highly specific antigenic recognition to block virus entry, the Fc domain
interacts with diverse types of Fcry receptors (FcyRs) expressed on the surface of effector
leukocytes to induce the activation of distinct immunomodulatory pathways. Fc-FcyR interactions
are tightly-regulated to control IgG-mediated inflammation and immunity and are largely
determined by the structural heterogeneity of the IgG Fc domain, stemming from differences in
the primary amino acid sequence of the various subclasses, as well as the structure and
composition of the Fc-associated Atlinked glycan. Engagement of specific FcyR types on effector
leukocytes has diverse consequences that affect several aspects of innate and adaptive immunity. In
this review, we provide an overview of the complexity of FcyR-mediated pathways, discussing
their role in the /in vivo protective activity of anti-HIV-1 antibodies. We focus on recent studies on
broadly neutralizing anti-HIV-1 antibodies that revealed that Fc-FcyR interactions are required to
achieve full therapeutic activity through clearance of 1gG-opsonized virions and elimination of
HIV-infected cells. Manipulation of Fc-FcyR interactions to specifically activate distinct FcyR-
mediated pathways has the potential to affect downstream effector responses, influencing thereby
the /in vivo protective activity of anti-HIV-1 antibodies; a strategy that has already been
successfully applied to other 1gG-based therapeutics, substantially improving their clinical
efficacy.
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Introduction

For many years, antibody-based therapeutics for the prevention or treatment of infectious
diseases had been considered an ineffective therapeutic approach, with limited clinical
benefit and no significant advantages over conventional antimicrobial pharmacologic
molecules. Given the highly-specific nature of antibody-antigen interactions, antibodies
against infectious diseases were thought to provide only specific protection against a very
narrow spectrum of microbial sub-species, presenting thereby limited breadth. Indeed, with
the exception of immunoprophylaxis against anthrax and RSV infection, antibody-based
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therapies have currently limited clinical use and antimicrobial drugs represent the first and in
most cases the only choice for the prevention or treatment of viral, bacterial, and fungal
infections. However, for many infections, current pharmacologic mediators have limited
therapeutic activity, or their use is associated with systemic toxicity. In addition, the
emergence of multi-drug resistant strains poses a viable threat to public health that
necessitates the development of alternative therapeutic strategies against infectious diseases
that cannot be adequately controlled by currently available drugs or exhibit evidence for
multi-drug resistance (1).

The successful development and clinical use of numerous anti-tumor antibodies with proven
safety and therapeutic efficacy has sparked tremendous interest in the isolation and
characterization of monoclonal antibodies against infectious diseases. Indeed, over the past
decade, the systematic study of antibodies targeting primarily highly conserved epitopes on
infectious agents have led to the development of several antibody-based therapeutics with
broad and potent activity. Indeed, palivizumab and raxibacumab represent two examples of
FDA-approved antibodies for the prevention and treatment of RSV and anthrax infection,
respectively (2, 3). Additionally, ZMApp, a monoclonal antibody cocktail against Ebola
surface glycoprotein (GP) was employed as a therapeutic strategy during the 2014 Ebola
outbreak (4). Currently, over a dozen of antibodies are in clinical trials to evaluate their
activity against several infectious agents, including HIV, influenza, Ebola, rabies, and
C.difficile (2, 3, 5, 6).

Recently described antibodies against the HIV-1 envelope protein (Env) exhibit remarkable
potency and breadth against several diverse viral strains. In early phase I/l1a trials, passive
administration of broadly neutralizing anti-Env antibodies in chronically infected HIV-1
patients resulted in a significant reduction in plasma viremia, lasting for several days post-
antibody infusion (7-9). The clinical characterization of the protective activity of these
antibodies reflect the intense efforts over the past decade to systematically isolate and study
the role and function of several anti-Env antibodies with broad and potent activity (reviewed
in (10). Thanks to recent advances in hybridoma and B cell cloning technologies, these
antibodies have been isolated from a small fraction of patients, termed as “elite
neutralizers”, who exhibit sustained control of virus replication with no evidence for plasma
viremia for several years post-infection (11). Serologic analyses of these patients revealed
that these individuals develop highly mutated, affinity matured antibody responses with
broad activity against diverse, cross-clade virus isolates (11). In pre-clinical animal disease
models, passive administration of these broadly neutralizing anti-Env antibodies confers
sterilizing immunity against SHIV challenge in macaques and HIV-1 infection in humanized
mouse models (12-15). Likewise, these antibodies have the capacity to suppress plasma
viremia in humanized mice and non-human primates with established infection, indicative of
their activity to effectively control virus replication and confer therapeutic potency (16-19).

Compared to pharmacologic compounds, whose activity is typically the result of directly
blocking the function of a receptor or enzyme, antibodies are bifunctional molecules with
the capacity to simultaneously engage a diverse array of effector functions to confer full
therapeutic activity 7/n vivo. While the Fab domain of IgG antibodies mediates highly
specific interactions with the antigen, potent IgG activity is the result of the synergistic
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function of the Fab and Fc domains. Indeed, the presence of the Fc domain in the 19gG
structure is imperative to maintain 1gG at a conformation permissive for bivalent binding of
the two Fab domains to the antigen, increasing thereby the avidity of the Fab-antigen
interactions. Additionally, interactions of the Fc domain with specialized recycling receptors
(FcRn) account for the unusually long serum half-life of 1gG (up to 3 weeks in humans).
This highly-conserved system represents a homeostatic mechanism that effectively regulates
the circulating levels of 1gG, along with other proteins, like aloumin. Loss or deletion of the
Fc domain readily impacts 1gG avidity for the antigen and dramatically reduces /in vivo
stability and half-life.

Additionally, the Fc domain of IgG has the capacity to interact with diverse types of
receptors (FcyRs) expressed on the surface of effector leukocytes. Engagement of each of
these receptors by the Fc domain of IgG stimulates distinct immunomodulatory signaling
pathways that regulate the activity of effector functions with significant consequences for
immunity and inflammation. In this article, we will provide an overview of the FcyR
structural and functional characteristics, highlighting the role of Fc-FcyRs in driving
effector responses and mediating /n vivo protection. We will present recent evidence on the
role of Fc effector activity of broadly neutralizing anti-Env antibodies and discuss these data
in relation to clinical data from the use of other IgG-based therapeutic molecules.

FcyR types and activity

FcyRs are broadly divided into main types: typel and I that are distinguished based on
their structural characteristics and their capacity to interact with the two main
conformational states of the IgG Fc domain (Figure 1).

Type | FcyR Family

Type | FcyRs belong to the immunoglobulin (1g) superfamily of immunoreceptors, as their
extracellular domain is comprised of two (or three for FcyRI) Ig domains (20, 21)(Figure
1A). These domains mediate 1gG binding through interactions with the hinge-CH2 interface
in a 1:1 stoichiometric complex (22, 23). In humans, type | FcyRs are encoded by eight
different genes, each with multiple transcriptional isoforms. With the exception of the high
affinity FcyRlI, all FcyR genes are mapped at a common locus located at 1¢23 (24, 25). This
locus is highly conserved among mammalian species and emerged very early in mammalian
evolutionary history. Despite the high degree of homology between mammalian species,
sequential non-homologous recombination events followed by gain-of-function mutations
late in human and chimpanzee divergence from the common non-human primate ancestor,
generated additional type | FcyR-encoding genes that are uniquely found in humans and
chimpanzees, but not in other non-human primates, like rhesus macaques. These genes
include FCGR2C and FCGR3B, which encode FcyRIlc and FcyRIlIb, respectively.
FcyRllc sequence analysis indicates that FCGRZ2C gene is the result of a non-homologous
recombination event that created a chimeric receptor, which comprises the extracellular
domain of FcyRIlb, whereas the transmembrane and intracellular domains have originated
from the FCGR2A gene. Likewise, FCGR3B gene resulted from gene duplication of
FCGR3A followed by a point mutation (Phe203Ser) at the membrane proximal region of the
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extracellular domain of FcyRIIIb that created a post-translational modification signal
sequence that processes FcyRI1Ib as GPI-anchored protein (26).

Type | FcyRs are classified into activating or inhibitory based on their capacity to transduce
immunostimulatory or immunosuppressive signals following receptor engagement by 1gG
immune complexes and crosslinking (27, 28). Activating type | FcyRs follow a distinct
pattern of signaling cascades that are initiated following 1gG-FcyR interactions through the
presence of intracellular immunoreceptor tyrosine-based activation motifs (ITAMs). These
motifs are located in the receptor a chain or in the associated FCR -y-chain (or € chain) and
become phosphorylated upon binding of multimeric IgG immune complexes to activating
FcyRs (29-31). Indeed, Fc-FcyR interactions trigger the phosphorylation of the ITAM
tyrosine residues, which in turn induces the subsequent activation of a number of
cytoplasmic tyrosine kinases of the Src and Syk family of kinases (26, 29, 32—36). Src and
Syk kinase activation sequentially activates the PI3K-PKC pathway, leading to Ca2*
mobilization and cellular activation (37-40). Additionally, MEK and MAP family kinases
become activated, leading to the transcription of pro-inflammatory cytokines and
chemokines with effects on cellular survival and differentiation (38, 41, 42). In humans,
activating type | FcyRs comprise FcyRI, FcyRlla/c and FcyRIlla. Whereas FcyRI1 and
FcyRIlla require the FCR -y-chain for expression, assembly to the cell membrane, and
signaling (43-45), FcyRlla and FcyRIIc exhibit an ITAM domain at the intracellular region,
and are therefore capable of signal transduction upon receptor engagement, without relying
on FcR y-chain for expression and function.

FcyRI is the only high affinity FcyR and is capable of binding monomeric IgG with high
affinity (Kp 1079-10710 for human IgG1); a property attributed to FcyRI unique structure. In
contrast to other type | FcyRs, FcyRI consists of three Ig domains at the extracellular, 19gG
binding region. The presence of this third domain acts as a spacer for the Fab domain during
Fc-FcyR interactions, greatly enhancing the binding strength of these interactions (46).
Under steady-state conditions, FcyRI is ubiquitously expressed by monocytes and
macrophages; however, several pro-inflammatory cytokines, predominantly interferon-y and
to a lesser extent granulocyte-colony stimulating factor (G-CSF), interferon-a. and
interleukin-12 have the capacity to stimulate FcryRI expression in several myeloid
leukocytes, including neutrophils, eosinophils, and dendritic cells (47, 48). In contrast to
FcyRI, FcyRIl and FcyRINI represent low affinity 1gG receptors that are incapable of
binding monomeric IgG, exhibiting low affinity for IgG (Kp for human 1gG1: 107°-1077).
Despite their low affinity for monomeric 1gG, these FcyRs can be engaged by 1gG immune
complexes through multimeric, high avidity interactions (49). This property represents a key
homeostatic mechanism to ensures that FcyR crosslinking and downstream signaling can
only be accomplished by IgG immune complexes that are generated during an immune
response, but not by monomeric IgG under physiological conditions, preventing thereby
inappropriate or excessive activation of FcyR pathways. Both FcyRIla and FcyRllc
encompass ITAM domains at their cytoplasmic tail and are therefore capable of transducing
immunostimulatory signals upon receptor crosslinking by 1gG complexes. Despite this
similarity, these FcyRs follow a unique pattern of expression among the various leukocyte
populations. Whereas FcyRIlc expression is restricted to NK cells, FcyRlIla is widely
expressed by the majority of myeloid cell populations, including neutrophils, monocytes,
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eosinophils, dendritic cells, macrophages, and platelets (20, 24, 25). Lastly, FcyRlIlla, an
activating FcyR that is expressed by macrophages, NK cells and a subset of monocytes,
associates with the FcR -y (and/or C in NK cells)-chain for expression and signaling (26, 44,
50).

The signaling function of activating FcyRs is directly antagonized by FcyRIIb, the only
inhibitory FcyR. In contrast to activating FcyRs, FcyRIIb is characterized by the presence
of an immunoreceptor tyrosine-based inhibitory motif (ITIM) at the intracellular domain.
Following receptor aggregation, crosslinking of ITIMs and phosphorylation by Src family
kinases trigger the recruitment of SHIP and SHP2 phosphates (51-53). Such phosphatases
induce the hydrolysis of phosphatidylinositol 3,4,5-triphosphate to phosphatidylinositol 4,5-
biphosphate, inhibiting thereby the recruitment and activation of PLC-y and BTK (51, 54,
55). These intracellular signals counterbalance any immunostimulatory signals mediated
through activating FcyR engagement, effectively limiting cellular activation and effector
responses. FcyRIIb is widely expressed by several leukocyte types of the lymphoid and
myeloid lineage, and it is processed as two splicing variants (FcyRI1bl and FcyRI1b2) that
differ in their capacity for internalization following receptor crosslinking (56, 57). Lastly,
contrary to activating or inhibitory type | FcyRs, FcyRIlIb represents the sole FcyR that is
incapable of transducing activating or inhibitory signals upon engagement, as it lacks any
intracellular signaling motifs. However, FcyRI11b has the capacity -though limited- to
mediate signal transduction by associating and acting synergistically with other receptors,
such as FcyRlla and complement receptors or signaling subunits, like FCR y-chain or C-
chain (58). FcyRII1b expression is restricted to neutrophil granulocytes, and can be induced
under certain conditions (IFN-y) in eosinophils (30, 59).

Type Il FcyR Family

A characteristic common to all type Il FcyRs is their structure and their capacity to engage
the 1gG Fc domain in a conformation (‘closed’) that is not permissive for type | FcyR
binding (Figure 1B). In contrast to type | FcyRs, type 1l FcyRs mediate binding at the CH2-
CH3 interface in a 2:1 complex (receptor:1gG)(30, 60, 61) and belong to the C-type lectin
family of receptors. Until now, two type 1l FcyRs, DC-SIGN and CD23, have been
characterized with the capacity to mediate /n vivo effector activity upon receptor binding.
However, several other C-type lectin receptors have been described to exhibit binding
capacity for the 1gG Fc domain, such as CD22 and DCIR, without a yet-defined, clear /n
vivorole and effector functions induced upon Fc interactions (62-64).

Consistent with their common functional properties, the genes encoding DC-SIGN and
CD23, CD209and FCERZ, respectively, are mapped at a common locus on chromosome 19
(19p13). DC-SIGN is expressed predominantly by dendritic cells and by subsets of
monocytes and macrophages (65, 66). Its binding specificity is not limited to IgG Fc, but
also extends to other ligands, primarily mannose-rich glycan structures. In contrast to 1gG Fc
binding to DC-SIGN that is accomplished through protein-protein interactions, engagement
of DC-SIGN by these carbohydrate ligands is exclusively mediated through interactions
between the carbohydrate residues present on the heavily glycosylated DC-SIGN. Given the
diversity of the ligands and the differential mode of interactions with DC-SIGN, the precise
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signaling events that follow DC-SIGN engagement appear to be dependent upon the type
and the nature of the DC-SIGN - ligand interaction, as well as the effector leukocyte types
involved. In the case of IgG Fc-DC-SIGN interactions, receptor engagement on regulatory
macrophages induces the expression of interleukin 33 (I1L-33) that limits T cell- and 1gG-
mediated inflammation (67, 68).

The other type Il FcyR, CD23, is also a heavily glycosylated C-type lectin, which apart
from the Fc domain of 1gG, it has also the capacity to interact with IgE. Indeed, CD23 has
been initially identified as the low affinity IgE receptor (61, 69, 70) with CD23-IgE
interactions playing a key role in regulating IgE production by B cells and controlling IgE-
meditated responses (71, 72). Molecular modeling of the CD23 interaction with IgE and 1gG
revealed a common binding pattern to CD23 between these two ligands that can be attributed
to the intrinsic flexibility of the Fc domain structure (61). CD23 exists in two splicing
isoforms (CD23a and CD23b), that differ in their expression pattern and responsiveness to
IL-4. In particular, CD23a is constitutively expressed by mature B cells, whereas CD23b
expression is only induced by IL-4 in several leukocyte types, including T cells, monocytes,
macrophages and granulocytes (73). Although the precise signaling events following CD23
engagement by 1gG complexes have not been fully elucidated yet, CD23 crosslinking on B
cells induces the upregulation of the inhibitory type | FcyR, FcyRIIb that in turn regulates
IgG affinity responses (74).

Regulation of FcyR effector functions

As discussed in the previous section, engagement of type | and type Il FcyRs initiates a
cascade of pro-inflammatory, anti-inflammatory and immunomodulatory signaling pathways
with the capacity to impact several downstream effector responses. Similar to other immune
processes, the activity of FcryR-mediated pathways is tightly regulated and several
homeostatic mechanisms exist to control FcyR-mediated effector responses, avoiding
thereby inappropriate or excessive cellular activation. Indeed, small perturbations in FcyR
activity are often associated with chronic inflammatory and autoimmune pathologies, or
influence the therapeutic responsiveness of passively-infused 1gG-based therapeutics.

Although a number of determinants have been described to influence IgG-mediated effector
functions, the structure of the Fc domain represents the major determinant that regulates Fc-
FcyR interactions, and subsequent downstream responses. Despite considered the invariant
domain of the IgG molecule, substantial heterogeneity has been described for the Fc domain,
stemming predominantly from amino acid differences among the various subclasses and Gm
allotypes as well as from the structure and composition of the Fc-associated A-glycan. This
glycan structure plays a key role in maintaining the Fc domain at a conformation permissive
for FcyR interactions and fine-tuning specific FcyR binding interactions. Indeed, the
presence of the central A-linked glycan is required to maintain the Fc domain at a
characteristic horseshoe-like conformation, in which the two CH3 domains of the heavy
chains are tightly associated, whereas CH2 domains remain further apart (75). This
conformation is essential for FcyR interactions, as enzymatic cleavage or deletion of the site
at which the A-linked glycan is attached (Asn297 for human IgG1) readily results in loss of
Fc-FcyR interactions (28, 76-78). In addition to regulating Fc domain structure and FcyR
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binding, the Fc-associated glycan also determines binding to the different types of FcyRs
through modulation of the glycan structure and composition. Indeed, the presence of
terminal sialic acid residues at the core glycan structure influences the flexibility of the Fc
domain and allows it to adopt a “closed” conformation that is associated with exposure of
the type Il binding interface at the CH2-CH3 region, whereas the hinge-proximal region of
CH2, where the type | FcyR binding site is mapped, becomes occluded. Indeed,
crystallographic studies revealed that sialylation of the Fc-associated glycan induces a
“closed” conformation, whereas in the absence of sialic acid residues, the Fc domain
remains at an “open” conformation, permissive for type | FcyRs binding (30, 60). This
mechanism represents a key homeostatic strategy that effectively switches the binding
specificity of the Fc domain to different types of FcyRs through a simple modulation of the
composition of the Fc-associated glycan. Differences in the primary amino acid backbone of
the 1gG Fc domain also influence the binding affinity and specificity for the different FcyRs,
influencing thereby the /n vivo effector activity of antibodies. For example, in seminal
studies using a mouse model of metastatic melanoma, 1gG subclass variants of a cytotoxic
antibody targeting a surface glycoprotein (gp75) expressed by melanocytes exhibited
differential therapeutic activity /7 vivo, correlating precisely with the capacity of these
subclasses to preferentially engage activating classes of FcyRs (28).

Apart from the affinity of the IgG Fc domain for particular types of FcyRs, which is
regulated by the primary amino acid sequence of the different IgG Fc subclasses and the Fc-
associated A-linked glycan structure, several additional determinants regulate the /n vivo
effector function of antibodies and influence the responsiveness of effector leukocytes upon
FcyR crosslinking. The majority of leukocyte populations co-express more than one FcyR
type, with often opposing signaling activities, as in the case of activating and inhibitory type
| FcyRs. Additionally, the levels as well as the pattern of FcyR expression are dynamically
regulated during the different stages of leukocyte development and differentiation and can be
influenced by particular chemokines and cytokines that are present at sites of infection,
inflammation or tissue injury (48, 67, 79-81).

Given the complexity of the FcyR expression pattern and downstream signaling events that
are induced upon Fc-FcyR interactions, the outcome of 1gG-mediated inflammation and the
induction of distinct immunomodulatory pathways reflect a finely-tuned balance between
the different types of FcyRs expressed by the various leukocyte populations. This balanced
activity is dynamically regulated during the different stages of the immune response to
mediate a range of effector functions with potent immunomodulatory activity (Figure 2).
Such functions include cellular activation, antibody-dependent cellular cytotoxicity and
phagocytosis, as well as the release of cytokines and chemokines. In addition, FcyR-
mediated pathways have the capacity to modulate several aspects of leukocyte functional
activity, influencing thereby immune responses. For example, FcyR-crosslinking on
neutrophils and other granulocytes is associated with cellular activation, degranulation and
generation of reactive oxygen and nitrogen intermediates with potent antimicrobial activity
(82-87). Similarly, FcyRIla engagement on platelets is associated with platelet
degranulation and aggregation (88, 89), whereas FcyRIIla-mediated activation of NK cells
induces the release of perforin and granzymes in close proximity to IgG-coated targets to
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stimulate the formation of pores at the cell membrane and the induction of pro-apoptotic
pathways that lead to cell death (26, 90-92).

FcyR-mediated signaling on antigen-presenting cells influence several aspects of cellular
and humoral immunity by directly modulating antigen presenting cell maturation and
differentiation, antigen processing and presentation to MHC class Il molecules, as well as
subsequent T cell responses. For example, signaling through FcyRs on macrophages affects
cellular polarization and downstream effector responses. Indeed, activating FcyR signaling
coupled with stimulation through TLRs, like TLR4 triggers the induction of a specific
polarization state that is characterized by augmented IL-10, IL-1 and IL-6 expression as well
as by increased migratory and phagocytic capacity (80, 93, 94). Likewise, engagement of
DC-SIGN by sialylated 1gG Fc on regulatory macrophages and dendritic cells triggers the
expression of 1L-33, which in turn, induces the expansion of IL-4-producing basophils that
upregulate the expression of the inhibitory FcyR, FcyRIlb, on effector leukocytes, raising
the threshold for IgG-mediated inflammation (67). In addition, phagocytic uptake of 1gG-
coated targets and signaling through activating FcyRs is associated with enhanced
endosomal maturation and lysosomal fusion, leading consequently to more efficient antigen
processing and presentation on MHC class Il (31, 95-97) that in turn results in the induction
of more robust T cell responses (98-101). Similarly, dendritic cell maturation and antigen
presentation are regulated by the contrasting activity of the activating FcyRIla and the
inhibitory FcyRIIb, that are co-expressed on the surface of immature dendritic cells.
Skewing the balance between these two FcyRs to specifically engage the activating FcyRIla
over FcyRIIb stimulates dendritic cell maturation and the expression of co-stimulatory
molecules that in turn induce robust T cell responses (79, 100-104).

It is therefore well-appreciated that for many FcyR-mediated effector activities, the balance
of activating and inhibitory FcyRs is a key determinant for the outcome of 1gG-mediated
inflammation and immunity. Minor deviations in this balance readily influence the /n vivo
effector activity of antibodies, as demonstrated in several studies using mice deficient for
either activating or inhibitory FcyRs. For example, FcyRI1b knock-out mice present a more
severe phenotype in models of immune complex-induced shock, arthritis, and alveolitis, due
to lower threshold of activation upon challenge (90, 93, 105). Likewise, Fcgr2b™~ mice
exhibit improved bacterial clearance in models of pneumococcal peritonitis (106, 107), as
pro-inflammatory signals of activating FcyRs are not subject to FcryRIlb-mediated
inhibition. In contrast, overexpression of FcyRIIb is associated with increased mortality
upon challenge with Streptococcus pneumoniae (106, 107); an effect attributed to impaired
macrophage phagocytic capacity.

For the majority of leukocyte populations, predominantly those of the myeloid lineage, the
expression of the inhibitory FcyRIIb is coupled with activating FcyRs, providing thereby a
negative inhibition mechanism to control pro-inflammatory signals induced upon activating
FcyR crosslinking. However, for cell types, like B cells, which express only the inhibitory
FcyRIIb, but not any activating FcyR, FcyRIIb acts as a direct inhibitor of the signals
transduced upon B-cell receptor (BCR) crosslinking. Indeed, in an analogy to activating
FcyR signaling inhibition, FcyRIIb plays a central role in B cell responses by regulating B
cell function and survival. Indeed, FcyRIIb engagement by IgG immune complexes induce
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pro-apoptotic signals, which are attenuated in the presence of BCR-FcyRIIb co-engagement
(51, 55, 108, 109). This mechanism ensures that only B cells with high affinity BCRs
survive, whereas those with low or no antigenic affinity are effectively eliminated through
apoptosis. Likewise, in plasma cells, which are negative for surface BCR expression,
FcyRIIb cross-linking by 1gG immune complexes induces cellular apoptosis to restrict 1gG
production by plasma cells, terminating effectively humoral immune responses (51, 54,
110). The key role of FcyRIlb in B cell function is best exemplified by the clinical
association of autoimmune diseases, like SLE with FCGRZB alleles that impact receptor
expression (111-113) or activity (106, 114). Similarly, Fcgr2b deficient mice are
characterized by spontaneous induction of autoimmunity, and failure to induce high affinity
1gG responses (108, 109).

In addition to FcyRI1b, mature B cells also express CD23, a type Il FcyR, which also
regulates B cell function and antibody responses. Since CD23 is also a low affinity receptor
for IgE, early studies have shown that CD23 functions similarly to FcyRIIb to control IgE
responses on B cells and regulate antigen capture and presentation to dendritic cells (72). In
addition, given its capacity to also engage sialylated Fc domain of 1gG antibodies, CD23
also participates in the regulation of 1gG responses (61, 74). More specifically, sialylated Fc-
CD23 interactions on B cells trigger the upregulation of FcyRIIb expression on B cells,
which in turn raises the threshold for B cell selection, leading consequently in the generation
of high affinity 1gG responses (74). These findings highlight the synergistic activity of the
different types of FcyRs to regulate B cell function and consequently antibody affinity and
specificity.

Anti-HIV Fc effector activities

In the previous section, we presented an overview of the role of FcyR-mediated pathways in
the regulation of inflammation and immunity, as well as the diversity of effector functions
initiated upon Fc-FcyR interactions (Figure 2). Among the various effector leukocytes,
engagement of the different types of FcyRs has diverse immunomodulatory consequences,
including antibody-dependent cellular cytotoxicity or, phagocytosis, release of cytokines and
chemokines, leukocyte differentiation and survival, as well as modulation of T and B cell
responses (27, 30). For several antibodies against viral, bacterial, and fungal pathogens,
substantial experimental evidence suggests that their /n vivo activity depends on Fc-FcyR
interactions, since disruption of these interactions readily results in reduced /n vivo activity
(115). Likewise, the /in vivo protective activity of these antibodies is highly dependent on
their capacity to preferentially engage activating FcyRs, highlighting the importance of the
balanced activity of activating and inhibitory FcyRs in the regulation of 1gG-mediated
immunity (115).

Similar to antibodies against other infectious microbes, anti-HIV-1 antibodies are also
expected to utilize FcryR-mediated pathways to achieve full protective activity /n vivo.
Indeed, early studies using b12, one of the first broadly neutralizing anti-Env antibodies
characterized, revealed that its activity to protect rhesus monkeys from SHIV infection is
dependent upon Fc-FcyR interactions (13). More specifically, in a pre-exposure prophylaxis
model, the activity of Fc domain variants of b12 with differential activity to activate
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complement and FcyR-mediated pathways was assessed, revealing that Fc domain variants
with minimal capacity for FcyR engagement provided no protection against SHIV challenge
(13). In contrast, b12 Fc variants defective for C1q binding and complement activation
exhibited activity comparable to that of wild-type b12, indicating that FcyRs, but not
complement, are required for optimal /7 vivo antibody activity to protect against SHIV
infection.

The recent description of several highly potent, broadly neutralizing anti-Env antibodies
with the potential for clinical use for the prevention and treatment of HIV-1 infection in
humans, prompted the characterization of the role of FcyR effector activity in their in vivo
protective activity. Indeed, understanding of the precise FcryR-mediated pathways that are
required for optimal /n vivo activity could lead to the generation of antibody-based
therapeutics with improved /n vivo efficacy through modulating their capacity to interact
with FcyRs. However, a major drawback in the study of FcyR effector activity of anti-Env
antibodies is the lack of a robust /n vivo HIV-1 infection model that would faithfully
recapitulate the complete virus infection cycle, human effector cells, and FcyR diversity to
provide useful insights into the precise contribution of FcryR-mediated pathways to the /n
vivo antibody activity. Although /in vitro systems are commonly used to determine the
activity of anti-HIV-1 antibodies, they fail to reproduce the diversity of receptors, effector
cells, and microenvironments that contribute to protection during /7 vivo conditions.

To overcome these limitations, several complementary /in vivo models are commonly
employed to provide the full picture of the precise role of FcyR-mediated interactions in the
in vivo activity of antibodies (18, 59, 116, 117). For example, using a mouse model for
HIV-1 entry (116), assessment of the /n vivo protective activity of a panel of broadly
neutralizing antibodies targeting different HIV-1 env epitopes revealed that genetic deletion
of FcyR encoding genes or mutation of the Fc domain to abrogate Fc-FcyR interactions
resulted in reduced /n vivo neutralization activity (116, 118). Likewise, 1gG subclass variants
of several broadly neutralizing anti-Env antibodies exhibited differential activity /n vivo,
which correlated with their capacity to engage activating FcyRs. More specifically,
increased activity for the mouse 1gG2a subclass compared to mouse 1gG1 was evident,
consistent with the capacity of IlgG2a to interact preferentially with activating FcyRs,
inducing thereby clearance of antibody-opsonized viral particles through activating FcyR
engagement (28). Similar findings were also observed in a model of intrasplenic passive
transfer of ex vivo HIV-1-infected cells in mice that have been treated with anti-Env
antibodies (117). Assessment of the capacity of anti-Env antibodies to induce clearance of
infected cells /n vivo revealed that their activity is totally dependent on Fc-FcyR
interactions. In particular, Fc domain variants of anti-Env antibodies with diminished
capacity to engage FcyRs or administration of function-blocking anti-FcyR antibodies
completely abrogated the activity of anti-Env antibodies to eliminate infected cells /in vivo
(117).

Consistent with these observations, a role for FcryR-mediated pathways in the /n vivo
protective activity of anti-Env antibodies has also been observed in studies using HIV-1-
infected humanized mice (118, 119). In models of antibody-mediated post-exposure
prophylaxis and therapy of established HIV infection, comparison of the /n vivo protective
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activity of anti-Env antibodies with differential Fc-yR binding capacity revealed the
contribution of FcyR-mediated interactions to the /n vivo protective activity of anti-Env
antibodies. More specifically, contrary to wild-type higG1 anti-Env antibodies, Fc domain
variants with diminished FcyR binding capacity failed to suppress viremia in a model of
post-exposure prophylaxis using HIV-1-infected humanized mice (119). Likewise, in a
model of antibody-mediated therapeutic suppression of virus replication in humanized mice
with established HIV infection, Fc variants of anti-Env antibodies optimized for enhanced
affinity to activating FcyRs exhibited improved /n vivo protective activity, as evidenced by
prolonged and durable suppression of viremia (118). These findings highlight the
contribution of diverse FcyR-mediated mechanisms to the /n vivo antiviral activity of anti-
HIV-1 antibodies. Indeed, apart from directly inhibiting viral entry and infection, broadly
neutralizing anti-HIV-1 antibodies achieve potent antiviral activity /n vivo though pleiotropic
Fc effector functions. These include the opsonization of viral particles, leading to their
clearance by FcyR-expressing leukocytes, as well as elimination of HIV-infected cells
through the recruitment of FcryR+ effector leukocytes, like macrophages and NK cells to
mediate cytotoxicity against these cells (Figure 3). These functions contribute substantially
to the protective activity of anti-HIV-1 antibodies, suggesting that enhancement of these
effector functions through augmented activation of FcyyR-mediated pathways could lead to
anti-Env antibodies with improved /in vivo efficacy.

Given the complexity of FcyR-mediated pathways to induce pleiotropic effects on several
aspects of adaptive immunity, including antigen processing and presentation, modulation of
antigen presenting cell function and regulation of T and B-cell responses, FcyR engagement
by 1gG immune complexes generated following passive administration of anti-Env
antibodies have also the capacity to stimulate host immunity. Indeed, this opportunity for the
induction of long-term antibody and T cell responses represents a major advantage of
antibody-based therapeutics over conventional antiretroviral pharmacologic mediators.
Indirect evidence for the role of Fc- FcyR interactions in modulating host immune responses
following anti-retroviral antibody administration is provided by two studies using non-
human primates. More specifically, passive administration of the anti-CD4bs antibody b12
in SHIV-infected rhesus monkeys affected their B cell responses, leading to the induction of
neutralizing antibody responses. Indeed, serum obtained from these animals demonstrated
potent neutralizing activity against SHIV and SIV and conferred protection against SHIV
infection when passively transferred to naive animals (120, 121). Likewise, enhanced
antibody responses were evident upon administration of anti-HIV-1 broadly neutralizing
antibodies in chronically SHIV-infected rhesus monkeys (16). More importantly, a similar
observation has also been noted in chronically HIV-1-infected patients treated with the anti-
CD4bs antibody 3BNC117, where a single antibody infusion significantly improved
neutralizing antibody responses against heterologous tier 2 viruses in almost all study
participants (122). These findings highlight the diversity of FcryR-mediated pathways to
confer antiviral activity /n vivo by modulating the function of FcyR-expressing effector
leukocytes and stimulating host immune responses to provide long-term antiviral immunity
(Figure 3).
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Experience from other systems and future perspectives

Substantial evidence from different /n vivo models of HIV-1 infection clearly supports a key
role for Fc-FcyR interactions in their /n vivo protective activity. Understanding the FcyR-
mediated mechanisms that are required for optimal antiviral activity can lead to the
development of anti-HIV-1 antibodies optimized for enhanced Fc effector activity by
specifically augmenting their capacity to engage particular FcyR types. Similar approaches
have already been used to increase the efficacy of several antibody-based therapeutics. In
particular, experience from the clinical use of therapeutic antibodies, especially against
neoplastic diseases, clearly suggests that Fc-FcyR interactions contribute substantially to the
in vivo antibody activity. Indeed, shortly after the introduction of antibody-based
therapeutics into the clinic, it was noted that carriers of particular allelic variants of
FCGRZA and FCGR3A genes with increased affinity for IgG demonstrated improved
therapeutic responsiveness to anti-tumor antibody therapy in cases of chronic lymphocytic
leukemia, breast and colorectal cancers (123-125). These observations confirmed previous
findings from pre-clinical models that defined a major role for Fc-yR-mediated interactions
in the /n vivo activity of therapeutic anti-tumor antibodies, like rituximab and trastuzumab,
using genetically-modified mouse strains, deficient for particular types of FcyR. Indeed,
genetic deletion of the inhibitory FcyRIIb resulted in improved therapeutic responsiveness
to antibody therapy (99), whereas Fc domain engineering for enhanced affinity to activating
FcyRs was associated with significantly improved /n vivo effector function (59, 104). Based
on these observations, the second generation of anti-tumor antibodies have been developed
with optimized FcyR binding profile to increase their capacity to induce Fc effector
activities. A prime example of this approach is the development of the anti-CD20 antibody,
obinutuzumab, which has been engineered for enhanced binding to FcyRIlla through
modification of its glycan structure (afucosylated). Comparison of the activity of
obinutuzumab, with the non-modified, first-generation anti-CD20 antibody, rituximab
revealed superior therapeutic activity for obinutuzumab, extending progression-free survival
for over 10 months (126). These findings clearly highlight the importance of Fc effector
activity in antibody-based therapies and provide a paradigm for the development of anti-
HIV-1 antibodies with improved Fc effector functions. Indeed, given the contribution of
FcyR-mediated interactions to the /7 vivo antiviral activity of anti-HIV-1 antibodies,
enhancing their capacity to interact and activate distinct FcyR pathways could lead to the
development of antibodies with improved /in vivo efficacy for the control of HIV-1 infection
in humans.
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Figure 1: Overview of the human typel and type Il FcyR family.
(A) Human type | FcyRs belong to the immunoglobulin (Ig) receptor superfamily and

comprise of two or three extracellular g domains that mediate 1gG binding. They are
functionally divided into activating or inhibitory based on the presence of an intracellular
ITAM or ITIM motif that transduce immunostimulatory or inhibitory signals following
receptor crosslinking. Binding of type | FcyRs is mediated at the hinge proximal CH2
region (green arrow); a site that is accessible when the Fc domain exhibits the “open”
conformation. (B) Type Il FcyRs include DC-SIGN and CD23 that are both C-type lectin
receptors. Binding of the Fc domain to these receptors is mediated at the CH2-CH3 interface
following a conformational change that is induced upon sialylation of the Fc-associated
glycan structure. At this conformation (“closed”), the type Il FcyR binding sites become
accessible (green arrows), whereas binding of type | FcyRs is inhibited (red arrow).
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Figure 2: Overview of the diversity of Fc effector functions.
Although IgG antibodies represent molecules of the adaptive immune system, their capacity

to interact with type | and type Il FcyRs expressed on the surface of effector leukocytes
enables them to mediate pleiotropic effector functions through the activation of distinct
downstream signaling pathways. These FcyR-mediated pathways have diverse consequences
that regulate several aspects of innate and adaptive immunity, regulating thereby
inflammation and immune responses.
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Figure 3: FcyR-mediated effector activities mediated by anti-HIV-1 antibodies.
In addition to the Fab-mediated function to block viral entry and fusion to target cells, the /in

vivo antiviral activity of anti-HIV-1 antibodies also depends on effector functions mediated
through the interaction of their Fc domains with FcyRs (depicted here is the interaction of
FcyRIlla with human 1gG1 Fc (PDB: 1E4K)). These effector functions include:
opsonization and clearance of viral particles, as well as elimination of HIV-infected cells,
limiting thereby the viral reservoir and preventing further infection spreading. Additionally,
given the capacity of FcryR-mediated interactions to modulate the functional activity of
antigen-presenting cells, like dendritic cells, anti-HIV-1 immune complexes can also
stimulate adaptive immune responses, through the induction of dendritic cell maturation and
enhanced antigen processing and presentation.
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