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Given the absence of an effective vaccine for protection against HIV-1 infection, passive immunization strategies that utilize potent broadly neutralizing antibodies (bnAbs) to block acquisition of HIV-1 are being rigorously pursued in the clinical setting. bnAbs have demonstrated robust protection in preclinical animal models, and several leading bnAb candidates have shown favorable safety and pharmacokinetic profiles when tested individually or in combinations in early phase human clinical trials. Furthermore, passive administration of bnAbs in HIV-1 infected individuals has resulted in prolonged suppression of viral rebound following interruption of combination antiretroviral therapy, and robust antiviral activity when administered to viremic individuals. Recent results from the first efficacy trials testing repeated intravenous administrations of the anti-CD4 binding site bnAb VRC01 have demonstrated positive proof of concept that bnAb passive immunization can confer protection against HIV-1 infection in humans, but have also highlighted the considerable barriers that remain for such strategies to effectively contribute to control of the epidemic. In this review, we discuss the current status of clinical studies evaluating bnAbs for HIV-1 prevention, highlight lessons learned from the recent Antibody Mediated Prevention (AMP) efficacy trials, and provide an overview of strategies being employed to improve the breadth, potency, and durability of antiviral protection.
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Introduction

Human immunodeficiency virus (HIV) remains a major global health concern, with the World Health Organization (WHO) estimating that in 2019 there were 38 million HIV-1 infected individuals worldwide, 1.7 million new HIV infections, and 690,000 deaths from AIDS-related illness (1). Despite significant efforts over the past several decades, the development of an effective prophylactic vaccine against HIV-1 has yet to be realized. Thus, alternative biomedical strategies to prevent the transmission of HIV-1 are being actively pursued. Historically, passive immunization of pathogen-specific antibodies has proven to be an effective tool in the field of infectious disease for providing immediate yet transient protective immunity (2, 3). Recent advances in monoclonal antibody (mAb) engineering and production have accelerated the use of antibodies in the clinic for the treatment of cancers, autoimmune disease, and for targeting infectious pathogens or pathogen-derived toxins (4, 5). Early attempts to utilize passive infusion of HIV-1-specific neutralizing mAbs for treatment of infected individuals demonstrated little if any clinical benefit (6, 7). Given the limited breadth and potency of these first generation neutralizing antibodies, enthusiasm for a passive immunization strategy for HIV-1 prevention or treatment largely waned.

As new standardized and high-throughput assay platforms were developed for measuring neutralizing antibody activity against HIV-1 (8, 9), it became possible to screen and identify rare HIV-1 infected individuals whose serum neutralizing activity exhibited exceptional potency and breadth when tested in vitro against genetically diverse strains of virus (10–13). Using newly developed technologies to single-cell sort antigen specific B cells and clone antibodies from such individuals (14), the floodgates opened for the discovery of a second generation of highly potent broadly neutralizing antibodies (bnAbs) against HIV-1 (15–21). All bnAbs target HIV-1 Envelope (Env) which is expressed as a trimer of glycoprotein 120 (gp120) – gp41 heterodimers, and is the only target exposed on the surface of the virion. Through epitope mapping and refined structural studies of bnAb-Env complexes, it has been possible to identify major sites of vulnerability on HIV-1 Env that are primarily targeted by these new generation bnAbs. These include the CD4 binding site (CD4bs), the V3-glycan super site, the V2-glycan epitope on the apex of the trimer, the membrane-proximal external region (MPER) on gp41, and an epitope at the interface of the gp120 and gp41 subunits. Details regarding these antibodies and their epitope targets have been extensively reviewed elsewhere (22, 23). Here, we provide an overview of the preclinical development of bnAbs, the current status of bnAb clinical prevention trials, and areas for future development.



bnAb-Mediated Protection in Animal Models

Both the humanized-mouse and non-human primate (NHP) animal models have been extensively used to characterize and model the protective-efficacy of bnAbs. The humanized mouse model relies on the reconstitution of immunodeficient mice with human hematopoietic and lymphoid cells, thus allowing for active HIV-1 replication and the ability to test investigational bnAbs for preventative or therapeutic potential with human immune cells (24). This model has been useful for initial proof-of-concept studies to demonstrate potent anti-viral protection in vivo by the newer generation bnAbs when delivered either as single antibodies, bnAb combination cocktails, or by vector-mediated expression using recombinant adeno-associated viruses (AAVs) (25–29). The potential utility of bnAbs for therapeutic treatment strategies has also been demonstrated using humanized mice. Treatment of animals with established HIV-1 YU2 infection using single bnAbs (PG16, 45-46G54W, PGT128, 3BC176 or 10-1074) resulted in a transient decline in viremia that ultimately rebounded, in part through the development of escape mutations that arose from bnAb-induced selective immune pressure (27). In contrast, treatment of infected animals with a combination mixture of the five bnAbs resulted in sustained suppression of viral replication for up to 60 days without evidence of escape, thus providing the first evidence that combinations of bnAbs may be required for effective control of virus for therapeutic treatment strategies. While the humanized mouse model has thus far been useful for pre-clinical proof-of-concept studies, there are several potential disadvantages that limit its utility for assessing bnAb efficacy. These include, in part, incomplete immune reconstitution, the lack of a robust innate and adaptive immune repertoire (the former being critical for assessing Fc-mediated effector functions of bnAbs), and the frequent development of xenogeneic graft vs host responses that limit the lifespan of the host (24, 30). Continued efforts to optimize the humanized mouse model, especially in regards to the evaluation of Fc-mediated effector functions, will help improve its utility.

NHP provide a more relevant model of human infection as they have an intact innate and adaptive immune repertoire and can be infected with chimeric simian-human immunodeficiency viruses (SHIVs) that express HIV-1 Envelope on an SIV backbone. Repeated low-dose mucosal challenge models have also been developed in NHP to better mimic natural HIV-1 transmission events. Passive immunization of bnAbs in NHP prior to challenge has been an effective model to elucidate the protective efficacy of bnAbs in the setting of intravenous, intrarectal, intravaginal, penile, and oral SHIV infection (31, 32). bnAbs currently in advanced clinical development targeting the CD4 binding site (VRC01, 3BNC117, VRC07-523.LS), the V3-glycan site (PGT121, 10-1074), the V2-glycan site (PGDM1400, CAP256-VRC26.25) and MPER epitope (10E8) have all demonstrated various levels of protection against infection in SHIV challenge models (33–38). The level of protection observed has strongly correlated with the potency of the bnAb against the specific strain of SHIV used for challenge and the durability of serum bnAb levels. A study comparing three bnAbs targeting either the CD4bs (VRC01 and 3BNC117) or V3-glycan epitope (10-1074) demonstrated that a single infusion dose of 20 mg/kg could afford protection from weekly low-dose intrarectal challenges with SHIVAD8 for up to 23 weeks (33). Animals receiving 3BNC117 infusion were protected for a median of 13 weeks, whereas those receiving VRC01, which is less potent against the SHIVAD8 challenge virus, were only protected for a median of 8 weeks. A comparison of high-dose mucosal SHIV challenge studies using six bnAbs targeting the CD4bs or V3-glycan epitopes used regression analysis of the combined dataset to estimate that a serum 50% inhibitory dilution (ID50) titer of 1:100 was sufficient to prevent acquisition in 50% of NHP (35). These findings were further supported by a more recent meta-analysis of data from 13 bnAb protection studies utilizing 274 NHP passively infused with 16 different bnAbs and eight strains of SHIV which demonstrated that serum neutralization titer on the day of SHIV challenge was strongly associated with protective efficacy against the challenge virus (32). Logistic modeling that adjusted for bnAb epitopes and challenge viruses estimated that serum ID50 titers of 55, 219, and 685 would be required to achieve 50%, 75%, or 95% protection, respectively. These analyses support the hypothesis that serum neutralization titer against the infecting strain of HIV-1 will be a key determinant of protection for bnAb prevention strategies in humans, and further highlight the possible requirement for substantial serum neutralization titers at the time of exposure for effective sterilizing immunity.

While NHP have been instrumental for investigating the potential protective efficacy of bnAbs for both HIV-1 prevention and therapeutic treatment strategies, there are several limitations to this model that should be taken into consideration. These include in part: (i) the limited genetic diversity of SHIVs compared to circulating strains of HIV-1 that are encountered in nature, (ii) the higher per exposure infection rate in SHIV challenge models compared to natural HIV-1 infection in humans, (iii) potential inefficiencies of human bnAbs to engage and activate innate immune effector functions in NHP, and (iv) the interference of anti-drug antibody (ADA) responses that often arise when NHPs elicit an autologous antibody response against the passively infused human bnAb (33, 39–43). Despite these potential drawbacks, NHP remain the best available animal model for bnAb protection studies. Recent advances in the development of genetically diverse panels of SHIVs that recapitulate many features of HIV-1 infection will certainly allow for more rigorous assessment of protection afforded by bnAbs and bnAb combinations (44–47). Together, both the humanized mouse and NHP models have been critical for accelerating the translation of bnAb passive immunity into human clinical trials.



Effector Mechanisms

Animal model studies have demonstrated that both Fab-mediated neutralization of virus and Fc-dependent effector functions can contribute to antiviral protection of bnAbs. The Fc-mediated component may be especially important for elimination of virus-infected cells and preventing the establishment of chronic infection (48–50). This may occur via binding to Fcγ-receptors (FcγRs) expressed on NK cells, macrophages and neutrophils to activate innate effector mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP), or by activation of antibody-dependent complement-mediated lysis. Indeed, it has been demonstrated that passive protection afforded by PGT121 against a mucosal SHIV challenge in NHP involved clearance of disseminated virus in distal tissues rather than a complete blockade of virus at the mucosal surface (51). Elimination of these productively infected distal foci was hypothesized to involve Fc-effector mechanisms given evidence of innate immune activation in these tissues. Passive administration of bnAbs 3BNC117 and 10-1074 have also been shown to accelerate the clearance of HIV-1 infected CD4+ T cells in humanized mice through an FcγR-dependent mechanism (52).

Direct evaluation of the relative protective contribution of Fab-mediated neutralization versus Fc-mediated effector functions in vivo has also been investigated using antibodies with site-directed mutations to knock-out binding to FcγRs and/or complement. Results from such studies, however, have often come to conflicting conclusions. Hessell et al. first demonstrated the potential importance of Fc-mediated effector functions in NHP when protection afforded by passive immunization of b12, a first generation neutralizing mAb, was partially abrogated by elimination of Fc-receptor binding through the L234A/L235A (LALA) mutation (53). No reduction in protective effect was observed with a b12 variant that lacked complement binding (K332A). In contrast, two recent studies in NHP investigating the contribution of Fc effector functions with bnAb PGT121 in the setting of passive protection against SHIVSF162P3 challenge (both cell-free and cell-associated viral infection models) found no evidence that effector functions contributed to bnAb-mediated protection, even when PGT121 wildtype and Fc-knock out variants were administered at sub-protective doses (54, 55). Furthermore, partial depletion of NK cells which are key mediators of Fc-dependent effector functions did not abrogate the protective efficacy of PGT121 (55).

Two recent studies utilized knowledge of HIV-1 dynamics and mathematical modeling to quantify the contribution of Fc-mediated effector functions to the antiviral activity of bnAbs in the context of therapeutic treatment of an established infection. By measuring the kinetics of viral load decline in response to a single dose treatment with either a wildtype bi-specific bnAb (composed of Fabs from 3BNC117 and PGDM1400) or a matched Fc-null variant, Wang and colleagues observed an earlier and sharper decline in viral load in both HIV-1-infected humanized mice and SHIV-infected NHP when treated with wildtype bnAb compared to the variant with deficient Fc effector function (56). Quantification of these observed differences suggested that Fc-mediated effector functions accounted for 25-45% of antiviral activity. Using similar methods, Asokan et al. observed that Fc-mediated effector functions contributed 21% of the anti-viral activity of bnAb VRC07-523-LS when infused into viremic SHIV-infected macaques (57). Interestingly, several studies that have examined passive administration of bnAb variants designed for enhanced binding to FcγRs, and therefore hypothesized to elicit greater ADCC activity, in fact observed no augmentation of protection in SHIV-infected NHP (57, 58).

Together, these data suggest that the predominant mechanism of bnAb-mediated protection is through direct neutralization of virions, but that Fc-mediated effector functions can contribute to overall protective efficacy. The latter may be more critical with the use of bnAbs in therapeutic settings in which virally infected cells must be targeted for elimination. Understanding whether individual bnAbs or bnAb-epitope classes differentially exhibit abilities to recruit Fc-mediated effector functions in vivo and whether these activities can be enhanced through Fc variant engineering will be important for exploring improved antibody-based strategies for HIV-1 prevention or therapeutic treatment (59).



Combinations of bnAbs

HIV-1 Env sequence diversity remains a major challenge for bnAb passive prevention strategies, as individuals may be exposed to highly diverse swarms of virus that exhibit a range of neutralization sensitivities or complete resistance to any particular antibody. Furthermore, clade-specific resistance patterns have been identified for certain bnAbs which may complicate the use of these antibodies in geographical regions where these particular HIV-1 subtypes dominate. For example, CRF01_AE is the major circulating lineage in Southeast Asia, and viruses in this clade exhibit high level resistance to bnAbs targeting the V3-glycan epitope, such as PGT121 and 10-1074, due to the loss of the critical N332 glycosylation site (60). Similarly, clade B viruses demonstrate higher levels of resistance to bnAbs targeting the V2-glycan epitope, such as PGDM1400 and CAP256, compared to clade C viruses (60, 61). It is therefore likely that the clinical success of bnAb passive immunization strategies will require combinations of antibodies to increase the overall breadth and potency against diverse isolates and to prevent the emergence of resistance. A central question then arises as to which bnAbs and how many will be required to provide optimal protection. Mathematical modeling approaches have been developed that utilize in vitro neutralization data of clinically advanced bnAbs tested against large panels of genetically diverse HIV-1 Env pseudoviruses to help determine optimal combinations (62, 63). These analyses have demonstrated that combinations containing three or four bnAbs targeting different epitopes typically act additively to provide better breadth, potency, and extent of complete neutralization compared to two antibody combinations, and further increase the probability of having multiple bnAbs simultaneously active against a given virus. Combinations of bnAbs targeting independent epitopes are also more favorable than those containing antibodies targeting overlapping epitopes (e.g., two or more bnAbs targeting the CD4bs). Given that subtype-specific resistance patterns of bnAbs should be considered in decisions to test bnAbs in particular geographical regions, defining optimal combinations for clade-specific or regional use is an area of active investigation (64).

The optimal combination and number of bnAbs needed may also vary depending on the intended clinical use. For prevention of HIV-1 acquisition, it is possible that optimal combinations of two or three bnAbs may achieve sufficient breadth and potency to ensure reliable coverage against the transmitting virus. For therapeutic treatment strategies however, it is likely that larger numbers of bnAbs will be required to adequately cover the within-host diversity that exists as replicating virus or is present in the latent reservoir. The ability to accurately screen HIV-infected individuals to determine bnAb sensitivity profiles and compose optimal combinations to target the patient-specific viral quasispecies would be beneficial, similar to genotyping strategies used for optimizing combination antiretroviral drug regimens. While phenotyping the bnAb sensitivity of patient viruses can be performed using either bulk or limiting dilution T cell outgrowth cultures, these assays can be labor intensive, costly, and may fail to detect minor pre-existing resistant variants (65, 66). An alternative strategy for future development may be to use predictive modeling based on env sequencing of the patient’s quasispecies to determine bnAb sensitivity patterns and optimize combination cocktails (67–69).

Combination bnAb regimens will also have additional complexities in manufacturing, product development, and clinical implementation that will need to be addressed. For example, each bnAb will have its own unique pharmacokinetic profile which may present challenges in formulation and delivery in order to maintain all antibodies in the combination above target therapeutic concentrations in vivo for optimal protective efficacy. Further development of multiple antibodies in a single co-formulated drug product will also need to take into account the specific formulation and stability characteristics of each bnAb. Recent reports have demonstrated that protein sequence optimization of several clinically advanced bnAbs can improve expression levels, conformational stability, and downstream processing and formulation conditions, all while maintaining the neutralization profile of the parental antibody (70, 71). A high concentration co-formulated drug product containing bnAbs 3BNC117-LS and 10-1074-LS that will allow for subcutaneous administration has also recently been described (72). As will be reviewed further below, the first 2- and 3-bnAb combinations have initiated clinical testing in HIV-infected and uninfected individuals. With the continued development of methods for predicting optimal bnAb combinations and improvement of manufacturing capabilities it is expected that the portfolio of bnAb combinations entering human clinical trials will continue to expand.



Clinical Evaluation of bnAbs

The availability of clinical grade bnAbs capable of blocking HIV-1 in vitro and in animal challenge models has opened the possibility of antibody-mediated prevention (AMP) of HIV infection in humans (41). Several bnAbs have been tested in phase 1 studies to determine their safety, tolerability, and pharmacokinetic (PK) profiles in both HIV-infected and HIV-uninfected individuals (Table 1). Thus far, only the CD4bs targeting bnAb VRC01 has advanced to efficacy studies for protection against HIV infection, but ongoing combination bnAb trials will likely inform future efforts.


Table 1 | bnAbs in Clinical Trials.




CD4 Binding Site bnAbs


VRC01

VRC01 was originally discovered in an individual infected with HIV-1 for more than 15 years and whose immune system controlled the virus without antiretroviral therapy (ART) (20, 86). When tested in vitro against a genetically diverse panel of 190 HIV-1 Env pseudoviruses, VRC01 neutralized 91% with a 50% inhibitory concentration (IC50) of < 50 μg/ml and 72% with an IC50 < 1 μg/ml.

Clinical studies of VRC01 started in 2013, first in HIV-infected adults [VRC 601 (NCT01950325) (87)], and then in healthy adults [VRC 602 (NCT01993706) (88] and HVTN 104 (NCT02165267) (89)]. VRC01 was found to be safe and well tolerated at doses ranging from 5-40 mg/kg administered intravenously (IV) and at 5 mg/kg subcutaneously (SC). PK analyses across studies have shown that VRC01 has a half-life of approximately 15 days with little difference between dose groups. Importantly, VRC01 retained its expected neutralizing activity in participants’ serum and no ADA responses were detected over the course of multiple infusions. In addition, a study of VRC01 in infants born to HIV-1 infected mothers is ongoing [IMPAACT P1112 (NCT02256631)].

VRC01 was further tested in two similar clinical trials, ACTG A5340 [NCT02463227] and NIH 15-I-0140 [NCT02471326], which were reported together and in which fully suppressed patients on stable ART underwent an analytic treatment interruption (ATI) after receiving VRC01 at a dose of 40 mg/kg (90). Disappointingly, viral rebound occurred despite VRC01 serum concentrations above 50 μg/ml with a mean time to rebound of 4 to 6 weeks. VRC01 was also found to exert selection pressure on emergent viruses which raises concerns about the development of resistance during treatment or prophylactic use.



3BNC117

3BNC117 is a more potent and broad CD4bs bnAb than VRC01 and was isolated from a chronically HIV-infected donor with high serum neutralization activity (21). In a first in human open-label study [NCT02018510], 3BNC117 was found to be safe and well-tolerated in HIV-infected participants and it was observed that a single IV dose of 30 mg/kg reduced viral loads of viremic participants for up to 28 days post-infusion (77). In HIV-uninfected participants, 3BNC117 is also safe and well tolerated across a range of doses via both the IV and SC routes and has a serum half-life of approximately 17 days (77, 91).



VRC07-523LS

VRC07 is a CD4bs targeting bnAb that was cloned from the same HIV-infected donor from whom VRC01 was isolated. The VRC07 heavy chain was identified by deep sequencing based on its similarity to VRC01 and paired with the VRC01 light chain (92). VRC07 was then engineered with a series of mutations (called 523) which increased the breadth and potency compared to the parental antibody. As had also been done to VRC01 (73), modifications to the antibody Fc domain were introduced to improve antibody half-life. A common two amino acid substitution (M428L/N434S, referred to as “LS”) increases the antibody’s binding affinity for the neonatal Fc-receptor (FcRn), resulting in increased recirculation of functional IgG (93, 94) thereby prolonging the in vivo half-life. In vitro, VRC07-523LS is 5-to 8-fold more potent than VRC01, as well as broader, with an IC50 < 1 μg/ml against 92% of HIV-1 pseudoviruses from diverse clades (92).

A phase 1, first in human dose-escalation study of VRC07-523LS, [VRC 605 (NCT03015181)] has been completed in healthy, HIV-uninfected adults and evaluated the safety, tolerability, and PK of one to three administrations of the antibody (75). The doses evaluated ranged from a single administration of 1 mg/kg to 40 mg/kg IV, as well as three administrations (every 90 days) of 5 mg/kg SC and 20 mg/kg IV. VRC07-523LS was found to be safe and well-tolerated with a promising PK profile.

The HVTN 127/HPTN 087 trial (NCT03387150), which opened in February 2018, enrolled a total of 144 healthy, HIV-uninfected adult participants who received multiple injections of VRC07-523LS administered via IV, SC, and IM routes at a range of doses. The primary objectives are to assess safety and tolerability of repeated IV, SC, or IM administrations of VRC07-523LS as well as to characterize serum levels over time for the different doses and routes of administration. Additional objectives include building a population PK model of VRC07-523LS, and determining if ADA emerge in response to repeated administrations. A companion study, HVTN 128 (NCT03735849), is assessing the PK of VRC07-523LS in mucosal secretions (semen, cervical secretions, and rectal mucous) and mucosal biopsies (rectal, cervical, and vaginal tissue biopsies). Both studies have completed all follow-up visits and are in the analysis phase. Preliminary data from HVTN 127/HPTN 087 were presented at the virtual R4P conference in January 2021 and it was reported that VRC07-523LS was safe and well-tolerated with a serum half-life of about 40 days (76).



N6

Another, even broader CD4bs targeting bnAb has been isolated from an HIV-infected donor found to have potent neutralizing serum activity and is called N6 (95). In vitro, N6 was found to neutralize 98% of 181 pseudoviruses at an IC50 < 50 μg/ml, including several isolates which are resistant to other VRC01-class bnAbs. Overall, N6 had a median IC50 of 0.038 μg/ml. N6 was synthesized as an IgG1 with the –LS mutation to increase its in vivo half-life and administered in a first in human study [VRC 609 (NCT03538626)] at doses ranging from 5 mg/kg to 40 mg/kg. Preliminary data were presented at CROI 2020 and it was reported that N6LS was safe and well-tolerated with a half-life exceeding 30 days (79).




V3 Glycan bnAbs


PGT121

PGT121 was originally isolated from an HIV-infected donor in the IAVI Protocol G African cohort and was found to target the V3 glycan region on the gp120 Env protein. This epitope includes both peptide and glycan elements and is centered on the conserved residue N332 (96, 97). Although its coverage is somewhat less broad when assessed in in vitro pseudovirus neutralization assays (63% for PGT121 vs. 93% for VRC01 at an IC50 < 50 μg/ml), PGT121 has about 10-fold higher median neutralizing potency than VRC01 and about 100-fold higher potency than first generation mAbs such as 2G12, b12, or 4E10 (18).

PGT121 has been tested in a phase 1 study called T001 which was a randomized, placebo-controlled trial of the safety, PK, and antiviral activity of this bnAb in both HIV-uninfected and HIV-infected adults [NCT 02960581]. IV infusions and SC injections were found to be safe and well-tolerated in all participants (83). The median half-life of PGT121 during the elimination phase was approximately 23 days (range 19 to 26 days).



10-1074

10-1074 was isolated from the same clade A infected African donor as PGT121 (13). Like PGT121, 10-1074 recognizes an epitope on the gp120 V3 outer domain that includes both peptides and glycans and is centered on the conserved amino acid residue N332 (98, 99). When tested against large panels of HIV-1 pseudoviruses in vitro, 10-1074 neutralized 65% of 306 strains comprising 13 subtypes with an average 80% inhibitory concentration (IC80) titer of 0.18 μg/ml (84).

10-1074 has been tested in both HIV-infected and HIV-uninfected participants and found to be safe and well-tolerated at doses ranging from 3 mg/kg to 30 mg/kg [NCT02511990] (84). Amongst HIV-infected individuals with detectable viremia, 10-1074 infusion was found to induce a rapid decrease in plasma viral load, with one participant having a virologic response that was sustained for 58 days following a 30 mg/kg IV infusion.




V2 Glycan bnAbs


PGDM1400

PGDM1400 was isolated from another HIV-infected donor from the IAVI Protocol G African cohort and was found to interact with glycans in the region of residue N160 on the V2 loop of gp120 Env (100). PGDM1400 binding is highly quaternary-structure dependent and this bnAb is exceptionally potent, with 83% coverage of a globally representative panel of pseudoviruses at a median IC50 of 0.003 μg/ml. Compared to three of the CD4bs antibodies (VRC01, VRC07, and 3BNC117), PGDM1400 is 10 to 100-fold more potent (18, 21, 100).

PGDM1400 has been tested in a phase 1 study called T002 which is a phase 1 randomized placebo-controlled clinical trial of the safety, pharmacokinetics, and antiviral activity of this bnAb in both HIV-uninfected and HIV-infected adults. [NCT03205917]. This study also tested the dual combination of PGDM1400 + PGT121 and a triple combination with the addition of VRC07-523LS. Results from this study are expected soon.



CAP256

Another V2 loop targeting bnAb was isolated from an individual in the Centre for the AIDS Programme of Research in South Africa (CAPRISA) 002 Acute Infection study (101). This patient was infected with a clade C isolate and then superinfected with another clade C isolate and found to have broad serum neutralization activity (102, 103). One bnAb isolated was called CAP256-VRC26.25 and found to be exceptionally potent, especially against clade C isolates which predominate in southern Africa (62). A variant of this bnAb (CAP256V2LS) has been modified slightly to improve manufacturability and to include the –LS mutation, and is being tested in humans in a single-center phase 1 clinical trial called CAPRISA 012 [PACTR202003767867253] (82). Subsequent groups in CAPRISA 012 will evaluate CAP256V2LS in combination with VRC07-523LS and/or PGT121 (82).




MPER bnAbs


10E8

Amongst the broadest in terms of overall global viral coverage are MPER targeting bnAbs. 10E8, like other bnAbs, was isolated from an HIV-infected donor with high serum neutralization activity and was found to bind to the same MPER gp41 epitopes as 4E10 (104). In vitro studies found that 10E8 did not bind phospholipids and did not bind to HEp-2 cells or a panel of autoantigens (104), unlike other MPER-targeting antibodies. A series of variants of 10E8 were developed for increased solubility as well as manufacturing ease (105). In NIH 18-I-0113 [NCT03565315], a leading candidate that had been engineered for a longer half-life (with the –LS mutation), 10E8VLS, was found to have a disappointing PK profile in terms of in vivo half-life. More concerning, however, was that one of the eight participants who received a single SC injection of 5 mg/kg 10E8VLS experienced severe injection site erythema and was found to have panniculitis. This led to the suspension of the study (80) and may have been due to a lipid-binding cross-reaction, although the mechanism remains under investigation.




AMP Efficacy Trials

As VRC01 was found to be safe and well-tolerated in healthy HIV-uninfected volunteers and had modest anti-viral effects in viremic HIV-infected participants, an important question was whether VRC01 could prevent HIV infection (106). The NIAID-funded HIV Vaccine Trials Network (HVTN) and HIV Prevention Trials Network (HPTN) therefore collaborated on the design and conduct of the two Antibody Mediated Prevention (AMP) trials, HVTN 704/HPTN 085 (NCT02716675) and HVTN 703/HPTN 081 (NCT02568215) (107). HVTN 704/HPTN 085 enrolled 2,699 cisgender men and transgender (TG) people who have sex with men in Brazil, Peru, Switzerland, and the US (108) while HVTN 703/HPTN 081 enrolled 1,924 cisgender women in Botswana, Kenya, Malawi, Mozambique, South Africa, Tanzania, and Zimbabwe (109).

The underlying hypothesis of the coordinated AMP trials was that passive transfer of an HIV-1 bnAb would be efficacious at preventing sexual transmission of HIV-1 in exposed individuals. A key secondary endpoint was to determine if an association existed between serum neutralization activity and the ID50 or ID80 titers required for protection as had been shown in NHP/SHIV models (41, 110). Based on the NHP models, it was estimated that protection would be achieved at serum antibody concentrations 50-100-fold higher than the measured IC50 of the challenge (infecting) virus (32). Based on in vitro neutralization profiles of panels of HIV-1 isolates, it was anticipated that between 65% (clade C) and 81% (clade B) of infecting viruses would be susceptible to VRC01.

The two trials were each designed with 90% power to detect prevention efficacy (PE) of 60% comparing the two VRC01 groups vs the placebo group, based on an assumption of an annual background HIV-1 incidence of 5.5% in HVTN 703/HPTN 081 and 3% in HVTN 704/HPTN 085 and a dropout rate of 10% of participants per year (107). Participants were randomly assigned to one of three groups at a 1:1:1 ratio of VRC01 10 mg/kg, VRC01 30 mg/kg, or placebo. IV administration of VRC01 or placebo occurred every eight weeks for a total of 10 infusions. Pre-exposure prophylaxis (PrEP) was encouraged by the trial investigators and access to emtricitabine (FTC)/tenofovir disoproxil fumarate (TDF) was facilitated by the study.

Study conduct was very high quality. Loss to follow-up was low (9.4% per year in HVTN 704/HPTN 085 versus 6.3% per year in HVTN 703/HPTN 081) and 79% of participants in HVTN 704/HPTN 085 and 76% in HVTN 703/HPTN 081 received all 10 infusions (74). Rates of PrEP usage differed considerably between the two studies demonstrating some of the challenges in increasing PrEP uptake. Effective concentrations of FTC/TDF were detected in 28.9% of person-years in HVTN 704/HPTN 085 but only 0.4% of person-years in HVTN 703/HPTN 081 (74).

As had been noted in the Phase 1 studies, VRC01 infusions were safe and generally very well-tolerated. Moderate to severe adverse events which were deemed related to VRC01 were noted in 1.2% of participants in HVTN 704/HPTN 085 versus 3.0% of the participants in HVTN 703/HPTN 081. Infusion reactions were seen in a small number of participants and were generally mild to moderate, and typically resolved quickly (111).

The overall results from the AMP trials, however, were a disappointment. At week 80, the PE for the combined VRC01 groups versus placebo was 26.6% in HVTN 704/HPTN 085 and 8.8% in HVTN 703/HPTN 081 (p=0.15 vs placebo for HVTN 704/HPTN 085 and p=0.70 for HVTN 703/HPTN 081, respectively) (74). PE did not differ significantly by dose in either study. In HVTN 704/HPTN 085, PE was 22.4% in the low dose VRC01 group versus 30.9% in the high dose group, compared with –9.3% in the 10 mg/kg group, and 27.0% in the 30 mg/kg group in HVTN 703/HPTN 081 (74). While the point estimates of PE for the higher dose VRC01 groups are similar to the vaccine efficacy reported in the RV144 trial [31.2% (112)], the 95% confidence intervals (CIs) of the PEs in the AMP studies were quite large and all crossed the null.

Secondary analyses, however, demonstrated that for infecting HIV-1 isolates that were highly sensitive to VRC01 neutralization (prospectively defined as an IC80 <1 μg/mL) protective efficacy was high, with an estimated PE of 75.4% and 95% CI from 45.5% to 88.9% (74). The majority of infecting HIV-1 isolates had IC80 > 1 μg/mL (55% had IC80 > 3 μg/mL) and there was no statistically significant protective efficacy seen against these more resistant viruses (74). Taken together, the infecting viruses in the combined VRC01 groups had a geometric mean IC80 of 8.4 μg/mL versus 3.5 μg/mL in the placebo group (74), suggesting there was selection pressure on infecting viruses by VRC01 during acquisition. This immunologic selection pressure was also found to have an effect on viremia at the time of diagnosis amongst VRC01 recipients who were infected with highly sensitive strains HIV-1 with geometric mean viral loads of 9,800 copies/mL compared to 176,000 copies/mL for placebo recipients (74). This effect of mAb administration was not seen amongst participants infected with more resistant HIV-1 isolates.

These data provide several important lessons to help guide future trials. The AMP studies successfully enrolled at-risk participants and despite the complexities of intravenous infusions every two months, retention and engagement was high throughout the study. They also demonstrated the key proof-of-principle that a bnAb can prevent HIV infection in people. However, while VRC01 can prevent sexual HIV-1 acquisition, most circulating viruses have neutralization levels high enough to make them essentially resistant. Furthermore, in vitro neutralization sensitivity is a useful biomarker for preventive efficacy in vivo, although the threshold for protection (< 1 μg/mL) is considerably higher than had been predicted (10 μg/mL). These predictions were primarily based on in vitro testing of VRC01 against panels of HIV-1 Env pseudoviruses. Several studies have demonstrated that pseudoviruses produced via transfection of 293T cells are considerably more sensitive to neutralization by patient serum and bnAbs when compared to matched isolates expanded in peripheral blood mononuclear cells (PBMC) (113, 114). This point should be taken into consideration when incorporating in vitro neutralization data into clinical efficacy estimations for HIV-1 bnAbs. While bnAbs that are more potent and have broader coverage than VRC01 have been identified, it remains to be determined whether the threshold of protection identified by the AMP study will translate to other bnAbs targeting the CD4bs or other epitopes, or whether this threshold can be reliably achieved and maintained through repeated passive infusions. The AMP study suggests that a single monovalent bnAb is highly unlikely to have the breadth and potency required, but nonetheless, the results do provide a benchmark for future bnAb studies to build upon.



Clinical Testing of bnAb Combinations

To address the significant challenges of breadth and potency, combinations of bnAbs are being tested in early phase studies (Table 2). As bnAbs which target different regions of the Env protein have been found to have additive effects on inhibition in vitro (64), the combinations moving forward are complementary with respect to coverage. This concept is supported by NHP challenge studies showing that a combination of 2 bnAbs fully protected macaques against a mixed SHIV challenge when neither mAb administered alone was able to do so (39).


Table 2 | Selected Clinical Trials of bnAb Combinations.




HVTN130/HPTN089

In HVTN130/HPTN089 [NCT03928821], combinations of two or three complementary bnAbs are being tested for safety and PK parameters. The engineered CD4-binding site mAb VRC07-523LS is the broadest of the mAbs in this study and has the longest half-life due to the –LS mutation. Individually, PGT121 and PGDM1400 display more limited breadth than VRC07-523LS, but together they exhibit complementary coverage against diverse HIV-1 strains. Furthermore, they are remarkably potent, having amongst the lowest median IC80 titers among the bnAbs identified to date (18). In silico modeling suggests that the triple combination of VRC07-523LS + PGT121 + PGDM1400 has >90% coverage of global isolates using a cutoff of ID80 of 1 μg/ml and >80% coverage with a cutoff of 0.1 μg/ml (62–64). 10-1074 is being tested in this protocol as an alternative V3 glycan bnAb to compare versus PGT121 in combination with VRC07-523LS. This study is fully enrolled and data are expected to be presented soon.



HVTN136/HPTN092

In HVTN136/HPTN092 [NCT04212091], an –LS variant of the V3 glycan targeting mAb PGT121 (PGT121.414.LS) is being tested alone and in a combination regimen, again with VRC07-523LS as the CD4bs targeting bnAb. The study is currently enrolling and the first groups will provide safety and PK data for PGT121.414.LS alone, which is being administered to people for the first time in this study, at doses ranging from 3 mg/kg to 30 mg/kg IV and 5mg/kg SC. The subsequent groups will combine the two mAbs at 20 mg/kg IV versus 5 mg/kg SC.



IAVI C-100

A small single-center phase 1 study which combined the 3BNC117 and 10-1074 bnAbs was conducted and demonstrated that doses ranging from 3 mg/kg to 10 mg/kg were safe and well-tolerated (91). Importantly, there appeared to be no difference in the half-lives of the two bnAbs compared to when they were administered alone. This bnAb combination was also shown to maintain suppression of viremia and to prevent the emergence of resistant variants in HIV-1 infected individuals undergoing ART interruption (116), and to significantly reduce viral loads in viremic patients harboring dual sensitive viruses for up to 3 months following the last infusion (115). To improve the PK profile of this combination, -LS variants of the two bnAbs have been engineered and are being tested in a study called IAVI C100 [NCT04173819]. This study will evaluate the safety, tolerability, and PK of 3BNC117-LS-J and 10-1074-LS-J administered alone and in combination via IV and SC routes (78). The study is currently enrolling.





Future Directions

The results from the AMP trials highlight that bnAbs with exceptional levels of breadth, potency and in vivo durability will be needed to have an appreciable impact on the prevention of HIV-1 acquisition. Efforts continue to identify new bnAbs with enhanced neutralization profiles that may be viable for clinical development either as single drug products, or to complement existing bnAbs for use in combination cocktails (117–119). Antibody engineering strategies are also being employed to improve the breadth and potency of existing bnAbs. Structure-guided rational design modifications of the antigen binding Fab domains have been successfully used to enhance interactions with the Env trimer resulting in improved neutralizing activity (92, 120, 121). Increasing the in vivo half-life of antibodies can also be achieved through engineering modifications to the antibody Fc domain, most notably the –LS mutations discussed above (93, 94). Multiple bnAbs currently in clinical development are being tested with the LS mutations, and it is hoped that such improvements in the pharmacokinetic profiles of bnAbs may make it possible to achieve and maintain therapeutic levels with lower-dose and less frequent administrations. Strategies for persistent expression of bnAbs in vivo by vectored antibody gene delivery using rAAV have shown promise in humanized mouse and NHP models of infection (122), and one clinical trial has evaluated rAAV1 delivery of the V2-glycan targeting bnAb PG9 in humans (NCT01937455) (81). While this study demonstrated that rAAV delivery was safe and well tolerated, there was no detection of PG9 in serum by ELISA, and the development of ADA and anti-vector antibody responses was observed in several volunteers, thus highlighting the challenges that remain for developing such approaches. A second phase I trial assessing rAAV8 delivery of the CD4bs targeting bnAb VRC07 in HIV-1-infected adults on antiretroviral therapy is currently ongoing (NCT03374202). Several initial proof-of-concept studies in mice have also evaluated the approach of gene-editing primary B cells to express bnAb antibody receptors on the cell surface (123, 124). Gene-edited B cells passively infused into wildtype recipients have the capacity to respond to vaccination with cognate antigen resulting in clonal expansion, affinity maturation, expression of high levels of serum bnAb, and establishment of durable memory. Future studies using the NHP/SHIV model will be important for further evaluating the potential of such approaches to provide durable sterilizing protection.

HIV-1 Env sequence diversity remains a major obstacle for the clinical development of antibody-based prevention strategies. As previously discussed, clinical trials are ongoing to assess antibody cocktails containing two or three bnAbs targeting independent epitopes on the Env trimer to provide greater coverage against circulating isolates and to circumvent viral escape. A parallel strategy being actively explored is to engineer bi- or tri-specific antibodies that combine Fabs from different bnAbs onto the same antibody molecule (125). Multiple bi-specific antibodies targeting various epitope combinations have demonstrated enhanced breadth and potency compared to single bnAb molecules in in vitro testing (95, 126). For example, the bi-specific antibody 10E8.4/iMab which targets the MPER epitope of Env and the host CD4 molecule has demonstrated exquisite breadth and potency when tested against large multiclade panels of viruses (100% breadth with mean IC50 values of 0.002 μg/ml) and protection of humanized mice against HIV-1 infection (95). This molecule is currently being evaluated in a human clinical trial in HIV-1-infected and uninfected volunteers (NCT03875209). Another example is a tri-specific antibody that contains Fabs derived from the CD4bs antibody VRC01, the V2-glycan antibody PGDM1400 and the MPER antibody 10E8 (127). This antibody has also exhibited excellent neutralization breadth and potency in vitro, demonstrated complete protection in NHP against a mixed SHIV challenge, and is also currently being evaluated in a phase 1 human clinical trial (NCT03705169). Another strategy has been to engineer entry inhibitor molecules that target both the primary CD4 receptor and co-receptor binding sites on Env which are highly conserved across strains of HIV-1. One example in this class of molecules is eCD4-Ig which combines domains 1 and 2 of human CD4 fused to an IgG Fc with an attached sulfated CCR5-mimetic peptide. This molecule has also demonstrated 100% neutralization against all HIV-1, HIV-2, and SIV strains tested to date, and confers robust protection against SHIV and SIV challenges when delivered using rAAV vectors (128). While these strategies have theoretical benefits over cocktail combinations of individual bnAbs in regards to manufacturing and the complexity of clinical development, it remains to be determined how such engineered molecules will compare to naturally occurring antibodies in terms of pharmacokinetics, safety profiles, and the potential for inducing ADA responses in humans.

Currently the majority of bnAbs in clinical development are being evaluated as IgG1. Whether bnAbs expressed as IgA, IgM, or other IgG subclasses exhibit enhanced neutralization and/or effector activity is an area of active investigation. Indeed, several studies have demonstrated that certain bnAbs expressed as IgG3 have an increased ability to recruit ADCC and/or phagocytosis compared to their IgG1 counterparts (129, 130). These enhanced activities may be correlated with longer hinge length between the Fab and Fc domains and potentially higher affinity for FcγR-IIIA. Additional strategies in Fc engineering are being explored to increase antibody affinity to FcγRs expressed on innate immune cells and augment antibody-dependent effector activities. Modifications such as the AAA (S298A/E333A/K334A) or GASDALIE (G236A/S239D/A330L/I332E) mutations have been shown to increase antibody affinity for Fcγ-RIIIA and augment ADCC activity (131). Modifications of Fc-glycosylation patterns have also been demonstrated to enhance ADCC and ADCP activities (132). Additional evaluation in the NHP/SHIV model will be important to determine whether bnAbs expressed as alternative isotypes, IgG subclasses, or with modified Fc domains exhibit enhanced anti-viral protection in vivo, especially for therapeutic strategies in which activation of innate effector functions may be critical for eliminating infected cells. Additional understanding of the ability of bnAbs to inhibit cell-to-cell transmission versus cell-free transmission is also needed (133). While in vitro analyses have suggested that bnAbs may be less effective at inhibiting cell-to-cell transmission (134, 135), this may be dependent on the specific bnAb and/or epitope target, the virus strain and the degree of steric hindrance encountered at the virological synapse. Further insight into the mechanisms of cell-to-cell spread in vivo and the inhibitory potential of specific bnAbs will further inform optimal combinations for prevention and treatment strategies.



Conclusions

HIV-1 bnAbs have shown significant promise for their potential use in the prevention and treatment of HIV-1 infection. Multiple bnAbs and bnAb combinations have been tested in human clinical trials and demonstrated favorable safety and pharmacokinetic profiles. The results from the first AMP efficacy trials have provided proof-of-concept that bnAbs can prevent acquisition of HIV-1, yet they also highlight the obstacles that must be addressed before bnAb passive immunization strategies can become integrated as a tool for standard clinical care. Combinations of highly potent bnAbs or engineered variants targeting multiple epitopes will likely be required to reliably inhibit the global diversity of circulating viruses encountered in nature and impede the development of resistance. Improving pharmacokinetic profiles and delivery methods such that bnAbs may be self-administered every 4-6 months by subcutaneous injection to attain persistent protective levels of serum neutralizing activity is a highly desired goal that the field continues to work towards. Additional efforts to optimize the Fc domain of bnAbs to enhance the activation of innate effector functions may further improve efficacy profiles, especially in the setting of therapeutic treatment of HIV-1 infection.



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

This work was supported by the Bill and Melinda Gates Foundation Collaboration for AIDS Vaccine Discovery (CAVD) grant #OPP1146996 (MS) and the National Institute of Allergy and Infectious Diseases (NIAID) grant # UM1 AI069412 (SW).



References

1. World Health Organization. Data and Statistics. Geneva, Switzerland: World Health Organization (2020).

2. Casadevall, A, Dadachova, E, and Pirofski, LA. Passive Antibody Therapy for Infectious Diseases. Nat Rev Microbiol (2004) 2:695–703. doi: 10.1038/nrmicro974

3. Graham, BS, and Ambrosino, DM. History of Passive Antibody Administration for Prevention and Treatment of Infectious Diseases. Curr Opin HIV AIDS (2015) 10:129–34. doi: 10.1097/COH.0000000000000154

4. Walker, LM, and 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

5. Kumar, D, Gauthami, S, Bayry, J, Kaveri, SV, and Hegde, NR. Antibody Therapy: From Diphtheria to Cancer, COVID-19, and Beyond. Monoclon Antib Immunodiagn Immunother (2021) 40:36–49. doi: 10.1089/mab.2021.0004

6. Mehandru, S, Vcelar, B, Wrin, T, Stiegler, G, Joos, B, Mohri, H, et al. Adjunctive Passive Immunotherapy in Human Immunodeficiency Virus Type 1-Infected Individuals Treated With Antiviral Therapy During Acute and Early Infection. J Virol (2007) 81:11016–31. doi: 10.1128/JVI.01340-07

7. Trkola, A, Kuster, H, Rusert, P, Joos, B, Fischer, M, Leemann, C, et al. Delay of HIV-1 Rebound After Cessation of Antiretroviral Therapy Through Passive Transfer of Human Neutralizing Antibodies. Nat Med (2005) 11:615–22. doi: 10.1038/nm1244

8. Mascola, JR, D’Souza, P, Gilbert, P, Hahn, BH, Haigwood, NL, Morris, L, et al. Recommendations for the Design and Use of Standard Virus Panels to Assess Neutralizing Antibody Responses Elicited by Candidate Human Immunodeficiency Virus Type 1 Vaccines. J Virol (2005) 79:10103–7. doi: 10.1128/JVI.79.16.10103-10107.2005

9. Sarzotti-Kelsoe, M, Bailer, RT, Turk, E, Lin, CL, Bilska, M, Greene, KM, et al. Optimization and Validation of the TZM-Bl Assay for Standardized Assessments of Neutralizing Antibodies Against HIV-1. J Immunol Methods (2014) 409:131–46. doi: 10.1016/j.jim.2013.11.022

10. Doria-Rose, NA, Klein, RM, Daniels, MG, O’Dell, S, Nason, M, Lapedes, A, et al. Breadth of Human Immunodeficiency Virus-Specific Neutralizing Activity in Sera: Clustering Analysis and Association With Clinical Variables. J Virol (2010) 84:1631–6. doi: 10.1128/JVI.01482-09

11. Li, Y, Migueles, SA, Welcher, B, Svehla, K, Phogat, A, Louder, MK, et al. Broad HIV-1 Neutralization Mediated by CD4-Binding Site Antibodies. Nat Med (2007) 13:1032–4. doi: 10.1038/nm1624

12. Sather, DN, Armann, J, Ching, LK, Mavrantoni, A, Sellhorn, G, Caldwell, Z, et al. Factors Associated With the Development of Cross-Reactive Neutralizing Antibodies During Human Immunodeficiency Virus Type 1 Infection. J Virol (2009) 83:757–69. doi: 10.1128/JVI.02036-08

13. Simek, MD, Rida, W, Priddy, FH, Pung, P, Carrow, E, Laufer, DS, et al. Human Immunodeficiency Virus Type 1 Elite Neutralizers: Individuals With Broad and Potent Neutralizing Activity Identified by Using a High-Throughput Neutralization Assay Together With an Analytical Selection Algorithm. J Virol (2009) 83:7337–48. doi: 10.1128/JVI.00110-09

14. Scheid, JF, Mouquet, H, Feldhahn, N, Walker, BD, Pereyra, F, Cutrell, E, et al. A Method for Identification of HIV Gp140 Binding Memory B Cells in Human Blood. J Immunol Methods (2009) 343:65–7. doi: 10.1016/j.jim.2008.11.012

15. Corti, D, Langedijk, JP, Hinz, A, Seaman, MS, Vanzetta, F, Fernandez-Rodriguez, BM, et al. Analysis of Memory B Cell Responses and Isolation of Novel Monoclonal Antibodies With Neutralizing Breadth From HIV-1-Infected Individuals. PloS One (2010) 5:e8805. doi: 10.1371/journal.pone.0008805

16. Mouquet, H, Klein, F, Scheid, JF, Warncke, M, Pietzsch, J, Oliveira, TY, et al. Memory B Cell Antibodies to HIV-1 Gp140 Cloned From Individuals Infected With Clade A and B Viruses. PloS One (2011) 6:e24078. doi: 10.1371/journal.pone.0024078

17. 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

18. 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

19. 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

20. 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

21. Scheid, JF, Mouquet, H, Ueberheide, B, Diskin, R, Klein, F, Oliveira, TY, et al. Sequence and Structural Convergence of Broad and Potent HIV Antibodies That Mimic CD4 Binding. Science (2011) 333:1633–7. doi: 10.1126/science.1207227

22. Sok, D, and Burton, DR. Recent Progress in Broadly Neutralizing Antibodies to HIV. Nat Immunol (2018) 19:1179–88. doi: 10.1038/s41590-018-0235-7

23. Kwong, PD, and Mascola, JR. Human Antibodies That Neutralize HIV-1: Identification, Structures, and B Cell Ontogenies. Immunity (2012) 37:412–25. doi: 10.1016/j.immuni.2012.08.012

24. Marsden, MD. Benefits and Limitations of Humanized Mice in HIV Persistence Studies. Retrovirology (2020) 17:7. doi: 10.1186/s12977-020-00516-2

25. Deruaz, M, Moldt, B, Le, KM, Power, KA, Vrbanac, VD, Tanno, S, et al. Protection of Humanized Mice From Repeated Intravaginal HIV Challenge by Passive Immunization: A Model for Studying the Efficacy of Neutralizing Antibodies In Vivo. J Infect Dis (2016) 214:612–6. doi: 10.1093/infdis/jiw203

26. Sun, M, Li, Y, Yuan, Z, Lu, W, Kang, G, Fan, W, et al. VRC01 Antibody Protects Against Vaginal and Rectal Transmission of Human Immunodeficiency Virus 1 in Hu-BLT Mice. Arch Virol (2016) 161:2449–55. doi: 10.1007/s00705-016-2942-4

27. Klein, F, Halper-Stromberg, A, Horwitz, JA, Gruell, H, Scheid, JF, Bournazos, S, et al. HIV Therapy by a Combination of Broadly Neutralizing Antibodies in Humanized Mice. Nature (2012) 492:118–22. doi: 10.1038/nature11604

28. Stoddart, CA, Galkina, SA, Joshi, P, Kosikova, G, Long, BR, Maidji, E, et al. Efficacy of Broadly Neutralizing Monoclonal Antibody PG16 in HIV-Infected Humanized Mice. Virology (2014) 462-463:115–25. doi: 10.1016/j.virol.2014.05.036

29. Lin, A, and Balazs, AB. Adeno-Associated Virus Gene Delivery of Broadly Neutralizing Antibodies as Prevention and Therapy Against HIV-1. Retrovirology (2018) 15:66. doi: 10.1186/s12977-018-0449-7

30. Akkina, R, Allam, A, Balazs, AB, Blankson, JN, Burnett, JC, Casares, S, et al. Improvements and Limitations of Humanized Mouse Models for HIV Research: NIH/NIAID “Meet the Experts” 2015 Workshop Summary. AIDS Res Hum Retroviruses (2016) 32:109–19. doi: 10.1089/aid.2015.0258

31. Garber, DA, Adams, DR, Guenthner, P, Mitchell, J, Kelley, K, Schoofs, T, et al. Durable Protection Against Repeated Penile Exposures to Simian-Human Immunodeficiency Virus by Broadly Neutralizing Antibodies. Nat Commun (2020) 11:3195. doi: 10.1038/s41467-020-16928-9

32. Pegu, A, Borate, B, Huang, Y, Pauthner, MG, Hessell, AJ, Julg, B, et al. A Meta-Analysis of Passive Immunization Studies Shows That Serum-Neutralizing Antibody Titer Associates With Protection Against SHIV Challenge. Cell Host Microbe (2019) 26:336–346 e333. doi: 10.1016/j.chom.2019.08.014

33. 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

34. Pegu, A, Yang, ZY, Boyington, JC, Wu, L, Ko, SY, Schmidt, SD, et al. Neutralizing Antibodies to HIV-1 Envelope Protect More Effectively In Vivo Than Those to the CD4 Receptor. Sci Transl Med (2014) 6:243ra288. doi: 10.1126/scitranslmed.3008992

35. Shingai, M, Donau, OK, Plishka, RJ, Buckler-White, A, Mascola, JR, Nabel, GJ, et al. Passive Transfer of Modest Titers of Potent and Broadly Neutralizing Anti-HIV Monoclonal Antibodies Block SHIV Infection in Macaques. J Exp Med (2014) 211:2061–74. doi: 10.1084/jem.20132494

36. Julg, B, Sok, D, Schmidt, SD, Abbink, P, Newman, RM, Broge, T, et al. Protective Efficacy of Broadly Neutralizing Antibodies With Incomplete Neutralization Activity Against Simian-Human Immunodeficiency Virus in Rhesus Monkeys. J Virol (2017) 91:e01187–17. doi: 10.1128/JVI.01187-17

37. Julg, B, Tartaglia, LJ, Keele, BF, Wagh, K, Pegu, A, Sok, D, et al. Broadly Neutralizing Antibodies Targeting the HIV-1 Envelope V2 Apex Confer Protection Against a Clade C SHIV Challenge. Sci Transl Med (2017) 9:eaal1321. doi: 10.1126/scitranslmed.aal1321

38. Moldt, B, Rakasz, EG, Schultz, N, Chan-Hui, PY, Swiderek, K, Weisgrau, KL, et al. Highly Potent HIV-Specific Antibody Neutralization In Vitro Translates Into Effective Protection Against Mucosal SHIV Challenge In Vivo. Proc Natl Acad Sci USA (2012) 109:18921–5. doi: 10.1073/pnas.1214785109

39. Julg, B, Liu, PT, Wagh, K, Fischer, WM, Abbink, P, Mercado, NB, et al. Protection Against a Mixed SHIV Challenge by a Broadly Neutralizing Antibody Cocktail. Sci Transl Med (2017) 9:eaao4235. doi: 10.1126/scitranslmed.aao4235

40. Patel, P, Borkowf, CB, Brooks, JT, Lasry, A, Lansky, A, and Mermin, J. Estimating Per-Act HIV Transmission Risk: A Systematic Review. AIDS (2014) 28:1509–19. doi: 10.1097/QAD.0000000000000298

41. Pegu, A, Hessell, AJ, Mascola, JR, and Haigwood, NL. Use of Broadly Neutralizing Antibodies for HIV-1 Prevention. Immunol Rev (2017) 275:296–312. doi: 10.1111/imr.12511

42. Crowley, AR, and Ackerman, ME. Mind the Gap: How Interspecies Variability in IgG and Its Receptors May Complicate Comparisons of Human and Non-Human Primate Effector Function. Front Immunol (2019) 10:697. doi: 10.3389/fimmu.2019.00697

43. Del Prete, GQ, Lifson, JD, and Keele, BF. Nonhuman Primate Models for the Evaluation of HIV-1 Preventive Vaccine Strategies: Model Parameter Considerations and Consequences. Curr Opin HIV AIDS (2016) 11:546–54. doi: 10.1097/COH.0000000000000311

44. Chang, HW, Tartaglia, LJ, Whitney, JB, Lim, SY, Sanisetty, S, Lavine, CL, et al. Generation and Evaluation of Clade C Simian-Human Immunodeficiency Virus Challenge Stocks. J Virol (2015) 89:1965–74. doi: 10.1128/JVI.03279-14

45. Li, H, Wang, S, Lee, FH, Roark, RS, Murphy, AI, Smith, J, et al. New SHIVs and Improved Design Strategy for Modeling HIV-1 Transmission, Immunopathogenesis, Prevention and Cure. J Virol (2021) 95:e00071–21. doi: 10.1101/2021.01.13.426578

46. O’Brien, SP, Swanstrom, AE, Pegu, A, Ko, SY, Immonen, TT, Del Prete, GQ, et al. Rational Design and In Vivo Selection of SHIVs Encoding Transmitted/Founder Subtype C HIV-1 Envelopes. PloS Pathog (2019) 15:e1007632. doi: 10.1371/journal.ppat.1007632

47. Tartaglia, LJ, Chang, HW, Lee, BC, Abbink, P, Ng’ang’a, D, Boyd, M, et al. Production of Mucosally Transmissible SHIV Challenge Stocks From HIV-1 Circulating Recombinant Form 01_AE Env Sequences. PloS Pathog (2016) 12:e1005431. doi: 10.1371/journal.ppat.1005431

48. Carpenter, MC, and Ackerman, ME. Recent Insights Into Fc-Mediated Effector Responses to HIV-1. Curr Opin HIV AIDS (2020) 15:282–9. doi: 10.1097/COH.0000000000000638

49. Danesh, A, Ren, Y, and Brad Jones, R. Roles of Fragment Crystallizable-Mediated Effector Functions in Broadly Neutralizing Antibody Activity Against HIV. Curr Opin HIV AIDS (2020) 15:316–23. doi: 10.1097/COH.0000000000000644

50. Su, B, Dispinseri, S, Iannone, V, Zhang, T, Wu, H, Carapito, R, et al. Update on Fc-Mediated Antibody Functions Against HIV-1 Beyond Neutralization. Front Immunol (2019) 10:2968. doi: 10.3389/fimmu.2019.02968

51. 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

52. Lu, CL, Murakowski, DK, Bournazos, S, Schoofs, T, Sarkar, D, Halper-Stromberg, A, et al. Enhanced Clearance of HIV-1-Infected Cells by Broadly Neutralizing Antibodies Against HIV-1 In Vivo. Science (2016) 352:1001–4. doi: 10.1126/science.aaf1279

53. 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

54. Hangartner, L, Beauparlant, D, Rakasz, E, Nedellec, R, Hoze, N, McKenney, K, et al. Effector Function Does Not Contribute to Protection From Virus Challenge by a Highly Potent HIV Broadly Neutralizing Antibody in Nonhuman Primates. Sci Transl Med (2021) 13:eabe3349. doi: 10.1126/scitranslmed.abe3349

55. 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

56. Wang, P, Gajjar, MR, Yu, J, Padte, NN, Gettie, A, Blanchard, JL, et al. Quantifying the Contribution of Fc-Mediated Effector Functions to the Antiviral Activity of Anti-HIV-1 IgG1 Antibodies In Vivo. Proc Natl Acad Sci USA (2020) 117:18002–9. doi: 10.1073/pnas.2008190117

57. Asokan, M, Dias, J, Liu, C, Maximova, A, Ernste, K, Pegu, A, et al. Fc-Mediated Effector Function Contributes to the In Vivo Antiviral Effect of an HIV Neutralizing Antibody. Proc Natl Acad Sci USA (2020) 117:18754–63. doi: 10.1073/pnas.2008236117

58. Moldt, B, Schultz, N, Dunlop, DC, Alpert, MD, Harvey, JD, Evans, DT, et al. A Panel of IgG1 B12 Variants With Selectively Diminished or Enhanced Affinity for Fcgamma Receptors to Define the Role of Effector Functions in Protection Against HIV. J Virol (2011) 85:10572–81. doi: 10.1128/JVI.05541-11

59. Richardson, SI, and Moore, PL. Targeting Fc Effector Function in Vaccine Design. Expert Opin Ther Targets (2021). doi: 10.1080/14728222.2021.1907343

60. Bricault, CA, Yusim, K, Seaman, MS, Yoon, H, Theiler, J, Giorgi, EE, et al. HIV-1 Neutralizing Antibody Signatures and Application to Epitope-Targeted Vaccine Design. Cell Host Microbe (2019) 25:59–72.e58. doi: 10.1016/j.chom.2018.12.001

61. Doria-Rose, NA, Bhiman, JN, Roark, RS, Schramm, CA, Gorman, J, Chuang, GY, et al. New Member of the V1V2-Directed CAP256-VRC26 Lineage That Shows Increased Breadth and Exceptional Potency. J Virol (2016) 90:76–91. doi: 10.1128/JVI.01791-15

62. 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

63. Kong, R, Louder, MK, Wagh, K, Bailer, RT, deCamp, A, Greene, K, et al. Improving Neutralization Potency and Breadth by Combining Broadly Reactive HIV-1 Antibodies Targeting Major Neutralization Epitopes. J Virol (2015) 89:2659–71. doi: 10.1128/JVI.03136-14

64. Wagh, K, Seaman, MS, Zingg, M, Fitzsimons, T, Barouch, DH, Burton, DR, et al. Potential of Conventional & Bispecific Broadly Neutralizing Antibodies for Prevention of HIV-1 Subtype A, C & D Infections. PloS Pathog (2018) 14:e1006860. doi: 10.1371/journal.ppat.1006860

65. Lorenzi, JC, Cohen, YZ, Cohn, LB, Kreider, EF, Barton, JP, Learn, GH, et al. Paired Quantitative and Qualitative Assessment of the Replication-Competent HIV-1 Reservoir and Comparison With Integrated Proviral DNA. Proc Natl Acad Sci USA (2016) 113:E7908–16. doi: 10.1073/pnas.1617789113

66. 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

67. Hake, A, and Pfeifer, N. Prediction of HIV-1 Sensitivity to Broadly Neutralizing Antibodies Shows a Trend Towards Resistance Over Time. PloS Comput Biol (2017) 13:e1005789. doi: 10.1371/journal.pcbi.1005789

68. Rawi, R, Mall, R, Shen, CH, Farney, SK, Shiakolas, A, Zhou, J, et al. Accurate Prediction for Antibody Resistance of Clinical HIV-1 Isolates. Sci Rep (2019) 9:14696. doi: 10.1038/s41598-019-50635-w

69. Magaret, CA, Benkeser, DC, Williamson, BD, Borate, BR, Carpp, LN, Georgiev, IS, et al. Prediction of VRC01 Neutralization Sensitivity by HIV-1 Gp160 Sequence Features. PloS Comput Biol (2019) 15:e1006952. doi: 10.1371/journal.pcbi.1006952

70. Kerwin, BA, Bennett, C, Brodsky, Y, Clark, R, Floyd, JA, Gillespie, A, et al. Framework Mutations of the 10-1074 bnAb Increase Conformational Stability, Manufacturability, and Stability While Preserving Full Neutralization Activity. J Pharm Sci (2020) 109:233–46. doi: 10.1016/j.xphs.2019.07.009

71. Patel, A, Gupta, V, Hickey, J, Nightlinger, NS, Rogers, RS, Siska, C, et al. Coformulation of Broadly Neutralizing Antibodies 3BNC117 and PGT121: Analytical Challenges During Preformulation Characterization and Storage Stability Studies. J Pharm Sci (2018) 107:3032–46. doi: 10.1016/j.xphs.2018.08.012

72. Sharma, VK, Misra, B, McManus, KT, Avula, S, Nellaiappan, K, Caskey, M, et al. Characterization of Co-Formulated High-Concentration Broadly Neutralizing Anti-HIV-1 Monoclonal Antibodies for Subcutaneous Administration. Antibodies (Basel) (2020) 9:36. doi: 10.3390/antib9030036

73. Gaudinski, MR, Coates, EE, Houser, KV, Chen, GL, Yamshchikov, G, Saunders, JG, et al. Safety and Pharmacokinetics of the Fc-Modified HIV-1 Human Monoclonal Antibody VRC01LS: A Phase 1 Open-Label Clinical Trial in Healthy Adults. PloS Med (2018) 15:e1002493. doi: 10.1371/journal.pmed.1002493

74. Corey, L, Gilbert, PB, Juraska, M, Montefiori, DC, Morris, L, Karuna, ST, et al. Two Randomized Trials of Neutralizing Antibodies to Prevent HIV-1 Acquisition. N Engl J Med (2021) 384:1003–14. doi: 10.1056/NEJMoa2031738

75. Gaudinski, MR, Houser, KV, Doria-Rose, NA, Chen, GL, Rothwell, RSS, Berkowitz, N, et al. Safety and Pharmacokinetics of Broadly Neutralising Human Monoclonal Antibody VRC07-523LS in Healthy Adults: A Phase 1 Dose-Escalation Clinical Trial. Lancet HIV (2019) 6:e667–79. doi: 10.1016/S2352-3018(19)30181-X

76. Walsh, SR, Gay, CL, Karuna, ST, Hyrien, O, Skalland, T, Mayer, KH, et al. Safety and Single-Dose Pharmacokinetics of VRC07-523ls Administered via Different Routes and Doses. Cape Town, South Africa: R4P Virtual (2021).

77. Caskey, M, Klein, F, Lorenzi, JC, Seaman, MS, West, AP Jr., Buckley, N, et al. Viraemia Suppressed in HIV-1-Infected Humans by Broadly Neutralizing Antibody 3BNC117. Nature (2015) 522:487–91. doi: 10.1038/nature14411

78. Caskey, M. Preclinical to Clinical: 3BNC117 and 10-1074 bNAb Combination for HIV Prophylaxis. Cape Town, South Africa: R4P Virtual (2021).

79. Widge, AT, Houser, KV, Gaudinski, MR, Chen, G, Carter, C, Hickman, SP, et al. A Phase I Dose-Escalation Trial of Human Monoclonal Antibody N6LS in Healthy Adults. Boston, MA, USA: CROI (2020).

80. Koup, RA. Review of Bnabs in Clinical Development. Madrid, Spain: R4P (2018).

81. Priddy, FH, Lewis, DJM, Gelderblom, HC, Hassanin, H, Streatfield, C, LaBranche, C, et al. Adeno-Associated Virus Vectored Immunoprophylaxis to Prevent HIV in Healthy Adults: A Phase 1 Randomised Controlled Trial. Lancet HIV (2019) 6:e230–9. doi: 10.1016/S2352-3018(19)30003-7

82. Mahomed, S, Garrett, N, Karim, QA, Zuma, NY, Capparelli, E, Baxter, C, et al. Assessing the Safety and Pharmacokinetics of the Anti-HIV Monoclonal Antibody CAP256V2LS Alone and in Combination With VRC07-523LS and PGT121 in South African Women: Study Protocol for the First-in-Human CAPRISA 012B Phase I Clinical Trial. BMJ Open (2020) 10:e042247. doi: 10.1136/bmjopen-2020-042247

83. Stephenson, KE, Julg, B, Ansel, J, Walsh, SR, Tan, CS, Maxfield, L, et al. Therapeutic Activity of PGT121 Monoclonal Antibody in HIV-Infected Adults. Seattle, WA, USA: CROI (2019).

84. Caskey, M, Schoofs, T, Gruell, H, Settler, A, Karagounis, T, Kreider, EF, et al. Antibody 10-1074 Suppresses Viremia in HIV-1-Infected Individuals. Nat Med (2017) 23:185–91. doi: 10.1038/nm.4268

85. Armbruster, C, Stiegler, GM, Vcelar, BA, Jäger, W, Michael, NL, Vetter, N, et al. A Phase I Trial With Two Human Monoclonal Antibodies (hMAb 2F5, 2G12) Against HIV-1. AIDS (2002) 16:227–33. doi: 10.1097/00002030-200201250-00012

86. Zhou, T, Georgiev, I, Wu, X, Yang, ZY, Dai, K, Finzi, A, et al. Structural Basis for Broad and Potent Neutralization of HIV-1 by Antibody VRC01. Science (2010) 329:811–7. doi: 10.1126/science.1192819

87. Lynch, RM, Boritz, E, Coates, EE, DeZure, A, Madden, P, Costner, P, et al. Virologic Effects of Broadly Neutralizing Antibody VRC01 Administration During Chronic HIV-1 Infection. Sci Transl Med (2015) 7:319ra206. doi: 10.1126/scitranslmed.aad5752

88. Ledgerwood, JE, Coates, EE, Yamshchikov, G, Saunders, JG, Holman, L, Enama, ME, et al. Safety, Pharmacokinetics and Neutralization of the Broadly Neutralizing HIV-1 Human Monoclonal Antibody VRC01 in Healthy Adults. Clin Exp Immunol (2015) 182:289–301. doi: 10.1111/cei.12692

89. Mayer, KH, Seaton, KE, Huang, Y, Grunenberg, N, Isaacs, A, Allen, M, et al. Safety, Pharmacokinetics, and Immunological Activities of Multiple Intravenous or Subcutaneous Doses of an Anti-HIV Monoclonal Antibody, VRC01, Administered to HIV-Uninfected Adults: Results of a Phase 1 Randomized Trial. PloS Med (2017) 14:e1002435. doi: 10.1371/journal.pmed.1002435

90. Bar, KJ, Sneller, MC, Harrison, LJ, Justement, JS, Overton, ET, Petrone, ME, et al. Effect of HIV Antibody VRC01 on Viral Rebound After Treatment Interruption. N Engl J Med (2016) 375:2037–50. doi: 10.1056/NEJMoa1608243

91. Cohen, YZ, Butler, AL, Millard, K, Witmer-Pack, M, Levin, R, Unson-O’Brien, C, et al. Safety, Pharmacokinetics, and Immunogenicity of the Combination of the Broadly Neutralizing Anti-HIV-1 Antibodies 3BNC117 and 10-1074 in Healthy Adults: A Randomized, Phase 1 Study. PloS One (2019) 14:e0219142. doi: 10.1371/journal.pone.0219142

92. Rudicell, RS, Kwon, YD, Ko, SY, Pegu, A, Louder, MK, Georgiev, IS, et al. Enhanced Potency of a Broadly Neutralizing HIV-1 Antibody In Vitro Improves Protection Against Lentiviral Infection In Vivo. J Virol (2014) 88:12669–82. doi: 10.1128/JVI.02213-14

93. 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

94. 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

95. 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

96. Julien, JP, Sok, D, Khayat, R, Lee, JH, Doores, KJ, Walker, LM, et al. Broadly Neutralizing Antibody PGT121 Allosterically Modulates CD4 Binding via Recognition of the HIV-1 Gp120 V3 Base and Multiple Surrounding Glycans. PloS Pathog (2013) 9:e1003342. doi: 10.1371/journal.ppat.1003342

97. Sok, D, Doores, KJ, Briney, B, Le, KM, Saye-Francisco, KL, Ramos, A, et al. Promiscuous Glycan Site Recognition by Antibodies to the High-Mannose Patch of Gp120 Broadens Neutralization of HIV. Sci Transl Med (2014) 6:236ra263. doi: 10.1126/scitranslmed.3008104

98. Garces, F, Sok, D, Kong, L, McBride, R, Kim, HJ, Saye-Francisco, KF, et al. Structural Evolution of Glycan Recognition by a Family of Potent HIV Antibodies. Cell (2014) 159:69–79. doi: 10.1016/j.cell.2014.09.009

99. Mouquet, H, Scharf, L, Euler, Z, Liu, Y, Eden, C, Scheid, JF, et al. Complex-Type N-Glycan Recognition by Potent Broadly Neutralizing HIV Antibodies. Proc Natl Acad Sci USA (2012) 109:E3268–3277. doi: 10.1073/pnas.1217207109

100. Sok, D, van Gils, MJ, Pauthner, M, Julien, JP, Saye-Francisco, KL, Hsueh, J, et al. Recombinant HIV Envelope Trimer Selects for Quaternary-Dependent Antibodies Targeting the Trimer Apex. Proc Natl Acad Sci USA (2014) 111:17624–9. doi: 10.1073/pnas.1415789111

101. van Loggerenberg, F, Mlisana, K, Williamson, C, Auld, SC, Morris, L, Gray, CM, et al. Establishing a Cohort at High Risk of HIV Infection in South Africa: Challenges and Experiences of the CAPRISA 002 Acute Infection Study. PloS One (2008) 3:e1954. doi: 10.1371/journal.pone.0001954

102. Bhiman, JN, Anthony, C, Doria-Rose, NA, Karimanzira, O, Schramm, CA, Khoza, T, et al. Viral Variants That Initiate and Drive Maturation of V1V2-Directed HIV-1 Broadly Neutralizing Antibodies. Nat Med (2015) 21:1332–6. doi: 10.1038/nm.3963

103. Sheward, DJ, Marais, J, Bekker, V, Murrell, B, Eren, K, Bhiman, JN, et al. HIV Superinfection Drives De Novo Antibody Responses and Not Neutralization Breadth. Cell Host Microbe (2018) 24:593–9.e593. doi: 10.1016/j.chom.2018.09.001

104. Huang, J, Ofek, G, Laub, L, Louder, MK, Doria-Rose, NA, Longo, NS, et al. Broad and Potent Neutralization of HIV-1 by a Gp41-Specific Human Antibody. Nature (2012) 491:406–12. doi: 10.1038/nature11544

105. Kwon, YD, Georgiev, IS, Ofek, G, Zhang, B, Asokan, M, Bailer, RT, et al. Optimization of the Solubility of HIV-1-Neutralizing Antibody 10E8 Through Somatic Variation and Structure-Based Design. J Virol (2016) 90:5899–914. doi: 10.1128/JVI.03246-15

106. Cohen, MS, and Corey, L. Broadly Neutralizing Antibodies to Prevent HIV-1. Science (2017) 358:46–7. doi: 10.1126/science.aap8131

107. Gilbert, PB, Juraska, M, deCamp, AC, Karuna, S, Edupuganti, S, Mgodi, N, et al. Basis and Statistical Design of the Passive HIV-1 Antibody Mediated Prevention (AMP) Test-Of-Concept Efficacy Trials. Stat Commun Infect Dis (2017) 9:20160001. doi: 10.1515/scid-2016-0001

108. Edupuganti, S, Mgodi, N, Karuna, ST, Andrew, P, Rudnicki, E, Kochar, N, et al. Feasibility and Successful Enrollment in a Proof-Of-Concept HIV Prevention Trial of VRC01, a Broadly Neutralizing HIV-1 Monoclonal Antibody. J Acquir Immune Defic Syndr (2021) 87:671–9. doi: 10.1097/QAI.0000000000002639

109. Mgodi, NM, Takuva, S, Edupuganti, S, Karuna, S, Andrew, P, Lazarus, E, et al. A Phase 2b Study to Evaluate the Safety and Efficacy of VRC01 Broadly Neutralizing Monoclonal Antibody in Reducing Acquisition of HIV-1 Infection in Women in Sub-Saharan Africa: Baseline Findings. J Acquir Immune Defic Syndr (2021) 87:680–7. doi: 10.1097/QAI.0000000000002649

110. Huang, Y, Naidoo, L, Zhang, L, Carpp, LN, Rudnicki, E, Randhawa, A, et al. Pharmacokinetics and Predicted Neutralisation Coverage of VRC01 in HIV-Uninfected Participants of the Antibody Mediated Prevention (AMP) Trials. EBioMedicine (2021) 64:103203. doi: 10.1016/j.ebiom.2020.103203

111. Takuva, S, Karuna, S, Juraska, M, Rudnicki, E, Edupuganti, S, Anderson, M, et al. Infusion Reactions in the Phase 2b Antibody Mediated Prevention (AMP) Studies. San Francisco, CA, USA: Virtual CROI (2021).

112. 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

113. Cohen, YZ, Lorenzi, JCC, Seaman, MS, Nogueira, L, Schoofs, T, Krassnig, L, et al. Neutralizing Activity of Broadly Neutralizing Anti-HIV-1 Antibodies Against Clade B Clinical Isolates Produced in Peripheral Blood Mononuclear Cells. J Virol (2018) 92:e01883–17. doi: 10.1128/JVI.01883-17

114. Lorenzi, JCC, Mendoza, P, Cohen, YZ, Nogueira, L, Lavine, C, Sapiente, J, et al. Neutralizing Activity of Broadly Neutralizing Anti-HIV-1 Antibodies Against Primary African Isolates. J Virol (2020) 95:e01909–20. doi: 10.1101/2020.09.24.310938

115. 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

116. 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

117. Pinto, D, Fenwick, C, Caillat, C, Silacci, C, Guseva, S, Dehez, F, et al. Structural Basis for Broad HIV-1 Neutralization by the MPER-Specific Human Broadly Neutralizing Antibody Ln01. Cell Host Microbe (2019) 26:623–37.e628. doi: 10.1016/j.chom.2019.09.016

118. Sajadi, MM, Dashti, A, Rikhtegaran Tehrani, Z, Tolbert, WD, Seaman, MS, Ouyang, X, et al. Identification of Near-Pan-Neutralizing Antibodies Against HIV-1 by Deconvolution of Plasma Humoral Responses. Cell (2018) 173:1783–1795 e1714. doi: 10.1016/j.cell.2018.03.061

119. Schommers, P, Gruell, H, Abernathy, ME, Tran, MK, Dingens, AS, Gristick, HB, et al. Restriction of HIV-1 Escape by a Highly Broad and Potent Neutralizing Antibody. Cell (2020) 180:471–489 e422. doi: 10.1016/j.cell.2020.01.010

120. Diskin, R, Scheid, JF, Marcovecchio, PM, West, AP Jr., Klein, F, Gao, H, et al. Increasing the Potency and Breadth of an HIV Antibody by Using Structure-Based Rational Design. Science (2011) 334:1289–93. doi: 10.1126/science.1213782

121. Liu, Q, Zhang, P, Miao, H, Lin, Y, Kwon, YD, Kwong, PD, et al. Rational Engraftment of Quaternary-Interactive Acidic Loops for Anti-HIV-1 Antibody Improvement. J Virol (2021) 95:e00159–21. doi: 10.1128/JVI.00159-21

122. Gardner, MR. Promise and Progress of an HIV-1 Cure by Adeno-Associated Virus Vector Delivery of Anti-HIV-1 Biologics. Front Cell Infect Microbiol (2020) 10:176. doi: 10.3389/fcimb.2020.00176

123. Hartweger, H, McGuire, AT, Horning, M, Taylor, JJ, Dosenovic, P, Yost, D, et al. HIV-Specific Humoral Immune Responses by CRISPR/Cas9-Edited B Cells. J Exp Med (2019) 216:1301–10. doi: 10.1084/jem.20190287

124. Huang, D, Tran, JT, Olson, A, Vollbrecht, T, Tenuta, M, Guryleva, MV, et al. Vaccine Elicitation of HIV Broadly Neutralizing Antibodies From Engineered B Cells. Nat Commun (2020) 11:5850. doi: 10.1038/s41467-020-20304-y

125. Padte, NN, Yu, J, Huang, Y, and Ho, DD. Engineering Multi-Specific Antibodies Against HIV-1. Retrovirology (2018) 15:60. doi: 10.1186/s12977-018-0439-9

126. Bournazos, S, Gazumyan, A, Seaman, MS, Nussenzweig, MC, and Ravetch, JV. Bispecific Anti-HIV-1 Antibodies With Enhanced Breadth and Potency. Cell (2016) 165:1609–20. doi: 10.1016/j.cell.2016.04.050

127. Xu, L, Pegu, A, Rao, E, Doria-Rose, N, Beninga, J, McKee, K, et al. Trispecific Broadly Neutralizing HIV Antibodies Mediate Potent SHIV Protection in Macaques. Science (2017) 358:85–90. doi: 10.1126/science.aan8630

128. Gardner, MR, Kattenhorn, LM, Kondur, HR, von Schaewen, M, Dorfman, T, Chiang, JJ, et al. AAV-Expressed Ecd4-Ig Provides Durable Protection From Multiple SHIV Challenges. Nature (2015) 519:87–91. doi: 10.1038/nature14264

129. Chu, TH, Crowley, AR, Backes, I, Chang, C, Tay, M, Broge, T, et al. Hinge Length Contributes to the Phagocytic Activity of HIV-Specific IgG1 and IgG3 Antibodies. PloS Pathog (2020) 16:e1008083. doi: 10.1371/journal.ppat.1008083

130. Richardson, SI, Lambson, BE, Crowley, AR, Bashirova, A, Scheepers, C, Garrett, N, et al. IgG3 Enhances Neutralization Potency and Fc Effector Function of an HIV V2-Specific Broadly Neutralizing Antibody. PloS Pathog (2019) 15:e1008064. doi: 10.1371/journal.ppat.1008064

131. Shields, RL, Namenuk, AK, Hong, K, Meng, YG, Rae, J, Briggs, J, et al. High Resolution Mapping of the Binding Site on Human IgG1 for Fc Gamma RI, Fc Gamma RII, Fc Gamma RIII, and FcRn and Design of IgG1 Variants With Improved Binding to the Fc Gamma R. J Biol Chem (2001) 276:6591–604. doi: 10.1074/jbc.M009483200

132. Li, T, DiLillo, DJ, Bournazos, S, Giddens, JP, Ravetch, JV, and Wang, LX. Modulating IgG Effector Function by Fc Glycan Engineering. Proc Natl Acad Sci USA (2017) 114:3485–90. doi: 10.1073/pnas.1702173114

133. Liu, Y, Cao, W, Sun, M, and Li, T. Broadly Neutralizing Antibodies for HIV-1: Efficacies, Challenges and Opportunities. Emerg Microbes Infect (2020) 9:194–206. doi: 10.1080/22221751.2020.1713707

134. Reh, L, Magnus, C, Schanz, M, Weber, J, Uhr, T, Rusert, P, et al. Capacity of Broadly Neutralizing Antibodies to Inhibit HIV-1 Cell-Cell Transmission Is Strain- and Epitope-Dependent. PloS Pathog (2015) 11:e1004966. doi: 10.1371/journal.ppat.1004966

135. Li, H, Zony, C, Chen, P, and Chen, BK. Reduced Potency and Incomplete Neutralization of Broadly Neutralizing Antibodies Against Cell-To-Cell Transmission of HIV-1 With Transmitted Founder Envs. J Virol (2017) 91:e02425–16. doi: 10.1128/JVI.02425-16




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 © 2021 Walsh and Seaman. 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.


OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Broadly Neutralizing Antibodies for HIV-1 Prevention

      

        		

          Introduction

        



        		

          bnAb-Mediated Protection in Animal Models

        



        		

          Effector Mechanisms

        



        		

          Combinations of bnAbs

        



        		

          Clinical Evaluation of bnAbs

        

          		

            CD4 Binding Site bnAbs

          

            		

              VRC01

            



            		

              3BNC117

            



            		

              VRC07-523LS

            



            		

              N6

            



          



          



          		

            V3 Glycan bnAbs

          

            		

              PGT121

            



            		

              10-1074

            



          



          



          		

            V2 Glycan bnAbs

          

            		

              PGDM1400

            



            		

              CAP256

            



          



          



          		

            MPER bnAbs

          

            		

              10E8

            



          



          



          		

            AMP Efficacy Trials

          



          		

            Clinical Testing of bnAb Combinations

          

            		

              HVTN130/HPTN089

            



            		

              HVTN136/HPTN092

            



            		

              IAVI C-100

            



          



          



        



        



        		

          Future Directions

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Epitope region targeted bnAb Half-life Reference
CD4-binding site (CD4-BS) VRCO1 15 days; 71 days (-LS) NCT02165267 (73, 74);
VRC07-523 40 days (-LS) NCT03015181 (75, 76);
3BNC117 18 days; 61 days (-LS) NCT02018510 (77, 78);
N6 >30 days (-LS) NCT03538626 (79);
Membrane-proximal external region (MPER) 10E8 N/A NCT03565315 (80);
V1V2 loop glycan PGDM1400 N/A NCT03205917
PGY' N/A NCT01937455 (31)
CAP256-VRC26.25 N/A PACTR202003767867253 (82);
V3 loop glycan PGT121 22 days NCT02960581 (83);

gp120 outer domain

10-1074
2G12

24 days; 73.5 days (-LS)
16.5 days?

NCT02511990 (78, 84);
(85)

TAAV delivery system.
?tested in HIV-infected participants.
NA, Not available.
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Name

IAVI T002'
YC0-0899*
MCA-0906°
HVTN130/HPTNO89
HVTN136/HPTNO92

IAVI G100

CAPRISA 012B

bnAbs

PGT121
PGDM1400
3BNC117
10-1074
VRC07-523LS
PGT121 or 10-1074
PGDM1400
VRC07-523LS
PGT121.141.LS
3BNC117-LS-J
10-1074-LS-J
CAP256V2LS
VRC07-523LS
PGT121

Env region targeted

V3 glycan
VAV2 glycan
CD4-binding site
V3 glycan
CD4-binding site
V3 glycan

V1V2 glycan
CD4-binding site
V3 glycan
CD4-binding site
V3 glycan

V1V2 glycan
CD4-binding site
V3 glycan

Reference
NCT03205917 (83);
NCT02824536 (91);
NCT02825797 (115);
NCT03928821
NCT04212091

NCT04173819 (78);

PACTR202003767867253 (82);

"Included both HiV-infected and HIV-uninfected participants.

2HIV-uninfected participants.
SHIV-infected participants.
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