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Antibodies (Abs) are the major component of the humoral immune response and a key player in vaccination. The precise Ab-mediated inhibitory mechanisms leading to in vivo protection against HIV have not been elucidated. In addition to the desired viral capture and neutralizing Ab functions, complex Ab-dependent mechanisms that involve engaging immune effector cells to clear infected host cells, immune complexes, and opsonized virus have been proposed as being relevant. These inhibitory mechanisms involve Fc-mediated effector functions leading to Ab-dependent cellular cytotoxicity, phagocytosis, cell-mediated virus inhibition, aggregation, and complement inhibition. Indeed, the decreased risk of infection observed in the RV144 HIV-1 vaccine trial was correlated with the production of non-neutralizing inhibitory Abs, highlighting the role of Ab inhibitory functions besides neutralization. Moreover, Ab isotypes and subclasses recognizing specific HIV envelope epitopes as well as pecular Fc-receptor polymorphisms have been associated with disease progression. These findings further support the need to define which Fc-mediated Ab inhibitory functions leading to protection are critical for HIV vaccine design. Herein, based on our previous review Su & Moog Front Immunol 2014, we update the different inhibitory properties of HIV-specific Abs that may potentially contribute to HIV protection.
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INTRODUCTION

Currently, sexual transmission is the major route for human immunodeficiency virus (HIV) infection and contributes to 80% of newly diagnosed cases worldwide. This statistic implies that the virus crosses the mucosal barrier to reach and infect HIV target cells (1) and that an effective vaccine needs to induce an immune response that acts rapidly at mucosal sites. Neutralizing antibodies (NAbs), which can be IgG or secretory IgA, are certainly desired for blocking HIV transmission and have been shown to be highly effective at preventing infection through this route (Figure 1) (2, 3). During the last decade, a whole new series of broadly neutralizing Abs (bNAbs), which are NAbs with exceptional potency and breadth, have been isolated (4–6) and have efficiently protected humanized mice and non-human primates (NHPs) from experimental challenge. Some of these bNAbs are undergoing testing in human clinical prevention and therapeutic trials (6–14). However, bNAbs that display these features have very specific characteristics. Indeed, bNAbs exhibit uncommonly long complementarity-determining loops and extensive somatic hypermutation, which requires a long maturation process (6, 15–17). In turn, bNAbs are developed by only 10–30% of HIV-infected individuals (6, 17–20), and attempts to induce them by vaccination have encountered extreme difficulties (17, 21).


[image: Figure 1]
FIGURE 1. Distinct inhibitory activities of Abs in HIV target cells. The interaction of Fc regions with Fc gamma receptors (FcγRs) on immune cells, such as dendritic cells (DCs), macrophages, and natural killer (NK) cells, will trigger several antiviral immune responses, including immune activation, which are able to restrain HIV replication. Five major Ab responses against HIV infection that can occur as a result of IgG neutralizing Abs (depicted in red), IgG non-neutralizing inhibitory Abs (depicted in blue) or IgA (in green) are shown. (A) There are two types of stratified epithelium and columnar epithelium. The binding of virus/Ab immune complexes to FcRn at the surfaces of Langerhans cells may lead to transcytosis through genitorectal mucosal surfaces; (B) FcγRIII-mediated antibody-dependent cellular cytotoxicity (ADCC); (C) neutralizing antibody (NAb)-mediated activity; (D) phagocytosis mediated by NAbs/non-NAbs through FcγRI binding; (E) FcγRII-mediated non-neutralizing inhibition; some FcγR/Fc interactions may also enhance HIV entry and infection. These different inhibitory activities can occur at mucosal sites beneath the mono- or pluri-stratified epithelial layers where HIV target cells reside.


An increasing body of evidence suggests that Ab functions mediated by the Fc domain may play a role in protection against infections (22–27). Interestingly, the moderately protective effects observed in the RV144 HIV-1 vaccine trial were achieved in the absence of detectable NAbs, suggesting an important role for Fc-mediated functions in protection (28, 29). Fcγ receptor (FcγR)-mediated Ab responses, which lead to phagocytosis, aggregation, complement inhibition, Ab-dependent cellular cytotoxicity (ADCC), Ab-dependent cellular phagocytosis (ADCP), and Ab-dependent cell-mediated virus inhibition (ADCVI), have been shown to decrease HIV replication and may therefore substantially contribute to HIV protection (22–25, 27). This review focuses on the importance of Ab Fc-mediated functions in preventing HIV-1 infection and highlights their possible relevance for the development of new vaccine strategies.



ANTIBODY RESPONSES DURING HIV INFECTION

Significant efforts have been made over the past two decades to deepen the understanding of the role of the humoral immune response in HIV infection and to foster the development of vaccine strategies to control viral replication (30). The acquisition of HIV-specific IgG Abs appears within the first 2 months (31, 32) and evolves during the course of infection. In the neonatal period, the early serological response to infection in infants is obscured by the presence of transplacentally acquired maternal HIV Ab. The amount of immunoglobulin to HIV-1 and the number of HIV-1 antigens recognized increases with age (31, 33). The emergence of Ab responses to the viral envelope during HIV infection can generally be divided based on the timing of their appearance and their functions (34, 35). These responses include the following:

(1) A non-neutralizing inhibitory Ab (non-NAb) response directed at immunogenic epitopes that develops in all individuals soon after infection. Typically, this Ab response is directed first against viral gp41 following gp120/CD4 binding (34, 36) and soon thereafter against the V3 loop of gp120 (37). These Abs have a low impact on the virus and plasma viral load because they may have limited interactions with functional Env trimers (38). However, they may play an important role in protection via Fc-mediated effector functions, although the exact mechanism remains to be elucidated (24). Holl et al. reported that polyclonal sera with non-neutralizing activity inhibit HIV replication in macrophages by the phagocytosis of immune complexes bound to FcR expressed on cells (27). In a clinical trial called RV144, non-NAbs exhibiting in vitro inhibitory functions were described and associated with decreased HIV acquisition (39, 40).

(2) An HIV strain-specific NAb response targeting Env epitopes that are expressed on the native trimer, which is directed toward viruses present earlier in infection and is detected within the first year after seroconversion (20, 30). The NAbs recognizing Env epitopes via their Fab fragments may block HIV entry. An autologous NAb response is observed in vitro in the absence of additional factors, such as FcRs or complement, and is mainly a result of the blocking of virus-cell interactions (41). Such NAbs will encounter challenges, as they have to cope with a staggering level of viral diversity. Continuous viral escape from NAbs will occur as a consequence of single amino acid substitutions, insertions, and deletions, and through an “evolving glycan shield,” in which shifting glycans prevent access by Abs to their cognate epitopes (38). Nonetheless, these autologous neutralizing responses may display additional effector functions involving Fc-mediated contributions to the decreases in the viral load detected within the first months after HIV acquisition (42).

(3) An Ab response capable of neutralizing a wide range of viral isolates that develops 2–5 years after seroconversion (43–46). However, this bNAb response occurs in only a minority of patients and is associated with increased HIV replication and diversity, although bNAbs can sometimes be detected in subjects that control HIV (16, 47, 48) or in chronically HIV-infected individuals (19). Ultimately, the virus will escape from bNAbs. Notably, bNAbs have also demonstrated efficient Fc-mediated inhibitory function in addition to neutralization.

Therefore, during the course of HIV infection, the Ab response evolves, leading to complex polyfunctional activities that may certainly impact the course of HIV disease. The specific role of bNAbs in disease evolution and the potential contributions of other inhibitory functions have not been firmly demonstrated.



NEW GENERATION OF bNAbs

Thanks to major improvements in Ab isolation technologies, more than 100 HIV-1-specific bNAbs with remarkable potency against a wide variety of HIV subtypes have been developed (4, 6, 8, 9, 17, 43, 44, 49–53). The breadth of viral recognition and the antiviral potency of bNAbs can be classified according to their preferential target on the Env spike (4, 26, 49, 54, 55). Passive transfer of bNAbs performed in macaques has shown their remarkable capacity to protect non-human primates (NHPs) from experimental simian-HIV (SHIV) challenge when administered via different routes and modes (a single high dose or repeated low doses administered by the intravenous, rectal or vaginal route) (56–59). Interestingly, recent studies have demonstrated that such protection was not necessarily sterilizing, as was previously thought. Indeed, a few infected cell foci were detected 1–3 days after experimental challenge (60, 61), which intriguingly disappeared leading to complete protection. These results strongly suggest that protection is not solely due to neutralization of the virus particles and that Fc-mediated inhibitory function leading to the lysis of HIV-infected cells by bNAbs participate in this protection (62–64).

Although the newer bNAbs react with more than 90% of circulating HIV-1 strains when tested in vitro, at present, no single bNAb potently neutralizes all HIV strains. Therefore, a combination of two or more bNAbs would be desirable to cover the entire range of viral strains encountered in vivo (6, 7, 65, 66). In this regard, bi-specific and even tri-specific Abs targeting multiple HIV-1 Env epitopes were developed recently to increase Ab breadth and potency (67–70). These new bNAbs were characterized following the sequencing of their Fab heavy and light chains and were further reconstituted with an IgG1 heavy chain to form the Ab Fc domain. Most bNAbs have high levels of somatic hypermutation, including amino acid in-frame substitutions (71), frequent in-frame insertions and deletions (72), and genetic bias in the Ig heavy chain variable region (IGHV) (73). Modifications of the FcR domain were introduced in some of these bNAbs to increase their stability and persistence in vivo and to potentially allow long-lasting activity and less frequent administration (23, 74–76).



ANTIBODY ISOTYPES AND THEIR SUBCLASSES

Upon B-cell activation by immune complexes, an HIV-specific Ab response will be generated that induces the production of immunoglobulins (Ig) of different types and isotypes (77, 78). These types and isotypes differ in their related Ig heavy chains, which therefore impacts the Fc-mediated function of the Abs. Four IgG subtypes are present in healthy adult serum: IgG1 (60–72%), IgG2 (20–31%), IgG3 (5–10%), and IgG4 (<4% of the total main IgG subclasses) (79) (Figure 2), whereas the gp120-specific IgG subclass distribution and IgA/IgM distribution are generally as follows: IgG1>IgG2 = IgG4>IgG3 and IgA>IgM (80). Indeed, diverse types (IgM, IgG, and IgA) and IgG subtypes will be induced by HIV in plasma and other body fluids, such as cerebrospinal fluid, saliva and genital secretions (80). The Ig subclasses will vary according to the type of infection, the related inflammatory stage and pathogen localization (81). Therefore, the isotype distribution following infection remains to be established. Some studies have proposed that Abs against gp41 are mainly IgG1 rather than other IgG subtypes or IgA or IgM classes (80, 82), whereas others reported gp41-specific Abs of other subclasses (83, 84). The functional role of these different isotypes also needs to be better characterized. It has been proposed that Env-specific gp41 IgM and IgG Ab responses have little effect on the control of the acute phase of viral replication (36). IgG1 and IgG3 Abs are highly active against viral infection, and IgG3 Abs appear first during the course of infection (85), whereas the role of the IgG2 subclass is not known. This isotype is mainly induced by bacterial capsular polysaccharide antigens (79, 86). Moreover, the IgG subclass prevalence has been reported to change over time. For example, gp120-specific IgG1 levels remain constant during the first 6 months after infection, whereas the level of gp120-specific IgG3 peaks after 1 month and then declines (84). Another example is gp140-specific IgG2 and IgG3 responses, which do not occur simultaneously in HIV-1-infected individuals (87). Isotype switching may largely impact Ab functionalities linked to Fc affinity toward Fc receptors (22, 78).
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FIGURE 2. Human FcγR gene polymorphisms and the expression and affinity of IgG subtypes. Four IgG subtypes are present in human serum that have distinct structures and functions (top). FcγRs belong to the Ig receptor superfamily and comprise two or three extracellular Ig domains that mediate IgG binding. Differential immune regulatory effects are produced depending on binding to FcRs. Activating or inhibitory functions occur based on the presence of an intracellular cytoplasmic domain ITAM or ITIM motif that transduces an immunostimulatory or inhibitory signal, respectively, following receptor cross-linking. Binding of the Fc to the receptors is mediated at the CH2-CH3 interface following a conformational change (right). The diversity of FcγRs is further increased by SNPs in their extracellular domains, which in turn affect the expression of FcRs and their binding affinity and function (bottom). Mo, Monocyte; Mϕ, Macrophage; DC, Dendritic cell; MC, Mast cell; Neu, Neutrophil; Bas, Basophil; Eos, Eosinophil; NK, Natural killer cell; BC, B cell; PLT, Platelet.


The Ab isotype/subclass recognition of Env epitopes is associated with certain disease courses, symptoms and responses to medication. Assessment of the IgG subclass distribution in the plasma of HIV-1-infected patients enrolled in a French prospective asymptomatic long-term (ALT) cohort showed that in contrast to the IgG1 titers, the IgG2 titers directed against HIV-1 Env gp41 and anti-p24 Abs were correlated with and were highly predictive of decreased viral loads and slower disease progression, especially long-term non-progression (88). This observation was confirmed recently (89, 90). Moreover, Martinez et al. found that in addition to HIV-1-specific CD4+ Th1 cell responses, anti-gp41 IgG2 was the best predictor of long-term non-progression (91). In the RV144 vaccine trial (29, 92), the serum Env-specific IgA level was correlated with an increased risk of HIV-1 infection, which was potentially due to monomeric circulating IgA competing with IgG and interfering with the ability of IgG to mediate ADCC and ADCP (28). The presence of IgG3 against the Env V1V2 region was correlated with a lower risk of HIV-1 infection (29, 93). Interestingly, IgG3 appeared to neutralize HIV more efficiently in vitro than IgG1 (94). Moreover, the plasma IgG1 and IgG2 anti-HIV-1 p24 levels were inversely correlated with the plasma HIV RNA levels in viremic HIV patients (95).

In addition to isotype switching, the glycosylation profile of Ig changes during infection. Agalactosylation and afucosylation were more common in HIV-specific Abs among patient with spontaneous control of HIV and were linked to enhanced NK cell activity (96). The modifications of specific glycan groups determine the functional properties of Abs.

Taken together, these different results suggest that dynamic Ab subclasses/isotypes, posttranslational modifications, and glycosylation will impact disease progression. A comprehensive interrogation of the extensive biological diversity in naturally or experimentally protected subjects may provide insights critical for guiding the development of effective vaccines and Ab-based therapies.



Fc-RECEPTOR: THE CELLULAR COUNTERPART FOR ANTIBODY-MEDIATED RESPONSES

Each Ig isotype binds to specific Fc receptors, which in humans are the high-affinity receptors Fcα/μR for IgA and IgM, FcμR for IgM, FcαRI for IgA, FcεRI for IgE and FcγRI and neonatal Fc receptor (FcRn) for IgG and the low-affinity receptors FcεRII for IgE and FcγRII and III for IgG (97) (Table 1). Special attention has been paid to genes encoding the Fcγ receptors, since they bind the constant domain of IgG, which is the major Ab type induced by the host response following viral or bacterial infection (98). Human cells express three FcγRIIs (A–C) and two FcγRIIIs (A and B). All human FcγRs except FcγRIIB signal through an immunoreceptor tyrosine-based activating motif (ITAM), whereas FcγRIIB delivers inhibitory signals through an immunoreceptor tyrosine-based inhibitory motif (ITIM) (99) (Figure 2). The diversity of human FcγRII and III is further increased by the presence of single nucleotide polymorphisms (SNPs) in their extracellular domains, the most studied of which are H131R in the FcγR gene FCGR2A (100), 126C>T in FCGR2C (99), F158V in FCGR3A (101), and NA1/2 in FCGR3B (102) (Figure 2). FcγRIIC has an unusual structure and is generated by the unequal crossover of FcγRIIA and FcγRIIB (99, 103). FCGR2C in FcγRIIC (126C>T) shares the extracellular sequence of FCGR2B but signals through the ITAM, similar to FCGR2A.


Table 1. Fc receptors and their corresponding Ig binding in humans.
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Importantly, the different FcR polymorphisms in the host need to be taken into consideration when analyzing the FcR-mediated functions of Abs. FcγR SNPs will impact both binding to the complementary Fc portion of the Abs and on the other side the expression and activation state in cells (Figure 2). Indeed, increasing evidence suggests that FcγR SNPs impair receptor expression on DCs, which in turn influences the risk of HIV infection and vaccine efficacy (104). Similarly, the FcγRIIIA polymorphism appears to modify NK cell activation and, as a consequence, ADCC activity (105). Specific polymorphisms in the FCGR2A (encoding Arg at position 131) and FCGR3A (encoding Phe at position 158) gene loci have been associated with decreased HIV acquisition (106). The latter SNP leads to the increased binding capacity of Abs for FcγRIIIA, which is the receptor involved in ADCC, suggesting that vaccine efficacy may be related to the increased efficacy of this function. More recently, Li et al. found that a tagged SNP (rs114945036) in FCGR2C (126C>T) was significantly associated with protection against infection with the HIV-1 AE subtype strain in the RV144 vaccine clinical trial. The direct effect of this SNP is not well-documented, although the authors proposed that it may lead to an FcR with an atypical FcR protein sequence, thereby modifying FcR expression or accessibility on cells (99). Interestingly, FcγRIIC has been reported to mediate ADCC and may play a role in anti-HIV-1 Ab neutralizing activity similar to that of FcγRIIB (103, 107–109).

Furthermore, although it has not yet been thoroughly investigated, there is evidence that FcγR polymorphisms are associated with mother-to-child transmission of HIV. Mothers with the FcγRIIIa-158V allele have enhanced binding affinity for IgG and ADCC capacity, which reduces the susceptibility of their fetuses to HIV infection and significantly reduces the chance of mother-to-child transmission during both the intrapartum and in utero periods compared with the FcγRIIIa-158F allele (110, 111).

These studies showing the significant role of FcγR polymorphisms strongly suggest that the Fc-driven function induced by vaccination may play a role in HIV protection. However, whether specific FcR polymorphisms are also involved in the control of HIV replication is not clear. One study did not detect significant differences when comparing the genotype profiles of FCGR2A and FCGR3A (polymorphisms H131R and V158F, respectively) in 73 patients in which HIV infection was controlled with those in patients who progressed to disease (112). Conversely, another study showed that the combination of these two SNPs was significantly associated with HIV progression in 53 patients who progressed compared with 43 patients in which HIV infection was controlled (113). Additional studies will be needed to define the roles of these SNPs in HIV replication and disease.

Importantly, the Fc regions of Abs contain a binding epitope for FcRn (neonatal FcR), which is responsible for the extended half-life, placental transport, and bidirectional transport of IgGs or immune complexes through the mucosal layer (Figure 1) (75, 114–116). FcRn is also expressed in myeloid cells, where it participates in both phagocytosis and antigen presentation together with the classical FcγR and complement. The relevance of this receptor in HIV infection has not been defined. However, this characteristic was largely exploited by modifying Fc regions in monoclonal Abs for use in the treatment of cancer or HIV infection.



Fc-MEDIATED Ab FUNCTIONS

Abs with Fc-mediated inhibitory activities, such as ADCC, ADCP, or aggregation, in addition to neutralizing activity have been detected at all stages of HIV disease. These inhibitory functions involve the Fc domains of Abs as well as the Fab domain. Therefore, both the Ab isotype and FcR expression on effector cells will be determinants of these functions (Figure 1).


Antibody-Dependent Cellular Cytotoxicity

ADCC is a complex but potent Fc-mediated effector function that is involved in the clearance of malignant or infected cells. In the latter process, ADCC eliminates virus-infected cells through mediating cooperation between innate and acquired immunity (117–119). Specifically, Abs act as a bridge between an infected target cell and an effector cell; the Fab domain binds to a specific viral antigen expressed by the infected cell, and the Fc domain binds to FcγR expressed on the surface of the effector cell (i.e., NK cells, monocyte/macrophages, and neutrophils) (120–122). As a result of this interaction, effector cells release perforin and granzymes, leading to death of the Ab-bound infected target cells. Several studies have shown an association between ADCC and slower disease progression in NHPs and humans (29, 123–126), highlighting the importance of ADCC in vivo (25, 26, 126–128). In the NHP model, ADCC was associated with protection from infection by a pathogenic virus (129). Interestingly, Abs directed against the V2 epitope were found to efficiently exhibit ADCC activity in vitro (130, 131). Similarly, non-NAbs targeting the V2 region of Env were associated with a decreased risk of HIV acquisition in the RV144 vaccine trial in Thailand (28, 29, 92). The relevance of ADCC was also demonstrated for mother-to-child transmission (MTCT), where the presence of ADCC-mediating Abs was associated with improved clinical status, delayed disease progression in infants (132) and a reduced risk of infection through breastfeeding (133).

In-depth studies are required to determine how Abs clear HIV-1-infected cells, including the investigation of epitopes recognized by ADCC-mediating Abs, naturally occurring Fc domains on ADCC-mediating Abs and Fc receptors on physiologically relevant effector cells (134). Further studies will be required to determine how to elicit the appropriate combinations of Abs and effector cells in the desired locations by vaccination. Because ADCC is a complex, multilayered process, the detection of this process using in vitro assays is challenging. Numerous assays have been developed to analyze ADCC activity in vitro. These assays differ in their use of various effector and target cell types (cell lines or primary cells), antigens (Env or whole virus), and read-outs (binding, effector cell activation, granzyme release or infected cell lysis). As a consequence, the results obtained from each ADCC assay will reflect the different aspects and factors involved in each step (135).

First, Abs bind a specific epitope on target cells to mediate ADCC. This step can occur either during early events of virus binding to target cells or at a later step when viral epitopes are expressed on infected cells (121, 128, 136). As a consequence, different Env conformations can be involved according to the infection stage, and therefore the recognition of different specific epitopes by Abs may impact the ADCC results (137). Moreover, caution needs to be taken to ensure that the identified Abs effectively target infected cells and not uninfected cells that have captured HIV Env via their CD4 receptor (138–140). Therefore, identifying the viral epitopes on infected cells involved in ADCC is critical. The number of viral epitopes targeted by ADCC activity seems to be higher than that targeted by neutralization. Indeed, numerous non-NAbs recognizing non-functional spikes on the viral surface or specific conformations of epitopes expressed on infected cells were shown to mediate ADCC without displaying neutralizing activity. We may very well-propose that Abs mediating ADCC may be complementary to bNAbs in potentiating the inhibitory activity of an HIV vaccine.

Second, the Fc domain of an Ab binds to the FcR expressed on effector cells. This binding is dependent on one side of the Ab heavy chain sequence. Interestingly, the Fc domain sequence is influenced by B-cell activation, the recognized epitope and intrinsic donor variability and therefore varies according to the isotype and gene rearrangement. Notably, newly developed monoclonal Abs were generated by their reconstruction with a same IgG1 heavy chain therefore all expressing an identical Fc domain. These constructs provided the opportunity to analyze ADCC while maintaining a constant Ab Fc domain. However, we must remember that these bNAbs do not reflect the large spectrum of variability in the Ab Fc domain in vivo.

Third, the function of Abs is dependent on the polymorphisms and expression of the FcRs on effector cells. FcR expression is regulated in different cell populations according to their localization, maturation stage, and genotype. For example, NK cells from healthy donors are usually used as effector cells to test ADCC in vitro. However, little is known about how the distribution of FcR expression on NK cells varies in different tissues and among individuals. This phenomenon may impact vaccine responses, HIV transmission and disease progression. Moreover, the combination of specific HLA and killer immunoglobulin-like receptor (KIR) expression on NK cells was shown to play a role in protection against infection and elite control (141–145). Taken together, the results suggest that all primary NK cell variables may influence ADCC outcomes in vitro if not adequately standardized. This may be overcome by using an NK cell line, albeit at the expense of the physiological variability of FcRs in vivo.

Finally, the assays currently being developed in the field use distinct read-outs (24, 134, 146). The detection of the lysis of HIV-infected cells is the ultimate physiologically relevant read-out, but this outcome is technically highly challenging to measure. More straightforward read-outs, such as detection of FcR triggering, are being proposed, but whether these indirect detections methods effectively reflect ADCC function is not clear. Further investigations are urgently required to precisely define the important epitopes and to determine how to efficiently trigger effector cells to achieve the in vivo destruction of infected cells.



Antibody-Dependent Cellular Phagocytosis

Abs can also eliminate opsonized pathogens through phagocytosis via the engagement of FcRs expressed by cells of the innate immune system, including monocytes, macrophages, neutrophils, dendritic cells (DCs), and mast cells (27, 147–149). Phagocytosis is important for pathogen clearance by direct lysis or antigen presentation and innate immune cell activation with consequent pathogen elimination. The detection of ADCP in vitro leads to efficient inhibition of HIV replication in infected cells (27, 148, 149) and is associated with protection from repeated intrarectal challenge with SHIV-SF162P3 or SIVmac251 in immunized rhesus macaques (150–152). ADCP mediated by IgG3 Abs was elicited in recipients of the RV144 vaccine (153). However, the epitope specificity of Abs mediating ADCP still needs to be investigated. Musich et al. demonstrated that anti-V2 monoclonal Abs mediated ADCP activity in a dose-dependent manner similar to anti-V3 and CD4bs monoclonal Abs against clade B gp120 (154) but displayed increased activity against clade C gp120 compared to anti-V3 and anti-CD4bs monoclonal Abs, suggesting the broader recognition of exposed epitopes (154); this may also have been due to V2 epitopes being more conserved between clade B and C than V3 epitopes. Moreover, the role played by the cell type that mediates ADCP should also be defined. Current in vitro ADCP assays mainly use cell lines that may largely reduce the physiological relevance of these in vitro assays. However, recently, phagocytosis mediated by macrophages or activated neutrophils in human mucosal and lymphoid tissues was proposed to play a significant role in protection from infection (155). Thus, this type of assay requires further development to better define the in vivo role of ADCP function.



Antibody-Dependent Cell-Mediated Virus Inhibition

ADCVI involves a combination of different FcγR-mediated antiviral activities that occur when an Ab bound to a virus-infected target cell engages FcγR-bearing effector cells, such as NK cells, monocytes or macrophages (156). In vitro virus inhibition assays partly measure target cell death mediated by ADCC and partly measure non-cytolytic mechanisms of HIV inhibition due to β-chemokine release from effector cells or the phagocytosis of immune complexes (27, 42, 157).

Overall, Fc-mediated function was found to actively contribute to Ab inhibitory activities. The combination of these activities was found to be associated with protection (158).

The involvement of Fc-mediated activity in HIV protection was demonstrated in an experimentally challenged macaque model. The protection observed with the bNAb b12 was markedly reduced after the modification of the Fc domain, leading to impaired FcR binding (159). However, Fc-mediated effector functions might not be absolutely necessary to generate maximum protection, as was recently shown for the bNAb PGT121. In this study, a mutation impairing FcγR binding of PGT121 did not modify the protective effect of the bNAb (160).




ANTIBODY CAPTURE OF INFECTIOUS HIV PARTICLES/AGGREGATION

The Fc domains of Abs can directly bind the virus, leading to the formation of virus/Ab aggregates. Ab inhibition by aggregation of a pathogen is a very basic inhibitory mechanism that results in a decrease in viral infectivity (161). The potential role of aggregation was reviewed recently (24, 146, 162).

Formation of the Ab/virus immune complex may hinder viral movement and impede viral replication by adhering the complex to mucus and restraining its transfer and transcytosis across mucosal epithelial cells (Figure 1). HIV aggregates will be trapped more efficiently than free virus particles (e.g., in the female reproductive tract, where there is abundant cervical mucus) (163). Moreover, immune aggregates may be retained efficiently in the mucus by binding of the Fc domain of IgG to mucins and specific binding in the vaginal tract to MUC16 (164). Analogous mechanisms may act on other mucosal surfaces, such as those in the gastrointestinal tract (165).

These findings suggest a direct inhibitory effect of HIV/Ab immune complex formation on HIV infectivity. Abs that retain HIV and hinder its diffusion through the epithelial barrier need to be better characterized to elucidate how they can be selectively induced at the mucosal site. We expect that these Abs recognize quaternary functional trimeric envelopes and non-functional Env spikes expressed on HIV particles. Therefore, the number of Abs able to form aggregates will be enlarged compared to that of NAbs, which will open up new opportunities to induce functional Abs with distinct epitope recognition by vaccination.



ANTIBODY-MEDIATED COMPLEMENT ACTIVATION

The complement system is key to both innate and adaptive immunity, where it exerts multiple functions. Complement activation occurs through three distinct pathways (classical, alternative and lectin), which result in several types of antimicrobial activity, such as opsonization, inflammatory cell recruitment, cell lysis and virolysis [see review (24, 26, 166, 167)].

HIV has developed a sophisticated defense to protect itself by failing to bind complement proteins (168). Indeed, the gp120 Env does not bind complement (168). Moreover, during budding, HIV incorporates glycosyl phosphatidylinositol (GPI)-anchored CD55 and CD59 as well as transmembrane CD46, which are downregulatory molecules that inhibit complement-mediated damage to the virus (169). HIV also captures serum complement factor H, which plays a central role in protecting cells from complement by downregulating complement binding and in turn increases virulence (170–172). For these reasons, the use of primary isolates produced by primary cells is absolutely mandatory for in vitro studies of complement-mediated responses.

Moreover, bNAbs engineered to lack complement binding activity do not lose their protective effect, as shown in macaques challenged with SHIV (159), which is in contrast to those engineered to lack FcR. This finding suggests that complement may not be required for optimal in vivo Ab protection against infection. Nonetheless, in the RV144 vaccine trial that showed modest efficacy, complement activation induced by V1V2-specific Abs was stronger and more frequently detected compared to that in two related trials, VAX003 and VAX004, in which no significant protection was observed (173).

In contrast, complement and Ab may contribute to the enhancement of infection, as first described for Dengue virus (174). Binding of IgGs to FcRs induces the enhanced transcytosis of the virus at mucosal sites, although the exact mechanism is still unclear (Figure 1) (175). Moreover, whether this phenomenon has physiological relevance during HIV infection is still under debate (176, 177).

Collectively, complement components and their interactions with their cognate receptors are key to controlling adaptive immune responses, which provides insight into the use of complement components as novel drug targets. However, the relative contribution of complement to virolysis vs. viral enhancement in tissues and the periphery needs to be further investigated to understand its role in protection against HIV.



ROLES OF Fc-MEDIATED ANTIBODY FUNCTIONS IN MUCOSAL TISSUES

Mucosal surfaces are the first entry site for HIV during transmission (Figure 1). Indeed, Langerhans cells (LCs), urethral macrophages and/or conventional DCs residing in mucosal tissues have been proposed to capture HIV (178–185) and further replicate or transfer the virus locally to potential HIV target cells, such as macrophages and CD4+ T cells (Figure 1). NK cells, macrophages and DCs, which are the effector cells involved in Fc-mediated Ab functions, are present in different mucosal tissues at different levels. Accordingly, mucosal effector cells may act through an Fc-mediated Ab response and be the first cells that modulate the early events of HIV transmission. The relative contribution of any of the aforementioned Fc-mediated Ab responses will depend on the frequency and distribution of the cells present within a given tissue and their FcR expression levels (3, 26, 182, 184, 186). Overall, FcR expression on cells and their affinities and binding profiles for Abs will directly impact Fc-mediated functions. Indeed, a comparison of penile, cervical and intestinal tissues showed that the expression profile of FcR on mucosal effector cells was reduced compared to that on blood cells, although the overall cell frequency was substantially different (187). Specifically, FcγRII+ DCs and macrophages were well-represented in all three tissues, whereas FcγRIII+ NK cells were rare only in the intestinal mucosa. We may imagine that Fc-mediated Ab function(s) may be less relevant in the blood circulation, where infected CD4+ T cells express very little FcγR on their surfaces (188).

Importantly, FcR expression varies according to the immune cell type and the localization and activation status. FcR-bearing cells, such as macrophages and DCs, predominate and tightly interact with tissues, which may facilitate their activity. Although resident NK cells express negligible levels of FcRs, mature circulating NK cells expressing high FcγRIII levels are rapidly recruited to the site of infection. Therefore, Fc-mediated inhibitory functions involving binding to FcγR on resident tissue cells may be of particular interest for the inhibition of mucosal transmission, although the exact mechanisms underlying FcR expression are not well-defined. Further studies on the potential role of Fc-bearing HIV targets and the involvement of Fc-mediated Ab inhibition at mucosal sites are needed to inform HIV vaccine strategies.



STRATEGIES TO INDUCE Fc-MEDIATED ANTIBODY FUNCTIONS BY VACCINATION

Antibodies have now been proven to contribute to HIV protection and are therefore a central component of new vaccine strategies (189). As Fc-FcR interactions are able to generate powerful extraneutralizing Fc functions, these additional functions should be defined (159).

Numerous vaccine trials have already reported the induction of Fc-mediated functions. Vaccination with the gp120/CD4 mAb immune complex was found to be more efficient in inducing Fc-mediated adjuvant activity than that with gp120 alone. However, highly variable elements in the gp120 sequence limit the breadth of the responses to immune complex vaccines to a few HIV-1 isolates (190, 191). Moreover, vaccination with the SIVmac239-ΔNef virus induced an FcR-mediated inhibitory response that prevented founder virus entry and avoided local expansion (192). These results suggest protective Fc-mediated Ab function against transmitted/founder viruses at the mucosa surface. Another study demonstrated robust polyfunctional non-NAb responses, such as ADCC and ADCP, associated with protection against SIVmac251 challenge following vaccination with adenovirus serotype 26 (Ad26) vector priming/purified envelope (Env) glycoprotein boosting strategy in rhesus monkeys (151). In addition, a robust non-NAb response to the V1V2 region of the gp120 Env glycoprotein, which has been shown to exhibit Fc-mediated functions, was associated with a decreased risk of HIV acquisition in the RV144 clinical vaccine trial (193, 194). These different vaccine trials indicate that Abs displaying Fc-mediated functions participate in protection against HIV acquisition. This protection may be particularly efficient when several Fc-mediated activities are combined (158). Fc polyfunctionality increases over time following HIV infection and has recently been correlated with the further induction of neutralizing activity (195).

Therefore, we hypothesize that the induction of immune responses leading to Fc polyfunctionality may require the presentation of multiple antigens, similar to what induces bNAb production. Indeed, multiple antigens appear to be required for induction of bNAbs, as they appear following long periods of high viral replication in which there is continuous mutation of the viral Env protein. The general concept that the induction of an efficient humoral response, i.e., with bNAbs, and possibly Fc polyfunctionality will require high viral replication is sometimes misleading within the field. The correlation between an efficient Ab response and a high viral load provides a confusing dichotomist message regarding the potential role of Abs in protection against HIV acquisition. Accordingly, we may need a complex combination of immunogens to induce efficient Fc polyfunctional Abs as for induction of bNAbs. A more systematic analysis of Fc polyfunctional activity induced following vaccination is mandatory to understand the dynamics of the induction of functionally relevant Abs and to avoid switching to an immunodominant non-functional decoy Ab response.

To define the correlates between Ab profiles and protective functions, an integrative approach analyzing the “humoral Fc fingerprints” of vaccines was proposed. According to these principles, Chung et al. developed a unique approach called “Systems Serology” to retrospectively examine recent vaccine trials in humans to reveal features of immune complex composition underlying protective immunity to HIV (196). Using the “Systems Serology” approach, the protective humoral response signatures in vaccinated or naturally infected individuals in HIV can be defined. Moreover, systematic data production and application of machine learning approaches may identify distinct immunogenic regimens and Fc effector functions, allowing the selection of promising vaccine candidates (197).

These different studies provide insight into how to potentially induce Fc-mediated functions able to protect or control HIV infection via Fc-mediated antiviral activity (198, 199). New vaccine strategies aimed at directly inducing Fc-mediated activity should now be designed to improve the induction of potential functional activity in addition to highly desirable neutralizing activity.



SUMMARY AND CONCLUSION

This review highlights the potential role of FcγR-mediated Ab immune functions besides neutralization in protection against HIV. Although the role of the Fc-mediated function of Abs lacking broadly neutralizing activity for HIV protection is still a matter of debate (160, 200), numerous independent studies now hint at their relevance for HIV inhibition. Above all, the specific Fc-mediated functions of non-NAbs are the only correlates of protection against infection observed in the RV144 vaccine trial conducted in Thailand (28, 29, 193, 201). However, no in vivo demonstration of the pertinence of non-NAbs for the prevention of HIV transmission is currently available. Dedicated experiments utilizing the NHP model may help dissect the role of Fc-mediated Ab responses and their relevance for the prevention of HIV infection. Nonetheless, to exert their function, these Abs must colocalize with the appropriate FcR-bearing cells at the site of infection. This scenario may occur during the early events of HIV mucosal transmission, when the virus crosses the epithelial barrier to infect the underlying target cells and further disseminate to other organs. Close contact between the virus, infected cells, Abs and effector cells in mucosal tissues may provide an ideal environment for Fc-mediated Ab functions to occur. We can also imagine that the prevalent and relevant Fc-mediated Ab function(s) may differ according to the infection route and mucosal type involved (i.e., genital or intestinal mucosa). An important hurdle for HIV vaccine designers will be to determine how to induce high concentrations of Abs with Fc-mediated functions directly within the mucosal sites of exposure, which is a challenge that may equal or be greater than that of inducing bNAbs (202).



AUTHOR CONTRIBUTIONS

BS wrote the first draft of the manuscript. BS, SD, RC, GS, and CM revised the manuscript. All authors listed have made a substantial, direct and intellectual contribution to the work, read, and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (NSFC, 81772165 to BS), the National 13th 5–Year Grand Program on Key Infectious Disease Control (2017ZX10202102-005-003 to BS, 2017ZX10202101-004-001 to TZ), the NSFC-NIH Biomedical Collaborative Research program (81761128001 to HW), the Funding for Chinese overseas talents returning to China in 2016-Beijing Municipal Human Resources and Social Security Bureau (to BS), the Beijing Administration of Foreign Experts Affairs (BJ2018013), the Beijing Key Laboratory for HIV/AIDS Research (BZ0089); the French Agency for Research on AIDS and Viral Hepatitis (ANRS; grant number 14459) and SIDACTION Pierre Bergé (AP-FPB-2013-2/06) to GS; ANRS, the Vaccine Research Institute, EHVA (N°681032, Horizon 2020) and SIDACTION Pierre Bergé the Investissements d'Avenir program managed by the ANR under reference ANR-10-LABX-77 to CM. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.



ACKNOWLEDGMENTS

We are grateful to Yungtzu Yen from Taipei National University of the Arts and Yan Liu from Beijing Youan Hospital, Capital Medical University for their help in drawing the relevant figures and for their unreserved support.



REFERENCES

 1. UNAIDS. Global HIV & AIDS Statistics — 2019 Fact Sheet. Available online at: https://www.unaids.org/en/resources/fact-sheet

 2. Kulkarni V, Ruprecht RM. Mucosal IgA responses: damaged in established HIV infection-yet, effective weapon against HIV transmission. Front Immunol. (2017) 8:1581. doi: 10.3389/fimmu.2017.01581

 3. Iwasaki A. Exploiting mucosal immunity for antiviral vaccines. Annu Rev Immunol. (2016) 34:575–608. doi: 10.1146/annurev-immunol-032414-112315

 4. Sok D, Burton DR. Recent progress in broadly neutralizing antibodies to HIV. Nat Immunol. (2018) 19:1179–88. doi: 10.1038/s41590-018-0235-7

 5. Carrillo J, Clotet B, Blanco J. Antibodies and antibody derivatives: new partners in HIV eradication strategies. Front Immunol. (2018) 9:2429. doi: 10.3389/fimmu.2018.02429

 6. Pegu A, Hessell AJ, Mascola JR, Haigwood NL. Use of broadly neutralizing antibodies for HIV-1 prevention. Immunol Rev. (2017) 275:296–312. doi: 10.1111/imr.12511

 7. Mendoza P, Gruell H, Nogueira L, Pai JA, Butler AL, Millard K, et al. Combination therapy with anti-HIV-1 antibodies maintains viral suppression. Nature. (2018) 561:479–84. doi: 10.1038/s41586-018-0531-2

 8. Jaworski JP, Cahn P. Preventive and therapeutic features of broadly neutralising monoclonal antibodies against HIV-1. Lancet HIV. (2018) 5:e723–31. doi: 10.1016/S2352-3018(18)30174-7

 9. Gama L, Koup RA. New-generation high-potency and designer antibodies: role in HIV-1 treatment. Annu Rev Med. (2018) 69:409–19. doi: 10.1146/annurev-med-061016-041032

 10. Nishimura Y, Martin MA. Of Mice, macaques, and men: broadly neutralizing antibody immunotherapy for HIV-1. Cell Host Microbe. (2017) 22:207–16. doi: 10.1016/j.chom.2017.07.010

 11. Hua CK, Ackerman ME. Increasing the clinical potential and applications of anti-HIV antibodies. Front Immunol. (2017) 8:1655. doi: 10.3389/fimmu.2017.01655

 12. Cohen YZ, Caskey M. Broadly neutralizing antibodies for treatment and prevention of HIV-1 infection. Curr Opin HIV AIDS. (2018) 13:366–73. doi: 10.1097/COH.0000000000000475

 13. Bar-On Y, Gruell H, Schoofs T, Pai JA, Nogueira L, Butler AL, et al. Safety and antiviral activity of combination HIV-1 broadly neutralizing antibodies in viremic individuals. Nat Med. (2018) 24:1701–7. doi: 10.1038/s41591-018-0186-4

 14. Scheid JF, Horwitz JA, Bar-On Y, Kreider EF, Lu CL, Lorenzi JC, et al. HIV-1 antibody 3BNC117 suppresses viral rebound in humans during treatment interruption. Nature. (2016) 535:556–60. doi: 10.1038/nature18929

 15. Victora GD, Mouquet H. What are the primary limitations in B-cell affinity maturation, and how much affinity maturation can we drive with vaccination? lessons from the antibody response to HIV-1. Cold Spring Harb Perspect Biol. (2018) 10:a029389. doi: 10.1101/cshperspect.a029389

 16. Landais E, Moore PL. Development of broadly neutralizing antibodies in HIV-1 infected elite neutralizers. Retrovirology. (2018) 15:61. doi: 10.1186/s12977-018-0443-0

 17. McCoy LE, Burton DR. Identification and specificity of broadly neutralizing antibodies against HIV. Immunol Rev. (2017) 275:11–20. doi: 10.1111/imr.12484

 18. Dashti A, DeVico AL, Lewis GK, Sajadi MM. Broadly neutralizing antibodies against HIV: back to blood. Trends Mol Med. (2019) 25:228–40. doi: 10.1016/j.molmed.2019.01.007

 19. Hraber P, Seaman MS, Bailer RT, Mascola JR, Montefiori DC, Korber BT. Prevalence of broadly neutralizing antibody responses during chronic HIV-1 infection. AIDS. (2014) 28:163–9. doi: 10.1097/QAD.0000000000000106

 20. Moog C, Fleury HJ, Pellegrin I, Kirn A, Aubertin AM. Autologous and heterologous neutralizing antibody responses following initial seroconversion in human immunodeficiency virus type 1-infected individuals. J Virol. (1997) 71:3734–41.

 21. Sadanand S, Suscovich TJ, Alter G. Broadly neutralizing antibodies against HIV: new insights to inform vaccine design. Annu Rev Med. (2016) 67:185–200. doi: 10.1146/annurev-med-091014-090749

 22. Parsons MS, Chung AW, Kent SJ. Importance of Fc-mediated functions of anti-HIV-1 broadly neutralizing antibodies. Retrovirology. (2018) 15:58. doi: 10.1186/s12977-018-0438-x

 23. Bournazos S, Ravetch JV. Anti-retroviral antibody FcgammaR-mediated effector functions. Immunol Rev. (2017) 275:285–95. doi: 10.1111/imr.12482

 24. Mayr LM, Su B, Moog C. Non-neutralizing antibodies directed against HIV and their functions. Front Immunol. (2017) 8:1590. doi: 10.3389/fimmu.2017.01590

 25. Lewis GK, Pazgier M, Evans DT, Ferrari G, Bournazos S, Parsons MS, et al. Beyond viral neutralization. AIDS Res Hum Retroviruses. (2017) 33:760–4. doi: 10.1089/aid.2016.0299

 26. Su B, Moog C. Which antibody functions are important for an HIV vaccine? Front Immunol. (2014) 5:289. doi: 10.3389/fimmu.2014.00289

 27. Holl V, Peressin M, Decoville T, Schmidt S, Zolla-Pazner S, Aubertin AM, et al. Nonneutralizing antibodies are able to inhibit human immunodeficiency virus type 1 replication in macrophages and immature dendritic cells. J Virol. (2006) 80:6177–81. doi: 10.1128/JVI.02625-05

 28. Tomaras GD, Ferrari G, Shen X, Alam SM, Liao HX, Pollara J, et al. Vaccine-induced plasma IgA specific for the C1 region of the HIV-1 envelope blocks binding and effector function of IgG. Proc Natl Acad Sci USA. (2013) 110:9019–24. doi: 10.1073/pnas.1301456110

 29. Haynes BF, Gilbert PB, McElrath MJ, Zolla-Pazner S, Tomaras GD, Alam SM, et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N Engl J Med. (2012) 366:1275–86. doi: 10.1056/NEJMoa1113425

 30. Alter G, Moody MA. The humoral response to HIV-1: new insights, renewed focus. J Infect Dis. (2010) 202 (Suppl. 2):S315–22. doi: 10.1086/655654

 31. Henrard D, Fauvel M, Samson J, Delage G, Boucher M, Hankins C, et al. Ontogeny of the humoral immune response to human immunodeficiency virus type 1 in infants. J Infect Dis. (1993) 168:288–91. doi: 10.1093/infdis/168.2.288

 32. Gaines H, von Sydow M, Sonnerborg A, Albert J, Czajkowski J, Pehrson PO, et al. Antibody response in primary human immunodeficiency virus infection. Lancet. (1987) 1:1249–53. doi: 10.1016/S0140-6736(87)92696-1

 33. Pollack H, Zhan MX, Ilmet-Moore T, Ajuang-Simbiri K, Krasinski K, Borkowsky W. Ontogeny of anti-human immunodeficiency virus (HIV) antibody production in HIV-1-infected infants. Proc Natl Acad Sci USA. (1993) 90:2340–4. doi: 10.1073/pnas.90.6.2340

 34. McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF. The immune response during acute HIV-1 infection: clues for vaccine development. Nat Rev Immunol. (2010) 10:11–23. doi: 10.1038/nri2674

 35. Frost SD, Trkola A, Gunthard HF, Richman DD. Antibody responses in primary HIV-1 infection. Curr Opin HIV AIDS. (2008) 3:45–51. doi: 10.1097/COH.0b013e3282f310ae

 36. Tomaras GD, Yates NL, Liu P, Qin L, Fouda GG, Chavez LL, et al. Initial B-cell responses to transmitted human immunodeficiency virus type 1: virion-binding immunoglobulin M (IgM) and IgG antibodies followed by plasma anti-gp41 antibodies with ineffective control of initial viremia. J Virol. (2008) 82:12449–63. doi: 10.1128/JVI.01708-08

 37. Havenar-Daughton C, Lee JH, Crotty S. Tfh cells and HIV bnAbs, an immunodominance model of the HIV neutralizing antibody generation problem. Immunol Rev. (2017) 275:49–61. doi: 10.1111/imr.12512

 38. Overbaugh J, Morris L. The antibody response against HIV-1. Cold Spring Harb Perspect Med. (2012) 2:a007039. doi: 10.1101/cshperspect.a007039

 39. Zolla-Pazner S. Non-neutralizing antibody functions for protection and control HIV in humans and SIV and SHIV in non-human primates. AIDS. (2016) 30:2551–53. doi: 10.1097/QAD.0000000000001200

 40. Bonsignori M, Alam SM, Liao HX, Verkoczy L, Tomaras GD, Haynes BF, et al. HIV-1 antibodies from infection and vaccination: insights for guiding vaccine design. Trends Microbiol. (2012) 20:532–9. doi: 10.1016/j.tim.2012.08.011

 41. Mascola JR, Montefiori DC. The role of antibodies in HIV vaccines. Annu Rev Immunol. (2010) 28:413–44. doi: 10.1146/annurev-immunol-030409-101256

 42. Forthal DN, Landucci G, Daar ES. Antibody from patients with acute human immunodeficiency virus (HIV) infection inhibits primary strains of HIV type 1 in the presence of natural-killer effector cells. J Virol. (2001) 75:6953–61. doi: 10.1128/JVI.75.15.6953-6961.2001

 43. Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, Julien JP, et al. Broad neutralization coverage of HIV by multiple highly potent antibodies. Nature. (2011) 477:466–70. doi: 10.1038/nature10373

 44. Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, et al. Broad and potent neutralizing antibodies from an African donor reveal a new HIV-1 vaccine target. Science. (2009) 326:285–9. doi: 10.1126/science.1178746

 45. Scheid JF, Mouquet H, Feldhahn N, Seaman MS, Velinzon K, Pietzsch J, et al. Broad diversity of neutralizing antibodies isolated from memory B cells in HIV-infected individuals. Nature. (2009) 458:636–40. doi: 10.1038/nature07930

 46. Stiegler G, Kunert R, Purtscher M, Wolbank S, Voglauer R, Steindl F, et al. A potent cross-clade neutralizing human monoclonal antibody against a novel epitope on gp41 of human immunodeficiency virus type 1. AIDS Res Hum Retroviruses. (2001) 17:1757–65. doi: 10.1089/08892220152741450

 47. Banerjee K, Klasse PJ, Sanders RW, Pereyra F, Michael E, Lu M, et al. IgG subclass profiles in infected HIV type 1 controllers and chronic progressors and in uninfected recipients of Env vaccines. AIDS Res Hum Retroviruses. (2010) 26:445–58. doi: 10.1089/aid.2009.0223

 48. Pantaleo G, Menzo S, Vaccarezza M, Graziosi C, Cohen OJ, Demarest JF, et al. Studies in subjects with long-term nonprogressive human immunodeficiency virus infection. N Engl J Med. (1995) 332:209–16. doi: 10.1056/NEJM199501263320402

 49. Burton DR, Mascola JR. Antibody responses to envelope glycoproteins in HIV-1 infection. Nat Immunol. (2015) 16:571–6. doi: 10.1038/ni.3158

 50. Kwong PD, Mascola JR. HIV-1 Vaccines based on antibody identification, B cell ontogeny, and epitope structure. Immunity. (2018) 48:855–71. doi: 10.1016/j.immuni.2018.04.029

 51. Klein F, Mouquet H, Dosenovic P, Scheid JF, Scharf L, Nussenzweig MC. Antibodies in HIV-1 vaccine development and therapy. Science. (2013) 341:1199–204. doi: 10.1126/science.1241144

 52. Mouquet H, Nussenzweig MC. Polyreactive antibodies in adaptive immune responses to viruses. Cell Mol Life Sci. (2012) 69:1435–45. doi: 10.1007/s00018-011-0872-6

 53. Wu X, Yang ZY, Li Y, Hogerkorp CM, Schief WR, Seaman MS, et al. Rational design of envelope identifies broadly neutralizing human monoclonal antibodies to HIV-1. Science. (2010) 329:856–61. doi: 10.1126/science.1187659

 54. Dingens AS, Haddox HK, Overbaugh J, Bloom JD. Comprehensive mapping of HIV-1 escape from a broadly neutralizing antibody. Cell Host Microbe. (2017) 21:777–87.e4. doi: 10.1016/j.chom.2017.05.003

 55. Blattner C, Lee JH, Sliepen K, Derking R, Falkowska E, de la Pena AT, et al. Structural delineation of a quaternary, cleavage-dependent epitope at the gp41-gp120 interface on intact HIV-1 Env trimers. Immunity. (2014) 40:669–80. doi: 10.1016/j.immuni.2014.04.008

 56. Ferrantelli F, Kitabwalla M, Rasmussen RA, Cao C, Chou TC, Katinger H, et al. Potent cross-group neutralization of primary human immunodeficiency virus isolates with monoclonal antibodies–implications for acquired immunodeficiency syndrome vaccine. J Infect Dis. (2004) 189:71–4. doi: 10.1086/380102

 57. Binley JM, Wrin T, Korber B, Zwick MB, Wang M, Chappey C, et al. Comprehensive cross-clade neutralization analysis of a panel of anti-human immunodeficiency virus type 1 monoclonal antibodies. J Virol. (2004) 78:13232–52. doi: 10.1128/JVI.78.23.13232-13252.2004

 58. Mascola JR, Stiegler G, VanCott TC, Katinger H, Carpenter CB, Hanson CE, et al. Protection of macaques against vaginal transmission of a pathogenic HIV-1/SIV chimeric virus by passive infusion of neutralizing antibodies. Nat Med. (2000) 6:207–10. doi: 10.1038/72318

 59. Baba TW, Liska V, Hofmann-Lehmann R, Vlasak J, Xu W, Ayehunie S, et al. Human neutralizing monoclonal antibodies of the IgG1 subtype protect against mucosal simian-human immunodeficiency virus infection. Nat Med. (2000) 6:200–6. doi: 10.1038/72309

 60. Liu J, Ghneim K, Sok D, Bosche WJ, Li Y, Chipriano E, et al. Antibody-mediated protection against SHIV challenge includes systemic clearance of distal virus. Science. (2016) 353:1045–9. doi: 10.1126/science.aag0491

 61. Hessell AJ, Jaworski JP, Epson E, Matsuda K, Pandey S, Kahl C, et al. Early short-term treatment with neutralizing human monoclonal antibodies halts SHIV infection in infant macaques. Nat Med. (2016) 22:362–8. doi: 10.1038/nm.4063

 62. von Bredow B, Arias JF, Heyer LN, Moldt B, Le K, Robinson JE, et al. Comparison of antibody-dependent cell-mediated cytotoxicity and virus neutralization by HIV-1 env-specific monoclonal antibodies. J Virol. (2016) 90:6127–39. doi: 10.1128/JVI.00347-16

 63. Tay MZ, Liu P, Williams LD, McRaven MD, Sawant S, Gurley TC, et al. Antibody-mediated internalization of infectious HIV-1 virions differs among antibody isotypes and subclasses. PLoS Pathog. (2016) 12:e1005817. doi: 10.1371/journal.ppat.1005817

 64. Mujib S, Liu J, Rahman A, Schwartz JA, Bonner P, Yue FY, et al. Comprehensive cross-clade characterization of antibody-mediated recognition, complement-mediated lysis, and cell-mediated cytotoxicity of hiv-1 envelope-specific antibodies toward eradication of the HIV-1 reservoir. J Virol. (2017) 91:e00634–17. doi: 10.1128/JVI.00634-17

 65. Walker LM, Burton DR. Passive immunotherapy of viral infections: 'super-antibodies' enter the fray. Nat Rev Immunol. (2018) 18:297–308. doi: 10.1038/nri.2017.148

 66. Wagh K, Bhattacharya T, Williamson C, Robles A, Bayne M, Garrity J, et al. Optimal combinations of broadly neutralizing antibodies for prevention and treatment of HIV-1 clade C infection. PLoS Pathog. (2016) 12:e1005520. doi: 10.1371/journal.ppat.1005520

 67. Wu X, Guo J, Niu M, An M, Liu L, Wang H, et al. Tandem bispecific neutralizing antibody eliminates HIV-1 infection in humanized mice. J Clin Invest. (2018) 128:2239–51. doi: 10.1172/JCI96764

 68. Padte NN, Yu J, Huang Y, Ho DD. Engineering multi-specific antibodies against HIV-1. Retrovirology. (2018) 15:60. doi: 10.1186/s12977-018-0439-9

 69. Huang Y, Yu J, Lanzi A, Yao X, Andrews CD, Tsai L, et al. Engineered bispecific antibodies with exquisite HIV-1-neutralizing activity. Cell. (2016) 165:1621–31. doi: 10.1016/j.cell.2016.05.024

 70. Asokan M, Rudicell RS, Louder M, McKee K, O'Dell S, Stewart-Jones G, et al. Bispecific antibodies targeting different epitopes on the HIV-1 envelope exhibit broad and potent neutralization. J Virol. (2015) 89:12501–12. doi: 10.1128/JVI.02097-15

 71. Klein F, Diskin R, Scheid JF, Gaebler C, Mouquet H, Georgiev IS, et al. Somatic mutations of the immunoglobulin framework are generally required for broad and potent HIV-1 neutralization. Cell. (2013) 153:126–38. doi: 10.1016/j.cell.2013.03.018

 72. Kepler TB, Liao HX, Alam SM, Bhaskarabhatla R, Zhang R, Yandava C, et al. Immunoglobulin gene insertions and deletions in the affinity maturation of HIV-1 broadly reactive neutralizing antibodies. Cell Host Microbe. (2014) 16:304–13. doi: 10.1016/j.chom.2014.08.006

 73. Scheepers C, Shrestha RK, Lambson BE, Jackson KJ, Wright IA, Naicker D, et al. Ability to develop broadly neutralizing HIV-1 antibodies is not restricted by the germline Ig gene repertoire. J Immunol. (2015) 194:4371–8. doi: 10.4049/jimmunol.1500118

 74. Gautam R, Nishimura Y, Pegu A, Nason MC, Klein F, Gazumyan A, et al. A single injection of anti-HIV-1 antibodies protects against repeated SHIV challenges. Nature. (2016) 533:105–9. doi: 10.1038/nature17677

 75. Ko SY, Pegu A, Rudicell RS, Yang ZY, Joyce MG, Chen X, et al. Enhanced neonatal Fc receptor function improves protection against primate SHIV infection. Nature. (2014) 514:642–5. doi: 10.1038/nature13612

 76. Zalevsky J, Chamberlain AK, Horton HM, Karki S, Leung IW, Sproule TJ, et al. Enhanced antibody half-life improves in vivo activity. Nat Biotechnol. (2010) 28:157–9. doi: 10.1038/nbt.1601

 77. Yates NL, Stacey AR, Nolen TL, Vandergrift NA, Moody MA, Montefiori DC, et al. HIV-1 gp41 envelope IgA is frequently elicited after transmission but has an initial short response half-life. Mucosal Immunol. (2013) 6:692–703. doi: 10.1038/mi.2012.107

 78. Forthal D, Hope TJ, Alter G. New paradigms for functional HIV-specific nonneutralizing antibodies. Curr Opin HIV AIDS. (2013) 8:392–400. doi: 10.1097/COH.0b013e328363d486

 79. Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: from structure to effector functions. Front Immunol. (2014) 5:520. doi: 10.3389/fimmu.2014.00520

 80. Gallerano D, Ndlovu P, Makupe I, Focke-Tejkl M, Fauland K, Wollmann E, et al. Comparison of the specificities of IgG, IgG-subclass, IgA and IgM reactivities in African and European HIV-infected individuals with an HIV-1 clade C proteome-based array. PLoS ONE. (2015) 10:e0117204. doi: 10.1371/journal.pone.0117204

 81. Garraud O, Perraut R, Riveau G, Nutman TB. Class and subclass selection in parasite-specific antibody responses. Trends Parasitol. (2003) 19:300–4. doi: 10.1016/S1471-4922(03)00139-9

 82. Klasse PJ, Blomberg J, Pipkorn R. Differential IgG subclass responses to epitopes in transmembrane protein of HIV-1. Viral Immunol. (1990) 3:89–98. doi: 10.1089/vim.1990.3.89

 83. Sadanand S, Das J, Chung AW, Schoen MK, Lane S, Suscovich TJ, et al. Temporal variation in HIV-specific IgG subclass antibodies during acute infection differentiates spontaneous controllers from chronic progressors. AIDS. (2018) 32:443–50. doi: 10.1097/QAD.0000000000001716

 84. Yates NL, Lucas JT, Nolen TL, Vandergrift NA, Soderberg KA, Seaton KE, et al. Multiple HIV-1-specific IgG3 responses decline during acute HIV-1: implications for detection of incident HIV infection. AIDS. (2011) 25:2089–97. doi: 10.1097/QAD.0b013e32834b348e

 85. Ferrante A, Beard LJ, Feldman RG. IgG subclass distribution of antibodies to bacterial and viral antigens. Pediatr Infect Dis J. (1990) 9:S16–24. doi: 10.1097/00006454-199008001-00004

 86. Siber GR, Schur PH, Aisenberg AC, Weitzman SA, Schiffman G. Correlation between serum IgG-2 concentrations and the antibody response to bacterial polysaccharide antigens. N Engl J Med. (1980) 303:178–82. doi: 10.1056/NEJM198007243030402

 87. Binley JM, Lybarger EA, Crooks ET, Seaman MS, Gray E, Davis KL, et al. Profiling the specificity of neutralizing antibodies in a large panel of plasmas from patients chronically infected with human immunodeficiency virus type 1 subtypes B and C. J Virol. (2008) 82:11651–68. doi: 10.1128/JVI.01762-08

 88. Ngo-Giang-Huong N, Candotti D, Goubar A, Autran B, Maynart M, Sicard D, et al. HIV type 1-specific IgG2 antibodies: markers of helper T cell type 1 response and prognostic marker of long-term nonprogression. AIDS Res Hum Retroviruses. (2001) 17:1435–46. doi: 10.1089/088922201753197105

 89. Rouers A, Klingler J, Su B, Samri A, Laumond G, Even S, et al. HIV-specific B cell frequency correlates with neutralization breadth in patients naturally controlling HIV-infection. EBioMedicine. (2017) 21:158–69. doi: 10.1016/j.ebiom.2017.05.029

 90. Lucar O, Su B, Potard V, Samri A, Autran B, Moog C, et al. Neutralizing antibodies against a specific human immunodeficiency virus gp41 epitope are associated with long-term non-progressor status. EBioMedicine. (2017) 22:122–32. doi: 10.1016/j.ebiom.2017.07.007

 91. Martinez V, Costagliola D, Bonduelle O, N'go N, Schnuriger A, Theodorou I, et al. Combination of HIV-1-specific CD4 Th1 cell responses and IgG2 antibodies is the best predictor for persistence of long-term nonprogression. J Infect Dis. (2005) 191:2053–63. doi: 10.1086/430320

 92. Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J, Paris R, et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N Engl J Med. (2009) 361:2209–20. doi: 10.1056/NEJMoa0908492

 93. Yates NL, Liao HX, Fong Y, deCamp A, Vandergrift NA, Williams WT, et al. Vaccine-induced Env V1-V2 IgG3 correlates with lower HIV-1 infection risk and declines soon after vaccination. Sci Transl Med. (2014) 6:228ra239. doi: 10.1126/scitranslmed.3007730

 94. Cavacini LA, Kuhrt D, Duval M, Mayer K, Posner MR. Binding and neutralization activity of human IgG1 and IgG3 from serum of HIV-infected individuals. AIDS Res Hum Retroviruses. (2003) 19:785–92. doi: 10.1089/088922203769232584

 95. Tjiam MC, Taylor JP, Morshidi MA, Sariputra L, Burrows S, Martin JN, et al. Viremic HIV controllers exhibit high plasmacytoid dendritic cell-reactive opsonophagocytic IgG antibody responses against HIV-1 p24 associated with greater antibody isotype diversification. J Immunol. (2015) 194:5320–8. doi: 10.4049/jimmunol.1402918

 96. Ackerman ME, Crispin M, Yu X, Baruah K, Boesch AW, Harvey DJ, et al. Natural variation in Fc glycosylation of HIV-specific antibodies impacts antiviral activity. J Clin Invest. (2013) 123:2183–92. doi: 10.1172/JCI65708

 97. Burton DR. Antibodies, viruses and vaccines. Nat Rev Immunol. (2002) 2:706–13. doi: 10.1038/nri891

 98. Wang J, Li Z, Xu L, Yang H, Liu W. Transmembrane domain dependent inhibitory function of FcgammaRIIB. Protein Cell. (2018) 9:1004–12. doi: 10.1007/s13238-018-0509-8

 99. Li SS, Gilbert PB, Tomaras GD, Kijak G, Ferrari G, Thomas R, et al. FCGR2C polymorphisms associate with HIV-1 vaccine protection in RV144 trial. J Clin Invest. (2014) 124:3879–90. doi: 10.1172/JCI75539

 100. Warmerdam PA, van de Winkel JG, Gosselin EJ, Capel PJ. Molecular basis for a polymorphism of human Fc gamma receptor II (CD32). J Exp Med. (1990) 172:19–25. doi: 10.1084/jem.172.1.19

 101. Ravetch JV, Perussia B. Alternative membrane forms of Fc gamma RIII(CD16) on human natural killer cells and neutrophils. Cell type-specific expression of two genes that differ in single nucleotide substitutions. J Exp Med. (1989) 170:481–97. doi: 10.1084/jem.170.2.481

 102. Ory PA, Goldstein IM, Kwoh EE, Clarkson SB. Characterization of polymorphic forms of Fc receptor III on human neutrophils. J Clin Invest. (1989) 83:1676–81. doi: 10.1172/JCI114067

 103. van der Heijden J, Breunis WB, Geissler J, de Boer M, van den Berg TK, Kuijpers TW. Phenotypic variation in IgG receptors by nonclassical FCGR2C alleles. J Immunol. (2012) 188:1318–24. doi: 10.4049/jimmunol.1003945

 104. Roederer M, Quaye L, Mangino M, Beddall MH, Mahnke Y, Chattopadhyay P, et al. The genetic architecture of the human immune system: a bioresource for autoimmunity and disease pathogenesis. Cell. (2015) 161:387–403. doi: 10.1016/j.cell.2015.02.046

 105. Hirvinen M, Heiskanen R, Oksanen M, Pesonen S, Liikanen I, Joensuu T, et al. Fc-gamma receptor polymorphisms as predictive and prognostic factors in patients receiving oncolytic adenovirus treatment. J Transl Med. (2013) 11:193. doi: 10.1186/1479-5876-11-193

 106. Forthal DN, Landucci G, Bream J, Jacobson LP, Phan TB, Montoya B. FcgammaRIIa genotype predicts progression of HIV infection. J Immunol. (2007) 179:7916–23. doi: 10.4049/jimmunol.179.11.7916

 107. Perez LG, Costa MR, Todd CA, Haynes BF, Montefiori DC. Utilization of immunoglobulin G fc receptors by human immunodeficiency virus type 1: a specific role for antibodies against the membrane-proximal external region of gp41. J Virol. (2009) 83:7397–410. doi: 10.1128/JVI.00656-09

 108. Breunis WB, van Mirre E, Geissler J, Laddach N, Wolbink G, van der Schoot E, et al. Copy number variation at the FCGR locus includes FCGR3A, FCGR2C and FCGR3B but not FCGR2A and FCGR2B. Hum Mutat. (2009) 30:E640–50. doi: 10.1002/humu.20997

 109. Ernst LK, Metes D, Herberman RB, Morel PA. Allelic polymorphisms in the FcgammaRIIC gene can influence its function on normal human natural killer cells. J Mol Med. (2002) 80:248–57. doi: 10.1007/s00109-001-0294-2

 110. Lassauniere R, Musekiwa A, Gray GE, Kuhn L, Tiemessen CT. Perinatal HIV-1 transmission: Fc gamma receptor variability associates with maternal infectiousness and infant susceptibility. Retrovirology. (2016) 13:40. doi: 10.1186/s12977-016-0272-y

 111. Milligan C, Richardson BA, John-Stewart G, Nduati R, Overbaugh J. FCGR2A and FCGR3A genotypes in human immunodeficiency virus mother-to-child transmission. Open Forum Infect Dis. (2015) 2:ofv149. doi: 10.1093/ofid/ofv149

 112. Deepe RN, Kistner-Griffin E, Martin JN, Deeks SG, Pandey JP. Epistatic interactions between Fc (GM) and FcgammaR genes and the host control of human immunodeficiency virus replication. Hum Immunol. (2012) 73:263–6. doi: 10.1016/j.humimm.2011.12.008

 113. Poonia B, Kijak GH, Pauza CD. High affinity allele for the gene of FCGR3A is risk factor for HIV infection and progression. PLoS ONE. (2010) 5:e15562. doi: 10.1371/journal.pone.0015562

 114. Saxena A, Wu D. Advances in therapeutic Fc engineering - modulation of IgG-associated effector functions and serum half-life. Front Immunol. (2016) 7:580. doi: 10.3389/fimmu.2016.00580

 115. Gupta S, Gach JS, Becerra JC, Phan TB, Pudney J, Moldoveanu Z, et al. The neonatal Fc receptor (FcRn) enhances human immunodeficiency virus type 1 (HIV-1) transcytosis across epithelial cells. PLoS Pathog. (2013) 9:e1003776. doi: 10.1371/journal.ppat.1003776

 116. Ye L, Zeng R, Bai Y, Roopenian DC, Zhu X. Efficient mucosal vaccination mediated by the neonatal Fc receptor. Nat Biotechnol. (2011) 29:158–63. doi: 10.1038/nbt.1742

 117. Hashimoto G, Wright PF, Karzon DT. Antibody-dependent cell-mediated cytotoxicity against influenza virus-infected cells. J Infect Dis. (1983) 148:785–94. doi: 10.1093/infdis/148.5.785

 118. Kohl S, Charlebois ED, Sigouroudinia M, Goldbeck C, Hartog K, Sekulovich RE, et al. Limited antibody-dependent cellular cytotoxicity antibody response induced by a herpes simplex virus type 2 subunit vaccine. J Infect Dis. (2000) 181:335–9. doi: 10.1086/315208

 119. Lyerly HK, Matthews TJ, Langlois AJ, Bolognesi DP, Weinhold KJ. Human T-cell lymphotropic virus IIIB glycoprotein (gp120) bound to CD4 determinants on normal lymphocytes and expressed by infected cells serves as target for immune attack. Proc Natl Acad Sci USA. (1987) 84:4601–5. doi: 10.1073/pnas.84.13.4601

 120. Jacobs R, Hintzen G, Kemper A, Beul K, Kempf S, Behrens G, et al. CD56bright cells differ in their KIR repertoire and cytotoxic features from CD56dim NK cells. Eur J Immunol. (2001) 31:3121–7. doi: 10.1002/1521-4141(2001010)31:10<3121::aid-immu3121>3.0.co;2-4

 121. Pollara J, Hart L, Brewer F, Pickeral J, Packard BZ, Hoxie JA, et al. High-throughput quantitative analysis of HIV-1 and SIV-specific ADCC-mediating antibody responses. Cytometry A. (2011) 79:603–12. doi: 10.1002/cyto.a.21084

 122. Lanier LL, Le AM, Civin CI, Loken MR, Phillips JH. The relationship of CD16 (Leu-11) and Leu-19 (NKH-1) antigen expression on human peripheral blood NK cells and cytotoxic T lymphocytes. J Immunol. (1986) 136:4480–6.

 123. Wren LH, Chung AW, Isitman G, Kelleher AD, Parsons MS, Amin J, et al. Specific antibody-dependent cellular cytotoxicity responses associated with slow progression of HIV infection. Immunology. (2013) 138:116–23. doi: 10.1111/imm.12016

 124. Banks ND, Kinsey N, Clements J, Hildreth JE. Sustained antibody-dependent cell-mediated cytotoxicity (ADCC) in SIV-infected macaques correlates with delayed progression to AIDS. AIDS Res Hum Retroviruses. (2002) 18:1197–205. doi: 10.1089/08892220260387940

 125. Baum LL, Cassutt KJ, Knigge K, Khattri R, Margolick J, Rinaldo C, et al. HIV-1 gp120-specific antibody-dependent cell-mediated cytotoxicity correlates with rate of disease progression. J Immunol. (1996) 157:2168–73.

 126. Chung AW, Navis M, Isitman G, Centre R, Finlayson R, Bloch M, et al. Activation of NK cells by ADCC responses during early HIV infection. Viral Immunol. (2011) 24:171–5. doi: 10.1089/vim.2010.0108

 127. Lee WS, Kent SJ. Anti-HIV-1 antibody-dependent cellular cytotoxicity: is there more to antibodies than neutralization? Curr Opin HIV AIDS. (2018) 13:160–6. doi: 10.1097/COH.0000000000000439

 128. Lewis GK, Finzi A, DeVico AL, Pazgier M. Conformational masking and receptor-dependent unmasking of highly conserved Env epitopes recognized by non-neutralizing antibodies that mediate potent ADCC against HIV-1. Viruses. (2015) 7:5115–32. doi: 10.3390/v7092856

 129. Alpert MD, Harvey JD, Lauer WA, Reeves RK, Piatak M Jr, Carville A, et al. ADCC develops over time during persistent infection with live-attenuated SIV and is associated with complete protection against SIV(mac)251 challenge. PLoS Pathog. (2012) 8:e1002890. doi: 10.1371/journal.ppat.1002890

 130. Hessell AJ, Shapiro MB, Powell R, Malherbe DC, McBurney SP, Pandey S, et al. Reduced cell-associated DNA and improved viral control in macaques following passive transfer of a single anti-V2 monoclonal antibody and repeated simian/human immunodeficiency viruschallenges. J Virol. (2018) 92:e02198–17. doi: 10.1128/JVI.02198-17

 131. Mayr LM, Decoville T, Schmidt S, Laumond G, Klingler J, Ducloy C, et al. Non-neutralizing antibodies targeting the V1V2 domain of HIV exhibit strong antibody-dependent cell-mediated cytotoxic activity. Sci Rep. (2017) 7:12655. doi: 10.1038/s41598-017-12883-6

 132. Broliden K, Sievers E, Tovo PA, Moschese V, Scarlatti G, Broliden PA, et al. Antibody-dependent cellular cytotoxicity and neutralizing activity in sera of HIV-1-infected mothers and their children. Clin Exp Immunol. (1993) 93:56–64. doi: 10.1111/j.1365-2249.1993.tb06497.x

 133. Mabuka J, Nduati R, Odem-Davis K, Peterson D, Overbaugh J. HIV-specific antibodies capable of ADCC are common in breastmilk and are associated with reduced risk of transmission in women with high viral loads. PLoS Pathog. (2012) 8:e1002739. doi: 10.1371/journal.ppat.1002739

 134. Lewis GK, Ackerman ME, Scarlatti G, Moog C, Robert-Guroff M, Kent SJ, et al. Knowns and unknowns of assaying antibody-dependent cell-mediated cytotoxicity against HIV-1. Front Immunol. (2019) 10:1025. doi: 10.3389/fimmu.2019.01025

 135. Huang Y, Ferrari G, Alter G, Forthal DN, Kappes JC, Lewis GK, et al. Diversity of antiviral IgG effector activities observed in HIV-infected and vaccinated subjects. J Immunol. (2016) 197:4603–12. doi: 10.4049/jimmunol.1601197

 136. Prevost J, Richard J, Medjahed H, Alexander A, Jones J, Kappes JC, et al. Incomplete downregulation of CD4 expression affects HIV-1 Env conformation and antibody-dependent cellular cytotoxicity responses. J Virol. (2018) 92:e00484–18. doi: 10.1128/JVI.00484-18

 137. Gohain N, Tolbert WD, Orlandi C, Richard J, Ding S, Chen X, et al. Molecular basis for epitope recognition by non-neutralizing anti-gp41 antibody F240. Sci Rep. (2016) 6:36685. doi: 10.1038/srep36685

 138. Richard J, Prevost J, Baxter AE, von Bredow B, Ding S, Medjahed H, et al. Uninfected bystander cells impact the measurement of HIV-specific antibody-dependent cellular cytotoxicity responses. MBio. (2018) 9:e00358–18. doi: 10.1128/mBio.00358-18

 139. Richard J, Prevost J, Alsahafi N, Ding S, Finzi A. Impact of HIV-1 envelope conformation on ADCC responses. Trends Microbiol. (2018) 26:253–65. doi: 10.1016/j.tim.2017.10.007

 140. Forthal DN, Finzi A. Antibody-dependent cellular cytotoxicity in HIV infection. AIDS. (2018) 32:2439–51. doi: 10.1097/QAD.0000000000002011

 141. Zhang X, Lu X, Moog C, Yuan L, Liu Z, Li Z, et al. KIR3DL1-negative CD8 T cells and KIR3DL1-negative natural killer cells contribute to the advantageous control of early human immunodeficiency virus type 1 infection in HLA-B Bw4 homozygous individuals. Front Immunol. (2018) 9:1855. doi: 10.3389/fimmu.2018.01855

 142. Malnati MS, Ugolotti E, Monti MC, Battista D, Vanni I, Bordo D, et al. Activating killer immunoglobulin receptors and HLA-C: a successful combination providing HIV-1 control. Sci Rep. (2017) 7:42470. doi: 10.1038/srep42470

 143. Boulet S, Kleyman M, Kim JY, Kamya P, Sharafi S, Simic N, et al. A combined genotype of KIR3DL1 high expressing alleles and HLA-B*57 is associated with a reduced risk of HIV infection. AIDS. (2008) 22:1487–91. doi: 10.1097/QAD.0b013e3282ffde7e

 144. Martin MP, Qi Y, Gao X, Yamada E, Martin JN, Pereyra F, et al. Innate partnership of HLA-B and KIR3DL1 subtypes against HIV-1. Nat Genet. (2007) 39:733–40. doi: 10.1038/ng2035

 145. Scully E, Alter G. NK cells in HIV disease. Curr HIV/AIDS Rep. (2016) 13:85–94. doi: 10.1007/s11904-016-0310-3

 146. Mayr L, Su B, Moog C. Role of nonneutralizing antibodies in vaccines and/or HIV infected individuals. Curr Opin HIV AIDS. (2017) 12:209–15. doi: 10.1097/COH.0000000000000357

 147. Ackerman ME, Moldt B, Wyatt RT, Dugast AS, McAndrew E, Tsoukas S, et al. A robust, high-throughput assay to determine the phagocytic activity of clinical antibody samples. J Immunol Methods. (2011) 366:8–19. doi: 10.1016/j.jim.2010.12.016

 148. Holl V, Peressin M, Schmidt S, Decoville T, Zolla-Pazner S, Aubertin AM, et al. Efficient inhibition of HIV-1 replication in human immature monocyte-derived dendritic cells by purified anti-HIV-1 IgG without induction of maturation. Blood. (2006) 107:4466–74. doi: 10.1182/blood-2005-08-3490

 149. Holl V, Hemmerter S, Burrer R, Schmidt S, Bohbot A, Aubertin AM, et al. Involvement of Fc gamma RI (CD64) in the mechanism of HIV-1 inhibition by polyclonal IgG purified from infected patients in cultured monocyte-derived macrophages. J Immunol. (2004) 173:6274–83. doi: 10.4049/jimmunol.173.10.6274

 150. Barouch DH, Stephenson KE, Borducchi EN, Smith K, Stanley K, McNally AG, et al. Protective efficacy of a global HIV-1 mosaic vaccine against heterologous SHIV challenges in rhesus monkeys. Cell. (2013) 155:531–9. doi: 10.1016/j.cell.2013.09.061

 151. Barouch DH, Alter G, Broge T, Linde C, Ackerman ME, Brown EP, et al. Protective efficacy of adenovirus/protein vaccines against SIV challenges in rhesus monkeys. Science. (2015) 349:320–4. doi: 10.1126/science.aab3886

 152. Tuero I, Mohanram V, Musich T, Miller L, Vargas-Inchaustegui DA, Demberg T, et al. Mucosal B cells are associated with delayed SIV acquisition in vaccinated female but not male rhesus macaques following SIVmac251 rectal challenge. PLoS Pathog. (2015) 11:e1005101. doi: 10.1371/journal.ppat.1005101

 153. Chung AW, Ghebremichael M, Robinson H, Brown E, Choi I, Lane S, et al. Polyfunctional Fc-effector profiles mediated by IgG subclass selection distinguish RV144 and VAX003 vaccines. Sci Transl Med. (2014) 6:228ra238. doi: 10.1126/scitranslmed.3007736

 154. Musich T, Li L, Liu L, Zolla-Pazner S, Robert-Guroff M, Gorny MK. Monoclonal antibodies specific for the V2, V3, CD4-binding site, and gp41 of HIV-1 mediate phagocytosis in a dose-dependent manner. J Virol. (2017) 91:e02325–16. doi: 10.1128/JVI.02325-16

 155. Sips M, Krykbaeva M, Diefenbach TJ, Ghebremichael M, Bowman BA, Dugast AS, et al. Fc receptor-mediated phagocytosis in tissues as a potent mechanism for preventive and therapeutic HIV vaccine strategies. Mucosal Immunol. (2016) 9:1584–95. doi: 10.1038/mi.2016.12

 156. Forthal DN, Landucci G, Chohan B, Richardson BA, McClelland RS, Jaoko W, et al. Antibody-dependent cell-mediated virus inhibition antibody activity does not correlate with risk of HIV-1 superinfection. J Acquir Immune Defic Syndr. (2013) 63:31–3. doi: 10.1097/QAI.0b013e3182874d41

 157. Moody MA, Liao HX, Alam SM, Scearce RM, Plonk MK, Kozink DM, et al. Anti-phospholipid human monoclonal antibodies inhibit CCR5-tropic HIV-1 and induce beta-chemokines. J Exp Med. (2010) 207:763–76. doi: 10.1084/jem.20091281

 158. Ackerman ME, Mikhailova A, Brown EP, Dowell KG, Walker BD, Bailey-Kellogg C, et al. Polyfunctional HIV-specific antibody responses are associated with spontaneous HIV control. PLoS Pathog. (2016) 12:e1005315. doi: 10.1371/journal.ppat.1005315

 159. Hessell AJ, Hangartner L, Hunter M, Havenith CE, Beurskens FJ, Bakker JM, et al. Fc receptor but not complement binding is important in antibody protection against HIV. Nature. (2007) 449:101–4. doi: 10.1038/nature06106

 160. Parsons MS, Lee WS, Kristensen AB, Amarasena T, Khoury G, Wheatley AK, et al. Fc-dependent functions are redundant to efficacy of anti-HIV antibody PGT121 in macaques. J Clin Invest. (2019):129:182–91. doi: 10.1172/JCI122466

 161. Alexander MR, Sanders RW, Moore JP, Klasse PJ. Short communication: virion aggregation by neutralizing and nonneutralizing antibodies to the HIV-1 envelope glycoprotein. AIDS Res Hum Retroviruses. (2015) 31:1160–5. doi: 10.1089/aid.2015.0050

 162. Stieh DJ, King DF, Klein K, Liu P, Shen X, Hwang KK, et al. Aggregate complexes of HIV-1 induced by multimeric antibodies. Retrovirology. (2014) 11:78. doi: 10.1186/s12977-014-0078-8

 163. Fahrbach KM, Malykhina O, Stieh DJ, Hope TJ. Differential binding of IgG and IgA to mucus of the female reproductive tract. PLoS ONE. (2013) 8:e76176. doi: 10.1371/journal.pone.0076176

 164. Gunn BM, Schneider JR, Shansab M, Bastian AR, Fahrbach KM, Smith AD 4th, et al. Enhanced binding of antibodies generated during chronic HIV infection to mucus component MUC16. Mucosal Immunol. (2016) 9:1549–58. doi: 10.1038/mi.2016.8

 165. Uzzan M, Tokuyama M, Rosenstein AK, Tomescu C, SahBandar IN, Ko HM, et al. Anti-alpha4beta7 therapy targets lymphoid aggregates in the gastrointestinal tract of HIV-1-infected individuals. Sci Transl Med. (2018) 10:eaau4711. doi: 10.1126/scitranslmed.aau4711

 166. Killick J, Morisse G, Sieger D, Astier AL. Complement as a regulator of adaptive immunity. Semin Immunopathol. (2018) 40:37–48. doi: 10.1007/s00281-017-0644-y

 167. Freeley S, Kemper C, Le Friec G. The “ins and outs” of complement-driven immune responses. Immunol Rev. (2016) 274:16–32. doi: 10.1111/imr.12472

 168. Frank MM, Hester C, Jiang H. Complement and the control of HIV infection: an evolving story. Curr Opin HIV AIDS. (2014) 9:278–90. doi: 10.1097/COH.0000000000000058

 169. Nakamura M, Okada H, Sasaki H, Yoshida K, Kamada M, Okada N, et al. Quantification of the CD55 and CD59, membrane inhibitors of complement on HIV-1 particles as a function of complement-mediated virolysis. Microbiol Immunol. (1996) 40:561–7. doi: 10.1111/j.1348-0421.1996.tb01109.x

 170. Yu Q, Yu R, Qin X. The good and evil of complement activation in HIV-1 infection. Cell Mol Immunol. (2010) 7:334–40. doi: 10.1038/cmi.2010.8

 171. Stoiber H, Pruenster M, Ammann CG, Dierich MP. Complement-opsonized HIV: the free rider on its way to infection. Mol Immunol. (2005) 42:153–60. doi: 10.1016/j.molimm.2004.06.024

 172. Montefiori DC, Cornell RJ, Zhou JY, Zhou JT, Hirsch VM, Johnson PR. Complement control proteins, CD46, CD55, and CD59, as common surface constituents of human and simian immunodeficiency viruses and possible targets for vaccine protection. Virology. (1994) 205:82–92. doi: 10.1006/viro.1994.1622

 173. Perez LG, Martinez DR, deCamp AC, Pinter A, Berman PW, Francis D, et al. V1V2-specific complement activating serum IgG as a correlate of reduced HIV-1 infection risk in RV144. PLoS ONE. (2017) 12:e0180720. doi: 10.1371/journal.pone.0180720

 174. Halstead SB, O'Rourke EJ. Dengue viruses and mononuclear phagocytes. I. Infection enhancement by non-neutralizing antibody. J Exp Med. (1977) 146:201–17. doi: 10.1084/jem.146.1.201

 175. Screaton G, Mongkolsapaya J, Yacoub S, Roberts C. New insights into the immunopathology and control of dengue virus infection. Nat Rev Immunol. (2015) 15:745–59. doi: 10.1038/nri3916

 176. Vasan S, Rerks-Ngarm S, Gilbert P, Haynes B, Nitayapan S, Pitisuttihum P, et al. Letter to the Editor on: The RV144 vaccine regimen was not associated with enhancement of infection. Hum Vaccin Immunother. (2015) 11:1036–7. doi: 10.1080/21645515.2015.1010970

 177. Pitisuttithum P, Gilbert P, Gurwith M, Heyward W, Martin M, van Griensven F, et al. Randomized, double-blind, placebo-controlled efficacy trial of a bivalent recombinant glycoprotein 120 HIV-1 vaccine among injection drug users in Bangkok, Thailand. J Infect Dis. (2006) 194:1661–71. doi: 10.1086/508748

 178. Ganor Y, Real F, Sennepin A, Dutertre CA, Prevedel L, Xu L, et al. HIV-1 reservoirs in urethral macrophages of patients under suppressive antiretroviral therapy. Nat Microbiol. 2019 4:633–44. doi: 10.1038/s41564-018-0335-z

 179. Mayr L, Su B, Moog C. Langerhans cells: the 'Yin and Yang' of HIV restriction and transmission. Trends Microbiol. (2017) 25:170–2. doi: 10.1016/j.tim.2017.01.009

 180. Matsuzawa T, Ogawa Y, Moriishi K, Shimada S, Kawamura T. Immunological function of Langerhans cells in HIV infection. J Dermatol Sci. (2017) 87:159–67. doi: 10.1016/j.jdermsci.2017.03.015

 181. Botting RA, Rana H, Bertram KM, Rhodes JW, Baharlou H, Nasr N, et al. Langerhans cells and sexual transmission of HIV and HSV. Rev Med Virol. (2017) 27. doi: 10.1002/rmv.1923

 182. Xu H, Wang X, Veazey RS. Mucosal immunology of HIV infection. Immunol Rev. (2013) 254:10–33. doi: 10.1111/imr.12072

 183. Harman AN, Kim M, Nasr N, Sandgren KJ, Cameron PU. Tissue dendritic cells as portals for HIV entry. Rev Med Virol. (2013) 23:319–33. doi: 10.1002/rmv.1753

 184. Cunningham AL, Harman A, Nasr N. Initial HIV mucosal infection and dendritic cells. EMBO Mol Med. (2013) 5:658–60. doi: 10.1002/emmm.201202763

 185. Cavarelli M, Foglieni C, Rescigno M, Scarlatti G. R5 HIV-1 envelope attracts dendritic cells to cross the human intestinal epithelium and sample luminal virions via engagement of the CCR5. EMBO Mol Med. (2013) 5:776–94. doi: 10.1002/emmm.201202232

 186. Lewis GK. Role of Fc-mediated antibody function in protective immunity against HIV-1. Immunology. (2014) 142:46–57. doi: 10.1111/imm.12232

 187. Cheeseman HM, Carias AM, Evans AB, Olejniczak NJ, Ziprin P, King DF, et al. Expression profile of human Fc receptors in mucosal tissue: implications for antibody-dependent cellular effector functions targeting HIV-1 transmission. PLoS ONE. (2016) 11:e0154656. doi: 10.1371/journal.pone.0154656

 188. Nimmerjahn F, Ravetch JV. Fcgamma receptors as regulators of immune responses. Nat Rev Immunol. (2008) 8:34–47. doi: 10.1038/nri2206

 189. Moris A, Pereira M, Chakrabarti L. A role for antibodies in natural HIV control. Curr Opin HIV AIDS. (2019) 14:265–72. doi: 10.1097/COH.0000000000000554

 190. Kumar R, Tuen M, Liu J, Nadas A, Pan R, Kong X, et al. Elicitation of broadly reactive antibodies against glycan-modulated neutralizing V3 epitopes of HIV-1 by immune complex vaccines. Vaccine. (2013) 31:5413–21. doi: 10.1016/j.vaccine.2013.09.010

 191. Hioe CE, Visciano ML, Kumar R, Liu J, Mack EA, Simon RE, et al. The use of immune complex vaccines to enhance antibody responses against neutralizing epitopes on HIV-1 envelope gp120. Vaccine. (2009) 28:352–60. doi: 10.1016/j.vaccine.2009.10.040

 192. Smith AJ, Wietgrefe SW, Shang L, Reilly CS, Southern PJ, Perkey KE, et al. Live simian immunodeficiency virus vaccine correlate of protection: immune complex-inhibitory Fc receptor interactions that reduce target cell availability. J Immunol. (2014) 193:3126–33. doi: 10.4049/jimmunol.1400822

 193. Zolla-Pazner S, deCamp A, Gilbert PB, Williams C, Yates NL, Williams WT, et al. Vaccine-induced IgG antibodies to V1V2 regions of multiple HIV-1 subtypes correlate with decreased risk of HIV-1 infection. PLoS ONE. (2014) 9:e87572. doi: 10.1371/journal.pone.0087572

 194. Zolla-Pazner S, deCamp AC, Cardozo T, Karasavvas N, Gottardo R, Williams C, et al. Analysis of V2 antibody responses induced in vaccinees in the ALVAC/AIDSVAX HIV-1 vaccine efficacy trial. PLoS ONE. (2013) 8:e53629. doi: 10.1371/journal.pone.0053629

 195. Richardson SI, Chung AW, Natarajan H, Mabvakure B, Mkhize NN, Garrett N, et al. HIV-specific Fc effector function early in infection predicts the development of broadly neutralizing antibodies. PLoS Pathog. (2018) 14:e1006987. doi: 10.1371/journal.ppat.1006987

 196. Chung AW, Kumar MP, Arnold KB, Yu WH, Schoen MK, Dunphy LJ, et al. Dissecting polyclonal vaccine-induced humoral immunity against HIV using systems serology. Cell. (2015) 163:988–98. doi: 10.1016/j.cell.2015.10.027

 197. Pittala S, Morrison KS, Ackerman ME. Systems serology for decoding infection and vaccine-induced antibody responses to HIV-1. Curr Opin HIV AIDS. (2019) 14:253–64. doi: 10.1097/COH.0000000000000558

 198. Zolla-Pazner S, Alvarez R, Kong XP, Weiss S. Vaccine-induced V1V2-specific antibodies control and or protect against infection with HIV, SIV and SHIV. Curr Opin HIV AIDS. (2019) 14:309–17. doi: 10.1097/COH.0000000000000551

 199. Naranjo-Gomez M, Pelegrin M. Vaccinal effect of HIV-1 antibody therapy. Curr Opin HIV AIDS. (2019) 14:325–33. doi: 10.1097/COH.0000000000000555

 200. Forthal D, Finzi A. Blocking HIV-1 replication: are Fc-Fcγ receptor interactions required? J Clin Invest. (2019) 129:53–4. doi: 10.1172/JCI125264

 201. Bonsignori M, Pollara J, Moody MA, Alpert MD, Chen X, Hwang KK, et al. Antibody-dependent cellular cytotoxicity-mediating antibodies from an HIV-1 vaccine efficacy trial target multiple epitopes and preferentially use the VH1 gene family. J Virol. (2012) 86:11521–32. doi: 10.1128/JVI.01023-12

 202. Schiffner T, Sattentau QJ, Dorrell L. Development of prophylactic vaccines against HIV-1. Retrovirology. (2013) 10:72. doi: 10.1186/1742-4690-10-72

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Su, Dispinseri, Iannone, Zhang, Wu, Carapito, Bahram, Scarlatti and Moog. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-10-02968-t001.jpg
Receptor Fca/yR  FopR  FeaRl  FosRI  FoeRIl  FoyRl  FoyRlla  FoyRllb  FeyRlle  FoyRllla  FoyRlllb

Human Ig IgAIigM  IgM 1gA IgE IgE 19G 19G 19G 19G 19G 19G
Affinity for monomerlg ~ “N.D. ND.  Low High Low High Low Low Low Medium Low

*N.D., not determined.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Update on Fc-Mediated Antibody Functions Against HIV-1 Beyond Neutralization



		Introduction



		Antibody Responses During HIV Infection



		New Generation of bNAbs



		Antibody Isotypes and Their Subclasses



		Fc-Receptor: The Cellular Counterpart for Antibody-Mediated Responses



		Fc-Mediated Ab Functions



		Antibody-Dependent Cellular Cytotoxicity



		Antibody-Dependent Cellular Phagocytosis



		Antibody-Dependent Cell-Mediated Virus Inhibition









		Antibody Capture of Infectious HIV Particles/Aggregation



		Antibody-Mediated Complement Activation



		Roles of Fc-Mediated Antibody Functions in Mucosal Tissues



		Strategies to Induce Fc-Mediated Antibody Functions by Vaccination



		Summary and Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Update on Fc-Mediated Antibody
Functions Against HIV-1 Beyond
Neutralization





OPS/images/fimmu-10-02968-g001.gif
IgG non-NAbs

Fohiecptor

ﬁ Vi

A

ke

£ Towntbtrct Ny

" *; e 4" r

o ® e
) cell

€
Macophage o





OPS/images/fimmu-10-02968-g002.gif
1962

1963

¥y

e w m w w
o (Cos4) (€D320) (o320 (CD16s) (€O16b). (0320
A

= =

L
S| e e
o T
o

I P S
ol m w ae wh ok
| BT, e
S









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





