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Despite substantial progress in confronting the global HIV-1 epidemic since its inception

in the 1980s, better approaches for both treatment and prevention will be necessary to

end the epidemic and remain a top public health priority. Antiretroviral therapy (ART) has

been effective in extending lives, but at a cost of lifelong adherence to treatment. Broadly

neutralizing antibodies (bNAbs) are directed to conserved regions of the HIV-1 envelope

glycoprotein trimer (Env) and can block infection if present at the time of viral exposure.

The therapeutic application of bNAbs holds great promise, and progress is being made

toward their development for widespread clinical use. Compared to the current standard

of care of small molecule-based ART, bNAbs offer: (1) reduced toxicity; (2) the advantages

of extended half-lives that would bypass daily dosing requirements; and (3) the potential

to incorporate a wider immune response through Fc signaling. Recent advances in

discovery technology can enable system-wide mining of the immunoglobulin repertoire

andwill continue to accelerate isolation of next generation potent bNAbs. Passive transfer

studies in pre-clinical models and clinical trials have demonstrated the utility of bNAbs in

blocking or limiting transmission and achieving viral suppression. These studies have

helped to define the window of opportunity for optimal intervention to achieve viral

clearance, either using bNAbs alone or in combination with ART. None of these advances

with bNAbs would be possible without technological advancements and expanding the

cohorts of donor participation. Together these elements fueled the remarkable growth in

bNAb development. Here, we review the development of bNAbs as therapies for HIV-1,

exploring advances in discovery, insights from animal models and early clinical trials, and

innovations to optimize their clinical potential through efforts to extend half-life, maximize

the contribution of Fc effector functions, preclude escape through multiepitope targeting,

and the potential for sustained delivery.
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INTRODUCTION

The HIV/AIDS pandemic remains one of the greatest public health challenges of our time. Since its
discovery in the early 1980s, the AIDS-causing virus HIV-1 (HIV) has infected 75 million people
worldwide and claimed 32 million lives (1). In 2018, there were 38 million people living with
HIV, of which 1.7 million were children under 15 years of age (1). Despite decades of research
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and a number of clinical trials, a vaccine for HIV remains elusive.
While the number of annual deaths due to AIDS and new HIV
infections has declined by 33% and 16%, respectively, over the
last decade due to the widespread use of effective antiretroviral
drug therapy (1), better treatments are urgently needed to address
the pandemic more effectively. Today, the management of HIV
with cocktails of antiretroviral drugs, or “antiretroviral therapy”
(ART), maintains plasma virus at undetectable levels as long as
the drug is present at therapeutic levels in vivo, but does not
clear viral reservoirs, and if discontinued the virus rebounds (2).
ART compounds are small molecules that typically have short
half-lives, necessitating treatment daily for ongoing protection in
adults and children exposed to HIV by breastfeeding. The recent
development of improved formulations of ART that require
infrequent dosing will ultimately improve adherence (3, 4), but
it will not fully mitigate risks due to the necessity for lifelong
adherence to drugs that possess significant inherent toxicities,
which manifest generally as fatigue and malaise in many ART
recipients, and may include myopathy, neuropathy, hepatic
failure, and lactic acidosis from ART-induced mitochondrial
dysregulation (5, 6). All of these factors work together to result
in suboptimal or sporadic treatment, which raises the risk of
viral resistance and treatment failure. In addition to therapeutic
indications, ART is used by uninfected at-risk people to prevent
infection, which is known as pre-exposure prophylaxis (PrEP);
this approach is available in the US and several other countries,
but not yet worldwide (7). As a less toxic and longer lasting
alternative to ART, the use of monoclonal antibodies (mAbs),
delivered passively or by gene therapy, is being explored in pre-
clinical or clinical trials, but small-molecule ART remains the
only FDA-approved treatment modality for HIV/AIDS in 2021.

Passive immunotherapy was originally pioneered at the turn
of the century with the use of horse serum to neutralize
diphtheria toxin in infected subjects, and the clinical benefit
showed the power of antibodies to mitigate disease (8). The
discoveries of the intervening 120 years have led to some
very tangible and, more recently, game-changing advances in
potential applications for HIV. When HIV was discovered
to be the causative agent of AIDS, intensive research ensued
to develop diagnostic tests and vaccines. Once it became
apparent that some subjects progressed more rapidly to disease
than others, efforts were directed to characterize anti-HIV
adaptive responses and the causes of CD4 depletion. These
early studies showed that HIV-specific CD8+ T cell responses,
and not antibodies, were coincident with the decline of acute
virus production in the blood; subsequent data showed that
certain HLA haplotypes were associated with better virus
control and longer lives in “elite controllers,” reviewed by
Deeks and Walker (9). Antibodies directed to HIV antigens
did develop, but the appearance of neutralizing antibodies
(NAbs)—directed to Env and capable of neutralizing the
virus in tissue culture—took months. Furthermore, higher
levels of antibodies and NAbs were seen in subjects with
higher levels of plasma viremia and were not associated with
diminution of virus in elite controllers (10). These data led
to the concept that it is primarily CD8+ T cells that are
responsible for viral control and that neutralizing antibodies

arose too late to deal with a retroviral infection. Further
confounding the field were early experiments to test HIV
immune globulin (HIVIG), IgG purified from HIV-positive
subjects, as passive immunotherapy, in chimpanzees, the only
animal model available at the time. Despite the eventual success
of HIVIG in protecting against challenge at high doses (11), as
well as several other proof-of-principle studies using polyclonal
IgG, the difficulties inherent in developing a polyclonal IgG
product for widespread therapeutic administration underscored
the need for more targeted approaches using monoclonal
antibodies (12–14).

Building from the early work of extracting mAbs from human
bone marrow and PBMCs that developed during infection, one
of the critical areas of intense exploration in HIV research in
the last several decades has been the cloning and characterization
of NAbs from infected subjects who develop potent neutralizing
plasma Abs against a broad spectrum of HIV circulating strains.
Innovative work from studies of human cohorts quickly led
to the discovery and cloning of these powerful mAbs to use
as therapies (Figure 1). At the same time, HIV mAb research
has shed light on mechanisms for antibody epitope targeting
and maturation in the face of viral escape variants. The native
immune response is typically ineffective at preventing HIV
infection in the face of repeated exposures, in part because the
virion restricts presentation of non-self epitopes. As an enveloped
virus, HIV displays surface proteins composed of a trimer of
gp120 and gp41 heterodimers, and their sparse distribution,
with an estimated 4–35 trimers per virion, limits the potential
for immune receptor crosslinking and downstream activation
(15). Immunogenicity is further reduced by extensive trimer
glycosylation, which effectively shields them from B cell receptor
(BCR) recognition (16–18). Prior to receptor attachment, which
induces a more relaxed “state 3” conformation accessible to
neutralizing antibodies, Env trimers oscillate between partially
relaxed “state 2” and closed “state 1” conformations (19, 20)
that present five known highly conserved epitopes susceptible
to neutralizing antibodies (Figure 2), reviewed by Kwong and
Mascola (21). Despite these defenses, a very small minority
of individuals living with HIV develop bNAbs to one or
more of these epitopes, but typically do so several years after
chronic infection drives extensive BCR somatic hypermutation
(22–24). Although their development in response to natural
infection is not widespread, these exceptional bNAbs neutralize
the majority of strains on multi-clade pseudovirus panels
representing the global diversity of circulating HIV, often at
very low concentrations with average IC50s < 1µg/ml, by
blocking a critical Env function such as receptor or co-receptor
attachment or membrane fusion (25). Notably, this breadth
is achieved due to the highly conserved primary amino acid
sequences on Env mediating these functions, with the greatest
breadth observed in bNAbs targeting the membrane external
proximal region (MPER) or the CD4 binding site (CD4bs)
(25). When produced as monoclonals and passively transferred,
bNAbs have been shown to be highly effective in preventing
disease in animal models, and they offer promising prophylactic
and therapeutic tools to restrict transmission and control disease
progression. This review surveys the issues and promise of bNAbs
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FIGURE 1 | Cultivation of bNAbs for treatment and prevention of HIV. The progression of bNAb development is visualized as organic growth seeded from

observations in the 1980s−1990s that passive transfer of virus-neutralizing polyclonal IgG from subjects living with HIV countered new infection. The subsequent yield

of 1st generation bNAbs in the 1990s demonstrated protection from SHIV in NHP models, and B cell technology advancement in the 2000s enabled the isolation of

the 2nd generation bNAbs that are highly broad and potent and protected humanized mice and NHP models at low doses. The cache of 2nd generation bNAbs

quickly expanded in the 2010s as cohorts of large and diverse study subjects also multiplied. The swift advancement of these bNAbs to the clinic in the same decade

was nurtured by technological advancements in molecular and cellular biology and systems immunology, and their applications in the clinic continue to increase. The

2020s has begun with the recent completion of the first large-scale human efficacy trial with one of the early 2nd generation bNAbs. Advanced immune repertoire

mining technology is becoming a new standard for discovery, and studies are underway with new modification ideas. Expectations for future clinical applications

include novel concepts for delivery methods and utilizing engineered bNAb cocktails. The figure legend illustrates and describes each element fostering a continuum in

growth of bNAb utility over time. Elements are presented in the decade of first use, although concepts, processes, and materials may continue over multiple decades.

as preventive and therapeutic tools for HIV, with representative
key examples of success in animal models and in the clinic.

CULTIVATING bNAb DEVELOPMENT FOR
TREATMENT AND PREVENTION

Expanding the Therapeutic bNAb Toolkit
First generation “bNAbs” isolated from screening Abs cloned
from Env+ memory B cells showed the prophylactic potential of
NAbs prior to challenge with HIV in humanized mice (26–28) or
challenge with simian immunodeficiency virus expressing HIV
Env (SHIV) in NHPs (29–33). The subsequent isolation of more
potent bNAbs through high throughput functional screening of
single B cells prior to cloning yielded second generation bNAbs
capable of protecting NHPs challenged with difficult to neutralize
tier 2 SHIV at plasma concentrations as low 1µg/ml (34–37),
and several of these bNAbs are being evaluated in early stage
clinical trials (38–40). Improved stabilization of Env trimers that
offer more stringent presentation of native like conformational
epitopes can now be utilized as sorting probes. When used in
multi-clade combinations, these probes favor the selection of
B cells targeting the rare but highly conserved bNAb epitopes,
and thus permit a more extensive functional characterization
of only the most promising putative bNAb candidates. For
example, this approach has yielded the recent discovery of
novel bNAb 1–18, which displays near pan neutralizing breadth
with an average IC50 below 0.1µg/ml against pseudovirus
panels designed to represent the global diversity of viral strains,
possesses a different germline lineage than the canonical CD4bs
VRC01-like bNAb family (VH1–46 instead of VH1–2), and

correspondingly targets the CD4bs in a distinct manner (41).
The discovery of bNAb 1–18 holds a particular significance
because of its dual capacity for exceptional neutralizing activity
combined with an extremely efficient impediment to viral escape.
These combined characteristics in a single bNAb will ultimately
aid other efforts to maximize bNAb utility by rational cocktail
design and engineering bi- and tri-specific molecules as discussed
more below.

Once a bNAb is identified from donor plasma, antibodies

belonging to the same lineage can be rapidly identified
by immunoglobulin sequencing of longitudinal samples, an

approach which is enabled by next generation sequencing and
showcased by the robust lineage analysis for bNAb VRC34, and

provides significant insight into bNAb development and optimal

HC/LC pairings (42). Alternative HC/LC pairings can then be
sequentially evaluated to determine the most potent combination

that may or may not have arisen naturally. An example of the
success of this approach is seen in the isolation of 4E10-like
MPER-targeting bNAb PGZL1 HC paired with the H4K3 LC.
The resulting PGZL1.H4K3 displays pan neutralizing breadth
with an average IC50 of 1.4 µg/ml against a 130 pseudovirus
panel compared to 84% breadth and an average IC50 of 6.1µg/ml
of parental PGZL1 (43). The significance of the PGZL1.HK43
discovery has important implications for vaccine development.
First, the parental mAb PGZL1 was isolated as an IgG1—not
IgG3—with a relatively short CDRH3, little hydrophobicity or
polyreactivity unlike most MPER mAbs. Next, unlike that of
4E10 and 10E8, the germline revertant PGZL1.HK43 binds
MPER and neutralizes HIV. These characteristics suggest that
HK43 and other 4E10-mAbs could potentially be elicited
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FIGURE 2 | Epitope regions on the HIV-1 Envelope targeted by bNAbs. The HIV-1 envelope glycoprotein (Env) is the sole target for bNAbs and is displayed on the

surface of virions as a trimer of gp120 and gp41 heterodimers. Each of the three gp120 protomers are shown in white above the viral membrane with the three gp41

regions shown embedded within the viral membrane. For simplicity, glycans and variable regions on HIV Env are not depicted in this figure. The image is an artistic

rendering to illustrate the five primary conserved epitope regions on the HIV Env surface proteins targeted by bNAbs. The epitope regions shown are labeled as

follows: (1) V2 apex–yellow; (2) CD4 binding site–green; (3) gp120/gp41 interface–purple; (4) gp41 membrane proximal region (MPER)–red; and (5) V3 glycan

supersite–blue. Several representative human monoclonal antibodies known to target each of these regions are listed.

by vaccine immunogens designed more specifically for distal
MPER epitopes.

Ontogeny based approaches are increasingly being utilized to
both advance bNAb discovery and to inform rational design of
vaccine immunogens. An example is work done byWilliams et al.
with the clonal lineage of DH511 that was isolated in studies of
ontogeny of antibodies derived from both memory B cells and
plasma of a clade C-infected African donor (44). MPER targeting
bnAbs 4E10, 10E8, and DH511 are extremely broad neutralizers
of HIV isolates and clades and target nearly identical α-helical
epitopes in the MPER (45). The drawback for MPER antibodies
has been features of lipid residue interaction and polyreactivity
(46, 47). While the proximal MPER bNAb 2F5 does not capture
infectious virions, both distal MPER bNAbs, DH511, and 4E10
have this capacity and also bind in similar context to membrane
lipids (44). Earlier cryo-EM work with a fully glycosylated,
cleaved Env has demonstrated that distal binding MPER mAbs
bind to both lipid and the prefusion conformation of Env
gp41 before CD4-induced Env activation (48). This study made

important observations regarding the dynamic topology at the
viral membrane that complicate targeting by the immune system.

More comprehensive and efficient approaches to bNAb
identification continue to emerge. Advances in single cell
multiplexing now allow for the rapid and almost system-wide
screening of the expressed immunoglobulin repertoire paired
with functional BCR binding data to an antigen of interest. One
such approach, called linking B cell receptor to antigen specificity
through sequencing (LIBRA-seq), utilizes oligonucleotides to
uniquely barcode each fluorescently labeled sorting probe (49).
A mixture of barcoded probes is then incubated with PBMCs
or other pooled cell subsets of interest. Antigen positive B cells
are sorted by fluorescence, and then partitioned into single cell
droplets for next generation sequencing, with an end readout
of IgH and IgL sequences paired with antigen binding enabled
by the oligonucleotide barcode. Hence, the paired IgH/IgL
sequences of B cells cross reactive to multiple conformationally
constrained Env trimers can be rapidly ascertained (49). Notably,
these advances in monoclonal isolation are broadly applicable
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beyond HIV and are responsible for an exponentially expanding
number of monoclonal antibody candidates for clinical use
against other viruses, including for SARS-Cov-2, influenza,
Ebola, and others (50–54).

Insights Into Clinical Indications From
Animal Models
Animal models have proved essential for evaluating HIV
neutralizing antibody dynamics and efficacy in vivo. Studies of
wild chimpanzees confirmed the origins of HIV and the presence
of disease in that species (55). Chimpanzees were tested early in
the epidemic as research models and were shown to be infectable,
but disease was rare and only seen after prolonged infection
(56). Due to the tight host range restriction of immunodeficiency
virus in humans and chimpanzees, it has been necessary to
modify the host or the virus to develop more useful models
for HIV infection and pathogenesis. Humanized mouse models
were developed by using mice deficient in immunity (severe
combined immune deficient, or SCID) and engrafted with
human peripheral blood mononuclear cells, hematopoietic stem
cells, or human bone marrow, liver, and thymus (so called BLT
mice) to make them permissive to infection with HIV, reviewed
by Shultz and colleagues (57). Several additional models have
been developed in recent years to further refine this resource and
to increase the ability of the strains to mount human adaptive
responses (58). Although humanized mice recapitulate some
aspects of HIV reservoir establishment and disease pathogenesis
seen in humans, their value is primarily in testing the ability of
bNAbs to block infection since they have relatively short lives and
do not recapitulate all aspects of adaptive immunity or disease
progression in people. Nonetheless, several groups have shown
that thesemousemodels are suitable for testing passive transfer of
bNAbs for efficacy at blocking infection, as noted in the previous
section (28, 59). Humanizedmice also have been used to show the
utility of AAV-delivered antibodies expressed in vivo to provide
resistance to intravenous or mucosal challenge (60).

Over the last 35 years, non-human primates (NHPs)
have emerged as an indispensable model for studying HIV
pathogenesis, vaccines, and therapies. The fortuitous discovery of
pathogenesis following infection of Asian macaques by African
simian immunodeficiency viruses (SIV from sooty mangabeys,
Cercocebus atys) led to NHP models for HIV transmission,
pathogenesis, and immunity (61). One drawback initially limiting
use of this model for antibody-based studies was that SIV Env is
antigenically distinct and is not recognized by HIV bNAbs. To
solve this problem, chimeric simian/human immunodeficiency
viruses (SHIVs) have been constructed by inserting HIV Env into
the SIV (usually SIVmac239) backbone (62, 63). The result is a
chimeric virus with most SIV proteins intact, but carrying Env
from a particular HIV isolate. An additional mutation has been
added to several new SHIV strains to improve binding of the Env
to the macaque CD4 receptor (64) and further improvements
continue to be made (65, 66). The disease course for SIV and
SHIV are similar and somewhat variable depending upon the
strain, but overall pathogenesis is measured in months to a few
years, which is much more rapid than that of HIV in humans

(65, 67, 68). Nevertheless, NHP models using SHIV infection
have contributed substantially to the advancement of HIV bNAb
use in both adult (69, 70) and pediatric settings (71).

The earliest experiments in chimpanzees revealed that
polyclonal IgG purified from an infected individual (HIVIG)
with neutralizing activity could block HIV infection, after two
failed attempts, when used at a sufficiently high dose (11).
However, all of the chimpanzee experiments were performed in
very small groups to conserve this scarce animal resource. Two
pivotal experiments published in 1999 showed that IgG purified
from an HIV-infected chimpanzee (termed “CHIVIG”) with
potent neutralizing activity could block infection in macaques
challenged with SHIV in a dose-dependent manner, while HIVIG
purified from uninfected subjects with no HIV neutralization
could not protect from challenge (72). Furthermore, CHIVIG
was shown to reduce the infectivity of SHIV in vivo in
macaques (73). Numerous follow-up PrEP studies have shown
that passive immunization with bNAbs at much lower doses than
HIVIG, due to increased specific activity of these monoclonals,
effectively protects macaques from single or repeated SHIV
challenge (34, 74–76), summarized in a recent review (70). These
studies definitively showed the importance of neutralization
in protection, and they have helped to define the levels of
neutralization required for protection, as diverse strains of
SHIV require different doses of antibody (77). In addition
to neutralization, many bNAbs mediate antiviral activities
such as antibody dependent cellular cytotoxicity (ADCC) and
phagocytosis (ADCP) via FcγR engagement, and these functions
may contribute to their protective efficacy as discussed more
below (78). Nonetheless, protection studies with non-NAbs
have further confirmed that neutralizing activity is required for
protection (79–81), and the potency of neutralization in vitro
correlates with protective efficacy in vivo (82).

Recent post-exposure prophylaxis (PEP) studies in macaques
have shed light on the window of opportunity for effective
bNAb therapy after SHIV challenge (Table 1), building on
early data showing IgG therapy in SIV-infected macaques
using neutralizing “SIVIG” as PEP resulted in viral suppression
and protection from disease progression (83). Using a rhesus
macaque model of perinatal infection, our group presented the
first evidence that early post-exposure prophylaxis (PEP) with
bNAbs could clear infection and prevent reservoir establishment
by treating infants with the bNAbs VRC07-523 and PGT121
beginning 24 h after viral exposure (84). This study was followed
by another in infants that showed treatment at 30 h also cleared
infection, while treatment at 48 h reduced or cleared viremia
in only half of the animals (85). Further delaying therapy, a
similarly designed study in which bNAbs 10–1,074 and 3BNC117
were given to adult macaques beginning on day 3 after SHIV
exposure had a progressively worse outcome, with the majority
of animals becoming productively infected and, in about half
of cases, eventually controlling viremia with T cell responses
(86). In contrast, treatment with bNAbs PGT121 and VRC07-523
initiated on day 10, followed by 13 weeks of ART, was ineffective
for clearing SHIV infection and did not alter the time to rebound
or level of viral control after ART interruption (ATI), although
CD4+ T cell-associated viral DNA was somewhat reduced (87).

Frontiers in Public Health | www.frontiersin.org 5 May 2021 | Volume 9 | Article 690017

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Spencer et al. Advancing HIV Broadly Neutralizing Antibodies

TABLE 1 | Protective efficacy of bNAbs delivered as PEP in infant and adult macaques.

NHP model bNAb Target Dose Treatment day

post-challenge

Outcome References

SHIVSF162P3,

intravaginal (adults)

PGT121 V3-glycan 2 mg/kg (1×) −1 12/12 (100%) protected from

durable infection; tissue virus

detected at day 1–3 in in three

NHPs was cleared by days 7–10

(75)

SHIVSF162P3, oral

(infants)

PGT121 and

VRC07-523

V3 glycan and

CD4bs

5 mg/kg each (4×) 40

mg/kg total

1, 4, 7, 10 4/4 (100%) aviremic for 6 months (84)

20 mg/kg each (4×)

160 mg/kg total

1, 4, 7, 10 6/6 (100%) aviremic for 6

months (with serial necropsy of

additional NHPs showing tissue

virus detected at day 2 was

cleared by day 7–14)

SHIVSF162P3, oral

(infants)

PGT121 and

VRC07-523

V3 glycan and

CD4bs

20 mg/kg each (1×) 40

mg/kg total

1.25 6/6 (100) aviremic for 8 month (85)

5 mg/kg each (4×) 40

mg/kg total

2, 4, 7, 10 3/6 (50%) aviremic or transient

blips over 10 months

SHIVAD8EO, intrarectal,

or intravenous (adults)

10–1,074 and

3BNC117

V3 glycan and

CD4bs

10 mg/kg each (3×) 60

mg/kg total

3, 10, 17 3/13 (23%) aviremic or transient

blips for 12 months

(86)

SHIVSF162P3,

intravenous (adults)

PGT121 and

VRC07-523

V3 glycan and

CD4bs

20 mg/kg each (1×) 40

mg/kg total

10 (followed by

ART on days

21–112)

0/6 (0%) aviremic–all rebounded

after ART

(87)

Together, these findings suggest that the window of opportunity
for effective PEP to clear infection with bNAbs delivered by
passive transfer is limited to the earliest days after exposure.
Efficacy declines precipitously with the rapid seeding of the
persistent reservoir during early acute infection.

If bNAbs are maintained at a therapeutic concentration by
expressing them in vivo, animals are fully resistant to infection,
and in the setting of chronic infection, able to maintain
viremic suppression (88). This approach has been accomplished
in both mice (89) and in NHPs using AAV as a vector to
deliver modified bNAbs for expression and maintenance. Proof
of principle was first shown by expressing an SIV NAb in
macaques that provided resistance to challenge with SIV (90).
Continued work to refine this approach led to the successful
delivery and sustained production of several bNAbs that could
suppress viremia in established infection, leading to prolonged
control in the “Miami monkey” (91), although three of four
animals had strong anti-drug antibody (ADA) responses to all
AAV-delivered bNAbs that quickly eliminated their expression.
These encouraging data suggest that it might be possible to
use vector delivery for antibody expression in the setting of
established infection and this delivery approach is discussed
more below.

Progressing Toward bNAb Prophylaxis and
Therapy in the Clinic
Clinical trials to test HIVIG with neutralizing activity for efficacy
in treating or blocking infection with HIV were stymied not
only by the variability of different HIVIG products, but also
by the difficulty in identifying subjects in the earliest stages

of infection. Efforts in the 1990s to treat those with advanced
infection in a double blinded trial showed modest effects on
opportunistic infections, but the data only showed trends toward
benefit (92). Nonetheless, these studies showed that infusion
of HIVIG was not a cause of disease enhancement, which had
been a concern prior to this trial. Investigators also attempted to
show whether HIVIG might show the benefit of reduced vertical
HIV transmission when combined with Zidovudine (AZT) in
pregnant mothers and their babies in the Pediatric AIDS Clinical
Trial Protocol 185 in Uganda (93). This trial resulted in an
unexpectedly low transmission rate overall, and the effects of the
addition of HIVIG could not be assessed.

The success with bNAbs in NHP models and the added
potency and breadth of recently characterized bNAbs has
engendered significant enthusiasm to test them in clinical trials
in established infection and as both PEP and PrEP. Studies in
NHPs described in the previous section suggest that the antiviral
effects provided by bNAbs would last only as long as they are
maintained above the therapeutic level unique to each bNAb-
virus pairing, and thus repeated administrations will be necessary
to maintain this level if they are used when infection is well-
established. One of the attractive concepts put forth in recent
years is that passive treatment with bNAbs might afford a “drug
holiday” during treatment interruption if they could be shown
to maintain plasma viremia at undetectable levels for significant
time periods.

A sine qua non for clinical studies is safety, and there is a
strong and growing compendium of data to show bNAbs are
well-tolerated at a range of doses in early-stage safety trials
(39, 94). Based on this emerging safety profile and the promising
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data from animal models, paired clinical trials, designated the
antibody mediate prophylaxis (AMP) study (HVTN 704/HPTN
085), were performed to test moderately potent bNAb VRC01
for its ability to block HIV infection as PrEP in adult men
and women (95). This was a large, double-blinded study that
took place in the US, Europe, and Africa, and it accrued a
number of positive outcomes, despite the failure to show efficacy
against HIV acquisition overall. First, the trial participation
was excellent and repeated (10) infusions every 4 weeks of the
antibody preparation at 10 or 30 mg/kg were well-tolerated in
all sites. By studying the transmitted viruses, it was possible to
discern whether VRC01 could prevent the transmission of HIV
strains that were sensitive to this antibody. The data showed
that the incidence of infection with VRC01-sensitive isolates
(IC80 < 1 ug per milliliter, as measured by the laboratory
assay used) per 100 person-years was 0.20 among VRC01
recipients and 0.86 among placebo recipients, which translates
to an estimated prevention efficacy of 75.4% (95% Confidence
Interval, 45.5–88.9). Thus, this trial showed for the first time
that a single bNAb can block HIV infection in humans, if
the virus is sensitive to that bNAb, and represents a landmark
logistical achievement. High adherence rates were observed in
both study arms, with all doses delivered averaging to 9 per
recipient (out of 10 intended) and an average loss of follow-
up of only 7.85% per year. Importantly, the trial also validated
the use of an in vitro assay that uses a pseudovirus readout,
the TZM-bl assay. This finding means that it should now
be possible to more accurately predict which antibodies, or
antibody cocktails, can be used and at what dose, to gain
coverage for different parts of the world. Future trials will
be needed to determine whether this approach is feasible for
broader application.

The use of bNAbs as a PEP therapy for HIV has been explored
as well, with mixed results. The first test of viral suppression in
very early (acute) and established infection utilized a cocktail of
first generation bNAbs given at the time of ART interruption (96).
Importantly, the study showed a delay in viral rebound in the
early infection group, compared with acutely infected controls,
and it also showed that in vivo effects were due primarily to the
bNAb 2G12. A trial of VRC01 in ART-untreated people with
chronic HIV achieved only transient decreases in viremia (97).
Consistent with NHP studies, the use of more than one bNAbwas
deemed likely to be required to prevent escape. To test cocktails
of potent bNAbs, Michel Nussenzweig and colleagues enrolled
HIV-infected subjects with well-controlled viremia under ART
and tested a cocktail of bNAbs prior to ATI, followed by
monitoring for continued viral suppression. Importantly, the
viruses in these individuals were pre-screened for sensitivity to
the passive bNAbs planned for the administration during ATI.
There were several encouraging results from this study. This
cocktail consisted of bNAbs 10–1,074 and 3BNC117 and resulted
in more substantial reductions in viremia for a longer period,
with no evidence of viral resistance evolving to either antibody
(98). In ART-treated participants undergoing experimental
treatment interruption (ATI), VRC01 delayed viral rebound only
slightly compared with historical controls and exerted selective
pressure on the rebounding viral variants, highlighting the risk

of monotherapy for viral resistance (99). Again, combination
therapy with 10–1,074 and 3BNC117 lengthened the duration
of viral suppression after ATI to a median of 21 weeks, with no
evidence of viral resistance to both bNAbs (100). Notably, the
bNAb therapy enhanced the development of T cell responses
to HIV, although their contribution to viral control or clinical
outcomes was unclear (101). Taken together, these findings show
that using potent bNAbs in combinations of two or more will
maximize therapeutic efficacy and reduce the risk of viral escape,
particularly when bNAbs like 1–18 with a low propensity for
escape are included (41). If it is possible to enhance antibody
activity, delivery, and persistence, the door to sustained viremic
control could be opened.

Further Considerations for Moving to the
Clinic: Fc Modifications, Isotype, and
Multi-Epitope Targeting
Fc Modifications

As bNAbsmove toward widespread clinical use, numerous efforts
have been made to further improve their efficacy. Modifications
to reduce immunogenicity, prolong Ab half-life, and enhance
effector functions have met with mixed success and continue
to be intensely researched. A critical advancement has been
the introduction of the M428L/N434S (LS) into the CH3
domain, which enhances affinity to the neonatal FcR (FcRn)
at low endosomal pH (<6.5) and thus drives recycling of
internalized antibody to the extracellular milieu rather than
proceeding to proteolytic degradation (102, 103). This mutation
is particularly notable for both its clinical importance and value
in animal models, as it is not linked to higher levels of NHP
ADA responses seen with some FcRn enhancement variants
(104). Further extension of antibody half-life has recently been
achieved by a complementary FcRn independent mechanism
caused by the deletion of E294. This single amino acid
deletion results in hypersialylation of N297, and while the exact
mechanism responsible for extended half-life remains unclear, it
is hypothesized that sialic acid on glycosylated N297 prevents
recognition by asialoglycoprotein receptor and thus reduces
antibody degradation in the liver (105). While extending half-
life, the E294 deletion concurrently reduced binding to FcγRIII
and complement dependent lysis of infected Raji cells (105),
thus its clinical advancement may be limited to contexts where
eliminating these effector functions is deemed less important
than maximizing half-life.

While neutralization is the most important antibodymediated
function for protection to HIV in animal models, several loss-
of-function studies show that effector functions contribute,
particularly as neutralization titers wane (Table 2) (78, 80, 106–
109). The first report of the importance of Fc functions on bNAbs
to HIV was found with moderately potent b12 against a single
high dose vaginal challenge with SHIVSF162P3 in NHPs. Delivery
of 25 mg/kg b12 1 day prior to challenge protected eight of nine
(89%) macaques from infection. In contrast, pre-treatment with
b12 variant L228A/L229A (LALA), with mutations that severely
reduce affinity to FcγRs and largely abrogate both complement
and FcγR mediated effector functions, only protected five of
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TABLE 2 | Summary of studies using HIV-1 bNAbs modified for altered Fc mediated effector functions.

bNAb Target Modification In vitro effect Model Approach Central findings References

b12 CD4bs • LALA

• KA

• FcgR and C’

knockdown

• C’ knockdown

NHP I.V. Ab delivery prior to single high dose

SHIVSF162p3 mucosal challenge

Impeding Fc Receptor binding is

detrimental to protection efficacy

(78)

b12 CD4bs LALA FcgR and C’ knockdown NHP Low-dose repeated I.V. Ab delivery

prior to initial challenge and concurrent

with repeated low dose SHIVSF162p3

mucosal challenges

Fewer challenges were required to

infect macaques compared to WT

b12-treated macaques; Lower serum

titers of NAb than previously tested can

provide benefit against low-dose

repeated challenges, and effector

function may contribute to protection

(106)

3BNC117 CD4bs GRLR FcgR knockout Mouse Ab inhibition of pseudovirus

dissemination in luciferase reporter

mice

ADCC improves protection (107)

3BNC117 + 10-1074

+ PG16

CD4bs + V3 glycan +

V2 apex

GASDALIE (all) Increased ADCC/ADCP Combination therapy given to HIVYU2

–infected humanized mice

Increased ADCC/ADCP activity results

in a more pronounced and sustained

reduction in viral load

VRC07-523 CD4bs LALA FcgR and C’ null NHP I.V. Ab treatment of NHPs chronically

infected with SHIVSF162p3

Effector function was responsible for

21% of the decline in plasma viral load

(108)

DEL Increased FcgR binding,

ADCC; C’ knockdown

Enhanced FcgR3 binding induced NK

cell necroptosis and abrogated the

21% decline in viral load

117/1400 CD4bs/V2 apex TM and NA FcgR knockout Mouse & NHP I.P. Ab treatment of HIV-1JR−CSF

(mouse) or SHIVBG505 (NHP) chronically

infected animals

Effector function was responsible for

25–45% (mouse) or 31% (NHP) of the

decline in plasma viral load

(109)

N6-LS CD4bs GASDALIE Increased ADCC/ADCP Mouse I.P. Ab treatment of HIV-1JR−CSF

chronically infected mice

Enhanced effector function marginally

increases viral decay

TM and NA FcgR knockout Mouse I.P. Ab treatment of HIV-1pNL(AD8)
chronically infected mice

Effector function was responsible for

39% of the decline in plasma viral load

PGT121 V3 glycan LALA FcgR and C’ knockdown NHP I.V. Ab delivery prior to single

SHIVSF162p3 I.V. challenge

Complete protection in both groups (1

mg/kg)

(110)

NK depletion then I.V. Ab delivery prior

to challenge with cell associated

SHIVSF162p3

Complete protection in both groups (1

mg/kg)

I.V. Ab treatment of NHPs chronically

infected with SHIVSF162p3

No difference in plasma viral decay, cell

associated virus, or time to rebound

PGT121 V3 glycan LALA FcgR and C’ knockdown NHP I.V. Ab delivery prior to single

SHIVSF162p3 vaginal challenge

Equivalent protection in both groups

(0.2 mg/kg)

(111)

LALAPG FcgR ablation and C’

knockdown

NHP I.V. Ab delivery prior to single

SHIVSF162p3 vaginal challenge

Equivalent protection in both groups

(0.2 mg/kg)
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nine (56%) NHPs (78). A follow up study with repeated low
dose challenges found similar results, where the risk of infection
was reduced by a factor of 21 in b12 treated animals compared
to controls but only by a factor of 10 in b12 LALA treated
macaques (106).

Observations from these original studies were expanded
in both humanized mice and NHP models. Bournazos and
colleagues showed that mice pretreated intraperitoneally with
a sub-protective dose of 3BNC117 subtype IgG2a, which binds
mouse activating but not inhibitory FcRs with substantially
greater affinity than IgG1, displayed significantly lower viral
RNA copies following HIV pseudovirus challenge than those
treated with IgG1 subtype, and this discrepancy was abrogated
in FcγR−/−− mice (107). Additional experiments with a
luciferase reporter mice model showed that low doses (20
µg) of 3BNC117 modified for increased activating FcγR
engagement [G236A/S239D/A330L/I332E (GASDALIE)]
significantly lowered infection compared to unmodified
3BNC117. Consistently, delivery of an FcγR null binding variant
[G236R/L328R (GRLR)] showed greater infection than with
unmodified Ab. This observation was repeated, but with a
smaller discrepancy, using a higher dose of 50 µg 3BNC117.
Finally, this study examined Fc-enhanced combination therapy
with GASDALIE or GRLR modified 3BNC117, 10–1,074,
and PG16 therapeutically administered to HIVYU−2 infected
humanized mice and saw a more pronounced and sustained
reduction in viral load in the GASDALIE group, with only 33%
of mice viremic compared to 90% in the GRLR group 6 weeks
after sustained Ab treatment.

It should be noted that in the bNAb cocktail experiment
neutralizing activity was the most important determinant of
protection and Fc-dependent differences were only observed
at midrange titers (only from 10 µg dose among a 0.1–100
µg dose range). Additionally, pseudovirus experiments may
not necessarily forecast the ability of Ab mediated effector
function to limit viral dissemination and reservoir establishment
with replication competent T/F viruses. Nonetheless, this
groundbreaking work in humanized mice highlighted the
contribution of native effector functions of several bNAbs
and suggested the potential for increasing their antiviral
contributions through enhancing affinity to FcγR.

It has since been shown that in numerous additional
contexts, Fc mediated effector functions aid reducing blood
viremia following treatment of established infections. Wang and
colleagues showed that engineered bi-specific bNAb 117/1,400
targeting the CD4bs and the V2 apex (from parent bNAbs
3BNC117 and PGDM1400) caused a 25–45% greater reduction
in the plasma viral load of humanized mice infected with HIV
JR-CSF than the Fc null 117/1,400 variant (109). Similarly, in
NHPs infected with SHIV BG505 the plasma virus decay slope
in 117/1400 treated macaques was 31% greater than the Fc
null variant, with a mirroring result in PBMC associated SHIV
RNA. A third experiment in humanized mice infected with HIV
pNL(AD8) and bNAb N6-LS found a greater 39% reduction in
plasma viral load than in the Fc-Null group (109). Thus, Fc
mediated effector functions contribute substantially (21–45%) to
virus control in many treatment settings.

These conclusions, however, do not extend to all bNAbs,
as seen when the V3-glycan supersite targeting bnAbs PGT121
and PGT121 LALA were tested both prophylactically and
therapeutically in pigtail macaques (110). The sterilizing
immunity observed in both groups pretreated with Ab followed
by SHIVSF162p3 intravenous challenge suggest both groups
maintained neutralization titers high enough tomake Fc function
irrelevant until virus was cleared, and this conclusion is
reinforced by the similar result obtained following ∼40–80%
depletion of NK cells in macaques prior to challenge. To gain
further insight, chronically infected macaques were treated with
PGT121 or PGT121 LALA, but no difference was observed in
plasma viral decay rates, time to rebound, or PBMC-associated
viral DNA. The decay results seem to be at odds with those
seen with b12; however, it is possible that Fc contribution
is most relevant in a protection setting where neutralization,
while remaining the principal factor, is insufficient to protect.
Examining PGT121 similarly delivered followed by a repeated
low dose challenge would be of interest to ascertain if PGT121 Fc
function does indeed tilt the scale toward prolonged protection
as neutralization activity wanes.

Confoundingly, while Parsons et al. did show FcγRIIIa
binding (ELISA), NK cell activation (flow for CD107a+), and
ADCC activity (flow infected cell elimination) occurred with
PGT121, but not PGT121 LALA, it has elsewhere been reported
that PGT121 and fellow glycan-supersite targeting bnAbs 10–
1,074 and PGT151 bind B and T cells of HIV infected and
uninfected individuals without distinction (111). This non-
specific binding is mediated by complex glycans and can result
in the NK cell activation irrespective of the presence of HIV
antigen. These observations, together with the discrepancy
between antiviral effector function contributions attributed to
PGT121 in vitro and found for other bNAbs in vivo, warranted
further investigation.

A robust follow up study was performed by Hangartner
et al. and their results further validated the finding that effector
functions on PGT121 are dispensable for combating infection
(112). Through a series of experiments in rhesus macaques, the
Hangartner study methodically tested and observed protection–
first, at the same dose of 1 mg/kg with PGT121 and PGT121
LALA, and then bNAb doses were reduced by 5-fold to 0.2mg/kg.
Partial protection was seen at this lower dose in both groups
with 7 of 15 protected by PGT121 and 11 of 15 protected by
PGT121 LALA, a result that showed no significant difference
between the groups. In another follow-up experiment, PGT121
LALA, that was determined to have some residual FcγR1 binding,
was replaced with PGT121 LALALPG to ensure ablation of all
binding to macaque FcγRs. Remarkably, using the same single
high-dose challenge and the lower sub-protective dose of 0.2
mg/kg, PGT121-LALAPG protected 12 of 15 animals. Notably,
this study had several key elements that were different from that
performed by Parsons et al. (110) including the animal model
(rhesus vs. pigtail macaques), the route of infection (vaginal
vs. intravenous challenge), virus preparation (cell-free vs. cell-
based), timing of bNAb delivery before challenge (1 day vs. 1 h)
and yet, the final conclusion in the two studies was identical.
Together, these studies strongly support the conclusion that
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under the conditions tested, effector function does not contribute
to PGT121 protection.

An interesting observation from the Hangartner study is the
possibility of a slower rate of diffusion into tissue by PGT121
LALA, although the calculated half-life was comparable to that of
unmodified PGT121. Investigations of biodistribution with Fc-
modified bNAbs may reveal new evidence that could influence
therapeutic applications. The authors propose several reasonable
theories to explain the contradicting outcomes with PGT121
compared to the original study of FcR importance (78). The two
explanations that seem most likely are (1) the mechanism of
protection provided by the bNAbs currently in play may differ
in their inherent use or requirement for engaging FcγRs in vivo.
For example, the Env epitope targeted could hinder engagement
of some subclasses and facilitate others; neutralization potency
may supersede the need for effector function; or the inherent
effector function profile of a particular isotype may dictate
efficacy. Re-engineered bNAbs or isotype switching could alter
FcγR interactions leading to modified effector functions that
may or may not augment protection by neutralization. (2) The
wide diversity of assays, techniques, and cell lines employed by
multiple laboratories can lend expectations based on in vitro
results that do not adequately represent the dynamics of in vivo
antibody function. Taken together, these studies underscore that
neutralization is the proven correlate of protection that will
largely inform bNAb selection for clinical applications.

Nevertheless, the Fc functional knockout studies reviewed
here and indirect evidence reviewed elsewhere (113) highlight the
importance of engaging effector cells in the context of HIV, and
efforts have been made to improve the contributions of effector
functions in clinically relevant settings. Numerous Fc mutations
have been identified that enhance binding to FcγRs and/or
complement components in vitro (114–120). Separate groups
using different bNAb/HIV pairings have shown the GASDALIE
variant, which is selectively focused on increasing ADCC and
ADCP activity, exhibits greater viral control than unmodified
bNAb in humanized mice (107, 109). However, these results
have not been reproducible in NHPs. Asokan and colleagues
performed a robust study where rhesus macaques infected with
SHIVSF162P3 were treated with CD4bs targeting bNAb VRC07-
523-LS either Fc unmodified, with a the S329D/A330L/I332E
(DEL) mutation that selectively enhances engagement to FcγRs
(particularly FcγRIII), or with the complement/FcγR null variant
LALA. Similar to the results by Wang and colleagues reviewed
above, animals treated with unmodified VRC07-523-LS had a
21% greater decline in plasma viral load than that of the Fc null
group. Unexpectedly, the DEL variant induced necroptosis on
FcγR bearing cells, leading to the pronounced depletion of NK
cells, monocytes, and mDCs from the blood over the first day
post treatment and yielding an Fc functional null phenotype with
blood viremia matching that of the LALA group (108).

Overall, these studies show a substantial anti-viral
contribution of effector functions mediated by many bNAbs
to HIV (21–45%) with the remaining activity attributed
to neutralization. They additionally underscore both the
importance of animal models and the need to be mindful of
species-specific differences between humanized mice, NHPs, and

humans when evaluating effector functions, including distinct
expression patterns of FcγRs on host cells and antibody or
receptor glycosylation profiles (113, 121, 122). It remains unclear
whether native Fc mediated effector functions can be improved
for clinical use using alternative variants to focus the engagement
of FcγRs or complement, a question to which ongoing research
by ourselves and others will provide more clarity.

Isotype and Multi-Epitope Targeting

For bNAbs to achieve their full public health potential, the
modalities of isotype and cocktail design should be further
considered. While most therapeutic antibodies are delivered as
IgG1 to preservemaximal half-life and retain FcγR binding, other
isotypes may be warranted in specific situations. For example,
increased phagocytosis and improved complement activation has
been seen in vitro with IgG3 mAbs (123), but to date, our group
has conducted the sole in vivo passive transfer with a humanHIV-
targeting IgG3 Ab in non-human primates. The anti-V2 mAb
we used is not a bNAb, meagerly neutralizes the SHIV challenge
virus, and only modestly mediates ADCC. Consequently, IgG1
or IgG3 mAb 830A provided no advantage in protection
against SHIVSF162P3 in macaques (124). The prospect of subclass
switching to convert bNAbs into IgG3 antibodies is gaining some
traction as another approach to improve Ab-driven effective
humoral immune responses, and further exploration with IgG3
in a preclinical setting has been suggested (125) especially where
effector functions could complement or augment neutralization.

Starting ART after sustained chronic infection leaves HIV+
individuals with immense genetic diversity within viral reservoirs
and impedes efficacy of bNAb therapy by presenting greater pre-
existing resistance. Wilson and Lynch address this conundrum
in an excellent review (126) describing approaches that could
keep strategies for bNAb therapy afloat. For example, patients
could be screened to select optimal bNAbs for therapy against
circulating species, optimizing chances for success. This approach
for more individualized treatment in future applications is a
logical choice for treatment such as targeting host proteins or
engineered multi-targeting antibodies become more available.
The requirement for cocktails of bNAbs has long been realized,
but new ideas for combination therapy include using specifically
engineered antibody molecules with the capability to target
multiple epitopes (127–130), such as bi-specific antibodies
(bsAbs) (131–133), with the 10E8.4/iMab now in clinical trials.
Bispecific T-cell engagers (BiTEs) have been developed so
far primarily for oncology (134–136), but now also for HIV
therapeutics (137). Also, Dual-Affinity Re-Targeting protein
(DARTs) (138–140), have been tested in preclinical animal
models and some have moved into phase 1 clinical trials.
Whether the therapy consists of mAbs alone or augmented
with engineered features that generate superhero antibodies, the
key component of any approach will require the combination
of targeting different specificities and having molecules with
complementary functions.

Critical to the future of measuring the success of antibody-
based therapy will be the impact of all strategies on viral
reservoirs present during ART suppression. Also needed are
further investigations of the prevalence of tissue-bound virus
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during bNAb or ART suppression. Pre-clinical studies in
non-human primates are beginning to inform on bNAb
biodistribution and targeting foci of infection (141). Directing
bNAbs to sites of HIV cellular reservoirs has been proposed
under the premise that they could be used in concert with
or following latency reversal agents (LRA) and then target
the reactivated virus and infected cells presenting Env. The
neutralization potency against free virus combined with bNAb
Fc interacting with FcγRs would be a strong force to eliminate
infected cells via innate effector cells, such as natural killer
cells, monocytes, and neutrophils (142). Studying 10 individuals
with extended periods of viral suppression, Tuyishime et al.
reported that combinations of neutralizing and non-neutralizing
mAbs were able to mediate ADCC and eliminate cells infected
with viruses that were resistant to neutralization by the tested
mAbs (143). The group found that a combination of 3 mAbs
worked best for NK-specific killing viruses that were resistant
to individual or multiple bNAbs. It is still too early to know
how effectively bNAbs will contribute to an eventual HIV cure
strategy, and it is likely that advancing Fab and Fc engineering
tactics will be required for success.

Even with bNAb cocktails and multi-epitope targeting as
strategies for impeding HIV, it is important to note that
several studies have shown higher concentrations of antibody
are required to neutralize virus in the context of cell-associated
transmission of HIV (144, 145) and reviewed in (146). When
considering treatment or prophylaxis applications for HIV
infection, diminished inhibition of cell-to-cell spread could
represent a critical chink in the armor of bNAbs. Li et al.
investigated this phenomenon using a novel CD4+ T cell
assay to assess transmission from infected to uninfected cells
via virological synapses (147). A greater amount of antibody
was required to inhibit infection against two T/F HIV isolates
(QH0692, RHPA) and two lab-adapted clones (JR-FL, NL4-
3) for all bNAbs tested: (i) glycan patch-recognizing antibody
2G12; (ii) CD4bs antibodies VRC01 and HJ16; (iii) MPER
antibodies 2F5 and 4E10; (iv) gp120/gp41 interface antibody
35O22; (v) V1/V2 apex antibody PG9; and (vi) glycan-dependent
V3 antibodies PGT121, PGT126, and 10–1,074. For all four
virus strains tested, cell-to-cell infection was generally more
resistant to CD4bs VRC01 compared to HJ16. When compared,
MPER bNAbs 2F5 and 4E10 showed similar decrease in potency
and maximum efficacy with some differences depending upon
which virus was tested. Surprisingly, neutralization potency
was most detrimentally affected in cell-to-cell infection with
the gp120/gp41 interface bNAb 35,022. V1V2 targeting bNAb
PG9 does not potently neutralize either of the viruses tested,
and not surprisingly, failed to inhibit cell-free or cell-to-cell
transmission. As expected with the glycan-dependent and potent
neutralizing bNAbs PGT121, PGT126, and 10–1,074, almost
complete inhibition was seen in cell-free infection of all T/F
viruses, but these bNAbs also required substantially greater
amounts of antibody to prevent cell-to-cell transmission.

For bNAbs that target glycan-dependent and glycan-related
epitopes, neutralization plateaus below 100% (148). In the Li
experiments, the glycan-associated bNAbs showed a drop in
inhibition from 95 to 36%. In an earlier study, the group has

also reported an effect by the YXXL motif in the CT of gp41
that could allosterically modulate Env on the surface of the
infected cell that could impact sensitivity to bNAbs (149). A full
explanation of the notable and possibly consequential decrease
in virus inhibition in cell-to-cell infection is still unclear and
warrants further investigations, especially as bNAbs are advanced
in the clinic.

Clinical Delivery in Pursuit of a Functional
Cure
Current clinically approved mAbs are delivered by passive
transfer either by intravenous infusion or subcutaneous injection.
While bNAbs to HIV are still in development, it is notable
that other IgG preparations or mAbs are licensed for several
other severe or lethal virus infections including hepatitis
B [treatment of infants with hepatitis B immune globulin
(HBIG) during vaccination], respiratory syncytial virus, Ebola,
and SARS-CoV-2, and there is preexisting infrastructure to
manufacture mAbs at scale (150–153). Newly discovered mAbs
for treatment of infectious diseases and cancer are typically
produced in mammalian cell lines and optimally yield 3–8 g/L
(154), and efforts continue to be made to improve production
efficiency (155). Alternative plant-based production approaches

have also been implemented for the production of mAbs for
prevention and treatment, and these retain their anti-viral

functional profile despite the variance in post translational
modifications (156–158).

Two alternative approaches to bNAb delivery are being

investigated that, if successfully advanced, have the potential to
maintain bNAbs at therapeutic levels for very long periods of time

and approach a functional cure. One personalized approach is to

collect memory B cells from an individual living with HIV and
replace the BCR with a bNAb of choice through CRISPR/Cas9

editing, then infuse the engineered cells back into the individual,

mirroring the approach used for CAR-T cell therapy approved for
some lymphomas (159, 160). This approach has shown success
in mouse models performed by different groups introducing
bNAb VRC01 (161) or 3BNC117 (162) as the BCR, with in vivo

transfer resulting in a memory B cell population that retains

the ability to class switch, undergo somatic hypermutation, and
clonally expand and differentiate into plasmablasts following
immunization with HIV Env.

Vectoring genes for in vivo expression of HIV-neutralizing
antibodies opens the door to an alternate pathway to a functional

cure. Adenovirus-associated virus (AAV) is non-pathogenic,
widely distributed in the human population, and exists as

multiple serotypes. As mentioned earlier, the first demonstration
of in vivo expression of anti-SIV Env antibodies in rhesus

macaques occurred more than a decade ago and demonstrated

the effectiveness of AAV to infect and transduce macaques (163).
The concept of using AAV for delivery of SIV neutralizing

antibody genes in macaques was tested later and resulted in long-
lived neutralizing activity and full protection from SIV infection
(90). These studies were followed by transferring multiple genes
expressing HIV antibodies into SHIV-infected macaques using a
modified AAV vector that resulted in remarkable viral control. By
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concept, co-expressing multiple antibodies in the study evaluated
the effect of bNAb cocktails on SHIV infection (91). While
AAV delivery of bNAb genes has been fairly successful in
macaques, there are some important issues with this approach
that currently limit development in humans, including: (1)
variability in antibody expression; (2) failure to fully clear the
viral reservoir; (3) and generation of anti-drug antibodies (ADA)
leading to the rapid elimination of the bNAbs (164).

CONCLUSION

The extended progression of bNAb therapeutic development
can be envisioned as the continual nurturing of ideas and
technology toward the goal of maturing to clinical efficacy. As
summarized here, there has been spectacular progress in the field
of antibodies as drugs to treat HIV, both as prophylaxis and as
therapy. We have illustrated the cultivation and nurturing of
bNAb discoveries as a tree growing from seeds to full maturity
(Figure 1). Beginning from the early experiments with polyclonal
Ig from humans and chimpanzees in the 1980s through the
next three decades to the present status of advancement into
clinical settings, we envisioned the progress in the context of
organic growth. Following bNAb discoveries, several critical
infusions of technology and the expansion and access to large
cohorts of subjects have shaped and fostered bNAb clinical
applications. Along the way, the discoveries advanced by the
HIV research community and pressure to advance technology
for the sole purpose of mining human immune repertoires
for powerful HIV NAbs has also impacted Ab based research
for other emerging pathogens. Most notably, the extraordinary
speed to clone and produce clinical grade NmAbs against
SARS-CoV-2 is largely due to the technology developed in
advancing HIV bNAbs. In addition, bNAb lineage identification
and the corresponding discovery of vulnerable Env epitopes are
driving rational immunogen design aimed at coaching bNAb
development through vaccination (165–167). While still in early
stages, this approach has shown comparative success over other
vaccines in preclinical studies and has moved to early clinical
trials (168).

Even now, HIV bNAbs cloned from B cells from a rare
minority of chronically infected individuals are continuing to
provide clues for longer lasting and less toxic alternatives to

the current standard of care. Advances in high throughput
single cell characterization with BCR sequence coupled to
functional binding data prior to cloning will continue to drive the
discovery of novel bNAbs and expand selection for therapeutic

combinations. Studies in humanized mice and non-human
primates have demonstrated bNAb efficacy for both treatment
and prevention when maintained at therapeutic levels defined
by the individual bNAb-virus combinations. Early clinical trials
using bNAb combinations show a strong safety profile, and a
recently completed efficacy trial has provided proof-of-principle
that bNAbs can act as PrEP against bNAb-sensitive viral strains,
as well as established in vitro functional metrics that will inform
future large scale efficacy trials in humans. As importantly,
this trial demonstrated the feasibility of repeated intravenous
administration with strong adherence to the infrequent dosing
regimen among diverse populations, and it provides a framework
for the logistical adjustments needed for continued global use.
Fc engineering efforts have been successful at extending bNAb
half-lives and elucidating the role of effector functions for several
bNAbs, although it is unclear whether native Fc contributions
can be improved. Additionally, novel modes of delivery through
adoptive transfer of bNAb expressing B cells or vectored delivery
represent theoretically viable ways to maintain therapeutic levels
over extended periods of time and are being investigated as
approaches toward a functional cure.
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