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Respiratory syncytial virus (RSV) is a major cause of sevelewer respiratory tract

infections and hospitalization in infants under 1 year of agand there is currently no
market-approved vaccine available. For protection agairtsinfection, young children

mainly depend on their innate immune system and maternal aifiiodies. Traditionally,
antibody-mediated protection against viral infections ighought to be mediated by

direct binding of antibodies to viral particles, resultingn virus neutralization. However,
in the case of RSV, virus neutralization titers do not provedan adequate correlate of
protection. The current lack of understanding of the mechaisms by which antibodies

can protect against RSV infection and disease or, alternately, contribute to disease
severity, hampers the design of safe and effective vaccinesgainst this virus. Importantly,
neutralization is only one of many mechanisms by which antddies can interfere with
viral infection. Antibodies consist of two structural regins: a variable fragment (Fab)
that mediates antigen binding and a constant fragment (Fchat mediates downstream

effector functions via its interaction with Fc-receptors o (innate) immune cells or
with C1q, the recognition molecule of the complement system The interaction with

Fc-receptors can lead to killing of virus-infected cells ttough a variety of immune
effector mechanismes, including antibody-dependent celmediated cytotoxicity (ADCC)
and antibody-dependent cellular phagocytosis (ADCP). Aitfody-mediated complement

activation may lead to complement-dependent cytotoxicity(CDC). In addition, both
Fc-receptor interactions and complement activation can esrt a broad range of
immunomodulatory functions. Recent studies have emphased the importance of

Fc-mediated antibody effector functions in both protectio and pathogenesis for various
infectious agents. In this review article, we aim to provida comprehensive overview of
the current knowledge on Fc-mediated antibody effector fuations in the context of RSV
infection, discuss their potential role in establishing #hbalance between protection and
pathogenesis, and point out important gaps in our understading of these processes.

Furthermore, we elaborate on the regulation of these effeot functions on both the

cellular and humoral side. Finally, we discuss the implicans of Fc-mediated antibody
effector functions for the rational design of safe and effdive vaccines and monoclonal
antibody therapies against RSV.

Keywords: RSV, antibody, Fc gamma receptor, Fc-mediated effect or functions, antibody functionality, ADCC,

ADCP, vaccine
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van Erp et al. RSV-Speci ¢ Antibody Effector Functions

INTRODUCTION adaptive immunity. Most of these e ector functions are induced
via the constant (Fc) region of the antibody, which can iatr
Respiratory syncytial virus (RSV) infection is a major cause afjith complement proteins and specialized Fc-receptors. The
severe respiratory illness requiring hospitalization in §yQu |atter can induce activating or inhibitory pathways, deperpam
infants (). Hospitalization for severe RSV-mediated diseasghe type of receptor, and are found on B cells and most innate
peaks between 6 weeks and 6 months of life J), when  immune cells in various combinations. The most well-known
infants mainly depend on their innate immune system andrc-mediated antibody e ector functions are antibody-depent
maternal antibodies for protection against infectious dses. cell-mediated cytotoxicity (ADCC), antibody-dependenticiar
However, the exact role of RSV-speci ¢ maternal antibodies iﬁhagocytosis (ADCP), and complement-dependent cytotoxicity
unclear. Some studies show that high titers of maternabaaies  (CDC). In addition, antibodies have been found to mediate
are associated with protection against RSV infectidR6);  in ammation and immunomodulation through the induction of
whereas others indicate that high maternal antibody titdes  cellular di erentiation and activation. Each of these furmts is

not have a bene cial e ect or even associate with an increasegescribed in detail below and a schematic overview is depicte
risk of recurrent wheezing 7¢11). It is important to note in Figure 1

that the antibody titers in these studies are determinedirby
vitro binding or neutralization assays, while additional antiyo
e ector functions are not taken into account. ANTIBODY-DEPENDENT CELL-MEDIATED

For nearly all licensed vaccines, antibodies are the presum€YTOTOXICITY (ADCC)
correlate of protection, but the underlying mechanisms of
protection often remain unknownl(?). Recent research suggestsADCC is induced when Fc gamma receptorsgRs) on innate
that, in addition to binding and neutralization, antibodyeetor e ector cells are engaged by the Fc domain of antibodies tieat a
functions are important contributors to protective immunity bound to viral proteins on the surface of virus-infected céllsis
against several viruses, including in uenza virds{15), HIV  interaction induces the release of cytotoxic granules {@oing
(16,17), and Ebola virus8, 19). perforins and granzymes) resulting in killing of infected sell

In contrast to their bene cial role in providing protection (25. Multiple innate e ector cells, including natural killer (NK)
against infection and disease, antibodies have also beeéslls, neutrophils, monocytes, and macrophages, are caphble o
implicated in disease enhancement. For example, nonADCC in vitro. However, the most important contributors to
neutralizing dengue-speci ¢ antibodies have been shown té&DCC in vivo are thought to be NK cells, which express only
mediate antibody-dependent enhancement (ADE) of diseadeaRIIIA. Figure 2shows a schematic representation of ADCC.
(20, 21). Interestingly, the 1960's formalin-inactivated (FI) RSV  Inthe eld of tumorimmunology, ADCC has been recognized
vaccine induced poorly-neutralizing antibodies which haveas animportant mechanism of action for therapeutic monoclona
been suggested to be involved in vaccine-enhanced diseagdibodies (mAbs) that target tumor cells [as reviewed by
upon natural infection 22-24). These examples illustrate (26)]. For infectious diseases, ADCC only recently started to
the possibility that virus-specic antibodies contribute to gain attention. ADCC has been shown to form a critical
pathogenesis when failing to protect. component of e ective immunity against HIV and in uenza

Currently, the RSV eld lacks a comprehensive overviewirus. ADCC-inducing HIV-speci ¢ antibodies were identi ed
of antibody e ector functions in the context of RSV infection as a key correlate of protection in the RV144 HIV vaccine
and disease. Here, we review what is known about variousial (27-29). Moreover, HIV-infected individuals who control
antibody e ector functions during RSV infection, discussithe the virus without antiretroviral therapy demonstrated a bdea
potential role in establishing the balance between protectiod  polyfunctional humoral immune response including ADCC
pathogenesis, and point out important gaps in our understandingictivity compared to viremic individuals$$¢-33). There has been
of these processes. Moreover, we elaborate on the reguldtionrouch debate about the role of ADCC during in uenza-induced
these e ector functions on both the cellular and humoral side disease. Some studies point to the protective capacity of ADCC-
Finally, we discuss the implications of antibody-mediatedtr  inducing antibodies §4, 35), whereas others do not show any
functions for the rational design of safe and e ective vaesin role for NK cells in antibody-mediated protectio), or even
and monoclonal antibody therapies against RSV. A thorouglsuggest involvement of ADCC in exaggeration of the immune
understanding of the role of antibodies in protection or dise response {7-39). For multiple other clinically important viral
during RSV infection is crucial for the development of new andinfections, including dengue virus and Ebola virus, reseanto
improved vaccination strategies and may provide much-needeihe e ect of ADCC is ongoing40-42). Taken together, ADCC
new insights into the precise mechanisms of antibody-mediat seems to be involved in the immune response against multiple
protective immunity. viruses and is therefore potentially of interest in the cohtefx

RSV infection.

FC-MEDIATED ANTIBODY ADCC in RSV Infection

EFFECTOR FUNCTIONS NK cells are the most important contributors to ADCQ
vivo and important e ector cells during RSV infection. In

Antibody e ector functions are an important part of the humoral mice, increased numbers of NK cells are present in the lungs

immune response and form an essential link between innate angarly after RSV infection43-45). In RSV-infected infants, the
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FIGURE 1 | Fc-mediated antibody effector functions. Antibodies elit a wide range of effector functions during viral infectian These include but are not necessarily
limited to the functions depicted in this gure. DC, dendritt cell; FgR, Fc gamma receptor; MAC, membrane attack complex; NK cellpatural killer cell.

proportion of NK cells has been reported both to be decreasedtro (55, although it must be noted that no distinction
(46-49) or increased %0, 51) in comparison with healthy between pre- and post-F antibodies was made and the ADCC
controls or infants with mild symptoms. Since maternally- potential could di er between the two functional states of the
derived antibodies are virtually always present during pryna F protein.
RSV infection and antibody-coated virus-infected cells are  Antibodies from breast milk, cord blood, and nasopharyngeal
trigger for ADCC, it can be assumed that ADCC occurs duringsecretions and serum from RSV-infected infants show ADCC
primary RSV infection. activity in vitro (52, 53 59). This shows that the antibodies
Although NK cells are thought to be the most important that are presenin vivo are capable of eliciting ADCC activity
mediators of ADCC against virus-infected cells, this hasn vitro. Two studies showed that the level of ADCC activity
never been shown for RSV. All studies mentioned below armeasuredin vitro was independent of clinical symptoms and
performed with peripheral blood mononuclear cells (PBMCs)age, suggesting that ADCC is not a determining factor in
without distinction between dierent cell types. RSV-speci c the varying clinical manifestations of primary RSV infection
immunoglobulin G (IgG) has been shown to induce ADCC (53 59). Interestingly, the ADCC capacity of serum antibodies
toward RSV-infected epithelial cellim vitro (52, 53). The from RSV-infected infants rapidly declines over time, whereas
major surface antigens of RSV are the fusion (F) and théhe neutralization capacity remains more stable. If ADCC
attachment (G) protein which are both required for infectivi is important in protection against infection, this decline
in vivo. The RSV F protein has two conformational states: posteould partly explain the susceptibility to repeated infections
fusion (post-F) and pre-fusion (pre-F), of which the latter isthroughout life.
a potent target for neutralization5¢). Multiple studies show Limited evidence is present on the occurrence of ADCC
that anti-RSV G antibodies are e cient inducers of ADCI@  during RSV infectionin vivo. The most convincing data is
vitro (55, 56), and the involvement of this process in virus provided by mouse studies performed with anti-RSV G protein-
clearancein vivo has been proposed5{, 59). In contrast, specic Fab- or F(aP, fragments lacking the complete Fc
anti-RSV F antibodies do not e ciently induce ADCGn  domain, or aglycosylated antibodies lacking the glycomylatite
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FIGURE 3 | Antibody-dependent cellular phagocytosis (ADCP). Phagotes
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FIGURE 2 | Antibody-dependent cell-mediated cytotoxicity (ADCC). & FcgR, Fc gamma receptor; MHC, major histocompatibility comple; RSV,
gamma receptors present on for example natural killer (NK)etls engage respiratory syncytial virus.

antibody-bound infected cells and induce target cell deathhrough the release
of cytotoxic granules. FgRIIIA, Fc gamma receptor IlIA; NK cell, natural killer
cell; RSV, respiratory syncytial virus.

ANTIBODY-DEPENDENT CELLULAR
PHAGOCYTOSIS (ADCP)

that is required for e cient FQR and complement interactions ADCP or opsonophagocytosis is the uptake of virus-antibody
(58 60, 61). It was shown that Fab fragments of the 1812A2B:omplexes or antibody-coated virus-infected cells by phagocyt
anti-RSV G antibody and F(ab)fragments of the 131-2G cells (for a schematic representation of this process see
anti-RSV G antibody do not reduce viral load, whereas thé-igure 3). Phagocytic cells, including monocytes, macrophages,
corresponding intact antibodies do confer protectidig(60).  neutrophils, eosinophils and dendritic cells (DCs), expregiiFc
The authors propose that virus clearance by the 131-2G anyibod-agRII, and F@RI, which can all mediate immune complex
is mediated through ADCC, however, the involvement of otheuptake. The exact phagocytic capacity of e ector leukocytes
Fc-mediated e ector functions in this study cannot be ruledis dependent upon the cell type, dierentiation stage, and
out. In an attempt to ascertain the role of ADCC by NK level of FgR expression. ADCP results in the clearance of
cells in the protective mechanisms of the anti-RSV G antibodimmune complexes from the infected host, by tra cking of the
18A2B2, SCID beige mice (which are de cient in NK cellcomplexes to lysosomes for degradation and antigen processing
activity) were passively immunized with the full antibodd0).  for presentation on Major Histocompatibility Complex (MHC)-

In this study, the absence of NK cells had no e ect on themolecules on the cell surface. Interestingly, some virlse®
protective capacity of 18A2B2, pointing to the involvementexploited this mechanism to infect phagocytes by escaping from
of other Fc e ector functions. Further research is needed tdysosomal degradation (described below in “Antibody-degent
study the exact role of ADCC for other mAbs and RSV-enhancement of infection”).

immune serum. Passive immunization with aglycosylated 1C2 ADCP has been extensively described for its role in protectio
anti-RSV G antibodies reduced virus titers signi cantly butagainst bacteria, but its importance during viral infecton
were not as e ective as wildtype antibodies, indicating thais unclear. Some studies have been performed for in uenza
protection by the 1C2 antibody is mediated by both Fc-virus, showing that phagocytosis by (alveolar) macrophaggas m
dependent and Fc-independent mechanisntsl).( Although  contribute to protection from infection in mice 36, 62) and
these studies highlight the importance of Fc-mediated attib  potentially plays a role in the recovery from severe infeion

e ector functions in protection against RSV infection in the humans (L5 63). Also for cytomegalovirus (CMV), it was shown
case of these speci ¢ anti-RSV G mAbs, the role of ADCC irthat vaccine-induced antibodies play an important role inciae
protection or pathogenesis during natural RSV infection remsai e cacy, independent of neutralization or ADCC capacity4). In

to be determined. accordance with these results, a study by Nelson et al. showed
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role for neutralization or ADCC, while robust ADCP inductio infected cell. Besides direct antiviral activity, the coempént

was observedsf). Antibody-mediated clearance by phagocytesystem can also regulate B cell responses. The binding of
in vivo has also been suggested for HI¥6( 67), adenovirus complement-coated immune complexes to complement receptor
(69), West Nile Virus (WNV) €9, and foot-and-mouth disease 2 on B cells is reported to lower the B cell activation threshold

virus (70, 71). thereby promoting long-lived adaptive immunity and higher
antibody levelsg0, 81).
ADCP in RSV Infection Complement can have both a protective and pathogenic

Phagocytosis of RSV-antibody complexes or RSV-infected cel@€ during viral infections. The protective capacity of poorly
has to our knowledge never been directly explored as a protecti neutralizing antibodies during WNV infection is mediatey the
immune mechanism for RS\ vitro studies show phagocytosis COMplement system, as was shown using knockout mi& (-
of RSV immune complexes by neutrophils6( 72, 73 and The presence of comple_zment even enhances the_neutrallzatlon
eosinophils 74). Varying levels of phagocytic activity have ¢apacity of WNV-specic antibodies 8¢). In addition, an
been observed for di erent RSV-speci ¢ monoclonal antibogiesiMPortant role for complement has been shown in the protective
suggesting that ADCP activity depends on epitope and/or a nity €@Pacity of (monoclonal) antibodies against in uenza virus
(56, 73. An in vivo mouse study has shown that macrophaged38 83, vaccinia virus §4), CMV (89, and HIV (66 67).
are essential in conferring antibody-mediated restrictid RSV N contrast, complement activation has also been suggested to
replication, whereas neutrophil depletion did not signi cint Ccontribute to disease severity in dengue virei§, €7) and HIV
aect pulmonary viral replication 15). This suggests that Fc- infection (88, 89).
mediated e ector functions executed by macrophages ratheam th
geillqjglcj)s:lrlioaggl.lmportant in protection against RSV infection i Ant.ibO(jy-l\_/Iediated Complement
Besides the uptake of viral particles, phagocytosis initiatéaCtivation in RSV Infection
the activation of cells. This can result in the release of@atlr 1h€ complement system consists of multiple components and
range of e ector molecules7¢-74), which will be described in elicits its e ector functions through di erent pathways. Early
detail in “Antibody-dependent immunomodulation during RSV Studies have shown antibody and complement deposition
infection.” Although there is limited evidence on the rolé o On nasopharyngeal cells of RSV-infected infantS0).(
ADCP during RSV infection, the importance of macrophageéNhether this contributed to viral clearance or disease was

in antibody-mediated protection in mice provides a basis fo0t determined. Studies in complement-de cient mice have
further investigation. shown that complement is important in antibody-mediated

protection against RSV infectio®(, 75). A number of di erent

mechanisms have been suggested for this complement-erdhance
ANTIBODY-MEDIATED protection. Firstly, direct enhancement of the neutralieati
COMPLEMENT ACTIVATION capacity of antibodies by xation of complement components

to virus-antibody complexes may increase the steric hindeanc
Besides ADCC and ADCP, antibodies can also inducef bound antibodies{1). Another mechanism that could be at
complement activation. The complement cascade contributes fplay is complement-dependent opsonization of virus-infected
pathogen elimination either directly, by means of complementcells, which leads to subsequent uptake by phagocytes.yrinall
dependent cytotoxicity (CDC), or indirectly, through phagtic = complement has also been shown to increase the Cp4(cell
clearance of complement-coated targets and the inducticemof response in the presence of RSV immune serum iriradivo
in ammatory response. Activation of the classical complementmouse model$2).
pathway results from binding of the recognition molecule Besides its potential role in the clearance and/or pathogsnesi
Clq to the Fc domain of antibodies bound to virus-infectedof natural RSV infection, complement activation has been
cells (6, 77), as depicted irFigure 4 Upon binding of C1lg, suggested to contribute to disease enhancement induced by
the proteases of the classical pathway are activated, legalingnatural infection following FI-RSV vaccination. C3a receptor
cleavage of C2 and C4. Together, the resulting cleavage giodu(C3aR)-de cient mice had decreased airway hyperresponssgene
form the C3 convertase (C4bC2a) that cleaves C3 into C3&AHR) and less mucus production in an FI-RSV vaccination-
and C3b. One of the mechanisms by which the complementhallenge model 93). In this study, C3aR expression was
cascade is regulated, is cleavage of active C4b, whictsseree enhanced in C5-knockout mice, showing that the balance in
marker for complement activation. The release of anaphylasox activation of dierent complement factors (C3a vs. C5a) is
C3a and Cb5a stimulates a pro-in ammatory environment byimportant in determining disease outcome. Moreover, Polack
inducing the recruitment of immune e ector cells and the et al. demonstrated the co-localization of IgG and C3 in the
activation of leukocytes, endothelial cells, epithelidlsceand lungs of mice with enhanced RSV disease, but not in control
platelets 78 79). The highly reactive C3b binds to pathogensmice (2). In addition, both C3- and B cell-knockout mice
and infected cells, leading to immune complex clearance amshowed a decrease in bronchoconstriction compared to WT mice
phagocytosis through complement receptors found on immuneaccinated with FI-RSV. Therefore, in a mouse model of vaecine
cells. The terminal complement components will assemble intenhanced disease, the presence of C5 seems protective, svherea
the membrane attack complex (MAC), resulting in lysis of theC3a promotes enhanced disease. This is also supported by the
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FIGURE 4 | Antibody-mediated complement activation. Binding of C1qd antibody-bound virus-infected cells leads to activatiorof the classical complement pathway.
C3 convertase (C4bC2a) is formed and cleaves C3 into C3a andb. Active C4b can be cleaved into the enzymatically inactevform C4d, which serves as a marker
for complement activation. Further downstream in the classal complement pathway, C5 is cleaved into C5a and C5b. C3amd C5a are anaphylatoxins that stimulate
a pro-in ammatory environment, although they act in differat ways: C3a induces C3aR signaling, whereas C5a inhibits GIR expression. C3b binds to pathogens
and infected cells, leading to phagocytosis through complment receptors found on immune cells. The terminal complema components will assemble into the
membrane attack complex (MAC), resulting in direct lysis dhe infected cell. C3aR, C3a Receptor; MAC, membrane attackomplex; RSV, respiratory syncytial virus.

limited data available on complement activation during vieee and HIV (96). The importance of FgRs in this process has been
enhanced disease in infants. Lung sections of the two @ildr shown by the use of l|g&R-de cient mice [as extensively reviewed
who died of vaccine-enhanced disease had extensive depositin (97)]. In contrast to the pro-in ammatory responses caused by
of complement cleavage product C4d, which serves as a stablemune complexes, injection with intravenous immunoglolouli
marker for complement activation2¢). The presence of C4d (IVIg) can induce an anti-in ammatory state. It is proposedth
provides evidence for complement activation during vaccinethis anti-in ammatory e ect is partly due to the presence of
enhanced disease in infants, but it remains to be determinesialylated antibodies in IVIg, which induce expression ajiRiiB
whether there is a causal relation between complement aictivat (the only inhibitory FgR) and thereby dampen the in ammatory
and vaccine-enhanced disease. Finally, mouse studiestpoie  response{8).
involvement of complement components in the development of Immune complexes can also regulate cellular maturation and
AHR and asthma upon RSV infectio®4, 95). Taken together, activation. The balance between inhibitory and activatiimR
the complement system seems to be important in antibodyinteractions is crucial in regulating B cell IgG respon$£s-{07),
dependent protectiotin vivo, but it also potentially contributes and skewing APC maturation and antigen presentatiGOZ-
to (vaccine-enhanced) disease and asthma, suggestingtua 105, which can modulate T cell activation. Immune complexes
in RSV infection that requires further investigation. have also been shown to bias the macrophage immune response
toward a Th2-like phenotypel (6.

ANTIBODY-MEDIATED Antibody-Mediated Immunomodulation in
IMMUNOMODULATION RSV Infection

RSV-antibody complexes can lead to activation of phagocytes
Besides the well-de ned classical Fc-mediated e ector fions  either directly or after phagocytosis, resulting in the protioic
(ADCC, ADCP, CDC), immune complexes can also promoteof reactive oxygen species (ROS), thromboxane, (pro-
immune cell maturation and activation, leading to a widegan in ammatory) cytokines, and chemokines7% 73 107,
of e ector activities and production of pro-in ammatory and which may contribute to viral clearance. However, these
immunomodulatory mediators (a limited overview is depiciad mediators can also have immunopathological e ects, inclgdin
Figure 5. Some of these pro-in ammatory cytokine responsedissue damage, platelet aggregation, and bronchocoristrict
correlate with protection as has been shown for in uenz@)( Given that neutrophils are the predominant airway leukocytes
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present in RSV-infected infants, their activation is sugegst displayed an impaired capacity to activate COBand CD4(C)

to be involved in the induction of severe RSV diseased( T cells (L10.

Interestingly, in contrast to RSV immune complexes, it RSV-antibody complexes also contribute to antibody-

has been reported that RSV alone does not lead to RO8ediated immunomodulation through the induction or

production by granulocytes 107) and can even inhibit inhibition of cytokine and chemokine production in PBMCs.

this process (3 109. It has been suggested that anti-RSVIn an in vitro study, RSV-antibody complexes inhibited

G mAbs are less potent inducers of ROS and cytokinéd=N-a production in PBMCs, whereas these complexes

production than anti-RSV F mAbs7@), but this was based enhanced IFNa production of PBMCs in the absence

on experiments with only two RSV-speci ¢ antibodies. Notably,of CD14C) cells (11). Another in vitro study showed

di erences in the capacity to induce a response may not béhat, compared to RSV alone, RSV immune complexes

due to antigen-speci cityper sebut rather due to epitope induce increased IFNy; IFN-g, CXCL10, and CXCL11

localization, as described in the paragraph “Important epitopeproduction in monocytes{12. In infant PBMCs, only CXCL10

in RSV infection.” production was signi cantly enhanced. CXCL10 can mediate
Excessive eosinophilic activation has been suggested taplag neutrophil-dependent excessive pulmonary in ammation

role in the immunopathology of FI-RSV-induced disease in micg113, which could contribute to RSV pathogenesis. This

(22). Whether the non-neutralizing antibodies induced by theindicates that immune complexes can potentially also activate

FI-RSV vaccine play a role in this activation remains unknownneutrophils indirectly, through the induction of chemokise

In vitro studies have shown that eosinophils can phagocytosend cytokines in PBMCs. Altogether, these studies show

RSV-antibody complexes, leading to degranulatiod).( The that immune complexes are able to skew the RSV-specic

use of heat-inactivated serum abolished this e ect, indi@at immune response in multiple ways, but more research

complement involvement. is needed to clarify the exact contribution of antibody-
Besides an immunomodulatory e ect on granulocytes, RSVmediated immunomodulation to protection and disease during

antibody complexes can also aect T cell responses. KruijseRSV infection.

et al. show in arin vivo mouse model that IFN3 secretion by

CD4(C) T cells is increased in the presence of RSV immune

serum Q2). This increase is dependent on bothgRs and the ANTIBODY-DEPENDENT ENHANCEMENT

complement system. Additiondh vitro experiments indicate (ADE) OF INFECTION

that both anti-RSV G, as well as anti-RSV F antibodies can

induce this enhanced CD&() T cell response, whereas Cl@§( ADE refers to a phenomenon in which virus-specic

T cells are only activated by the presence of anti-RSV @ntibodies promote, rather than inhibit, infection and/or

antibodies. Anotherin vitro study found that DCs primed disease. In ADE of infection, also known as extrinsic ADE

with complexes composed of RSV and F-specic antibodie§114), the number of virus-infected cells is increased in the
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presence of (natural or monoclonal) antibodies that are nonof severe disease following various viral infections and
neutralizing or present in sub-neutralizing concentration vaccinations §7, 114 121:123. However, the underlying
ADE of infection requires the presence ofgRs on target mechanisms are largely unknown aim vivo data supporting
cells and is an ecientin vitro tool to assess Fc-§R these claims are often lacking. However, for dengue virus
interactions. However, while ADE of infection has beeninfection some rst clues to unravel the mechanism undertyi
observed for many virusem vitro [as extensively reviewed ADE of disease have recently been published. Wang et al.
in (119], its signicance in vivo remains uncertain. A have been able to show a correlation betweemRFGA
schematic representation of ADE of infection is depictedbinding capacity of dengue virus antibodies and disease

in Figure 6. severity in vivo (21). The dengue-specic antibodies are
thought to cross-react with platelet antigens and induce
ADE of RSV Infection thrombocytopenia. Suggested underlying mechanisms are

ADE of RSV infection has been demonstratéd vitro FaR-mediated platelet activation, phagocytosis, or ADCC, but
for both mAbs and RSV-immune serum in monocytic cell further investigation is needed to conrm these hypotheses.
lines, PBMCs, neonatal, and adult NK cells, and primaryn addition, Katzelnick et al. have shown that high dengue-
mouse and cotton rat immune celld1Q 116-120. However, specic antibody titers correlate with protection, whereas
whether the ADE of infection observeth vitro is related intermediate antibody titers correlate with severe dendigsease
to in vivo disease outcome is doubtful. No correlation has(124). Although low or no antibody titers are not protective,
been found between disease severity in infants and thHé&ey do not enhance disease. It is possible that RSV-specic
capacity of serum antibodies to induce ADE of RSV infectiorantibodies show a similar pattern, as illustrated schera#ic

in vitro (119. Furthermore, ADE of infection has never in Figure 7.

been demonstratedin vivo. However, it must be noted

that this has never been assessed during FI-RSV vaccine-

enhanced disease. ADE of RSV Disease

Although in vitro ADE of infection does not seem to be
ANTIBODY-DEPENDENT ENHANCEMENT a determinant for severe RSV diseagéq, other antibody-
(ADE) OF DISEASE mediated mechanisms could be involved, as has recently been

shown for dengue virus infection2(). Many animal studies
ADE of disease, or instrinsic ADEL{4), refers to a process in on RSV infection highlight the role of an excessive immune
which the presence of pathogen-speci ¢ antibodies contributeresponse in FI-RSV vaccine-enhanced disease. It is likely that
to disease severity. For example, immune complexes mighpborly-neutralizing vaccine-induced antibodies play a rate i
bind to FgR-expressing immune cells, modulating thethe development of FI-RSV vaccine-enhanced dise&se (
immune response, and subsequently leading to enhancét)), although it remains uncertain which Fc-mediated e ector
in ammation. ADE of disease has been a presumed caudenctions are involved.

Infection

Protection Enhanced infection

AL

o

FIGURE 6 | Antibody-dependent enhancement (ADE) of infection. ADE afifection has been shownin vitro for multiple viruses, including RSV. High antibody titers
neutralize the virus completely. Sub-neutralizing antilaty titers form immune complexes that can interact with bothhe virus receptor and Fc gamma receptors,
leading to enhanced infection levels compared to infectioin the absence of antibodies.

§ Fc gamma receptor Y Virus receptor
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FIGURE 7 | Antibody-dependent enhancement (ADE) of disease. ADE ofgiase refers to a process in which the presence of pathogen4seci ¢ antibodies
contributes to disease severity. Highly neutralizing amtbdies result in sterile immunity, preventing infection ahdisease (left panel). The presence of low levels of
protective antibodies allows for viral replication and lets to an Fc-mediated immune response that can either contribte to protection (second panel) or potentially
lead to more severe disease (third panel) compared to infeicin in the absence of antibodies (right panel). It is curregtunknown whether Fc-mediated effector
functions can lead to severe disease and which immunologidanechanisms determine the difference between protectivemenhancing Fc-mediated responses.
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Little is known on the involvement of (maternal) antibodies REGULATION OF FC-MEDIATED
in the development of severe disease after natural RSEFFECTOR FUNCTIONS
infection. Severe RSV infections are most frequently seen
in the rst 6 months of life when infants have circulating Fc-mediated antibody e ector functions play an important role
maternal RSV-specic antibodies2), This suggests that in shaping the immune response and their active regulation
RSV-speci ¢ antibodies may contribute to the inductionis crucial to prevent excessive immune activation. A number
of severe RSV disease. Results from animal studies with determinants have been found to inuence Fc-mediated
Fab fragments and B&-knockout mice indeed show the e ector functions on both the cellular and antibody side
involvement of antibody-mediated e ector functions both in of the Fc-Fc receptor (FcR) interaction. Important antibody
protection against viral replicatiorb@, 60, 61) and in promoting  characteristics are the isotype, subclass, glycosylatioerpatt
in ammation (92). and antigen speci city, while important cellular determinaat®

Some studies have reported enhanced RSV disease the epitope position relative to the target cell membrane and
occur in the presence of waning immunity. Murphy et al. FcR expression and polymorphisms on the e ector cell, which
reported enhanced pulmonary pathology 3 months aftetogether determine the capacity of the antibody to interaithw
immunization with a RSV F glycoprotein vaccinel2§, specic FcRs. Most antibodies are not speci cally elicitingai
which was not seen 1 week after immunizatioh2§. In e ector function, and therefore the combination of all these
a follow-up study, enhanced lung pathology was observecharacteristics determines the outcome of the various ¢R-F
upon immunization with low doses of recombinant F protein, interactions and the interaction with the complement system
mimicking waning immunity (L27). Interestingly, the enhanced
disease was independent of the presence of a Thl- or
Th2-biasing adjuvant. ANTIBODY ISOTYPE AND SUBCLASS

Taken together, there are clear indications suggesting tha
Fc-mediated antibody e ector functions may contribute to Antibodies consist of two functional domains: the variable
severe RSV disease. Complement activation has been linkedaiatigen-binding fragment (Fab) and the constant fragmert) (F
vaccine-enhanced disease and asthma, and may therefare alsat interacts with FcRs and C1q. The isotype of the Fc domain
be involved in severe RSV disease upon natural infection. IigA, IgD, IgE, 1gG, and IgM) represents the major determinant
addition, the immunomodulatory e ects of immune complexes of Fc-mediated e ector functions. Of these isotypes, 1gG is
can lead to a pro-in ammatory environment, which is thought the most important when it comes to Fc-mediated e ector
to be the underlying cause of RSV-mediated pathologyfunctions, as this is the only isotype known to interact wittet
However, more research on the involvement of individual Fcwidely expressed G&s. Whereas, the majority of antibodies in
mediated e ector functions in disease outcome following RS\serum are of the 1gG subtype, IgA is the major isotype present
infection is needed. in mucosal secretions. This isotype interacts with its speci
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receptor FaRl, which is present on neutrophils, eosinophils,IgA memory B cell response to RSV, which may explain the life-
monocytes, and macrophages [extensively reviewedl#®].  long susceptibility to repeated RSV infections. In accordaritte w
Activation of F@aRI by IgA-opsonized pathogens can inducethese results, lower levels of nasal IgA were found in ndjura
ADCC, phagocytosis, degranulation, and cytokine releaieetO RSV-infected adults compared to healthy contralgd). These
important isotypes to brie y mention are IgM, which is a potent ndings highlight the importance of mucosal IgA in protection
complement activator 16), and IgE, which has been linked to against RSV infection. However, it is questionable whetigér |
various allergic diseases. plays arole in protection or disease during primary infectiaAl

In humans, four dierent IgG subclasses (IgG1-IgG4) areantibodies to RSV are only found in secretions after 4 months
known. These subclasses di er in amino acid sequence, whiaf age, con rming they are synthesized as a result of (primpary
in uences their capacity to interact with certain classes ofnfection (143. RSV-specic IgA has been shown to induce
FogRs and complement components as depictedTable 1  antibody-mediated e ector functions. Although palivizumab-
Production of dierent isotypes and subclasses is tightiygA demonstrated slightly higher lysis of RSV-infected HEp2
regulated and dependent on di erentiation of the B cell, whichcells by neutrophils (but not monocyte§) vitro, there was a
can be in uenced by cytokines and interactions with pattern-somewhat decreased e cagéy vivo compared to palivizumab-
recognition receptors. The response to protein antigens lsuallgG (144). Additional experiments with FaRI transgenic mice
involves T cell help and induces class switching to IgG1 osuggestthat IgA-mediated protection is Fc receptor-indegend
1gG3, whereas polysaccharide antigens induce class swgtchiNo further research with RSV-IgA immune complexes has been
to 1gG2 in the absence of T cell hel@32). Viral infections, published to date and therefore their role in protection or dise
including RSV infections, mostly induce IgG1 and IgG3 antipo remains to be investigated.
responsesl(33-135. Another interesting isotype is IgE, as the results from

IgG1 and IgG3 have the highest a nity for |§Rs and are multiple studies suggest the involvement of this isotype ia th
potent activators of complement, ADCC and phagocyto$i9( development of RSV-mediated bronchiolitis and wheezings¢
136 137. 1gG3 is the subclass with the highest potential tol49. In a mouse model, RSV-specic IgE has been shown
activate both FgRs and complement, but due to its short half-life to enhance airway hyperresponsiveneséd. Since all infants
the preferred subclass for therapeutic cytotoxic activitigiSl  produce IgE in response to RSV infectiarb(), it is thought that
(139. In contrast, receptor-blocking antibodies are often of th the height and duration of the IgE response are important for
19G2 or IgG4 subclass to avoid Fc-mediated cytotoxic sidets e the induction of subsequent immunopatholog¥4@ 151, 152).
(139. Induction of speci c subclasses can have major e ects oiMast cells abundantly express the IgE-speci ¢ Fc recepteREc
the outcome of vaccine trials as has been shown for the HINAnd were shown to play an important role in IgE-induced airway
RV144 and VAX003 vaccines. RV144 recipients produced highlyyperresponsiveness in an RSV reinfection mouse mddé).(

functional IgG3 antibodies that provided 31.2% e cacy, wbas In addition to studies on isotypes, extensive studies have
VAXO003 recipients elicited a monofunctional 1gG4 antibodybeen performed on the presence of IgG subclasses during RSV
response that was not protective at (). infection. Wagner et al. have performed some early studi&s in

) . the antibody subclass response to the RSV F and G glycoproteins
Antibody Isotype and Subclass in in both infants and adultsi33 153 154). Primary RSV infections
RSV Infection predominantly gave rise to IgG1 and IgG3 antibodies, whereas

Severe RSV-mediated disease is most prevalent in infante belgubsequent infection only led to an increase in IgG1 and 1gG2
6 months of age. These children mainly rely on maternallytiters (133. RSV infection led to a poor IgG4 antibody response
derived IgG for protection against infectious diseases,that in all subjects. RSV F protein was the most immunogenic,
correlation between serum IgG levels and protection againdgading to higher antibody titers compared to the RSV G protein
RSV disease is poor7,(9-11). A recent study by Habibi (154. The IgG1/lgG2 ratio of antibody titers to the RSV F
et al. found that mucosal IgA titers are a better predictor ofprotein was fourfold higher than to the RSV G protein after
susceptibility to RSV infection than serum IgG levels in anladu the rst three RSV infections in infants. This di erence was
challenge model147). In addition, they showed a hampered thought to be due to the extensive glycosylation of the G

TABLE 1 | Binding capacity and functionality of IgG subclasses.

Subclass Serum abundance (%) Fc gRI FcgRlla FcgRllb FcgRllla FcgRllib Clq Effector functions
1gG1 60 cccC cccC C cc cccC cC ADCC, ADCP, CDC
19G2 32 - cc - - - C

19G3 4 cccc cccc cc cccc cccc cccC ADCC, ADCP, CDC
1gG4 4 cc cc Cc - - -

(129-131). ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP, antibody-depetfent cellular phagocytosis; CDC, complement-dependent cytotoxicity; FCR, Fc gamma
receptor; IgG, immunoglobulin G.
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protein, resulting in IgG2 antibodies. IgG1 and IgG3 are thesin

potent FgR-binding subclasses. This suggests that the majori Fucosylation
of anti-RSV F antibodies are e ective inducers of Fc-mediate

e ector functions, in contrast to the 1IgG2 subset of anti-RSV G

antibodies. Experimental RSV infection in adults showed lsimi Galactosylation
subclass responses to RSV F and G protefd( A recent study

con rms the ndings of Wagner et al. showing a strong IgG3

response in infants younger than 4 months, despite the presence D —

of high levels of maternal antibodies55. A rise in RSV-speci ¢ 2 Bisection
IgG1 and IgG2 was only observed in infants older than 7 months

Besides human studies, several mouse studies have bee
performed to investigate the subclass antibody response.
Although some homology between mouse and human IgG Il GlcNAc () Galactose
subclasses has been found, it is unclear whether they induce | @ mannose W Fucose 4 Sialic Acid
the same downstream immune responses. In mice, neonatal
IgG responses to RSV infection are signicantly skewed
toward. migG1 (homologous_ to human ,IgGAf)‘ Indlcatmg a FIGURE 8 | Antibody glycosylation. Each IgG molecule contains a
Th2 bias (56, whereas primary infection in adult mice glycosylation site that can harbor a variety of glycans, caisting of varying
leads to a balanced mlgG2a/mlgGl response (homologoUsombinations of mannose, (bisecting) N-acetylglycosama fucose, galactose,
to human 1gG1/IgG4) {57). Compared to wild-type RSV and sialic acid. Antibody effector activity is substantil impaired in absence of
infection, immunization with inactivated or non—replica{ﬁa this glycan. Fab, antigen-bilnding fragment; Fc, crystaflable fragment;

RSV led to a low migG2a/migG1 rati®4, 158. The largest GlcNAc, N-acetylglycosamine.

proportion of antibodies directed at the RSV-F protein was

mlgG2 (homologous to human IgG1), whereas the G protein Afucosylation has the most straightforward in uence on
response had a signi cantly lower proportion of migG25g. antibody e ector functions. The absence of the core fucose on
These results indicate that both the age of the host anthe Fc-glycan directly boosts ADCC activity by enhancing the
the antigens determine the subclass response. However, itirgeraction with FgRIIIA (Figure 2) (166-162). Interestingly,
remarkable that RSV infection leads to a poor 1gG4 antibodyfucosylated mAbs have shown to be more protective against
response in humans, but to a high migGl (homolog ofvarious infectious agents1¢3 164 and more e cacious
human IgG4) response in (neonatal) mice. Thus, cautionn cancer therapy 165 166. However, increased levels of
is warranted in the translation between human and mouse&fucosylation are also associated with severe diseasegdurin
antibody studies. secondary dengue infectiofi1).

Although extensive studies have been performed on the Another biologically important modi cation to the Fc glycan
presence of specic subclasses, evidence on the role of theasesialylation. The presence of sialic acid inhibitgRdinding
di erent subclasses during RSV infection is limited. One stud and is reported to be partly responsible for the anti-in ammator
describes a direct comparison between the functionality oéctivity of IVIg (98 167). Besides having anti-in ammatory
palivizumab-IgG1 and -19G2169. The neutralizing potential properties, sialylated Fc glycans have also been shown toenduc
of both subclasses was comparable. However, the IgG2 amgtibothe production of high-a nity broadly neutralizing antiboibs
showed negligible binding to murine §Bs and human C1q, againstin uenza virus101).
resulting in less e cacyin vivo as measured by increased Besides its e ect on Fc receptor interactions, Fc glycosylation
viral lung titers in challenged cotton ratsl%9. This nding also aects complement Clq binding to immune complexes.
underscores the protective potential of IgG1-mediated e ectoA recent study shows that elevated galactosylation and
functions during RSV infection. sialylation increase C1g-binding, downstream complement

deposition, and complement dependent cytotoxicit{69.

In contrast, agalactosylated IgG has also been suggested to
ANTIBODY GLYCOSYLATION elicit enhanced complement activation, considering its role

in several autoimmune diseasek5). These ndings suggest
Glycosylation of the antibody Fc domain is another importantthat activation of complement potentially contributes to
regulator of Fc-mediated e ector functions. Each IgG molecu pathogen clearance, but can also contribute to in ammation in
contains a highly conserved asparagine at position 297 (N29@utoimmune disease, highlighting the dual role of completnen
that functions as a glycosylation site that can harbor aetgri Fc glycosylation is subject to active regulatory mechasism
of glycans, consisting of varying combinations of mannosehat control the composition of the glycan structure. Major
(bisecting) N-acetylglycosamine (GIcNAc), fucose, gats; and  changes in glycosylation occur during pregnandy @ 177),
sialic acid Figure 8. The complete absence of this glycan leadsipon vaccination {01, 172, and during certain viral infections
to a conformational state that is non-permissive forgRcor  (101). Therefore, insight in the glycosylation pattern during RSV
complement binding, thereby impairing Fc-mediated antibodyinfection and disease may provide valuable clues on the cduse o
e ector functions. severe RSV disease.
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Antibody Glycosylation in RSV Infection post-F-speci ¢ antibodies185. However, not all pre-fusion F
To our knowledge, only one group has investigated thentibodies have similar neutralizing activith §3. The most
e ect of glycosylation in the response toward RSV infectionpotent neutralizing antibodies bind to distal epitopes, sutiggs
Hiatt et al. compared the original Palivizumab mAb with anthat the neutralizing potential of anti-RSV F antibodies noty
afucosylated and agalactosylated plant-produced glyavari relies on the conformation of F on which the epitope is present
(GO) in dierent in vitro and in vivo assays 169. The GO (e.g., pre- vs. post-F), but may also depend on the location of the
glycovariant showed enhanced binding to muringRe but less  epitope relative to the viral or cellular membrane. As desctibe
binding to human C1q compared to the parental Palivizumababove, the proximity to the membrane determines the e ciency
whereas neutralization capacity was comparable. ifhegivo  of Fc-mediated e ector functions1@, 174 175. This suggests
protective capacity of the GO glycovariant was improvedhat potently-neutralizing antibodies, binding to distal &ypes,
compared to the original, as evidenced by decreased pulmonanyay also be e cient inducers of ADCP. Antibodies binding to
viral titers. In conclusion, this study suggests that thei@mce  proximal epitopes are generally less neutralizing, but may be
of Fc-glycosylation may be important in the protective capacit more potent in inducing ADCC and CDC.
of RSV-speci ¢ antibodies but this needs to be studied in more The most important antigenic site for the RSV G protein
detail for other mAbs and virus- and vaccine-induced antlles.  is the central conserved domain (CCD). Despite the high
variability of RSV G, antibodies against the CCD are broadly
EPITOPE POSITION neutralizing against both RSV A and B strains8@. The
G protein CCD binds to the CX3CR1 receptor, leading to
Next to antibody structure and glycosylation, the locatioh attachmentof RSV toits target cells7). Antibodies against this
the antibody-bound epitope with respect to the membrane ofeceptor-binding domain e ciently neutralize RSV infectiand
the infected cell has been shown to be pivotal in determininglecrease pathogenesis by binding soluble G protein, an immune
Fc-mediated e ector functions. Since the use of mAbs, it hagvasion protein secreted by RSV-infected ceil§ 67, 189.
been noticed that dierent mAbs binding the same targetSO|ub|e G protein has been found to inhibit Fc-mediated araiv
protein can elicit di erent e ector mechanismg.(3. Antibodies € ects of macrophages and complemefit), and to modulate
binding to epitopes closer to the membrane (membrane proximalira cking of CX3CR1(C) cells (L89. Next to the important roles
epitopes) mediate ADCC and CDC activity more e ciently, mentioned above, antibodies against the CCD domain are also
whereas antibodies that target membrane distal epitopestame o able to induce Fc-mediated e ector functions like ADCP and
highly neutralizing and e cient ADCP-inducers1(3 174-17§. ADCC (56).
More speci cally, recent research suggests that ADCP is most Taken together, not only the antigen but also the epitope
e ciently triggered when antibodies bind within 10 nm fronhe ~ determines the e cacy of antibodies. Interestingly, ewide
cell surface 177), indicating that the optimal ADCP-inducing suggests that targeted epitopes may di er between infants and
epitope is located neither too close, nor too far away from th@dults (L90, but the e ect of these changes on the e cacy of the
cell membrane. These studies suggest that besides the comn@itibody response is unknown. Further research may uncdeer t
need for particular Fc-FgR interactions, there are fundamental relation between antigenic site and e ector functions agaRSV
di erences in the activation requirements of speci ¢ Fc-maigid ~ infection, and thereby reveal preferred antibody-bindiitgsfor
e ector functions. For CDC activity, stabilization of complemt ~ protection against RSV disease.
components on the cell surface is essential. This would requi
short distance from epitope to cell membrane. During ADCC, the
formation of an immune synapse is essential. This small synapECgR EXPRESSION
can only be formed when the NK cells engage antibodies bourAND POLYMORPHISMS
in close proximity to the cell membrane, explaining the need fo

membrane proximal epitoped (5. Another regulator of Fc-mediated e ector functions is the
) _ _ expression pattern and polymorphisms ofgRs. The majority
Important Epitopes in RSV Infection of leukocytes express more than onegRctype with varying

Neutralization of RSV is mainly established by antibodiesimg downstream signaling activities. The level and variety af-
the RSV F and RSV G proteinl{§. Antibodies against the expression is tightly regulated during leukocyte developmen
SH and N protein have also been describeddq 180) and and can be modulated by certain mediators present during
although these antibodies are not involved in neutralati infection, in ammation, or even vaccination103 191). As
they may have other important (Fc-mediated) functiori8).  stated before, the balance between inhibitory and actigeigR
Capella et al. recently showed that antibodies against thd-preinteractions is crucial in regulating B cell IgG respons&s-{01)
protein were the most prevalent RSV-speci ¢ serum antibodieand skewing APC maturation and antigen presentatiGZ-
in infants below 2 years of agé&9. Both serum IgG levels 109. Additionally, co-engagement and signaling through athe
against anti-RSV pre-F and G correlated with disease severity receptors such as TLRs may in uence the activation threshold
this study. (192. Altogether, this points out the importance of receptor
Various antigenic sites (named @ and I-VIII) have beenexpression patterns on e ector cells.
described for the two conformational states of the RSV F pnotei  Besides variation in &R expression patterns, single
(183 1849). Pre-F-speci c antibodies are better neutralizers thamucleotide polymorphisms (SNPs) in ¢ies occur. Although
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many SNPs have been identi ed, only few have been shown ttMPLICATIONS FOR VACCINE AND

impact receptor function193. One of the functional SNPs has mAb DEVELOPMENT

been identi ed in FgRIla. Only the R131H allelic variant of this

receptor is capable of interacting with IgG2, enabling e cien Currently there are no market-approved vaccines or antigiral

phagocytosisi(94 199. Another SNP a ecting binding a nity  available against RSV. The only available treatment is the

has been characterized forgRlll, which has two co-dominantly administration of a prophylactic F protein-specic mAb

expressed allotypes: V158 and F158. The presence of a val{Palivizumab) to reduce hospitalization in high-risk infant

residue at position 158 increases the a nity for IgG1 and 1gG3 (206. However, the use of Palivizumab is restricted and its

augmenting for example NK cell activity 96 197). cost-e ectiveness is often discuss€d7). Improved mAbs with
higher e cacy rates are thus highly needed and many research
e orts are ongoing to develop these mAbs. A recent clinicalltri

FcgR Expression and Polymorphisms in with a pre-F-speci ¢ mAb (Suptavamab) failed to demonstrate
RSV Infection e cacy in pre-term infants although the mAb was superior to
Di erent FcgRs can have opposing e ects on the immunePalivizumab in neutralization tests vitro and in reducing viral
response, as has also been shown for RSV. IgRFtT load in the cotton rat model 20§ (press release Regeneron,

mouse models, Gomez et al. demonstrate that muringRfi¢  August 14, 2017). The failure of this highly neutralizing mA
(homolog of human FgRIIA) contributes to viral replication indicates that protection against RSV-mediated disease jvisic
and airway in ammation, whereas murine gRllb (homolog known to be immunopathological in nature, depends on more
of human FgRIIb) has a protective e ect as was shown by athan just neutralization of the virus.
decrease in viral titers1(LQ. In vitro, RSV infection has been In addition to e orts made to develop improved therapeutic
found to increase migRII and mFgRIII expression in murine  mAbs, there is an extensive pipeline of vaccines that are atlyre
macrophage cultures which subsequently showed enhanceeing tested in di erent phases of clinical development (https://
phagocytosisi(9§. www.path.org/resources/rsv-vaccine-and-mab-snapshdthe
Although the clinical relevance of & SNPs has been studied development of vaccines is of great importance, especially for
intensively for auto-immune disease$9@), cancer treatment developing countries where RSV-related mortality is high and
(200 and various viral infections201-204), there is no data on  mAb therapy is inaccessible due to high costs. The majority of
the role of these polymorphisms in RSV infection or diseasevaccine candidates currently in clinical trials are desijte
In a genetic association study, performed to identify genefduce systemic IgG, mostly against the RSV F protein. The
that are involved in RSV susceptibility, a SNP in FCER1Aesults of the pre-F-speci ¢ Suptuvamab and the recent faglure
was found R09. This polymorphism had previously been of two F-specic vaccine candidates tested in elderly, imply
found to be associated with altered+Rt expression levels and that a broader and more polyfunctional immune response may
allergic disease, supporting the involvement of IgE in RSVbe needed to confer protection against RSV-mediated disease
mediated disease. (209 210 (press release Novavax, September 15, 2016).

FIGURE 9 | The balance between Fc-mediated protection and enhanced diease. Antibody effector functions, regulated by differeres in antibody characteristics, are
suspected to play a role in disease outcome upon RSV infectim Immune activation by Fc-mediated effector functions iskely needed for ef cient viral clearance.
However, excessive activation may lead to in ammation and $sue damage. A balanced and contained immune response is mddikely the key to protection upon
infection. Ab, antibody; ADCC, antibody-dependent cell-rediated cytotoxicity; ADCP, antibody-dependent cellulaphagocytosis; ADE, antibody-dependent
enhancement.
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To this date, no accurate correlate of protection has beeourrently ongoing with maternal and neonatal vaccine caadis
de ned for RSV infection as virus-specic antibody levelswill show whether these approaches indeed result in protection
or neutralization titers do not seem of use in this respectduring the rst, most vulnerable, months of life.
The lack of a well-de ned correlate of protection complicates
the development of new vaccines, as e cacy now has to bEONCLUDING REMARKS
demonstrated in expensive large-scale clinical trials. Miogn
evidence suggests that antibody e ector functions beyondleutralizing antibody titers do not adequately correlatethwi
neutralization can contribute to both protection and disegs1Q  protection against RSV disease. Interestingly, antibodie® ha
159 181, 211). A balanced activation of di erent Fc-mediated additional Fc-mediated e ector functions besides neutration,
e ector functions is key to prevent excessive in ammation andbut this area of research is currently underappreciated in the
tissue damageF{gure 9). It will be of importance to implement RSV eld. With this review, we aim to encourage a paradigm
assays that identify Fc-mediated e ector functions of mAbsshift from neutralization-based studies toward functibetudies
and vaccine-induced antibodies. Studies igRe&nockout mice  examining the precise role of Fc-mediated antibody e ector
have indicated the importance of FcdR interactions for functions in vaccine ecacy and RSV disease. We have
protection against RSV infectionl{Q 181), but the testing evaluated the current literature on the e ect of RSV-specic
of mAbs and vaccines demands high-throughput approacheantibodies on NK cells, phagocytes, the complement system,
Systems serology captures a wide array of antibody chaistater cytokine production, and B- and T-cell skewing. Multiple
and e ector functions. It has proven e ective in identifying in vivo studies using FgR-knockout mice or modi ed RSV-
antibody features that contribute to protection for variousspecic antibodies indicate the importance of Fc-mediated
(viral) pathogens 19, 212 213. Such an approach will provide e ector functions in protection from RSV infection and
detailed information on the characteristics that are reqdifora  disease (10 159 181, 211). In addition, Fc-mediated e ector
protective RSV antibody response. functions might have a role in ADE of RSV diseas#, (
The ability to generate an antibody pro le that selectively23). However, most studies into vaccine and mAb e cacy
binds particular epitopes and gBs is important to enable the still only report antibody (neutralization) titers and disragl
induction of only the desired antibody e ector functions. Re&t any Fc-mediated e ector functions. The importance of these
developments now allow targeted modi cations to mAbs thatantibody e ector functions has already been shown for multiple
can lead to enhancement or inhibition of speci ¢ Fc-mediatedclinically important viral pathogens and is only starting te b
antibody e ector functions through glyco-engineering oreth explored for RSV. In our view, a better understanding of the
induction of speci ¢ antibody subclasses or isotypesd. Inthe  broad range of e ector mechanisms that are induced by RSV-
future, this might also be possible for vaccines. speci ¢ antibodies will greatly contribute to the much-nedde
One can conclude from the studies presented above thalevelopment and testing of next generation mAbs and vaccines
Fc-FcR interactions are an integral component of the immunegainst this virus.
response against RSV and should be considered in the rational
design of next generation RSV-specic mAbs and vaccineAUTHOR CONTRIBUTIONS
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